
Oncotarget58003www.impactjournals.com/oncotarget

www.impactjournals.com/oncotarget/              Oncotarget, 2017, Vol. 8, (No. 35), pp: 58003-58020

Trans-sialidase-based vaccine candidate protects against 
Trypanosoma cruzi infection, not only inducing an effector 
immune response but also affecting cells with regulatory/
suppressor phenotype

Estefanía Prochetto1, Carolina Roldán1, Iván A. Bontempi1,2, Daiana Bertona1, Luz 
Peverengo1, Miguel H. Vicco2, Luz M. Rodeles2, Ana R. Pérez3, Iván S. Marcipar1,2 
and Gabriel Cabrera1,2

1 Facultad de Bioquímica y Ciencias Biológicas, Universidad Nacional del Litoral, Santa Fe, Argentina
2 Facultad de Ciencias Médicas, Universidad Nacional del Litoral, Santa Fe, Argentina
3 IDICER-CONICET and Instituto de Inmunología, Facultad de Ciencias Médicas, Universidad Nacional de Rosario, Santa Fe, 
Argentina

Correspondence to: Gabriel Cabrera, email: galt132000@gmail.com
Keywords: Trypanosoma cruzi, trans-sialidase, vaccine, foxp3 regulatory T cells, myeloid-derived suppressor cells, Immunology and 
Microbiology Section, Immune response, Immunity
Received: March 21, 2017 Accepted: May 08, 2017 Published: May 25, 2017

Copyright: Prochetto et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License 3.0 (CC 
BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

ABSTRACT
Prophylactic and/or therapeutic vaccines have an important potential to control 

Trypanosoma cruzi (T. cruzi) infection. The involvement of regulatory/suppressor 
immune cells after an immunization treatment and T. cruzi infection has never been 
addressed. Here we show that a new trans-sialidase-based immunogen (TSf) was able 
to confer protection, correlating not only with beneficial changes in effector immune 
parameters, but also influencing populations of cells related to immune control.  

Regarding the effector response, mice immunized with TSf showed a TS-specific 
antibody response, significant delayed-type hypersensitivity (DTH) reactivity and 
increased production of IFN-γ by CD8+ splenocytes. After a challenge with T. cruzi, 
TSf-immunized mice showed 90% survival and low parasitemia as compared with 
40% survival and high parasitemia in PBS-immunized mice.

In relation to the regulatory/suppressor arm of the immune system, after T. cruzi 
infection TSf-immunized mice showed an increase in spleen CD4+ Foxp3+ regulatory 
T cells (Treg) as compared to PBS-inoculated and infected mice. Moreover, although T. 
cruzi infection elicited a notable increase in myeloid derived suppressor cells (MDSC) 
in the spleen of PBS-inoculated mice, TSf-immunized mice showed a significantly 
lower increase of MDSC.

Results presented herein highlight the need of studying the immune response 
as a whole when a vaccine candidate is rationally tested.

INTRODUCTION

Chagas disease is caused by the protozoan parasite 
Trypanosoma cruzi (T. cruzi). About 7 million people 
are estimated to be infected in Latin America, and 
international migration is increasing the number of T. cruzi 
infected individuals in non-endemic countries [1], [2]. 
Although Chagas disease can be treated with benznidazole 
or nifurtimox during the acute phase of the disease, the 

efficiency of both drugs is still unclear in chronic patients, 
who may suffer some adverse reactions, occurring in up 
to 40% of treated patients [3], [4]. Moreover, a recent 
multicenter trial has shown that chemotherapeutic 
treatment dampens parasite load but does not decrease 
morbility nor mortality associated with the Chagas disease 
cardiomyopathy [5]. Thus, prophylactic and therapeutic 
vaccines would be suitable alternatives for preventing and/
or treating Chagas disease.
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Several studies have focused on characterization of 
parasite antigens which may be used as vaccine candidates. 
Some recombinant or purified antigens have shown 
promising results in mouse models, such as paraflagellar 
rod proteins, trypomastigote excretory-secretory antigens, 
glycoprotein 82, trypomastigote surface antigen 1, Tc52, 
cruzipain and trans-sialidase (TS) [6], [7], [8], [9], [10], 
[11], [12]. 

In particular, TS is a multifunctional protein that 
has a pivotal role in T. cruzi infection. It has been shown 
that TS scavenges sialic acid from the host allowing the 
parasite to avoid lysis by serum factors and to interact and 
invade mammalian host cells [13], [14]. Studies from our 
group and others have shown that vaccines candidates 
based on TS are able to generate protection against T. cruzi 
infection [11], [15], [16], [17], [18]. 

It is well accepted that components of a T helper 
1 (Th1) type immune response are required to control 
parasite infection [19], [20], [21], [22]. Taking into 
account that it has been reported that immunization with 
TS alone, without any adjuvant, inhibits the development 
of a Th1 type response, the use of a proper adjuvant is 
necessary to redirect the response to a Th1 profile [11], 
[23]. For this purpose, we have previously employed 
ISCOMATRIX (IMX) adjuvant [11] and now we have 
developed a new adjuvant composed of lipidic cages 
(ISPA, manuscript in preparation) that shows similar 
activity to IMX concerning the elicitation of a response 
that includes several components of the Th1 profile. 

On the other hand, cumulative evidence strongly 
supports that vaccines may influence not only the effector 
arm of the immune system, but also the regulatory/
suppressor counterpart [24], [25], [26], [27]. Despite this 
evidence, few vaccines studies have addressed this issue 
by evaluating alterations in cells with immunomodulatory 
capacities, such as Foxp3+ regulatory T cells (Treg) or 
myeloid-derived suppressor cells (MDSC). Treg cells, 
which constitute around 10% of peripheral CD4+ T cells, 
have a potent anti-inflammatory effect that is essential 
for maintaining immune homeostasis [28]. On the other 
hand, MDSC is a heterogeneous population comprising 
monocytes, granulocytes and dendritic cells at different 
stages of differentiation, in all cases expressing markers 
like CD11b and GR-1 (Ly6C/Ly6G)+ [29]. In the 
particular case of Chagas disease, Tregs and MDSC cells 
may have strong relevance because it has been shown that 
immunomodulation plays a critical role during both the 
acute and the chronic phase of the disease. For instance, 
it has been reported that T. cruzi infection elicits an 
important increase of spleen MDSC cells during the acute 
phase [30], [31], while the role of Treg cells remains to 
be completely elucidated during the acute and the chronic 
phase of the disease [32], [33], [34], [35], [36], [37].

We have already shown that immunization with a 
recombinant full-length TS antigen protected against T. 
cruzi infection [11]. However, the availability of a TS 

of reduced size, and similar protective capacity, would 
represent a valuable tool for vaccine development taking 
in mind that heterologous expression of antigens is 
improved when DNA sequence size is lower than 1000 
base pairs [38]. Such immunogen could be useful not only 
for immunization with a subunit formulation, but also for 
cloning into recombinant bacteria designed to be used as 
delivery system. 

Taking together, the aim of this work was to obtain 
a reduced TS fraction with protecting capacity against T. 
cruzi, and assess whether the new immunogen influenced 
the effector response as well as the regulatory/suppressor 
arm of the immune system. 

RESULTS

Development of a TSf fraction protein

Several issues were taken in mind in order to obtain 
a TS fraction: a) the most beneficial size for cloning 
into recombinant bacteria, b) inactivation of the enzyme 
by excluding a complete domain, c) exclusion of the 
SAPA domain. According to the tasks considered and 
methodological conditions, a TS fragment (TSf) that 
included the region from the aminoacid 338 to 627 was 
selected to use. 

It has been previously shown that the TS sequence 
indexed in the GenBank AJ276679 codifies for a TS 
protein that has protective capacity against T. cruzi 
infection [15]. Thus, the primers for the amplification of 
the TSf fragment were designed considering the sequence 
AJ276679. 

A desirable fragment of 884 bp was obtained by 
PCR. The aminoacidic translation showed 90% identity 
against the TS protein corresponding to the DNA sequence 
used to design the primers (Figure 1A). As expected by 
the construction, the TS fragment obtained (TSf) aligned 
with the middle portion of the TS protein, as shown in 
Figure 1B.

After protein production and purification, the 
presence and purity of TSf were determined on SDS-
PAGE (Figure 1C).

TSf-ISPA immunized mice showed immunological 
parameters that included components of a Th1 
response

We have recently developed an adjuvant composed 
of lipidic cages (ISPA) that induces a balanced immune 
response with high antibodies titers against several and 
diverse antigens (manuscript in preparation).

To first evaluate the utility of the TSf antigen, mice 
were immunized three times using ISPA as adjuvant and 
the generation of plasma specific antibodies anti-TSf 
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(IgG1 and IgG2a) were assessed by ELISA. As shown in 
Figure 2A, TSf-ISPA immunized mice showed high titers 
of specific IgG2a antibodies and relatively low titers of 
IgG1 antibodies. In addition, a trypomasigote lysis assay 
was performed to evaluate the lytic functionality of the 
antibodies elicited. Serum from TSf-ISPA immunized mice 
showed lytic capacity as compared to PBS-inoculated 
mice (Figure 2B). 

To analyze the influence of the vaccine candidate in 
vivo, footpad testing for DTH was performed. As shown 

in Figure 2C, TSf-ISPA immunized mice showed a marked 
increase in footpad thickness as compared with control 
groups (p < 0.05).

Finally, splenocytes were cultured with T. cruzi 
homogenate and IFN-γ production was assessed by flow 
cytometry. Higher percentage of intracellular IFN-γ was 
detected within CD8+ cells from TSf-ISPA immunized 
mice as compared with PBS-inoculated mice. In addition, 
higher mean fluorescence intensity (MFI) was detected in 
CD8+ cells from immunized mice (Figure 2D, 2E and 2F). 

Figure 1: Development of the TSf fragment. A. The TSf fragment obtained showed 90% aminoacidic identity as aligned with the 
TS indexed in the GenBank AJ276679 [15]. B. A representative picture of the TSf fragment as compared to the full-length TS protein. C. 
Assessment of TSf protein purification on SDS polyacrylamide gel electrophoresis: lane 1 non-induced colony, lane 2: TSf protein that was 
purified in Ni-NTA resin-based affinity chromatography and dialyzed against urea 0,5M; lane 3: TSf protein expressed but not purified, 
lane 4: low molecular weight marker. 
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Figure 2: Immunological parameters of the immune response elicited by TSf-ISPA immunization. A. BALB/c mice were 
immunized with TSf-ISPA, PBS, ISPA-alone or TSf-alone and plasma samples were analyzed for TSf-specific IgG2a and IgG1 antibodies 
titers by ELISA. Antibodies titers were negligible in plasma from PBS, TSf-alone or ISPA-alone immunized mice. B. Trypomastigote lysis 
assay was performed using serum from TSf-ISPA, ISPA-alone, TSf-alone and PBS-inoculated mice. C. DTH response in immunized mice: 
Footpad thickness was measured before and 48 h after inoculation of 5 µg of TSf seven days after completion of immunization schedule. 
Results are expressed as “delta mm” which was the difference between the values obtained after and before inoculation. D. Representative 
dot plots from CD8+ splenocytes from TSf-ISPA immunized and PBS-inoculated mice cultured in the presence of T. cruzi homogenate. 
E. Splenocytes from TSf-ISPA immunized mice showed higher production of IFN-γ within CD8+ cultured cells. F. Splenocytes from 
TSf-ISPA immunized mice showed an increase in the mean fluorescence intensity (MFI) of IFN-γ within CD8+ cultured cells. Data are 
expressed as means + standard deviations. Results shown are representative of 2-3 independent experiments (n = 4-10 mice per group), *p 
< 0.05, Mann-whitney test.
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On the other hand, a tendency but not significant increase 
in the percentage of IFN-γ was detected within the CD4+ 
compartment at the day analyzed, and a similar result was 
obtained concerning the MFI of IFN-γ in CD4+ cells from 
immunized mice (Supplementary Figure 1). 

Taking together, the humoral and cellular immune 
parameters analyzed show that the TSf-ISPA formulation 
elicits an immune response that includes components of a 
Th1 response.

TSf-ISPA immunization slightly affected the 
MDSC population

Recent evidence suggests that vaccines may 
affect population of cells able to dampen the efficacy of 
immunization [24], [25], [26], [27]. Taking this issue into 
consideration, alterations in CD4+Tregs and MDSC cells 

were assessed one week after the last immunization. No 
significant differences were observed neither in Foxp3+ 
cells within CD4+ cells nor in the absolute number of 
CD4+Foxp3+ cells in the spleen of TSf-ISPA immunized 
mice as compared to ISPA-alone, TSf-alone or PBS-
immunized mice (Figure 3A and 3B). On the other hand, 
a slight increase in the percentage and number of CD11b+ 
GR-1+ MDSC cells were observed in the spleen of TSf-
ISPA-immunized and ISPA-immunized mice as compared 
to PBS-immunized mice (Figure 3C and 3D). 

Taken together, results presented herein showed 
that TSf-ISPA immunization caused an important immune 
response that includes components of a Th1 profile, 
slightly influencing MDSC cells. 

Of interest, no differences in the humoral or 
cellular immune response were registered when mice 
were immunized only with TSf antigen or ISPA adjuvant, 

Figure 3: Changes in Foxp3+ CD4+ T cell populations and CD11b+ GR-1+ cells in the spleen of Balb/c mice, seven 
days after the last immunization. A. FACS analysis of the expression of intracellular Foxp3+ within CD4+ cell in control (PBS-
inoculated), TSf-alone, ISPA-alone and TSf-ISPA inoculated mice B. Absolute number of CD4+Foxp3+ cells (x106) in the spleen of 
inoculated mice C. FACS analysis of the expression of CD11b+ GR-1+ MDSC cells in control (PBS-inoculated), TSf-alone, ISPA-alone 
and TSf-ISPA inoculated mice D. Absolute number of CD11b+ GR-1+ cells (x106) in the spleen of inoculated mice. Data are expressed as 
means + standard deviations (n = 4 per group). The results are representative of two independent experiments, p < 0,05, Mann-whitney test.
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excepting by a small increase in CD11b+ GR-1+ MDSC 
cells after ISPA adjuvant administration. 

TSf-ISPA immunized mice showed higher survival 
rates and decreased parasitemia

After the evaluation of the immune response elicited 
by the vaccine candidate itself, the protection efficacy of 
the TSf-ISPA formulation was evaluated during an in 
vivo challenge with 1000 trypomastigotes of Tulahuen 
T. cruzi strain. Of interest, TSf-ISPA immunized mice 

showed a lower number of blood parasites as compared 
to PBS-inoculated and infected mice, at day 21 post 
infection (Figure 4A). Moreover, the formulation was 
able to increase the survival from 40% in PBS-inoculated 
mice to 90% in TSf-ISPA-immunized mice (Figure 4B), 
indicating that the formulation under study was able to 
confer protection against a T. cruzi challenge. Although 
the administration of ISPA before T. cruzi infection 
decreased parasitemia at day 21 post infection, this result 
did not correlate with an increased survival, indicating 
that the treatment with the adjuvant alone does not confer 
protective capacity. Finally, the administration of TSf 

Figure 4: Parasitemia and survival rates in immunized mice after T. cruzi challenge. Mice immunized with TSf-ISPA, TSf, 
ISPA and PBS were challenged with 1000 trypomastigotes of the Tulahuen strain 14 days after the last immunization. A. Parasitemia from 
PBS-inoculated (PBS, white bar), TSf-ISPA immunized (TSf-ISPA, black bar), TSf-immunized (dark gray bar) and ISPA-immunized (gray 
bar) mice at day 21 post infection. B. Survival rates are shown for TSf-ISPA immunized and infected mice (TSf-ISPA), PBS-inoculated and 
infected mice (PBS), TSf-immunized and infected mice (TSf), ISPA-immunized and infected mice (ISPA). The results are representative 
of two independent experiments (n = 6-10 mice per group), *p < 0,05, Mann-Whitney test was used for parasitemia analysis, Mantel-Cox 
Long rank test was used for survival analysis between TSf-ISPA vs PBS mice.
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alone neither decreased parasitemia nor improved the 
survival of T. cruzi infected mice (Figure 4). 

After T. cruzi infection, IFN-γ expression 
increased in TSf-ISPA immunized and PBS-
inoculated mice

The production of IFN-γ was assessed at day 
21 post infection as a typical parameter of the effector 

immune response. As shown in Figure 5A and 5C, T. cruzi 
infection caused similar increases in IFN-γ production 
by CD4+ splenocytes from both PBS-inoculated and T. 
cruzi infected (PBS Tc) and TSf-ISPA immunized and T. 
cruzi infected mice (TSf-ISPA Tc), as compared to control 
non-infected mice (control). No significant difference was 
detected at day 21 of infection in MFI values of IFN-γ 
expression within CD4+ cells among the groups under 
study. On the other hand, infection caused similar and 
significant increases in the percentage of IFN-γ expression 

Figure 5: Production of IFN-γ within CD4+ and CD8+ in vitro. Splenocytes from control non-infected (control), PBS-inoculated 
and infected mice (PBS Tc) and TSf-ISPA immunized and infected mice (TSf-ISPA Tc) were cultured with T. cruzi homogenate during 40h. 
PMA and monesin were added to the culture four hours before flow cytometry staining with anti-CD4, anti-CD8 and anti-IFN-γ antibodies. 
A. Percentage of IFN-γ production within splenic CD4+ T cells B. MFI of IFN-γ within CD4+ cells. C. Percentage of IFN-γ production 
within splenic CD8+ T cells, D. MFI of IFN-γ within CD8+ cells (n = 4/group). Data shown are representative of two independent 
experiments, *p < 0.05, Mann-whitney test.
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within cultured CD8+ cells from PBS Tc or TSf-ISPA Tc 
mice as compared to control non-infected mice. Strikingly, 
TSf-ISPA Tc mice showed a notable increase in MFI of 
IFN-γ expression in CD8+ cultured cells as compared to 
control and PBS Tc mice.

After T. cruzi infection, TSf-ISPA formulation 
slightly increased Treg cells but notably decreased 
MDSCs cells

Although several reports have addressed the 
involvement of CD4 Foxp3+ Treg cells during the 
acute phase of T. cruzi infection, the role of this 
population remains unclear [32], [33], [34], [35]. To 
analyze whether the TSf-based immunogen affected 
this immunomodulatory population after a challenge 
with T. cruzi, flow cytometry was performed at day 21 
after infection. No significant difference was detected 
concerning the percentage of Foxp3+ Treg cells within 
CD4+ cells in the spleen of non-infected (control), PBS-
inoculated and infected (PBS Tc) and TSf-ISPA inoculated 
and infected mice (TSf-ISPA Tc) (Figure 6A, 6B and 6C). 

However, the absolute number of CD4+Foxp3+ cells was 
significantly increased in the spleens from PBS Tc and 
TSf-ISPA Tc mice, correlating with the total cellularity of 
the spleens after T. cruzi infection. Moreover, TSf-ISPA Tc 
mice showed a significant increase of Treg cell number as 
compared to PBS Tc mice. 

It has been reported that T cruzi infection induces 
an important increase of MDSCs in the spleen [31], [30]. 
In line with previous reports, infected mice showed a 
very important increase in the percentage and number 
of splenic CD11b+GR-1+ MDSCs. However, TSf-ISPA 
immunized and infected mice showed a marked decrease 
in the percentage and absolute number of MDSC as 
compared to PBS-inoculated and infected mice (Figure 7A 
and 7B), strongly suggesting that the formulation exerts 
an important effect on this population of suppressor cells.

Of note, at day 14 post infection, no differences 
were observed neither in Treg cells nor MDSC cells 
between TSf-ISPA-immunized and PBS-immunized mice 
(data not shown). 

Two subsets of MDSC have been defined according 
to the expression of Ly6G [39]: granulocytic MDSC 

Figure 6: Changes in spleen CD4+ Foxp3+ cells 21 days post T. cruzi infection. Expression of CD4 and intracellular Foxp3 was 
analyzed by FACS. A. the Figure shows representative dot plots used for selecting the CD4 region based on side-sideward scatter (SSC) 
in the Y-axis and CD4 expression in the X axis. B. Foxp3+ expression was assessed in the CD4 region in non-infected (control), PBS-
inoculated and T. cruzi infected (PBS Tc), and TSf-ISPA immunized and T. cruzi infected mice (TSf-ISPA Tc). C. Percentage of Foxp3+ 
expression within CD4+ cells among groups D. Absolute number of CD4+Foxp3+ cells (106). Data are expressed as means + standard 
deviations (n = 4 per group). *, p < 0.05, Mann-whitney test. Data shown are representative of two independent experiments.
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(G-MDSC) CD11b+ Ly6G+ and monocytic MDSC 
(M-MDSC) CD11b+ Ly6G-. Thus, flow cytometry was 
carried out to evaluate whether one or both of these 
populations were affected by the formulation after T. cruzi 
challenge. Of interest, TSf-ISPA immunized and infected 
mice only showed a significant decrease in the percentage 
and absolute number of G-MDSC population as compared 
to PBS-inoculated and infected mice (Figure 8A, 8B, 8C, 
8D, 8E, 8F). 

In addition, to better characterize the MDSC 
population, Ly6C expression was analyzed within Ly6G+/- 
populations. In our hands, both MDSC populations 
showed Ly6C expression (Supplementary Figure 2). 

Taking together, our results strongly suggest that 
TSf-ISPA formulation mainly influenced the G-MDSC 
population (CD11b+Ly6G+Ly6C+) after T. cruzi infection, 
without severely affecting the M-MDSC population 
(CD11b+Ly6G-Ly6C+).

Hearts from chronically infected mice that 
were immunized with TSf-ISPA did not show a 
significant increase of fibrosis

Histological analysis of hearts from chronically 
infected mice was performed five months after the 
challenge. Hearts from PBS-treated and infected mice 
showed an extensive and significant increase of fibrosis as 
compared to control non-infected mice. In contrast, hearts 
from immunized and infected mice only exhibited a slight 
and non-significant increase of fibrosis as compared to 
control non-infected mice (Figure 9). Taken together, our 
results support that the TSf-ISPA formulation modulates 
both arms of the immune response in such a way that 
increases the survival against a challenge and ameliorates 
the outcome of the infection. 

DISCUSSION

Much progress has been made in the field of T. 
cruzi vaccine development. In this regard, the parasite 
antigens and their characteristics have been widely 
described; adjuvants needed to elicit a beneficial immune 
response are more available, and the components of 
the immune systems that influence the outcome of the 
infection are better understood. Thus, new formulations 
can be readily prepared and assayed to advance toward 
an immunotherapeutic treatment of the disease. Here 
we report the cloning, purification and assessment of a 
new TS-based vaccine candidate that was able to protect 
against T. cruzi infection by affecting both the effector and 
the suppressor arm of the immune response. 

Based on the available knowledge regarding the 
trans-sialidase protein from T. cruzi, a new antigen of 290 
aminoacids was obtained. A fragment size that included 
less than 1000 bp was selected considering a future 

potential expression in recombinant bacteria designed 
to be used as delivery system. Two additional issues 
considered for the design were the facts that an active TS 
may be harmful to the host and that the SAPA domain 
is immunodominant but generates irrelevant antibodies 
that delays the production of antibodies against the active 
site of the enzyme [40], [15], [41]. To circumvent these 
constraints, we sought to develop a recombinant protein 
that lacked the SAPA domain and the Nh2 terminal region, 
which would render inactive the protein because such a 
fragment would not be able to bind galactose [42]. 

The TSf fragment obtained after PCR amplification, 
cloning and expression in E. coli showed 90% aminoacidic 
identity against a TS sequence reported in the GenBank 
AJ276679 that has protective capacity against T. cruzi 
[15]. In addition, the TS sequence obtained showed as 
much as 92% identity against all the indexed sequences 
in the GenBank from different T. cruzi strains. These 
high identity percentages not only suggest that the cloned 
aminoacid secuence belongs to the TS family, but also 
raise the possibility that it could be capable to protect 
against several T. cruzi strains. There is only one previous 
study assessing identity and protection correlation [51]. 
In that work, 85% of identity between proteins of the 
TS family from different T. cruzi strains was enough to 
generate protection when used as immunogen against a 
lethal challenge. Studies assessing the protective capacity 
of TSf against other T. cruzi strains are actually in 
progress.

TSf was formulated with the ISPA adjuvant, 
consisting of lipidic cages developed in our own 
laboratory (manuscript in preparation), with the aim of 
redirecting the immune response to a profile that included 
several components of a Th1 response, an immunological 
requirement that has been shown by several groups 
[19], [20], [21], [22]. In line with our unpublish data, 
the TSf-ISPA formulation elicited a potent immune 
response that included components of a Th1 profile, as 
supported by several immunological parameters. TSf-
ISPA immunization elicited specific IgG2a and IgG1 
plasma antibodies against TSf with a marked ratio IgG2a/
IgG1>1 and trypomastigote lytic activity. In addition, 
DTH analysis showed that TSf-ISPA immunized mice had 
a remarkable increase in footpad inflammation, correlating 
with the development of a measurable in vivo cellular 
immune response. Finally, the percentage as well as the 
MFI of IFN-ɣ were increased in CD8+ splenocytes from 
TSf-ISPA immunized mice as compared to splenocytes 
from PBS-inoculated mice. 

It has been reported that immunization with the 
TS protein alone inhibits a Th1 response [23]. Results 
presented herein strongly suggest that ISPA adjuvant 
influences the immune response, eliciting several 
components of a Th1 profile. In addition, the IgG2a/IgG1 
ratio, magnitude of DTH and IFN-ɣ expression were 
similar to a previous study conducted by our group using 
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Figure 7: Changes in spleen CD11b+ GR-1+ cells at day 21 post T. cruzi infection. Expression of CD11b+ and GR-1+ was 
analyzed by FACS in control non-infected (control), PBS-inoculated and infected mice (PBS Tc) and TSf-ISPA immunized and infected 
mice (TSf-ISPA Tc). A. percentage of CD11b+ GR-1+ cells. B. Absolute number of CD11b+ GR-1+ cells (x106). Data are expressed 
as means + standard deviations (n = 4 per group). *, p < 0.05, Mann-whitney test. Data shown are representative of two independent 
experiments.
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Figure 8: Changes in spleen CD11b+ Ly6G+/- cells at day 21 post T. cruzi infection. Splenocyte suspensions were prepared and 
expression of Ly6C-FITC, Ly6G-PE and CD11b-PerCP-Cy5.5 expression was analyzed by flow cytometry in control non-infected mice 
(control), PBS-inoculated and infected mice (PBS Tc) and TSf-ISPA immunized and infected mice (TSf-ISPA Tc). A. Representative dot 
plots showing alterations in the percentage of spleen CD11b+ cells among groups. B. Representative dot plots showing alterations in the 
percentage of CD11b+Ly6G+ (G-MDSC) and CD11b+Ly6G- (M-MDSC) cells among groups. C. Percentage of G-MDSC CD11b+Ly6G+ 
cells, D. Absolute number of G-MDSC CD11b+Ly6G+ cells (x106). E. Percentage of M-MDSC CD11b+ Ly6G- cells. F. Absolute number 
of M-MDSC CD11b+Ly6G- cells (x106). Data are expressed as means + standard deviations (n = 4 per group). *, p < 0.05, Mann-whitney 
test. Data shown are representative of three independent experiments.
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another inactivated-TS antigen expressed in yeast and 
formulated with ISCOMATRIX [11]. Both reports are in 
line and support that inactive forms of the TS protein may 
be promising candidates to be used in vaccine protocols.

Currently it is well accepted that the immune system 
is composed not only by an effector arm but also by an 
immunomodulatory counterpart. Despite this fact, few 
works based on vaccine development analyze whether 
immunization affects populations of cells with regulatory/
suppressor capacity during vaccination or challenge with a 
pathogen [24]. In this work, two of the best characterized 
immunomodulatory populations were studied, CD4+ 
Foxp3+ Treg cells and MDSC cells. Of interest, TSf 
alone, ISPA adjuvant or TSf-ISPA formulation did not 
induce alterations neither in the percentage of Foxp3+ 
cells within CD4+ nor in the absolute number of 
CD4+Foxp3+ Treg cells in the spleen, suggesting that the 
TSf-ISPA formulation may have an important advantage, 
because it does not induce significant increases of CD4+ 
Foxp3+ cells at the stage of immunization, as has been 
shown in other reports [25], [27], [26]. In addition, the 

adjuvant alone and the TSf-ISPA formulation induced 
slight increases in the percentage and absolute number of 
MDSC CD11b+ GR-1+ cells in the spleen. An increase 
of myeloid-derived suppressor cells has been reported 
after vaccination with Salmonella or mycobacterium 
bovis bacillus Calmette-Guerin [43], [44], suggesting 
that measurement of the MDSC population may be 
valuable after an immunization protocol. Taking together, 
our results suggest that the TSf-ISPA formulation may 
represent a valuable tool for vaccine design as it induced 
an immune response comprising components of a Th1 
profile, did not elicit relevant increases of Treg cells and 
only induced slight increases of MDSC cells. 

Fifteen days after the last immunization, mice were 
challenged with 1000 trypomastigotes Tulahuen in order 
to assess the performance of the vaccine candidate during 
an in vivo challenge. Of interest, TSf-ISPA immunization 
increased the survival from 40% in control mice to 90% 
in immunized mice, indicating that the formulation had 
an important protective capacity, very similar to previous 
studies using other formulations based on recombinant TS-

Figure 9: Tissue pathology. Picrosirius red staining of hearts after five months of infection. Arrows indicate examples of red staining 
considered as collagen fibers. Magnification 100x. (n = 3-4 mice analyzed per group). *p < 0.05. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article).
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antigens [15], [11]. Consistent with the increased survival, 
TSf-ISPA immunized mice showed decreased levels of 
blood parasites along the infection. In effect, the level 
of parasites observed in immunized mice was notably 
decreased was notably decreased as compared to PBS-
inoculated mice, suggesting that TSf-ISPA immunized 
mice were better prepared to cope the infection. 

IFN-ɣ expression was measured as a typical 
parameter of an ongoing immune effector response. 
Infection similarly increased the percentage of IFN-ɣ 
expression in cultured CD4+ and CD8+ splenocytes 
from PBS-inoculated and TSf-ISPA immunized mice 
as compared to splenocytes from non-infected mice. Of 
interest, MFI of IFN-ɣ expression was highly increased in 
CD8+ splenocytes from TSf-ISPA immunized and infected 
mice, raising the possibility that this population could be 
involved in the better outcome observed in immunized 
mice. Further studies will be conducted to get deep into 
the immune effector mechanisms by which the TSf-ISPA 
formulation confer protective capacity. 

Concerning the regulatory/suppressor arm of the 
immune response, alterations in CD4 Foxp3+ regulatory 
T cells and MDSC cells were also analyzed. Although 
several reports have assessed the existence of alterations 
of CD4+ Foxp3+ regulatory T cells during T. cruzi 
infection, the role of this population during the acute 
phase of infection still remains unclear. Some studies 
have suggested that Treg cells do not play a relevant role 
during T. cruzi infection, as depletion of this population 
did not influenced mice survival [32], [33], [34]. However, 
a recent report has shown that Treg cell induction with 
dexamethasone and IL-2 is able to significantly increase 
mice survival after a lethal challenge [35]. In our hands, 
we found a significant increase in the absolute number of 
CD4+ Treg splenocytes in PBS-inoculated and TSf-ISPA 
immunized and infected mice as compared to non-infected 
mice. Moreover, TSf-ISPA immunized and infected mice 
showed a higher number of Tregs as compared to PBS-
inoculated mice. Considering all the reports about Treg 
cells, it seems that this population can play a role during 
T cruzi infection, at least when Tregs cells are induced, 
as has been previously shown [35]. Thus, the possibility 
exists that the increase in the number of Treg cells 
observed in our model play some beneficial role in the 
increased survival registered in TSf-ISPA immunized 
mice. On the other hand, some reports have shown that 
the presence of Foxp3+ Treg cells correlates with a better 
outcome of the chronic phase of the infection. In this 
sense, it has been shown that patients in an indeterminate 
state of infection possess a higher number of Foxp3+ 
regulatory cells as compared with symptomatic patients 
[36], [37]. Taking together, the evidence suggests that 
Foxp3+ Treg cells could play a beneficial role during the 
acute phase of infection and might coexist with a better 
outcome of the infection during the chronic stage. Thus, an 
immunogen that does not induce significant increases of 

Treg cells during the immunization process but elicits an 
increase of that population after T. cruzi infection would 
be valuable in the design of a prophylactic as well as a 
therapeutic formulation, perhaps contributing to avoid the 
transition from the indeterminate phase to the symptomatic 
stage of the infection. 

Regarding MDSC cells, marked increases were 
detected in this suppressor population after the challenge 
of T. cruzi in PBS-inoculated mice, a fact that correlates 
with previous reports [30], [31]. However, it is to note that 
a marked decrease in MDSC cells was observed in TSf-
ISPA immunized mice as compared to control infected 
mice. 

This decrease was mainly due to a decrease in the 
granulocytic MDSC (CD11b+ Ly6G+ Ly6C+) while 
no significant difference was observed concerning 
the monocytic MDSC (CD11b+ Ly6G- Ly6C+). Very 
strikingly, a recent report has shown that MDSC depletion 
highly decreases mice survival, strongly suggesting 
that this population plays an important role during the 
acute phase of infection [30]. The fact that TSf-ISPA 
immunized mice showed a higher survival and decreased 
parasitemia in spite of having decreased levels of MDSC 
suggests that the formulation may favorably modulate 
the immune response to T. cruzi without the need of a 
generalized immunosuppression involving MDSC cells. 
In this sense, it has been reported that a vaccine based 
on a specific strain of Salmonella is able to confer 
protection against other strains precisely by decreasing 
the generalized immunosuppression caused by MDSC 
cells [43]. Thus, in our model, the possibility exists that 
the TSf-ISPA formulation generates a better control of the 
infection by modulating the immune response in a way 
that increases components of a Th1 response, increases 
the absolute number of specific CD4+Foxp3+ Treg cells 
with protective capacity, and decreases the generalized 
immunosuppression induced by MDSC cells. Moreover, 
this favorable effect of the TSf-ISPA formulation seems to 
also influence beneficially the outcome of the pathology, 
since hearts from immunized mice did not showed a 
significant increase of fibrosis at the chronic phase of 
infection. 

Some recent reports have described that MDSC may 
expand or inhibit Treg cells, depending on the model [45], 
[46]. The cross-talk between these immunomodulatory 
populations has only begun to be elucidated. In this sense, 
our model might constitute a valuable tool to analyze 
putative interactions since a decrease in the number of 
MDSC was accompanied by increases in the number of 
Treg cells. 

It is well-known that TS activity mediates several 
biological effects leading to the subversion of host 
immune system (reviewed in [47]). If TS influences 
MDSC increases by an unknown interaction, anti-TS 
antibodies may account for the lower increases of MDSC 
observed in TSf-immunized mice. Putative effects of TS 
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on MDSCs could be related to the output from the bone 
marrow or their maturation state in the periphery. In any 
case, it would not be a minor event since the increase 
in this population in the spleen constitutes a huge and 
biologically relevant alteration during T. cruzi infection, 
as evidenced by the fact that depletion of MDSCs severely 
affects mice survival.

Recent studies have focalized in the importance 
of MHCI T-cell epitopes from TS regarding their 
immunodominance and their protective capacity. In 
particular, it has been postulated that the sequences 
of CD4+ T cell epitope KVTERVVHSFRLPALVNV 
(p7) and CD8+ T-cell epitope IYNVGQVSI (TSKd1) 
have a pivotal role to obtain protection against T. cruzi 
infection in BALB/c mice [48]. Since the TSf fragment 
does not include neither the p7 nor the TSKd1 epitope 
but showed protection capacity against T. cruzi infection, 
our results suggest that the p7 and the TSKd1 epitope are 
not absolutely relevant for T. cruzi protection in BALB/c 
mice. It remains to be studied whether the p7 and TSKd1 
may increase the protection capacity and currently another 
TS fragment containing the Nh2-terminal region of the TS 
is been cloned by our group. 

Herein we have described the development of 
a new TS-based formulation able to protect against T. 
cruzi challenge by modulating the effector as well as 
the immunomodulatory arm of the immune system. 
To our knowledge this is the first report showing that a 
subunit vaccine candidate may affect MDSC cells after 
the challenge with a pathogen and further research will 
be conducted to elucidate the mechanisms that underlie 
this striking event. The present work may highlight the 
relevance of studying both arms of the immune system 
when a vaccine candidate is to be rationally tested. 

MATERIALS AND METHODS

Gene amplification, expression, and purification 
of the TSf recombinant antigen

The GenBank sequence AJ276679 was 
used to design primers to amplify by PCR a TS 
fragment of reduced size (TSf) [15]. Restriction 
sites were added to the primers ends; Forward: 
5´-GAATTCGGTGATGAAAATTCCGCCTA-3´ 
(Eco R1 site underlined) and reverse: 
5´-GAGCTCAGGTCCTGGCTCAAGAACAA-3´ (Sac 1 
site underlined). Genomic DNA from T. cruzi CL-Brenner 
was used. The PCR program consisted of denaturation 
at 94°C for 30 s, annealing at 54°C the first ten cycles 
and 62°C the remaining 20 cycles for 30 s, and extension 
at 72°C for 90 s (in a total of 30 cycles) in 50 µL of 
PCR buffer containing 0,5 units of Go Taq® polymerase 
(Promega, USA), 10 µL of Go Taq® buffer 5X (Promega, 

USA), 0.2 µM of each primer (Invitrogen, Argentina), 1.5 
mM of MgCl2, 0.2 mM of each DNTPs and 100 ng of 
genomic DNA. PCR products were evaluated on a 1% 
agarose gel under UV light in the presence of GelRedTM 
(Biotium, USA). The desired gene fragments were excised 
and purified by gel extraction kit (Promega, USA). The 
amplified sequence was cloned into the pGEM®-T easy 
vector (Promega, USA) using a T4 DNA Ligase enzyme 
(Promega, USA) at 4°C overnight. Then, the plasmids 
were transformed in E. coli DH5α competent cells as 
previously described [49] and mini preparations of 
pGEM°-T easy vector were obtained using Miniprep 
isolation columns (QIAGEN, Valencia, CA), following 
the manufacturer’s instructions. After sequencing the 
plasmids, the identity of the PCR products was verified by 
alignment with all the TS genes indexed in the GenBank 
and the particular sequence (AJ276679) that was used to 
design the primers. The SIM- Alignment Tool for protein 
sequences was used for alignments.

The TSf sequence was subcloned into pET-28a 
vector (NovagenTM, Germany) in the ECO R1 and SAC 1 
restriction sites. E. coli BL21 (DE3) competent cells were 
transformed with the recombinant plasmids. One mL of 
overnight LB culture was transferred into 100 mL of LB 
medium containing 50 µg/mL kanamycin and was allow 
to grow in a shaking incubator at 37°C for 3 h. IPTG was 
added in a final concentration of 0,5 mM and the induction 
was carried out at room temperature in a shaking incubator 
for 16 h.

After induction, the cultures were centrifuged at 
5000 rpm and the pellets were rinsed three times with 
triton 1%. After dilution with PBS, bacteria were sonicated 
and inclusion bodies containing TSf protein were 
solubilized in 8 M urea, 50 mM Tris/HCl, 5 mM EDTA 
(pH 8) buffer. The presence of the recombinant fragment 
was detected by SDS-PAGE (15% polyacrylamide gels).

Due to the presence of His-tag, provided by the 
expression vector, the TSf was purified by Ni2+-affinity 
chromatography (InvitrogenTM, USA), using a gradient 
of buffer solutions of urea 8M-imidazole 20mM to urea 
8M-imidazole 500mM, following the manufacturer’s 
instructions. The eluted fractions containing the TSf 
protein were dialyzed against 0,5 M urea, 50 mM 
Tris/HCl, 5 mM EDTA (pH 8.5) buffer. Finally, an 
electrophoresis analysis SDS-PAGE was performed to 
verify the purity of the TSf antigen and the bicinchoninic 
method was used to quantify protein concentration as 
previously described [50]. A TSf batch of nearly 10 mg 
was prepared. Endotoxin in the recombinant proteins was 
measured by the Limulus amebocyte lysate (LAL) assay 
kit (Genscript, USA Inc); the levels were < 10 endotoxin 
units (EU)/mg protein. 
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Mice

BALB/c female mice (6-8 weeks old) used in all 
experiment procedures were obtained from the Centro 
de Medicina Comparada, ICIVET-CONICET UNL, 
Argentina. All protocols for animal studies were approved 
by the Animal Care & Use Committee, according to the 
Institutional guidelines.

Immunization schedules, infection protocol, 
parasitemia and survival

BALB/c mice (n = 6-10/group) were immunized 
with three subcutaneous doses, one every two weeks, 
containing 10 µg of TSf with 26 µg of ISPA as adjuvant. 
ISPA adjuvant is composed of liposomes with cage-
like structures of 73,0 ±1,5, nm as assessed by dynamic 
light scattering. The components of the particles are 
phospatidilcholine (DPPC), cholesterol (CHOL), 
sterylamine (STEA), tocopherol (TOCOP) and saponin. 
ISPA was prepared in two steps. First, liposomes were 
prepared with the following final proportions: DPPC: 
0,320% (4,35 mM), CHOL: 0.143% (3.70 mM), STEA: 
0.0216% (0.8 mM), and TOCOP: 0.00074% (0.017 
mM). Then, the suspension was extruded with a 50 nm 
membrane pore and a saponin solution in Acetate Buffer 
was added to liposomes (6.5mg/300ul for each ml of 
liposomes). Control groups were immunized with TSf 
alone, ISPA alone or PBS solution, following the same 
protocol. For infection, mice were challenged intra 
peritoneally with 1000 bloodstream trypomastigotes of 
Tulahuen strain, fifteen days after the last immunization. 
Parasitemia was monitored at days 14, 21 and 28 post-
infection by examining 5 µl of blood by direct microscopic 
examination, as previously described [11]. Survival was 
recorded daily until day 100 post-infection.

IgG subclass profile and titer determination

Blood was collected on day 7 after the third 
immunization dose to analyze the specific anti-TSf 
antibody production by ELISA. TSf (0.5µg) in carbonate-
bicarbonate buffer (0.05 M; pH 9.6) was used to coat 
microtiter plates (Greiner Bio One). After ON incubation 
at 4°C, wells were rinsed with PBS-Tween20 0,05% and 
blocked with PBS/5% bovine serum albumin (BSA). Half-
serial dilutions in PBS/1% BSA of serum samples were 
incubated by duplicate in TS-coated wells. Plasma specific 
antibodies against TSf were detected by incubation with 
IgG1 and IgG2a (1:10,000, Southern Biotechnology). 
Samples were read at 450 nm in an ELISA reader (Bio-
Tek Instruments) after incubation with 50 µl of ready to 
use trimethylbenzidine (Invitrogen). The titer for each 
TS-specific Ig was defined as the end-point dilution that 

yielded an optical density (O.D.) higher than the 1/100 
preimmune plasma dilution.

Trypanolytic activity assay

Tulahuen trypomastigotes were purified from 
cultures of infected Vero cells. (5x104) trypomastigotes 
were incubated for 6 h at 37°C with each serum sample 
(1/20 diluted) and a fresh human serum as a source 
of complement in a final volume of 50 uL RPMI 1640 
(Gibco). The number of live trypomastigotes were 
determined using a Neubauer chamber. Lysis of 0% was 
determined based on the number of parasites incubated 
only with RPMI. 

Delayed-type hypersensitivity

DTH test was performed by intradermal challenge 
with 5 µg of TSf in the right hind footpad seven days 
after completion of immunization schedule. Hind footpad 
thickness was measured before antigen injection and 
after 48 h with a Vernier caliper (Stronger). Results were 
expressed as the increment in millimeters of footpad 
thickness induced by inoculation. 

Spleen cell culture and IFN-γ determination

Groups of mice were immunized with TSf-ISPA or 
PBS as described above. Fifteen days after the end of the 
immunization protocol, mice were sacrificed to analyze 
ex vivo IFN-γ production of splenocytes stimulated with 
T. cruzi homogenate. Briefly, spleens were aseptically 
harvested and homogenized. Red blood cells were 
eliminated and splenocytes were re-suspended in RPMI 
1640 medium (Gibco) supplemented with 10% fetal 
bovine serum, 2%penicillin (100 µg/mL), streptomycin 
(100 U/mL) and 0.4 mM 2-mercaptoethanol. 

Cells (1×106)/mL/well were cultured in 24 or 48-
well plates (Nunc) in supplemented RPMI. Splenocytes 
were stimulated with T. cruzi homogenate or RPMI 
as control. Concanavaline A (2.5-µg/mL) were used 
as positive control of stimulation. After 36 hours at 
37◦C and 5% CO2, cells were incubated with 75 ng/
mL of 12-myristate 13-acetate (PMA, Sigma-Aldrich) 
and monensin (BD-Pharmingen) according to the 
manufacturer´s instructions. Four hours later, cells were 
washed twice with PBS, incubated with anti-Fc III/II 
receptor antibody for 30 min and stained with anti-CD4 
(clone RM4-5) and anti-CD8 PerCP Cy5.5 during 30 min. 
Then, cells were washed and stained for IFN-γ using the 
IFN-γ kit for intracellular staining from BD- Phamingen 
according to the manufacturer´s instruction. Samples were 
acquired on an Attune NxT cytometer (Invitrogen) and 
analyses were performed using FlowJo software.
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Additionally, mice were immunized and then 
infected with T. cruzi. In this case, mice were sacrificed 
21 days after infection in order to analyze ex vivo IFN-γ 
production as described above.

Flow cytometry of Treg cells and MDSC

The CD4+Foxp3+ (Treg cells) and MDSC were 
measured by flow cytometry at day 7 post immunization 
protocol and at day 21 post infection. Briefly, mice 
were sacrificed and spleen single cell suspensions were 
prepared by homogenization through a stainless steel 
mesh using PBS 3% fetal bovine serum (FBS). Spleen 
absolute numbers were determined by counting cells in 
Neubauer chamber using Turk solution and then red blood 
cells were eliminated by lysis with H20 during 30 seconds. 
Finally, spleen cells were homogenized in PBS 3% FBS 
and 1.106 cells were stained with the following antibodies 
from BD-Pharmingen: fluorescein isothiocyanate (FITC) 
anti-CD4 (clone RM4-5), FITC anti-Ly6C (clone AL-21), 
phycoeritrin (PE) anti-Ly6G (clone 1A8), PE anti-GR1 
(clone RB6-8C5) and PerCP-Cy 5.5 anti-CD11b (clone 
M1/70). Cells marked with CD4 were also intracellular 
stained for PE anti-Foxp3, using mAb from Miltenyi 
Biotec, according to manufacturer´s instructions. 

Samples were acquired on an Attune NxT cytometer 
(Invitrogen) and analyses were performed using FlowJo 
software.

Histopathology

Hearts from immunized and T. cruzi infected mice 
were removed five months after the challenge. Each 
heart was transversally sectioned in two pieces and fixed 
in buffered formalin, (n = 3-4 mice per group). Then, 
paraffin-embedded 5um sections were subjected to 
picrosirius red staining as previously reported [11]. The 
number of fibrosis per field were quantified in a blind 
manner. Ten fields were assessed by heart.

Statistical analyses

Multiple groups were first analyzed using 
nonparametric tests (Kruskall-Wallis test for k samples) 
and then Mann-whitney test was employed to analyze 
differences between two particular groups. Mantel-Cox 
Long rank test was used to evaluate survival curves. All 
analyses were performed using GraphPad Prisma 6.0 
software (GraphPad, California, USA). Significance is 
indicated with (*) when p < 0.05 between the indicated 
groups. 
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