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Available online 31 May 2019 of regulation were followed by the elucidation of equally notable mechanisms used by several pathogens

to manipulate the host immune system. Vaccines against pathogens are an invaluable tool developed to
help the immune system cope with a potential infection or prevent disease pathology. Nowadays, there is

I;f;’;(vl‘:l;'jsima cruzi accumulated evidence indicating that the powerful stimulation capacity of vaccines influences not only
Vaccine the effector arm of the immune system but also cells with regulatory/suppressor capacity, such as mye-
Myeloid-derived suppressor cells loid derived suppressor cells (MDSCs) and Foxp3+ regulatory T cells (Tregs).

Foxp3+ regulatory T cells Trypanosoma cruzi (T. cruzi) is a protozoan parasite with a complex life cycle that has evolved several
Trans-sialidase strategies to influence the regulatory immune response. Although diverse vaccine formulations have

been able to stimulate the effector response, achieving non-sterilizing protection against T. cruzi, the
influence of the vaccine candidates on the regulatory machinery has scarcely been assessed. This fact
may not only reveal important information concerning how vaccines may influence cells with regula-
tory/suppressor capacity but also open the possibility to analyze whether vaccines are able to disrupt
the mechanisms used by some pathogens to manipulate the host regulatory circuits. The aim of this
review is to summarize and discuss available data related to the role of cellular components, like
MDSCs and Foxp3+ Tregs, during T. cruzi infection, and the potential utility of those populations as addi-
tional targets for the rational design of vaccines.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

Body health and immune homeostasis require the function of

e N o o several tolerant mechanisms developed in order to avoid a reaction
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breakdown of tolerance may provoke a myriad of pathologies,
active processes must be maintained to control the powerful
mechanisms that are ready to react against danger signals pro-
voked by internal or external agents. Notably, to persist in their
hosts, several pathogens have evolved mechanisms that involve
manipulation of some of the many regulatory mechanisms of the
immune system. Trypanosoma cruzi (T. cruzi), the etiological agent
of Chagas disease, is one of many of the pathogens endowed with
the ability to take advantage of the regulatory pathways of its host.
Several lines of evidence have shown that cellular immunosup-
pression plays a critical role during T. cruzi infection [1-4]. In this
sense, cells like myeloid-derived suppressor cells (MDSCs) [5-7],
Foxp3+ regulatory T cells (Tregs) [8-13], regulatory dendritic cells
[14-16], y8 T cells [17], NK1.1 cells [17], and suppressive IL-10-
producing neutrophils [ 18] have been mentioned among the cellu-
lar components with regulatory/suppressor capacity that may play
a role during the infection process. In order to help the immune
system in its fight against T. cruzi, numerous vaccine prototypes
have been tested (live attenuated, inactivated, subunit and DNA
vaccines). To date, achievements include an important stimulation
of the effector immune response as well as an important level of
protection, but without eliminating the parasite [19-22]. Interest-
ingly, despite the well-known evidence of the ability of the parasite
to alter regulatory circuits, few studies have evaluated the influ-
ence of vaccine candidates on the regulatory arm of the immune
system.

The aim of this review is to discuss available information con-
cerning the influence of vaccines on MDSCs and Tregs, with a spe-
cial emphasis on the rational vaccine design against T. cruzi.

2. Myeloid-derived suppressor cells

The existence of non-T cells with suppressive capacity in the
bone marrow was first described in the 1970s. At that time, it
was also reported that foreign agents like Bacillus Calmette-
Guerin (BCG) may influence this suppressive cell population
[23,24]. However, this cell type only began to receive massive
attention after its association with cancer pathology and the dis-
covery of several molecular markers in mice and human [25].

Currently, MDSCs are described as a heterogenous population of
myeloid origin, immature state and a remarkable ability to sup-
press T-cell responses [25]. Ample evidence has shown that MDSCs
play an important role in regulating the immune system not only
in the context of cancer pathology but also in viral, bacterial and
parasitic infections, acute and chronic inflammation, traumatic
stress, surgical sepsis and transplantation [25].

In mice, MDSCs are generally defined by the expression of both
Gr-1 and CD11b markers. In addition, two subpopulations were
described: G-MDSCs (CD11b*Ly6G*Ly6C°", also called granulo-
cytic MDSCs) and M-MDSCs (CD11b*Ly6G Ly6CMe", also called
monocytic MDSCs) [25]. In human peripheral blood mononuclear
cells (PBMCs), the equivalent to G-MDSCs are defined as
CD11b*CD14-CD15* or CD11b"CD14 CD66b* and M-MDSCs as
CD11b*CD14*HLA-DR/°VCD15~ [26]. Several molecules and
mechanisms have been associated with suppression by MDSCs,
including arginase, nitric oxide (NO), reactive oxygen species
(ROS), transforming growth factor-B (TGF-B), interleukin-10
(IL-10), carbon monoxide (CO), indoleamine 2,3-dioxygenase
(IDO), heme oxygenase-1 (HO-1), prostaglandin E2 (PGE2) and
depletion of cysteine [27].

Interestingly, it has been shown that MDSCs play a very impor-
tant role during T. cruzi infection. In particular, it has been reported
that the percentage of CD11b+ GR-1+ cells in total spleen cells may
increase from nearly 2% to nearly 20% in acutely infected mice
[5-7]. In addition, it has been shown that MDSCs also infiltrate

the heart of T. cruzi infected mice [28]. The increase of these cells
in the heart and spleen very likely contributes to immunosuppres-
sion of the response against T. cruzi, as has been widely reported in
the literature [1-3,5].

Although it may be assumed that immunosuppression is detri-
mental to the host, in fact, it has also been shown that MDSCs are
very relevant because their depletion results in nearly 100% of
mortality of infected mice. Furthermore, after Tulahuén T. cruzi
infection, C57BL/6 mice responded with lower increases of MDSCs
than BALB/c mice and show higher mortality [6].

Thus, according to this information, several questions can be
raised concerning the development of a vaccine against T. cruzi:

e Should MDSCs be considered in the rational vaccine design and
assessment?

e Could a vaccine affect the MDSC response?

e Should a vaccine eliminate or decrease the MDSC response?

To date, the general influence of vaccines on MDSCs has been
scarcely assessed, neither during the immunization process nor
after immunization and subsequent challenge with the corre-
sponding pathogen (Table 1).

Concerning only immunization, in a model of live attenuated
vaccine it has been reported that intradermal BCG vaccination in
mouse ears can recruit CD11b*Ly-6C™Ly-6G myeloid cells (called
imMDSC in the report) [29]. Those cells were able to block T-cell
proliferation and dampened Ag-specific priming in the draining
lymph node through NO production in vivo. The authors suggest
that although imMDSC may play a beneficial role for the host,
avoiding excessive tissue inflammation and controlling the BCG-
induced T-cell response; in fact, the induction of those cells with
suppressive capacity may also dampen the efficacy of the BCG vac-
cine. In this sense, it has been widely suggested that some patho-
gens are able to subvert the immune system by inducing
regulatory/suppressor cells; then, it could be assumed that the
use of that kind of microorganisms in live attenuated vaccines
would induce a similar response. In this particular case, it would
be interesting to analyze what response would be elicited after
BCG immunization and Mycobacterium tuberculosis challenge,
since to date, it has not been completely explained why BCG vac-
cine does not protect against the pulmonary forms of mycobac-
terium tuberculosis [29].

In another model of live attenuated vaccine, it has been
reported that immunization of mice with live wild type Salmonella
induced CD11b+ GR-1+ cells, whereas the use of a bivalent vaccine
(comprising strains that lack or overproduce DNA adenine methy-
lase) reduced the expansion of CD11b+ GR-1+ cells. Interestingly,
the bivalent vaccine (instead of the wild-type that induced MDSCs)
was able to confer protection against several serotypes of patho-
genic Salmonella; a fact that also correlated with the presence of
Salmonella-specific cross-reactive opsonizing antibodies and mem-
ory T cells [30].

In a model of nonhuman primate simian immunodeficiency
virus (SIV) infection, it was shown that a protocol of immunization
using a subunit vaccine based on peptides plus a boost with a live
attenuated vaccine (modified vaccinia Ankara, MVA) expanded two
populations of MDSC-resembling cells that were able to suppress a
specific CD8+ T cellular response. The described MDSCs expressed
the following markers: Lin " DR°*CD33*CD11b* (Lin- MDSCs) and
CD14'DR°"(CD33*CD11b* (CD14+ MDSCs). Notably, a control
group of mice, treated only with a combination of adjuvants (D-
Type CpG oligodeoxinucleotides, Polyl:C, IL-15, a-GalCer, and B7-
DC-Ig), did not develop the increase of MDSCs after treatment. In
addition, after the SIV challenge, mice treated only with the adju-
vant combination showed a lower increase of MDSCs than non-
treated mice or mice receiving the peptide-prime/MVA boost vac-
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Table 1
Studies of vaccines that have analyzed alterations in MDSC.
Pathogen model Vaccine (type) MDSCs after MDSCs after challenge Protection Ref.
immunization
BCG BCG vaccine (live attenuated vaccine) Increased n.m. n.m Martino et al. [29]
Salmonella Salmonella wt (live vaccine) Increased n.m Not obtained  Heithoff et al. [30]
Salmonella Salmonella bivalent vaccine’ Decreased n.m Obtained Heithoff et al. [30]
(live attenuated vaccine) (compared to wt)
Simian Peptides/Modified vaccine Ankara Increased Increased Not obtained  Sui et al. [31]
immunodeficiency  (subunit vaccine + live attenuated vaccine) (similar to control non-vaccinated)
virus (SIV)
SIV combination of adjuvants’ Slightly increased  Decreased Obtained Sui et al. [31]
(treatment) (compared to non-vaccinated)
T. cruzi TSf-ISPA (subunit vaccine) Slightly increased  Decreased Obtained Prochetto et al. [7]

(compared to non-vaccinated)

This table shows the influence of each type of vaccine on MDSC after immunization, after challenge with the corresponding pathogen and the correlate of protection obtained.
n.m: not measured; bivalent vaccine: comprise strains that lack or overproduce DNA adenine methylase; "'combination of adjuvants: D-Type CpG oligodeoxinucleotides,

Polyl:C, IL-15, a-GalCer, and B7-DC-Ig.

cine, a fact that correlated with lower SIV loads and thus better
protection [31]. Based on these results, the authors proposed that
counteracting the vaccine-induced MDSCs could be important in
designing an effective HIV vaccine [31].

According to these data, it seems that at least some live atten-
uated and subunit vaccines may increase MDSCs with suppressive
capacity, which in turn may affect vaccine efficacy. We have
recently reported that mice immunization with a subunit vaccine
composed of a fraction of the T. cruzi trans-sialidase protein (TSf),
adjuvanted with a cage-like liposomal adjuvant (ISPA) [32], influ-
enced the effector arm of the immune system as well as cells with
regulatory/suppressor phenotype [7]. In our study, immunization
slightly increased spleen CD11b+ GR-1+ cells. In contrast, after
challenge with T. cruzi, TSf-ISPA immunization partially prevented
a high increase in the percentage and absolute number of CD11b+
GR-1+ cells in the vaccinated group as compared to non-vaccinated
control infected mice [7]. Since immunized mice showed higher
survival after the challenge, the results are in line with previous
reports describing that a decrease of MDSCs correlates with a bet-
ter protective capacity of a vaccine after challenge with the corre-
sponding pathogen [31,33]. At the same time, the results suggest
that a slight increase of MDSCs after vaccination does not invali-
date the efficacy of a vaccine, which should be tested after the
challenge.

Interestingly, it has been reported that a decrease in MDSCs
during T. cruzi infection has been associated with higher mortality
of mice. Since the TSf-ISPA vaccine decreased MDSCs but at the
same time increased mouse survival, results strongly suggest that
the vaccine candidate was able to beneficially modulate the host
immune system, very likely in part as a consequence of the stimu-
lation of the effector immune response. In this sense, we have
shown that the TSf-ISPA formulation as well as other trans-
sialidase (TS)-based vaccine formulations elicited several compo-
nents that are compatible with a Th1 response, such as the gener-
ation of plasma antibodies with a ratio IgG2a to IgG1 that is greater
than 1, an important delayed-type IV hypersensitivity response
against the TS antigen, and increases of IFN-y expression by spleen
CD4+ and CD8+ cells [7,32,34,35].

On the other hand, we also found that only the subtype of
G-MDSCs (CD11b+ Ly6G+ Ly6C'°%) was decreased within the
CD11b+ GR-1+ population after TSf-ISPA immunization and T. cruzi
infection, suggesting that these cells may have a different role than
that of M-MDSCs (CD11b+ Ly6G— Ly6C+). Interestingly, in the SIV
model the treatment with the adjuvant combination resulted in a
lower increase of the Lin- subtype of MDSCs than that of naive
infected mice. Since this alteration correlated with protection

against SIV infection, the result also suggests that MDSC subtypes
may play different roles, depending on the characteristics of each
pathogen [31].

Much more research is required to better understand the sce-
narios where vaccines may significantly affect MDSCs, the mecha-
nisms involved and the relevance of those cells in the protective
capacity of vaccines. Nonetheless, in the particular case of T. cruzi
infection, at least four possibilities may be proposed to explain
the decrease in the MDSC response observed after TSf-ISPA immu-
nization and T. cruzi infection (Fig. 1).

First, it is possible that TSf-ISPA immunization elicited a more
effective immune response, decreasing parasitemia and then ren-
dering the increase in MDSCs unnecessary. Second, it has been
reported that the IL-17 cytokine is able to induce MDSCs in some
settings [36]. Moreover, it has been proposed that a subpopulation
of v3 T cells, producing high levels of IL-17, could be the candidate
that modulates the numbers of MDSCs in the acute phase of T. cruzi
infection [17]. Therefore, it is possible to speculate that if the TSf-
ISPA formulation affected in some way the y3 T cell population
and/or IL-17 levels, then the decrease of MDSCs could be correlated
to the alterations in that cytokine; currently, we are performing
experiments to assess the levels of IL-17 in our model [7]. Third,
as will be discussed below, the induction of specific Foxp3+ Treg
cells may replace in some way the immunosuppressor function
of the MDSCs. Fourth, since it has been shown that certain proteins
may induce MDSCs, such as the core protein of hepatitis C virus
(HCV) [37] and the tat and gp120 proteins of human immunodefi-
ciency virus (HIV) [38,39], it cannot be discarded that TS may play
a similar role during T. cruzi infection. In support of this hypothesis,
it is well-known that TS is a critical virulence factor that mediates
several alterations of the immune response [40-42]. Thus, it is pos-
sible that TS also affects MDSCs by an unknown interaction; in this
case, anti-TS antibodies would account for the lower increases of
MDSCs observed in TSf-immunized mice.

The first alternative depicted in Fig. 1 could be used as an exam-
ple of a vaccine that has the capacity to beneficially influence the
regulatory arm of the immune system, without disrupting any
mechanism of the pathogen and leading to a decrease in MDSCs
and a better survival. On the other hand, the fourth alternative
could be used as an example of a vaccine that may disrupt a mech-
anism evolved by a pathogen to manipulate the immune system,
since has been widely shown that TS can favor T. cruzi survival in
many ways [40-42]. Finally, it cannot be ruled out that both influ-
ences may take place at the same time, or combinations of the
alternatives mentioned above. For instance, IFN-y was found to
be involved in T. cruzi induction of MDSCs in vivo [5]. However,
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Fig. 1. Possible explanations for the decrease in MDSCs recorded after TSf-ISPA immunization and T. cruzi infection. (1) If TSf-ISPA immunization elicited a more effective
immune response, a decreased parasitemia might induce a lower MDSC increase. (2) If the TSf-ISPA formulation affected in some way the v& T cells and/or the IL-17 levels,
then the decrease of MDSCs could be correlated to the alterations in that cytokine. (3) The induction of specific Foxp3+ Treg cells would replace in some way the
immunosuppressor function of the MDSCs. (4) If TS affected MDSCs by an unknown interaction, anti-TS antibodies would account for the lower increases of MDSCs observed
in TSf-immunized mice. Combinations of the four alternatives mentioned as well as the involvement of other immune circuits cannot be discarded.

we described that the TSf-ISPA vaccine candidate increased IFN-y
production at least in T cells without inducing MDSCs, suggesting
that the vaccine influences mechanisms of MDSC induction [7].
Moreover, it has also been proposed that TS can manipulate the
immune response by decreasing the production of IFN-y and thus
impairing the development of a Th1 response [42]. Interestingly,
the TSf-ISPA vaccine also seemed to interfere with this pathogen
manipulation by increasing IFN-y and eliciting several components
compatible with a Th1 response.

In summary, regarding MDSC role during T. cruzi infection, there
are multiple mechanisms that remain to be elucidated, and exper-
iments conducted to study this topic should be cautiously inter-
preted until additional mouse models and parasite strain
combinations are assessed. However, results obtained up to date
support that T. cruzi induces MDSCs with suppressor capacity dur-
ing the acute phase of experimental infection. In this setting, we
observed that our vaccine formulation, which prevents mouse
death in acute infection, was able to significantly decrease the
MDSC response after pathogen challenge. The fact that the blunted
response of those cells correlated with better survival supports
consideration of MDSCs as another potential vaccine target. Nota-
bly, it could be expected that the reciprocal influence of vaccines
and MDSCs in different pathologies could only be assessed prop-
erly from a broad perspective that includes the characteristics of
both the host and the pathogen, as well as the analysis of the effec-
tor immune response [7,33].

3. Foxp3+ regulatory T cells

The first evidence that a subtype of T cells may be important in
regulating the immune response was also obtained during the
1970s [43]. However, interest in this kind of cells greatly increased
only after the work of Sakaguchi et al., published in 1995, which
identified a subpopulation of CD4+ T cells expressing the CD25+
marker with immunoregulatory capacity [44]. In 2001, a mutation
in a gene called Foxp3 was found to account for a characteristic
extensive multiorgan infiltration and elevation of numerous
cytokines in the scurfy strain of mice. Then, a short time later, sev-
eral groups showed that Foxp3 is the master regulatory gene for

cell-lineage commitment of CD4+CD25+ regulatory T cells in the
thymus and the periphery [45-47]. In mice, it was demonstrated
that Foxp3 expression was necessary and sufficient to program
regulatory T cells (Tregs) [48]. Studies in humans showed differ-
ences from those findings in mice; in particular, Foxp3 was shown
to be inducible and expressed in activated T cells. Accordingly, the
use of CD127 as an additional marker was proposed, and CD4+Fox-
p3+CD25M8"CD127'°%/~ is generally used to phenotypically differ-
entiate human Treg cells [49]. According to the origin, Tregs are
usually classified into three types: thymus-derived T regulatory
cells (tTregs, previously called natural Tregs or nTregs); pTregs
(peripheral Tregs), when Tregs are generated in the periphery from
conventional T cells under appropriate conditions; and finally the
name of iTreg (induced Tregs) has been proposed for those Tregs
generated ex vivo [50].

The suppressor function of Tregs is exerted on a wide range of
cells, including dendritic cells, natural killer cells, B cells and T cells
[51]. Several molecules have been associated with the regulatory
capacity of Tregs, including IL-10, TGF-B, Cytotoxic T-Lymphocyte
Antigen 4 (CTLA-4), granzymes, CD39, CD73 and IL-35 [51,52].

It is well-known that Tregs play a role in almost every biological
context where the immune system is involved, including autoim-
munity, cancer, acute and chronic infections, host-commensal
interactions and inflammation at barrier sites, allergy, pregnancy,
tissue repair, metabolic sterile inflammation, and allo-
transplantation [52]. Moreover, several reports have made clear
that many pathogens are able to take advantage of Tregs in order
to delay and/or impair the immune response, facilitating their
chronic persistence. Leishmania major, Plasmodium yoelii, Mycobac-
terium tuberculosis, Hepatitis C virus, Helycobacter pylori, hel-
minths, Japanese encephalitis virus, mouse mammary tumor
virus and other pathogens have evolved complex strategies to
manipulate the host immune system by inducing and expanding
Tregs [53-61].

In the particular case of T. cruzi infection, several studies con-
ducted in different mouse models have analyzed the role of Tregs
during the acute phase of infection, highlighting differences in
the influence of Tregs in clinical and immunological parameters
of T. cruzi-infected mice (summarized in Table 2). Although the
available data may seem contradictory, the comparison between
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Role of Tregs in different models of T. cruzi infection.

Mouse strain/T. cruzi strain/dose/
route

Experimental
Treatment

Conclusion about Treg influence on
infection parameters

Conclusion about the
influence of Tregs on
survival

Highlighted Treg role

Ref.

A/] mice/Brazil strain/10,000
parasites/intraperitoneal (i.p.)
C57BL/6 mice

DEREG mice/Y strain (DTU II)/

Anti-CD25 (PC61)

Depletion with
Diphtheria toxin or

Tregs increased cardiac parasitemia

Tregs decreased CD8+ response
Tregs increased parasitemia

10,000 parasites/subcutaneous anti-CD25
route (s.c)
C57BL6 mice/Tulahuén strain (DTU  Adoptive Tregs increased parasitemia

VI)/5000 parasites/i.p.

BALB/c mice/Y Strain (DTU II)/1000
parasites/i.p.

C57BL/6

BALB/c mice/Y strain (DTU II)/
50-2000 parasites/i.p.

BALB/c mice/H8 Yucatan strain/
80,000 parasites/i.p.

C57BL/6 mice/Tulahuen strain
(DTU VI)/1000 parasites/s.c
C57BL6 mice/brasil strain/1000
parasites/i.p.

C57BL/6, BALB/c and C3H/He]
mice/Y strain (DTU I1)/50
parasites/(i.p)

C57BL6 mice/Tulahuén strain (DTU
VI)/100-1000 parasites/i.p.

transference of Tregs

Anti-CD25 (PC61)
Anti-GITR
No treatment

Adoptive
transference of rSSP4
specific Treg cells
IL-2+ dexamethasone

anti-CD25 (PC61 and
7D4)

Anti-CD25 (PC61)

anti-CD25 (PC61 and
7D4)

Tregs decreased CD8+ response

Tregs decreased miocarditis, Treg
decreased parasitemia

C57BL/6 mice have more Treg in heart and
decreased parasitemia as compared to
BALB/c mice

Tregs increased parasitemia

No difference in parasitemia

No influence

No influence

Tregs slight decreased the CD8+ response.
Tregs did not influence parasitemia

Not measured

Not measured

Not measured

Tregs increased
survival
Tregs increased
survival

Tregs Increased
survival

Tregs increased

survival
No influence

No influence

Tregs were able to
favor the pathogen
Tregs were able to
favor the pathogen

Tregs were able to
limitedly favor the
pathogen

Tregs were able to
favor the host
Tregs were able to
favor the host

Tregs were able to
favor the host

Tregs were able to

favor the host
No influence

No influence

Bonney et al. [62]

Ersching et al. [63]

Araujo
Forlan et al. [64]

Mariano et al. [11]
Sanoja et al. [65]
Flores-

Garcia et al.[66]
Gonzalez et al.[10]
Kotner

and

Tarleton 8]

Sales et al.[9]

C57BL/6 BALB/c and C3H/He] mice/
Colombian T. strain (DTU I)/50
parasites/i.p

Outbred Swiss mice/Colombian
strain (DTU 1)/1000 parasites/i.p.

Anti-CD25 (PC61)

Non-depleting Anti-
CD25 (7D4)

Tregs increased parasitemia
No difference in CD8 response

Tregs increased parasitemia
Tregs decreased CD8 response

No influence Tregs were able to Kotner
limitedly favor the and
pathogen Tarleton [ 8]

No influence Tregs were able to Sales et al.|9]

limitedly favor the
pathogen

No influence Tregs were able to Nihei
favor the pathogen et al.[67]

This table shows the influence of Tregs on each model of study, concerning immunological parameters, survival and general role in the acute phase of infection.

the used models and the obtained results reveals some similarities
underlying the divergent results. In particular, during host-parasite
interaction Tregs never play a detrimental role in host survival,
even if, most of the times, their influence favors an increase in par-
asitemia and restrains the CD8 response. This interpretation may
be achieved if the experimental models are divided into three
groups: (a) the models in which survival was not measured (light
gray in Table 2); (b) the models in which survival was measured
and was found to be changed (white in Table 2); (c) the models
in which survival was measured and was found unchanged (dark
gray in Table 2). Each group is fully described below.

Group (a): At least three mouse models may be included in this
group. They were focused mainly on the influence of Tregs over
parasitemia and/or the CD8 response. For instance, Bonney et al.
2015 reported that depletion of Tregs could lead to decreased car-
diac parasitosis and inflammation in T. cruzi-infected mice, sug-
gesting that Tregs may play a role in restraining the
inflammatory and parasite-specific immune responses generated
by T. cruzi infection [62]. In addition, a role of Tregs in the acute
phase of infection might be inferred by a study conducted by
Ersching et al., in 2016. In this case, the authors described that
depletion of Foxp3+ cells improved the priming of specific CD8+
T cells and decreased parasitemia upon T. cruzi infection. Moreover,
the authors reported that T. cruzi-exposed bone marrow derived
dendritic cells (BMDCs) loaded with the specific SIINFEKL-OVA
peptide were able to induce CD4+ Foxp3+ cells that dampen the
OTI CD8+ response, suggesting that T. cruzi may take advantage
of Tregs to impair an efficient CD8 priming by DCs [63]. Lastly, a
recent study has described that a reduced frequency of Tregs in
relation to effector cells is required to allow the generation of a
CD8+ response against T. cruzi [64]. The fact that adoptive transfer-

ence of Tregs can dampen the immune response suggests that an
increase of those cells may favor the persistence of the parasite.
Taken together, all mouse models in which survival was not mea-
sured mainly highlight that Tregs are able to play a role in restrain-
ing the immune response and/or increasing parasitemia during the
acute phase of infection.

Group (b): At least four mouse models may be included in this
group, in which survival measurement is reported. For instance,
Mariano et al. 2008 described that Tregs may play a role in increas-
ing mouse survival, since anti-CD25 or anti-GITR treatment may
increase mortality after a challenge with T. cruzi. The same report
demonstrated that treatment with anti-GITR augmented
myocarditis, with increased migration of CD4+, CD8+, and CCR5+
leukocytes, TNF-oo production, and tissue parasitism [11]. In the
same line, a recent report showed that treatment with dexametha-
sone and IL-2 was able to increase Tregs and mouse survival during
T. cruzi infection [10]. In addition, in a work that compared the
immune response in BALB/c and C57BL/6 mice infected with the
Y strain of T. cruzi, the authors described that C57BL/6 mice had
increased numbers of Tregs in the heart, decreased cardiac para-
sitemia and increased survival after challenge [65]. Lastly a report
showed that adoptive transfer of CD4+CD25+FOXP3+ T cells from
rSSP4- (a recombinant Trypanosoma cruzi amastigote derived pro-
tein) immunized mice to syngeneic infected mice resulted in
increased parasitemia but also increased survival [66]. Taken
together, all these mouse models suggest that when survival is
measured and found to be changed, Tregs always play a role in
increasing the resistance to infection, regardless of the alterations
in the CD8 response and parasitemia.

Group (c): At least five mouse models can be included in this
group in which survival was measured but was found unchanged.
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For instance, it has been reported that depletion of Tregs using an
anti-CD25 monoclonal antibody before and during acute infection
with a nonlethal strain (Brazil strain) neither improved nor wors-
ened mouse survival, and only a slight increase of the CD8 response
could be detected when the anti-CD25 antibody was administered
prior to challenge with a lethal strain (Tulahuén strain) [8]. Similar
results were obtained by another group that also injected a deplet-
ing anti-CD25 antibody before infection of mice with T. cruzi. When
mice were infected with the Y strain, no differences in parasitemia or
mortality rates were detected as compared to control non-depleted
and infected mice [9]. In addition, the anti-CD25 antibody treatment
decreased parasitemia without affecting mortality when the Colom-
bian strain of T. cruzi was used [9]. Lastly, a study conducted using a
non-depleting anti-CD25 antibody reported that administration of
the monoclonal antibody 10 days before infection did not signifi-
cantly affect survival but stimulated some components of the effec-
tor immune response and reduced parasitemia [67]. Results with
this group of mouse models suggest that when survival is
unchanged, Tregs may play role in favoring the parasite, although
this influence could also be limited in some scenarios.

Thus, according to this classification, the results are not neces-
sarily contradictory, since the first group of models highlights the
functional capacity of Tregs, showing that those cells are able to
dampen the immune response and increase parasitemia. In con-
trast, the results obtained from the second and third groups sug-
gest that Tregs do not play a role in decreasing survival, which is
favorable for the host if that parameter is considered the most
important. In other words, the results may reflect the biological
importance of Tregs, which would play a role (when necessary)
in allowing host survival, even if they have to restrain the immune
response with a resulting increase of parasitemia. It can be con-
cluded that although the role of Tregs during acute infection seems
contradictory according to the particular mouse and parasite strain
combination employed in the studies, important similarities may
be found when the reports are analyzed focusing on the assess-
ment of survival. Notably, this role of Tregs seems to be a constant
trend, considering that the experiments differ in mouse strains
(BALB/c, C57BL/6, C3H/He], A/] mice, outbred Swiss), DTUs of T.
cruzi strains (Tulahuén, Y strain, Colombian, Brazil, Yucatan, RA),
parasite doses (50, 100, 1000, 2000, 10,000, 80,000), experimental
approaches used to assess the role of Tregs (anti-CD25 depletion,
adoptive transference, IL-2+ dexamethasone treatment, depletion
of Tregs with diphtheria toxin), and inoculation routes (intraperi-
toneal and subcutaneous).

Concerning the chronic phase of infection, accumulated evi-
dence suggests that Tregs play a beneficial role. For instance, it
has been described that individuals with the indeterminate (IND)
clinical form of the disease have a higher frequency of CD4"
CD25"e" Tregs than patients with the cardiac (CARD) clinical form
[13,68]. According to the authors, an expansion of Tregs could be
beneficial, controlling the balance between regulatory and effector
T cells, which could be important in the progression and develop-
ment of the disease [13,68]. Tregs from IND patients showed sup-
pressive activity related to the increased production of IL-17, IL-10
and granzyme B [12]. In the same line, a study conducted by
another group also found that patients with the IND clinical form
of the disease had a higher percentage of CD4+CD25+ cells after
culture with T. cruzi antigens; this finding reinforces the hypothesis
that Treg lymphocytes may be able to control deleterious cytotoxic
activity in individuals with asymptomatic chronic Chagas disease
[69]. Another study suggested that high levels of macrophage-
like cells (CD14'CD16%) and NK cells, together with high frequency
of regulatory lymphocytes CD4'CD25"CH cells, may favor the
establishment/maintenance of the lifelong indeterminate clinical
form of the disease [70]. Moreover, in a mouse model, G-CSF
administration increased CD3+Foxp3+ Tregs in the heart of chron-

ically infected animals, a fact that correlated with decreased para-
sitism, inflammation and fibrosis [71]. Nonetheless, although most
of the literature suggests that Tregs may play a beneficial role dur-
ing the chronic phase of the disease, there are some contradictory
data. In this sense, a recent report has described that cells cultured
from CARD patients had higher frequencies of CD4*CD25*Foxp3*
than IND patients (upon stimulation with EPI antigen) [72].

Thus, according to the information available, several questions
arise concerning the potential influence of a vaccine on Tregs dur-
ing T. cruzi infection.

e Could and should a vaccine induce an increase or decrease of
Tregs during the acute phase of infection?

e Could a vaccine influence a hypothetical interaction between
Tregs and MDSCs?

e Should a vaccine influence Tregs in order to favor a better out-
come during the chronic stage of infection?

Accumulated evidence indicates that many kinds of vaccines
(live attenuated, inactivated, subunit and DNA vaccines) can
induce Treg increases with potential capacity to decrease the effi-
cacy of vaccination, as previously reviewed [73,74]. Moreover,
according to this evidence, there is an active search of adjuvants
that target Tregs in order to avoid an increase of those cells after
vaccination [75,76].

Interestingly, despite the active research on vaccines against T.
cruzi as well as on the role of Tregs in the pathology associated
with infection, the influence of vaccine candidates on Tregs in
the particular case of T. cruzi infection has scarcely been assessed.
We have recently reported that a subunit vaccine (TSf-ISPA) did
not affect CD4+Foxp3+ Tregs after immunization [7]. On the other
hand, after a challenge, immunized and infected mice showed an
increased absolute number of spleen Tregs at day 21 of infection,
which could be analyzed from different points of view [7]. Since
Tregs are expected to reduce the immune response against a
pathogen, as has been described for T. cruzi [8,9,63,67] and also
in other models [77-82], it may be hypothesized that the Tregs
increase may be detrimental to the host in the acute phase of infec-
tion. However, an equivalent number of reports described that
those cells may play a beneficial role [10,11,62,65,66]. Moreover,
the fact that the induction of Tregs by a vaccine may result in a bet-
ter control of a parasite has also been reported in a mouse model of
infection [83]. In addition, since the TSf-ISPA vaccine decreased the
highly immunosuppressive MDSCs, and the depletion of those cells
has been associated with increased mortality, it is possible that
Tregs replaced at some extent the suppressive capacity of MDSCs,
and even in a more specific manner. This observation also allows
us to speculate that the huge increase of MDSCs during the acute
phase of T. cruzi infection generates a systemic immunosuppres-
sion that renders assessment of the role of Tregs more difficult.
This scenario may account, in part, for the divergence observed
among the studies that report that Tregs plays a role during acute
T. cruzi infection from those models that describe that those cells
do not influence significatively the outcome of the of infection
[8,9]; in addition, the different mouse models that have been used
may contribute to the divergent results.

Similarly to MDSCs, several mechanisms may be proposed to
account for Treg increases after TSf-ISPA immunization and T. cruzi
infection (Fig. 2). First, a better immune response elicited by the
vaccine may be paralleled by a higher increase of Tregs, which
could help to balance the response. Second, the fact that MDSCs
decreased at the same time as Treg numbers increased suggests
the existence of a potential interaction between both populations
of regulatory/suppressor cells, as suggested in tumor models
[84-86]. Interestingly, the M-MDSC subtype, which was almost
unaffected by the TSf-ISPA formulation, has been shown to expand
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Fig. 2. Possible explanations for the increase of Tregs recorded after TSf-ISPA immunization and T. cruzi infection. (1) A better immune response elicited by the vaccine may
be paralleled by a higher increase of Tregs that should help to balance the response. (2) A hypothetical interaction between Tregs and total MDSCs (or one MDSC subtype) may
account for the Treg increase. (3) The generation of anti-TSf antibodies may result in thymus Treg protection after TSf-ISPA immunization and T. cruzi infection, allowing an

increase of regulatory cells.

or recruit the Treg population [87,88], which raises the possibility
that these cells play a role in the Treg increases observed in the
spleen of immunized and infected mice [7]. Third, it has been
reported that TS contributes to thymus atrophy [41] and that
T. cruzi infection is able to cause a marked loss of thymus Tregs
[89]. Thus, it may be speculated that the generation of anti-TSf
antibodies may result in thymus Treg protection after TSf-ISPA
immunization and T. cruzi infection. The finding that the use of
TS-neutralizing antibodies apparently rescued normal thymocyte
proliferation indexes, avoiding thymus alterations [90], supports
this hypothesis.

Considering that thymus-derived Tregs are present in a basal
state and are normally induced in several scenarios to balance
the effector immune response, it seems noteworthy that a patho-
gen like T. cruzi does not induce clear increases of this population
during the generation of the immunosuppression that is observed
during the acute phase of infection. In this sense, it could be spec-
ulated that the parasite benefits much more from MDSCs, which
increase from nearly 2% to nearly 20% in the spleen, than from Treg
immunosuppression. Thus, it is possible that the balance between
MDSCs and Tregs may represent a target for a vaccine designed to
modulate the immune response or to interfere with the manipulat-
ing mechanism of T. cruzi or other pathogens. In any case, much
more research is required to answer the questions concerning
the influence of vaccines on Tregs during T. cruzi infection. In addi-
tion, it could be useful to determine whether vaccines that increase
Tregs during the acute phase may be beneficial to avoid disease
development during the chronic stage.

Nowadays, ample evidence indicates that some classical and
widely used vaccines fail to prevent pathogen infection but protect
against disease pathology [29,91]. The analysis of the influence of
vaccines on the regulatory arm of the immune system may shed
light about how this protection is achieved. Moreover, since alter-
ations of cells with regulatory/suppressor capacity have been

recorded after immunization with live attenuated vaccine
[29,30], inactivated vaccines [83], subunits vaccines [77] and
DNA vaccines [92], it cannot be discarded that many vaccine can-
didates against T. cruzi also influence the regulatory arm of the
immune system after immunization and likely after parasite chal-
lenge. On the other hand, information from human beings concern-
ing the role of cells with regulatory/suppressor capacity during the
acute phase of T. cruzi infection is very scarce, since ethical guide-
lines and medical protocols indicate that any detected case should
be treated with the available drugs (benznidazole and nifurtimox)
in order to take advantage of the high probability of cure of the
treatment during acute infection. Accordingly, even when there
are similar populations of Treg Foxp3+ cells and MDSCs in both
human and mice [48,49], the precise role of those populations dur-
ing human T. cruzi infection cannot be predicted according to the
information obtained from conventional animal models. Currently,
humanized mice represent a valuable tool that may permit preclin-
ical analysis of human immune responses [93,94]. Such kind of
approach could be very valuable before clinical testing of a vaccine
candidate that meets the criteria required for clinical testing, as
previously described for Chagas disease [20].

4. Concluding remarks

Vaccination is a very powerful strategy developed with the aim
of helping the immune system to protect against a potential, or
even established, pathological condition. Although most vaccine
studies address the effect of immunization on the effector arm of
the immune system, ample evidence supports that the regulatory/
suppressor counterpart may also be affected during immunization
with many types of vaccines. T. cruzi infection results in a complex
pathology that includes the generation of a strongly immunosup-
pressed state during the acute phase, representing a valuable
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model to assess how a vaccine could influence regulatory compo-
nents of the immune system or whether a vaccine could interfere
with the mechanisms evolved by some pathogens to take advan-
tage of the host regulatory response. Several populations could
be assessed to this end, including MDSCs, Tregs, regulatory den-
dritic cells, y3 T cells, NK.1.1 and suppressive neutrophils IL-10+.
The TSf-ISPA vaccine candidate has been shown to be able to influ-
ence simultaneously at least MDSCs and Tregs after the pathogen
challenge, a result that correlated with increased mice survival.
To our knowledge, that report was the first to address simultane-
ously two important regulatory/suppressor populations after
immunization and the corresponding pathogen challenge. Much
more research is needed to determine the importance of the regu-
latory response to the application of different vaccines and to
understand the underlying mechanisms. Despite these limitations,
the present results show the potential contribution of studies to
determine if the regulatory mechanisms triggered by a given vac-
cine might influence its efficacy. This research would contribute
new criteria to be applied in the rational design of vaccines.
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