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Abstract

An imbalance between suppressor and effector immune responses may preclude cure in

chronic parasitic diseases. In the case of Trypanosoma cruzi infection, specialized regula-

tory Foxp3+ T (Treg) cells suppress protective type-1 effector responses. Herein, we investi-

gated the kinetics and underlying mechanisms behind the regulation of protective parasite-

specific CD8+ T cell immunity during acute T. cruzi infection. Using the DEREG mouse

model, we found that Treg cells play a role during the initial stages after T. cruzi infection,

restraining the magnitude of CD8+ T cell responses and parasite control. Early Treg cell

depletion increased the frequencies of polyfunctional short-lived, effector T cell subsets,

without affecting memory precursor cell formation or the expression of activation, exhaus-

tion and functional markers. In addition, Treg cell depletion during early infection minimally

affected the antigen-presenting cell response but it boosted CD4+ T cell responses before

the development of anti-parasite effector CD8+ T cell immunity. Crucially, the absence of

CD39 expression on Treg cells significantly bolstered effector parasite-specific CD8+ T cell

responses, preventing increased parasite replication in T. cruzi infected mice adoptively

transferred with Treg cells. Our work underscores the crucial role of Treg cells in regulating

protective anti-parasite immunity and provides evidence that CD39 expression by Treg cells

represents a key immunomodulatory mechanism in this infection model.

Author summary

Chagas disease, caused by Trypanosoma cruzi, can result in severe health complications.

While the exact mechanisms underlying the disease’s pathogenesis remain incompletely

understood, the host’s inflammatory immune response is believed to play a critical role.

To shed light on disease mechanisms and potential treatments, we investigated the impact

of regulatory T (Treg) cells on the development of effector immune responses against T.

PLOS PATHOGENS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012191 April 29, 2024 1 / 30

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Araujo Furlan CL, Boccardo S, Rodriguez

C, Mary VS, Gimenez CMS, Robson SC, et al.

(2024) CD39 expression by regulatory T cells

participates in CD8+ T cell suppression during

experimental Trypanosoma cruzi infection. PLoS

Pathog 20(4): e1012191. https://doi.org/10.1371/

journal.ppat.1012191

Editor: Martin Craig Taylor, London School of

Hygiene and Tropical Medicine, UNITED KINGDOM

Received: September 22, 2023

Accepted: April 12, 2024

Published: April 29, 2024

Peer Review History: PLOS recognizes the

benefits of transparency in the peer review

process; therefore, we enable the publication of

all of the content of peer review and author

responses alongside final, published articles. The

editorial history of this article is available here:

https://doi.org/10.1371/journal.ppat.1012191

Copyright: © 2024 Araujo Furlan et al. This is an

open access article distributed under the terms of

the Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All data provided

within the manuscript and supporting information.

https://orcid.org/0000-0001-5871-2391
https://doi.org/10.1371/journal.ppat.1012191
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1012191&domain=pdf&date_stamp=2024-05-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1012191&domain=pdf&date_stamp=2024-05-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1012191&domain=pdf&date_stamp=2024-05-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1012191&domain=pdf&date_stamp=2024-05-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1012191&domain=pdf&date_stamp=2024-05-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1012191&domain=pdf&date_stamp=2024-05-09
https://doi.org/10.1371/journal.ppat.1012191
https://doi.org/10.1371/journal.ppat.1012191
https://doi.org/10.1371/journal.ppat.1012191
http://creativecommons.org/licenses/by/4.0/


cruzi. Our findings reveal that Treg cells dampen parasite-specific CD8+ T cells, a crucial

arm of the immune response in counteracting the parasite. Notably, this regulatory influ-

ence occurs primarily during the early stages of T. cruzi infection. Furthermore, we

observed that while Treg cells have minimal effects on antigen-presenting cells, they mod-

ulate the magnitude and phenotype of conventional CD4+ T cells. Importantly, we identi-

fied CD39, a molecule involved in the purinergic pathway, as essential for the suppressive

functions of Treg cells during T. cruzi infection. Our findings enhance the understanding

of the regulatory response during the acute phase of T. cruzi infection and may have

implications for the development of novel therapeutic strategies.

Introduction

The protozoan parasite Trypanosoma cruzi is the causative agent of Chagas disease, a neglected

tropical disease, which is endemic to South and Central America, with some regions of North

America also impacted. Due to human migration, Chagas disease has become a worldwide

concern [1]. Early detection of infection is challenging and access to curative, non-toxic phar-

macological treatment is limited, often resulting in lifelong disease for most individuals. Dur-

ing the acute phase, T. cruzi undergoes intensive replication, becoming detectable in the

bloodstream and then spreading systemically to host tissues. The infection triggers a strong

type 1 pro-inflammatory response, involving activation of cells from both the innate and adap-

tive immune system [2].

Macrophages, neutrophils, natural killer cells and dendritic cells act as the first defense

against T. cruzi, while specific T and B cell responses develop over time. Notably, highly immu-

nodominant parasite-specific CD8+ T cell responses play a crucial albeit delayed role in the

optimal control of parasite replication [3,4]. Immunological help from CD4+ T cells is

required to achieve robust parasite-specific CD8+ T cell responses [5]. However, although

effector mechanisms are essential for limiting systemic acute infection, the immune response

often fails to completely eliminate T. cruzi, allowing pathogen persistence in target tissues and

leading to chronic disease. While these findings are primarily derived from experimental mod-

els, human studies have corroborated the importance of robust Th1 and CD8+ T cell responses

in controlling T. cruzi infection during the acute phase [2,6]. Once the parasite is controlled

and the chronic phase arises, a substantial proportion of patients remain asymptomatic but

approximately 30–40% of infected individuals develop life-threatening cardiac and/or gastro-

intestinal complications.

Regulatory T (Treg) cells are a distinct subset of CD4+ T cells that are characterized by the

expression of the transcription factor Foxp3, which equips them with the remarkable capacity

to exert suppressive effects on a wide range of immune cell populations [7]. During infectious

inflammatory responses, Treg cell-mediated immunity may develop once the infection has

been controlled to restore homeostasis and/or prevent collateral tissue damage. Conversely,

pathogens can also induce Treg cells, as an early mechanism of immune evasion. As a result,

Treg cells can have both beneficial and detrimental effects during infections, demanding a deli-

cate and kinetic balance between effector and regulatory responses to achieve pathogen clear-

ance, while protecting against excessive inflammation [8]. Treg cell accumulation has been

observed in peripheral blood, secondary lymphoid organs and target tissues of chronic bacte-

rial, viral and parasitic infections in both mice and humans [7,9]. On the other hand, decreased

numbers of Treg cells have been reported during the acute phase of a few infections, such as

those caused by Toxoplasma gondii [10,11], Listeria monocitogenes [10], vaccinia virus [10],
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LMCV clone Armstrong [12], and more recently, Chikungunya virus [13]. These findings

underscore the complexity of Treg cell dynamics and illustrate the context-dependent roles in

different infectious scenarios.

Using an experimental model, we have previously described a relative decrease in Treg cell

numbers during acute T. cruzi infection, which did not fully recover in the transition to the

chronic phase [14]. Additionally, we found that activated Treg cells exhibit phenotypic and

transcriptional profiles consistent with the suppression of type 1 inflammatory responses. Our

research also highlighted a crucial role of the natural contraction of Treg cell response during

the acute T. cruzi infection in facilitating the development of protective anti-parasite CD8+ T

cell immunity. In line with these observations, a study by Ersching et al. reported that Treg

cells suppress CD8+ T cell priming in an immunization model using T. cruzi-stimulated den-

dritic cells [15]. Through the use of immune deficient mice and blocking antibody treatments,

these authors have demonstrated that this effect was independent of IL-10 but partially medi-

ated by CTLA-4 and TGF-β. However, the specific mechanisms employed by Treg cells to sup-

press effector responses during acute T. cruzi infection have yet to be fully elucidated.

Importantly, current data on Treg cell responses in human Chagas disease are limited to the

chronic phase, wherein an increased Treg cell frequency and functionality have been associ-

ated with less severe cardiomyopathy [16–19]. While these findings suggest a beneficial role

for this cell subset during human chronic Chagas disease, where immunoregulation may be

instrumental in reducing immunopathology, the situation may differ significantly in the acute

phase, where excessive regulation could hinder the function of effector immune subsets.

CD39, also known as ectonucleoside triphosphate diphosphohydrolase 1 (ENTPDase1/

gene ENTPD1), is a nucleotide-metabolizing enzyme involved in immune regulation and

inflammation [20]. In response to pro-inflammatory stimuli, intracellular ATP is released into

the extracellular space, acting as a danger signal that promotes inflammation. However, the

presence of CD39-expressing “regulatory” cells modulate this process by catalyzing ATP to

AMP conversion. In turn, AMP can be further converted into the immunoregulatory molecule

adenosine (ADO) by CD73. Thus, the tandem activity of CD39 and CD73 holds the potential

to shift the inflammatory environment towards an immunosuppressive state through the deg-

radation of ATP into ADO [21]. CD39 expression has been identified in various immune cell

populations, including Treg cells, in both mice and humans–as well as marking immune

exhaustion [22–24]. Consequently, the investigation of Treg cells expressing CD39 in different

inflammatory contexts has shed light on their significant contributions to autoimmune dis-

eases, cancer, allergies, and viral infections [25,26]. However, the role of CD39+ Treg cells

remains largely unexplored in the context of microbial and parasitic infections, warranting

further investigation to elucidate their potential implications in such settings.

Herein, we aimed to comprehensively investigate the biological significance of Treg cells in

the context of T. cruzi infection. We sought to determine the specific time window during

which Treg cells exert immune suppression and to identify the immune cell populations that

are particularly sensitive to these regulatory effects in the acute phase of this parasitic infection.

Through our investigations, we uncovered that during the initial stages of infection, endoge-

nous Treg cells play a role in suppressing the expansion of CD4+ T cells and the development

of anti-parasite effector CD8+ T cell responses. Moreover, we discovered that CD39 serves as a

relevant regulatory mechanism through which Treg cells mediate suppression of T. cruzi-spe-

cific CD8+ T cells. These findings offer valuable insights into the role of Treg cells during the

acute phase of T. cruzi infection and warrant further investigation into their long-term effects

during the chronic phase. Such exploration would be instrumental in assessing potential

immunomodulatory strategies targeting Treg cells or CD39. While parasiticidal drugs remain
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standard treatment, complementary immunomodulatory approaches could improve Chagas

disease management.

Results

Treg cell depletion expands parasite-specific CD8+ T cells and improves

parasite control during acute T. cruzi infection

We previously demonstrated that an exogenous increase in Treg cell numbers during acute T.

cruzi infection dampens the anti-parasite effector response and subsequently influences infec-

tion control [14]. To further investigate the biological role of the endogenous Treg cell

response and elucidate the underlying mechanisms involved in effector T cell suppression dur-

ing this infection, we employed the DEREG (DEpletion of REGulatory T cells) mouse model

[27] to conduct Treg cell depletion experiments.

As illustrated in Fig 1A, DEREG mice were infected and received diphtheria toxin (DT)

injections at days 5 and 6 post-infection (pi), in order to target Treg cells before the emergence

of adaptive anti-parasite responses that occurs at day 10 pi in our infection model [28]. We

observed that the depletion strategy efficiently reduced Treg cell frequencies in the blood of

DT-treated mice compared to PBS-treated controls, starting from at least day 11 pi (Fig 1B). A

kinetics analysis in blood revealed that Treg cell frequencies returned to normal levels around

15 days after DT treatment in non-infected mice (Fig 1C). However, in DT-treated infected

animals, Treg cell frequencies remained significantly decreased until day 33 pi compared to

Treg-sufficient infected controls. Thus, DT injection effectively intensified and prolonged the

natural contraction of the Treg cell response that we and others have previously reported for

T. cruzi infection [3,14,29].

We further examined the spleen and the liver, a target tissue for T. cruzi that exhibits a sub-

stantial leukocyte infiltration during the acute phase of the infection [30–32]. Importantly, we

observed a reduction in Treg cell frequencies following DT treatment in both the spleen and

liver of infected DEREG mice throughout the acute phase, including day 20 pi, a time point

when the most substantial natural contraction of the Treg cell response is detected in compari-

son to non-infected mice (Fig 1D and 1E). Similarly, a decrease in Treg cell frequency after

treatment was noted within the CD4+ T cell gate (S1A and S1B Fig). Indeed, DT injection led

to a significant decrease in Treg cell count in these organs at various dpi (Fig 1F).

Consistent with our previous report [14], we found that Treg-depleted infected animals

showed reduced levels of blood parasitemia (Fig 2A) and tissue parasite burden in T. cruzi tar-

get tissues, such as heart and liver, compared to their control counterparts at day 20 pi (Fig

2B), which coincides with the peak of the CD8+ T cell response in our model [28,33]. How-

ever, no differences in parasite load were observed in the spleen (Fig 2B). Considering the criti-

cal role of CD8+ T cells in controlling T. cruzi replication [34], we quantified CD8+ T cells

specific for the immunodominant epitope TSKB20 (T. cruzi trans-sialidase amino acids 569–

576 –ANYKFTLV–) [35] in blood, spleen and liver (Fig 2C). Through kinetics studies in

blood, we determined that Treg cell depletion significantly increased the frequencies of circu-

lating TSKB20-specific CD8+ T cells from day 20 to day 33 pi in DT-treated animals compared

to controls (Fig 2C and 2D). Subsequently, the response progressively contracted, reaching fre-

quencies similar to PBS-treated mice at day 55 pi. Similar results were observed in the spleen

and liver, where higher relative and absolute numbers of parasite-specific CD8+ T cells were

observed in Treg-depleted animals compared to Treg-sufficient mice at day 20 pi (Fig 2E and

2F). We also observed increases in the frequency of total CD8+ T cells in the blood of DT-

treated infected mice compared to controls at certain time points (S1C Fig). Additionally, total

CD8+ T cell frequency was elevated in the liver at 20 dpi, while remaining unchanged in the
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Fig 1. DT injection efficiently depletes Treg cells in DEREG mice during acute T. cruzi infection. A) Experimental scheme illustrating DT treatment

(created with BioRender.com). B-C) Representative flow cytometry dot plots depicting Foxp3-GFP expression (B) and Treg cell frequencies (C) in the blood of

PBS or DT-treated T. cruzi-infected (INF) DEREG mice at different days post-infection (dpi) and non-infected (NI) controls. D-F) Kinetics analysis of Treg

cell frequencies (D), representative flow cytometry dot plots showing Foxp3-GFP expression (E), and kinetics analysis of Treg cell absolute numbers (F) in

spleen and liver of PBS or DT-treated T. cruzi-infected DEREG mice and non-infected controls. All data are presented as mean ± SEM. Data were collected

from 1–3 independent experiments. A total of 2–18 mice per group were included. In (C) n = 2–3 for NI groups, n = 12–13 at 10 dpi, n = 7 at 12 dpi, n = 16–18

at 20 dpi, n = 6 at 25 dpi, n = 12 at 33 dpi, n = 5–7 at 55 dpi. In (D) and (F) n = 2–7 for NI, n = 10–12 at 7 dpi, n = 3–4 at 11 dpi, n = 8–14 at 20 dpi, n = 4–5 at

33 dpi. Statistical significance was determined by Unpaired t test or Mann Whitney test, according to data distribution. Statistical analysis represents pairwise

comparisons between INF PBS and INF DT groups. * P� 0.05, ** P� 0.01, *** P� 0.001, **** P� 0.0001 and ns = not significant.

https://doi.org/10.1371/journal.ppat.1012191.g001
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spleen (S1D Fig). However, the absolute number of CD8+ T cells showed no differences after

Treg cell depletion in both organs (S1E Fig).

It is important to note that the observed effects on parasite levels were not due to potential

toxic effects of DT itself. This was highlighted by the fact that DT injection did not impact

parasitemia or the frequency of parasite-specific CD8+ T cells in WT littermates (S2A and S2B

Fig). Additionally, we verified that DT did not directly impact T. cruzi in vitro, as parasite sur-

vival remained unaffected after 24 hours of culture with increasing DT doses, including the

theoretically achievable concentration of 5.2 nM during DT treatment in vivo. In contrast,

benznidazole notably reduced parasite survival, as anticipated (S2C Fig).

Finally, we evaluated the impact of Treg cell depletion on tissue damage, observing no sig-

nificant effect on the plasmatic levels of biochemical markers (S2D Fig), except for a tendency

towards a reduction in GOT activity. This suggests that a more robust effector response is not

necessarily linked to increased acute tissue damage.

Next, we studied whether the role of Treg cells in regulating the effector response was time-

dependent during the acute phase of T. cruzi infection. To address this, we modified the DT

injection schedule to days 11 and 12 pi (S3A Fig), aiming to deplete Treg cells at the time point

when, as we have previously reported, the natural reduction in Treg cell frequency begins, and

the anti-parasite T cell response is already detectable [14,28]. Surprisingly, despite Treg cells

remained depleted in blood and spleen until at least day 21 pi (S3B and S3C Fig), the delayed

Treg cell depletion strategy had no impact on parasitemia levels or the frequencies of T. cruzi-
specific CD8+ T cells in the blood (S3D and S3E Fig). Furthermore, no effects were observed

in the frequencies of the anti-parasitic response at day 21 pi in the spleen of DT-treated ani-

mals, as compared to the control group (S3F Fig).

Altogether, these results indicate that Treg cells play a role during the initial stages of T.

cruzi infection, likely influencing the priming and/or activation of the effector CD8+ T cell

response. The suppressive function of Treg cells during the early phase of infection ultimately

impacts the magnitude of the TSKB20-specific CD8+ T cell response and, consequently, the

control of parasite replication.

Early depletion of Treg cells promotes differentiation of parasite-specific

CD8+ T cells into polyfunctional short lived effector cells

To examine the influence of Treg cell depletion on specific subsets of CD8+ T cells in the con-

text of T. cruzi infection, we investigated the contribution of effector, memory and activated

cells. Using flow cytometry, we identified short-lived effector cells (SLEC) and memory pre-

cursor effector cells (MPEC) based on CD44, KLRG-1 and CD127 expression, as illustrated in

S4A Fig [36,37]. Our analysis revealed that early Treg cell depletion increased the frequency of

the SLEC subset within T. cruzi-specific CD8+ T cells from the spleen as well as the frequency

and absolute numbers of SLEC within liver parasite-specific CD8+ T cells (Fig 3A and 3B). In

contrast, the MPEC subset did not show significant changes in frequency or absolute numbers

in parasite-specific CD8+ T cells from the spleen and liver after DT injection (Fig 3C). Within

total CD8+ T cells, Treg cell depletion also resulted in increased frequency of SLEC cells in the

spleen but not the liver, while MPEC remained the same in both organs (S4B Fig).

We further investigated the phenotypic characteristics of CD8+ T cell responses following

Treg cell depletion in the spleen and liver. Our analysis revealed no significant differences in

the frequencies of total or parasite-specific CD8+ T cells expressing various activation markers

(CD69, CD25, CD44, and CD38), the regulatory molecule CD39, inhibitory receptors (PD-1,

Lag-3, and Tim-3), or effector molecules (Granzyme A and B) between PBS- and DT-treated

mice (S4C Fig).
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Based on our preceding results, we further investigated the functionality of parasite specific

CD8+ T cells after DT treatment. To test this, we examined the degranulation ability by

CD107a surface mobilization together with secretion of the effector cytokines IFN-γ and TNF

upon in vitro specific and polyclonal stimulation (S5A Fig). As shown in Fig 3D, CD8+ T cells

from 21 day-infected Treg-depleted mice exhibited an increased proportion of polyfunctional

cells that produce two and three effector mediators (degranulation plus IFN- γ production

with or without TNF release) when stimulated with TSKB20 but not after polyclonal

Fig 2. Treg cell depletion increases T. cruzi-specific CD8+ T cell expansion and improves parasite control during acute infection. A) Kinetics of blood

parasite counts in PBS or DT-treated DEREG mice. B) Parasite load in heart, liver, and spleen of PBS or DT-treated DEREG mice at day 20 pi. Values were

calculated using the ΔΔCT algorithm, with GAPDH utilized as a housekeeping control for normalization, and the sample of PBS-treated mice serving as a

reference. C-E) Representative flow cytometry dot plots showing TSKB20-specific CD8+ T cell detection at day 20 pi (C), their frequency quantification in

blood at different dpi (D), and in spleen and liver at day 20 pi (E) of PBS or DT-treated DEREG mice. F) Absolute numbers of TSKB20-specific CD8+ T cells in

spleen and liver according to (E). All data are presented as mean ± SEM. In (A), (D), (E) and (F) data were collected from 1–3 independent experiments at most

dpi, and 5–8 independent experiments at day 20 pi according to the analyzed tissue. In (B) data were pooled from 2–4 independent experiments. In (E-F) each

symbol represents one individual mouse. A total of 4–42 mice per group were included. In (A) n = 11–12 at 8 dpi, n = 12 at 11 dpi, n = 11 at 14 dpi, n = 35–42

at 20 dpi, n = 7–9 at 25 dpi, n = 4–5 at 33 dpi. In (D) n = 12–13 at 10 dpi, n = 7 at 12 dpi, n = 16–18 at 20 dpi, n = 6 at 25 dpi, n = 12 at 33 dpi, n = 5–7 at 55 dpi.

Statistical significance was determined by Unpaired t test or Mann Whitney test, according to data distribution. P values for pairwise comparisons are indicated

in the graphs. * P� 0.05, ** P� 0.01, *** P� 0.001, **** P� 0.0001 and ns = not significant.

https://doi.org/10.1371/journal.ppat.1012191.g002
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stimulation with PMA/Ionomycin. No significant changes were detected in other parasite-spe-

cific cells expressing one or two effector mediators (S5B Fig).

Altogether, our data indicate that early Treg cell depletion during T. cruzi infection primar-

ily increases the magnitude of the parasite-specific CD8+ T cell response, likely favoring the

differentiation of effector cells with polyfunctional features, without significant changes in

other phenotypic or functional attributes.

Effects of early Treg cell depletion on antigen-presenting cell populations

and conventional CD4+ T cells

Next, we investigated whether other cell populations could be modulated by Treg cells at early

stages of the infection and indirectly impact CD8+ T cell responses. Considering that only

early depletion of Treg cells resulted in the increase of parasite-specific effector CD8+ T cells

and improved control of parasite replication at day 20 pi, and taking into account that the

TSKB20-specific CD8+ T cell response starts to arise around day 10 pi in our infection model

(Fig 2D) [28], we hypothesized that Treg cells may play a role at early events of T cell priming

during T. cruzi infection. To address this question, we evaluated the response of antigen-pre-

senting cells (APCs) and innate immune cells the following day after DT treatment in the

spleen of DT or PBS-treated and infected mice as well as non-infected controls, using multi-

parametric flow cytometry. As depicted in the Uniform Manifold Approximation and Projec-

tion (UMAP) visualization plots of Fig 4A, unsupervised analysis using the X-Shift clustering

algorithm detected 10 clusters which were identified based on their expression of cell popula-

tion markers (S6A and S6B Fig). Six of these clusters displayed APC features, characterized by

their expression of MHC class I and class II molecules, as well as activation costimulatory

markers such as CD80, CD86 [38,39], and CD24 [40] (Fig 4B). They were designated as den-

dritic cells subset 1 (cluster 2), B cells (cluster 3), neutrophils (cluster 4), dendritic cells subset

2 (cluster 5), monocytes (cluster 7), and NKT cells (cluster 10).

To assess the impact of Treg cell depletion on the frequency and phenotype of APCs and

innate immune cells, we conducted a supervised analysis of our cytometric data. None of the

six identified clusters showed significant changes in frequency between non-infected samples,

Treg-depleted and non-depleted infected samples at the studied time point (S6C Fig). How-

ever, we found that Treg cell depletion led to increased frequencies of CD86+ cells within the

large cluster of B cells (C3) and, surprisingly, in NKT cells (C10), which showed an unexpected

great proportion of cells expressing this co-stimulatory molecule (Fig 4C and 4D). A similar

trend was also observed in one DC cluster (C2). Interestingly, DT-treated mice showed

increased frequency of CD86+ cells compared to non-infected controls in the clusters of B

cells (C3), DC subset 2 (C5) and NKT cells (C10). No significant differences were observed in

the frequency of positive cells for the remaining markers studied across the experimental

groups within any of the identified clusters (S6D Fig). Taken together, these data point to sub-

tle effects of Treg cells on APC and innate immune cell populations at early stages following T.

cruzi infection.

A previous study has demonstrated that CD4+ T cell help is required to mount a full-sized

TSKB20-specific CD8+ T cell response to T. cruzi infection [5]. Since Foxp3- CD4+ T (Tconv)

cells are potential targets for Treg cell suppression [41–43], we investigated the impact of Treg

cell depletion on this effector cell population. At day 20 pi, animals that received PBS or DT on

days 5 and 6 pi showed similar frequencies of Tconv cells in blood, spleen, and liver (S7A Fig),

with a tendency for higher counts in the spleen and significantly reduced numbers in the liver

(S7B Fig). In contrast, when analyses were performed at day 11 pi, we observed a significant

increase in the percentage of Tconv cells in the tissues from Treg-depleted mice, along with
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Fig 3. Early Treg cell depletion promotes parasite-specific CD8+ T cell differentiation into SLEC during T. cruzi infection. A) Representative flow

cytometry plots showing KLRG-1+ CD127- (SLEC) and KLRG-1- CD127+ (MPEC) subsets within CD44+ gated TSKB20-specific CD8+ T cells in the

indicated organs obtained from PBS or DT-treated DEREG mice at day 20 pi. B-C) Frequencies (left) and absolute numbers (right) of SLEC (B) and MPEC (C)

subsets within CD44+ gated TSKB20-specific CD8+ T cells of mice in (A). Data were collected from 2 independent experiments. D) Percentages of CD8+ T

cells that produce IFN-γ and exhibit CD107a mobilization together (left) or not (right) with TNF production in the spleen of PBS or DT-treated DEREG mice

at day 21 pi. Medium condition was used as a negative control, while PMA/Ionomycin (PMA/Iono) was used as a positive control for polyclonal CD8+ T cell

stimulation. Similar results were obtained in 2 independent experiments. All data are presented as mean ± SEM. In (B), (C) and (D) each symbol represents one

individual mouse. Statistical significance was determined by Unpaired t test or Mann Whitney test, according to data distribution. P values for pairwise

comparisons are indicated in the graphs.

https://doi.org/10.1371/journal.ppat.1012191.g003
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Fig 4. Treg cell depletion induces modest effects on APC populations and innate cells. A) UMAP visualization of flow cytometry data from the

spleen of PBS or DT-treated DEREG mice at day 7 pi and PBS-treated non-infected controls. B) Histograms showing the expression of different APC

and innate cell activation markers in selected cell clusters. Samples from the three experimental groups (NI PBS, INF PBS and INF DT) were pooled

together. C) Representative flow cytometry plots showing CD86+ cells in the indicated cell clusters as defined in (A). D) Frequency of CD86+ cells in

the indicated cell clusters as defined in (A). Data are presented as mean ± SEM. Each symbol represents one individual mouse. Statistical significance
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augmented absolute Tconv cell counts in the liver (Fig 5A and 5B). Further analysis of subset

distribution based on differentiation status revealed that effector Tconv cells were increased in

the spleen and liver of DT-injected mice, at the expense of a reduction in the frequency of

was determined by one-way ANOVA followed by Tukey’s multiple comparison test. Similar results were obtained in 3 independent experiments. *
P� 0.05, *** P� 0.001.

https://doi.org/10.1371/journal.ppat.1012191.g004

Fig 5. Treg cell depletion promotes the expansion and activation of Tconv cells in T. cruzi target organs. A-B) Frequencies (A) and absolute numbers (B)

of Tconv cells in blood, spleen, and liver from PBS or DT-treated DEREG mice at day 11 pi. C-D) Representative flow cytometry plots (C) and frequency (D) of

CD44- CD62L+ (naïve), CD44+ CD62L+ (memory) and CD44+ CD62L- (effector) Tconv cell subsets in the spleen and liver from mice in (A). E-F)

Representative flow cytometry plots (E) and frequency (F) of KLRG-1+ and CD25+ Tconv cells in the spleen from mice in (A). All data are presented as

mean ± SEM. Each symbol represents one individual mouse. Data in (A), (B), (D) and (F) were pooled from 1–2 independent experiments. Statistical

significance was determined by Unpaired t test or Mann Whitney test, according to data distribution. P values for pairwise comparisons are indicated in the

graphs. In (D), P values PBS vs DT: + P� 0.05 and +++ P� 0.001, naïve Tconv cells; # P<0.05, memory Tconv cells; ** P� 0.01, effector T conv cells.

https://doi.org/10.1371/journal.ppat.1012191.g005
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naïve or naïve and memory Tconv cell subsets, respectively (Fig 5C and 5D). Moreover, we

observed an increased frequency of Tconv cells expressing the T cell activation markers

KLRG-1 and CD25 in the spleen, and KLRG-1 specifically in the liver, of Treg-depleted ani-

mals at day 11 pi (Figs 5E, 5F, and S7C). These results suggest that Treg cells influence helper

responses by modulating Tconv cell activation state and numbers at early stages of T. cruzi
infection coincident with the initiation of the parasite-specific CD8+ T cell response.

TSKB20-specific CD8+ T cell suppression is mediated by CD39 expression

on Treg cells

In order to gain mechanistic insight into how Treg cells impact on the magnitude of the para-

site-specific CD8+ T cell response, we then focused on suppressive molecules upregulated by

Treg cells after T. cruzi infection. It is long known that Treg cells constitutively express key

molecules associated with their suppressive function, including CTLA-4 and CD25 in addition

to Foxp3 [44]. In line with our previous findings that highlighted CD25, CTLA-4, and CD39

among the most upregulated markers in Treg cells during the peak of effector CD8+ T cell

immunity [14], we sought to determine whether these molecules were also upregulated at ear-

lier time points. Therefore, we analyzed their expression by flow cytometry at day 7 pi. Inter-

estingly, while the frequency and absolute numbers of CD25+ and CTLA-4hi Treg cells

showed no differences between infected and non-infected mice at this time point, there was a

significant increase in the proportion and cell counts of Treg cells expressing high levels of

CD39 in the spleen of T. cruzi-infected animals compared to controls (Fig 6A, 6B and 6C). Of

note, an increased frequency and number of cells with high expression of CD39 were also

observed in other cell subsets from infected mice, particularly non-CD4+ cells (S8A–S8C Fig).

Additionally, both Tconv and non-CD4+ cells showed a tendency toward higher expression of

this molecule, as indicated by the increased geometric mean of the CD39 staining (S8D Fig).

The upregulation of CD39 in the Treg cell subset (and in other immune cell populations) in

the context of T. cruzi infection prompted us to investigate its potential role in the progression

of this parasite infection. As a first approach, we utilized CD39 deficient mice that have a com-

plete deletion of this molecule in all cell subsets. Remarkably, despite similar levels of blood

parasitemia were observed between WT and CD39 KO infected mice (Fig 6D), mice deficient

in CD39 exhibited an increased frequency of parasite-specific CD8+ T cells in both blood and

spleen (Fig 6E and 6F). These findings support the notion that CD39-mediated pathways are

involved in the regulation of CD8+ T cell immunity during T. cruzi infection.

To investigate whether ATP hydrolysis and ADO production may be the mechanisms

underlying these effects, we quantified ATP and ADO in the plasma of WT and CD39 KO

mice. As shown in Fig 6G, deficiency in CD39 KO results in a significant increase in the con-

centration of plasmatic ATP as determined at 18 dpi, which otherwise remains similar in

infected WT mice in comparison to non-infected, WT and CD39 KO mice. No changes in

plasmatic ADO levels were observed among non-infected and infected, WT and CD39 KO

animals at the same time point. Remarkably, we determined that Treg cell depletion had no

effect on the levels of ATP and ADO in plasma nor in the supernatants of spleen, liver, and

heart, at least as determined at 21 dpi (Figs 6H and S8E).

Given the potential limited global impact of CD39hi Treg cells as a minor cell subset in the

context of overall CD39 upregulation during T. cruzi infection, or the possibility that ATP lev-

els are recovered by 21 dpi after early Treg cell depletion, the lack of effect of DT treatment on

ATP levels does not preclude the possibility that CD39 expression may be relevant for Treg

cell-mediated suppression of CD8+ T cell responses and parasite control. To specifically evalu-

ate this, we conducted adoptive transfer experiments to assess whether the expression of CD39
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Fig 6. CD39 is early upregulated during T. cruzi infection and regulates TSKB20-specific CD8+ T cell responses. A-C) Representative flow cytometry plots

(A), frequency (B) and absolute numbers (C) of Treg cells expressing CD25, CTLA-4 and CD39 in the spleen of DEREG mice at day 7 pi (INF) and non-

infected controls (NI). Data were collected from 2–3 independent experiments. D-F) Parasite blood counts (D), and frequency of TSKB20+ CD8+ T cells in the

blood (E) and spleen (F) of WT and CD39 KO INF mice at different dpi (D, E) and at day 18 pi (F). G-H) Concentration of ATP and Adenosine (ADO)

quantified in the plasma of WT and CD39 KO, NI and INF (18 dpi) mice (G), or in the plasma of NI, PBS or DT-treated INF (20 dpi) mice (H). Data in (D-H)

were collected from 1 experiment. All data are presented as mean ± SEM. In (B-C), and (F-H) each symbol represents one individual mouse. Statistical

significance was determined by Unpaired t test or Mann Whitney test in (B-F), by Kruskal-Wallis test followed by Dunn’s multiple comparisons test in (G) and

by one-way ANOVA followed by Tukey’s multiple comparisons test in (H). Values for pairwise comparisons are indicated in the graphs. ns = not significant.

https://doi.org/10.1371/journal.ppat.1012191.g006
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by Treg cells is necessary for suppressing the TSKB20-specific CD8+ T cell response after T.

cruzi infection. As illustrated in Fig 7A, DEREG mice were infected and Treg cell depletion

was carried out as usual by DT administration at days 5 and 6 pi. The following day, a group of

DT-treated mice received in vitro differentiated Treg (iTreg) cells from CD4+ splenocytes of

non-infected WT or CD39 KO animals. As expected, Treg cell depletion led to an increased

TSKB20-specific CD8+ T cell response at day 22 pi in the spleen and liver (Fig 7B and 7C).

Notably, depleted animals that were injected with WT iTreg cells reversed the effect of DT

treatment, as demonstrated by a reduction in the parasite-specific CD8+ T cell response to lev-

els similar to those of PBS-injected (Treg-sufficient) controls. In contrast, injection of CD39

KO iTreg cells in depleted mice resulted in a robust T. cruzi-specific CD8+ T cell response

comparable to or higher than DT-treated animals, and notably higher than Treg-depleted

mice that received WT iTreg cells, in both the spleen and liver (Fig 7B and 7C). Consistent

with our previous findings, the majority of TSKB20-specific CD8+ T cells displayed a SLEC

phenotype at day 22 pi in the spleen and liver of Treg-depleted mice (Fig 7D). Interestingly,

the relative and absolute numbers of SLEC TSKB20-specific CD8+ T cells significantly

decreased when Treg-depleted animals received WT iTreg cells, but not when they were trans-

ferred with CD39 KO iTreg cells. Importantly, while T. cruzi numbers in blood showed no dif-

ference (Fig 7E), there was a significant increase in parasite load in the spleen and liver of

Treg-depleted mice transferred with WT iTreg cells compared to those receiving CD39 KO

iTreg cells (Fig 7F).

Collectively, these findings provide compelling evidence for the involvement of CD39-ex-

pressing Treg cells in modulating the magnitude of the effector T. cruzi-specific CD8+ T cell

response and the control of parasite replication during the acute phase of infection. Impor-

tantly, this regulatory function was not compensated by other suppressive molecules expressed

in Foxp3+ regulatory T cells, nor by CD39 expressed in other cell subsets in the context of T.

cruzi infection.

Discussion

Regulatory T cells play a pivotal role in infections by maintaining an effective balance between

efficient immune responses for pathogen clearance and excessive immune reactivity that can

lead to tissue damage. While the accumulation of Treg cells in the chronic phase has been

well-documented for various infections, the contribution to immunity and disease outcome

during the acute phase appears more highly context-dependent [45].

In this study, we demonstrate the crucial role of Treg cells in modulating the anti-parasite

immune response and controlling pathogen replication during the acute phase of experimental

T. cruzi infection. This work complements our previous study on the Treg cell response [14].

Here, we have elucidated the timing and mechanisms through which activated Treg cells,

despite a relative decrease in numbers, exert a suppressive function on effector CD8+ T cell

immunity during acute T. cruzi infection. These results differ from previous observations

where discrepancies were reported regarding the role of Treg cells in this parasitic infection, as

some studies described beneficial impacts [29,46], while others suggested limited [47,48] or

deleterious effects [49]. However, none of these studies have thoroughly investigated the phe-

notypical and functional characteristics of the Treg cell response, and more importantly, all of

them targeted these cells by non-specific approaches.

Taking advantage of a diphtheria toxin (DT) model for Treg cell depletion, we found that

removal of endogenous Treg cells shortly after infection, but not at later stages, improved para-

site control in blood as well as in certain T. cruzi target tissues. The differential impact of Treg

cell depletion on parasite loads in tissues may reflect specific patterns associated with parasite
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Fig 7. CD39 expression on Treg cells mediates TSKB20-specific CD8+ T cell suppression and parasite outgrowth. A) Overview of

iTreg cell adoptive transfer experimental design (created with BioRender.com). B-C) Representative flow cytometry plots (B) and

frequency and absolute numbers (C) of TSKB20+ CD8+ T cells in the spleen and liver of mice treated and analyzed as indicated in (A).

D) Frequencies and absolute numbers of the SLEC subset within CD44+ gated TSKB20-specific CD8+ T cells from mice treated as

indicated in (A). E-F) Parasite counts in blood (E) and parasite load in the spleen and liver (F) from mice treated as indicated in (A).

Results similar to (C-F) were obtained in 2 independent experiments. All data are presented as mean ± SEM. In (C-E) each symbol

represents one individual mouse. Statistical significance was determined by one-way ANOVA followed by Tukey’s multiple comparisons

test in (C-E), and by paired t test in (F). Values for pairwise comparisons are indicated in the graphs.

https://doi.org/10.1371/journal.ppat.1012191.g007
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tropism [50,51], as well as particular host-parasite dynamics at local level [52], and may require

systematic evaluation in a variety of relevant tissues including skeletal muscle, visceral adipose

tissue, and colon among others. Nonetheless, we propose that the effect of Treg cell depletion

in parasite control is secondary to an overall enhancement of TSKB20-specific CD8+ T cell

immunity without causing significant tissue damage at the peak of the CD8+ T cell response.

These results align with a previous study that reported increased numbers of CD8+ T cells

restricted to the VNHRFTLV epitope of Amastigote Surface Protein-2 from T. cruzi when

Treg cells were ablated [15]. Overall, these observations highlight the role of Treg cells in sup-

pressing optimal CD8+ T cell-mediated immunity against T. cruzi and indicate that Treg cells

play relevant functions in this parasitic infection.

Following activation by antigen encounter, CD8+ T cells undergo expansion and differenti-

ation into effector cells, which can be categorized into two distinct subsets: highly functional

short-lived effector cells (SLEC) that will undergo apoptosis after antigen clearance, and mem-

ory-precursors (MPEC) that are able to continue the differentiation program into long-lived

memory cells. In the current study, we provide evidence that Treg cells limit the magnitude of

parasite-specific CD8+ T immunity, by preferentially reducing the SLEC subset while having

no impact on the generation of parasite-specific MPECs. Our results contrast with previous

observations where Treg cells either promote [53–56] or restrict [57] the development of the

CD8+ T cell memory response in viral or bacterial infections and immunization models.

These discrepancies might be attributed to variations in the inflammatory milieu of each set-

ting, considering the essential role of cytokines in directing CD8+ T cell differentiation pro-

grams, including IL-2 and IL-10 that mediate Treg cell function in those studies. Additionally,

we demonstrated that Treg cells seem to exert minimal influence on the acquisition of other

phenotypic attributes by CD8+ T cell responses, such as the expression of activation and

exhaustion markers or functional molecules. Altogether, these data reinforce the notion that

the impact of Treg cell regulation is quantitative rather than qualitative within CD8+ T cell

immunity against T. cruzi.
Multiple regulatory mechanisms have been described for Treg cells, such as the secretion of

suppressive cytokines and cytolytic molecules, expression of inhibitory receptors and meta-

bolic disruption of effector cells. However, there is still limited understanding of the precise

mechanisms employed by Treg cells to mediate their suppressive activity in different inflam-

matory settings. Acquiring this knowledge will enable the modulation of inflammation out-

comes associated with infections by therapeutic approaches targeting Treg cells. In recent

years, purinergic suppressive pathways have gained significance. Treg cells have been shown to

control inflammation in experimental models and in clinical studies, mediated, at least in part,

through an adenosine-dependent manner via the regulated expression of CD39 and CD73

[22,58–62]. In particular, it has been reported that human and mouse Treg cells expressing

CD39 suppress Tconv and CD8+ T cell proliferation or cytokine production more efficiently

in vitro, when compared to Treg cells lacking CD39 expression [63,64]. Additionally,

CD39-expressing Treg cells exhibit stronger in vitro suppressive effects than CD39- Treg cells

or upon CD39 inhibition [65–67].

Previously, we reported that Treg cells upregulate CD39 expression along with a wide range

of suppressive markers and regulatory molecules during the acute phase of T. cruzi infection

[14]. Variations in CD39 expression within Treg cell subsets, particularly in human samples,

have been documented but not further functionally evaluated [68,69]. We have also demon-

strated that, in the case of CD8+ T cells activated in the context of cancer, high versus interme-

diate expression of CD39 defines subsets with distinct phenotypic and functional

characteristics. CD39hi cells display higher activation, increased expression of inhibitory recep-

tors, and enhanced ATP hydrolysis capacity [24]. In our study, we observed an early
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upregulation of CD39 expression soon after infection, with CD39hi cells arising in the Treg cell

pool as well as in other cell subsets. Building on these findings and the reported role of CD39

as part of an immunosuppressive pathway [21], we utilized CD39 KO mice to effectively dem-

onstrate its involvement in regulating parasite-specific CD8+ T cell responses during T. cruzi
infection.

As anticipated, CD39 KO mice exhibited increased ATP levels and conserved ADO levels at

the peak of infection, potentially accounting for the observed enhancement in CD8+ T cell

immunity. In contrast, Treg cell-depleted mice showed no alterations in ATP or ADO levels.

We propose two plausible explanations for this unexpected result. Firstly, ATP levels may have

normalized by the peak of infection due to early Treg cell depletion. Alternatively, the elimina-

tion of a minor population such as CD39+ Treg cells may have limited systemic impact on

ATP hydrolysis, given the numerous cell populations upregulating this molecule during T.

cruzi infection. A similar intricate scenario is being discussed in the context of tumor microen-

vironments [70]. Nonetheless, these findings do not rule out the potential involvement of

CD39 in Treg cell-mediated immunosuppression of parasite-specific CD8+ T cell responses

observed in our T. cruzi setting. This hypothesis is supported by the notion that Treg cells

operate in micro-domains where they closely interact with the cells they regulate [71,72]. In

fact, our adoptive transfer experiments definitively demonstrated that CD39 expression on

Treg cells is necessary for controlling parasite-specific CD8+ T cell responses, independent of

other regulatory molecules expressed on the Treg cells and despite CD39 expression in other

cell populations.

To our knowledge, this is the first description of in vivo T cell suppression mediated by

CD39+ Treg cells in the context of acute T. cruzi infection. Further research is needed to

understand the precise mechanism involved, which may include an early and transient modifi-

cation of ATP/ADO metabolism or a CD39-driven acquisition of a more robust regulatory

program in Treg cells [68]. Additionally, investigating the impact of early Treg cell depletion

or targeting CD39 during the chronic phase of T. cruzi infection may provide further evidence

for its use as a complementary approach to parasiticidal drugs, aiming to enhance effector

anti-parasite responses. Remarkably, a recent report showed that patients with chronic chaga-

sic cardiomyopathy exhibit expansion of activated effector CD4+ T cell subsets, which corre-

late with a decreased frequency of CD39+ Treg cells. These data suggest that suppressive

mechanisms also operate in the context of the human infection [73].

Treg cell-mediated suppression of effector CD8+ T cell responses can occur through direct

contact/proximity between the cells [74,75], indicating a direct suppressive effect, or through

the modulation of other immune cell populations that are important for CD8+ T cell functions

[76], suggesting an indirect regulatory mechanism. In this study, we provide clear evidence

that Treg cells not only impact CD8+ T cell immunity but also restrain Tconv cell responses

during acute T. cruzi infection. Our observation that Treg cell depletion affects Tconv cell

numbers and their activation phenotype prior to the regulation of parasite-specific CD8+ T

cells suggests an indirect effect of Treg cells on parasite-specific CD8+ T cells through the

modulation of Tconv cells. However, we cannot rule out the possibility of direct interactions

between Treg cells and CD8+ T cells. CD4+ T cells have long been recognized for their role in

providing help for CD8+ T cell priming, particularly in the generation of memory CD8+ T cell

pools [77]. The "licensing" model has been proposed as the main mechanism for CD4+ T cell

help delivery, in which these cells are necessary to enhance the antigen-presenting and co-

stimulatory capacities of DCs to induce robust effector CD8+ T cell responses [78]. In agree-

ment with our results, a study found that activation of CD4+ T helper cells preceded that of

CD8+ T cells and that this process involved the action of different DC subsets in the context of

HSV infection [79]. In our system, APCs were only mildly affected by Treg cell depletion.
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Nevertheless, it would be interesting to evaluate the impact of early Treg cell elimination on

APCs at later time points coinciding with the effect on the Tconv cell response in order to

establish if a Treg-Tconv-APC axis is involved in the modulation of parasite-specific CD8+ T

cells during T. cruzi infection. Furthermore, it has been reported that adenosine can downre-

gulate CD86 expression on DCs [80,81]. Whether CD39 activity on Treg cells is responsible

for the modulation of Tconv cell and APC responses needs to be further addressed in this para-

sitic infection.

NKT cells are a group of innate-like T cells that recognize lipids in the context of CD1d

molecules. By responding very rapidly to TCR and/or cytokines they can link innate and adap-

tive immune responses and are important players in infectious diseases [82]. The contribution

of NKT cells to protection against T. cruzi remains controversial in the context of the experi-

mental infection [83–88], while few studies have focused on this cell population in human

Chagas disease. For instance, established chronic infection in asymptomatic patients can be

accompanied by increased peripheral blood frequencies of both NKT cells and regulatory

CD25+ T cells, and these values were inversely correlated to numbers of activated CD8+ T

cells [19,89]. In this study, we found that T. cruzi infection augmented the frequency of NKT

cells expressing CD86 and that this effect was even increased after Treg cell depletion, poten-

tially linked to CD8+ T cell priming during the acute phase. The implications of CD86 expres-

sion by NKT cells, the interaction between NKT cells and Treg cells, and their functional

properties in the context of T. cruzi infection deserve further investigation.

In summary, the current study supports our previous hypothesis that weakened Treg cell

responses during the acute phase of T. cruzi infection have beneficial elements for the host.

This mechanism allows the generation of robust anti-parasite responses that prevent pathogen

outgrowth without enhancing tissue damage. Further research is required to evaluate any

sequelae of early Treg cell depletion. One potential outcome is that improved control of the

parasite burden in the acute phase limits persistence of T. cruzi in target tissues during the

chronic stage. Conversely, the reinvigorated effector response may prevail, resulting in immu-

nopathology. Additionally, the restriction of Treg cells during the chronic phase should also be

carefully examined, as this may trigger harmful inflammatory responses by leveraging chronic

effector responses. In fact, previous studies of the human infection have linked impaired Treg

cell immunity to more severe clinical forms of Chagas disease [16,19,90]. Therefore, more

detailed investigations are necessary to fully understand the role of Treg cells and CD39

expression in the transition from acute to chronic T. cruzi infection and the development of

disease.

Materials and methods

Ethics statement

Mouse handling followed international ethical guidelines. All experimental procedures were

conducted in compliance with the ethical standards set by the Institutional Animal Care and

Use Committee of Facultad de Ciencias Quı́micas, Universidad Nacional de Córdoba

(FCQ-UNC), and were approved under protocol numbers RD-731-2018 and RD-2134-2022.

Mice

Male and female mice aged 8 to 12 weeks were used for experiments. C57BL/6 and BALB/c

wild type mice were obtained from the School of Veterinary, La Plata National University (La

Plata, Argentina). DEREG (C57BL/6-Tg(Foxp3-DTR/EGFP)23.2Spar/Mmjax) reporter mice

were purchased from The Jackson Laboratories (USA). CD39 deficient mice were developed

and provided by Dr. Simon Robson [91]. All mouse strains were bred and housed at the animal
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facility of the FCQ-UNC. Mice were maintained on a 12-hour light/12-hour dark cycle with

food and water ad libitum. Mice from different experimental groups were co-housed in the

same cages. DEREG mice were bred as heterozygotes on a C57BL/6 background, and F1 gen-

eration was routinely tested for GFP expression.

Parasites and experimental infection

Bloodstream trypomastigotes of the Tulahuén strain of T. cruzi were maintained in male

BALB/c mice by serial passages every 10–11 days. For experimental infection, mice were intra-

peritoneally inoculated with 0.2mL PBS containing 5 × 103 trypomastigotes obtained by dilut-

ing the blood from parasite passages (typically diluted around 400X). All infections were

performed at similar hours of the day.

Treg cell depletion

Mice were randomly divided into Treg cell depleted and control groups. For Treg cell deple-

tion, DEREG mice were injected intraperitoneally with 25 ng of Diphtheria Toxin (DT; Cal-

biochem) per gram of body weight (25 ng/g) diluted in PBS. DT was administered in two

consecutive days at the indicated time points. Control non-depleted mice received PBS injec-

tions. The following day, Treg cell ablation was confirmed in blood samples by flow cytometry.

Parasite quantification

Parasitemia was assessed by counting the number of viable trypomastigotes in blood after lysis

with a 0.87% ammonium chloride buffer. Abundance of T. cruzi satellite DNA in tissues was

used to determine parasite burden. Genomic DNA was purified from 50 μg of tissue (heart,

liver, and spleen) with TRIzol Reagent (Life Technologies) following manufacturer’s instruc-

tions. DNA samples from the same tissue and experimental group were pooled in each experi-

ment. Satellite DNA from T. cruzi (GenBank AY520036) was quantified by real time PCR

using specific Custom Taqman Gene Expression Assay (Applied Biosystems). Primers and

probes sequences were previously described by Piron et al. [92]. The samples were subjected to

45 PCR cycles in a thermocycler StepOnePlus Real-Time PCR System (Applied Biosystems).

Abundance of satellite DNA from T. cruzi was normalized to the abundance of GAPDH (Taq-

man Rodent GAPDH Control Reagent, Applied Biosystems), quantified through the compara-

tive ΔΔCT method and expressed as arbitrary units, as previously reported [14,28,33].

Cell preparation

Blood was collected via cardiac puncture using heparin as anticoagulant. Spleens and livers

were obtained and mechanically disaggregated through a tissue strainer to obtain cell suspen-

sions in PBS 2% FBS. Liver infiltrating leukocytes were isolated by centrifugation at 600g for

25 minutes using a 35% and 70% bilayer Percoll (GE Healthcare) gradient. Erythrocytes were

lysed for 3 min using an ammonium chloride-potassium phosphate buffer (ACK Lysing

Buffer, Gibco). Cell numbers were counted in Turk’s solution using a Neubauer chamber and

used to calculate the number of specific subsets shown in several figures.

Biochemical determinations

Blood samples were centrifuged at 3000 rpm for 8 min and plasma was collected. Quantifica-

tion of GOT, GPT, LDH and CPK activities was performed by UV kinetic method, CPK-MB

activity by enzymatic method, and glucose concentration by enzymatic/colorimetric method

at Biocon Laboratory (Córdoba, Argentina) using a Dimension RXL Siemens analyzer.
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Flow cytometry

For surface staining, cell suspensions were incubated with fluorochrome labeled-antibodies

together with LIVE/DEAD Fixable Cell Dead Stain (ThermoFisher) in PBS 2% FBS for 20 min

at 4˚C. To identify T. cruzi specific CD8+ T cells, cell suspensions were incubated with an H-

2Kb T. cruzi trans-sialidase amino acids 569–576 ANYKFTLV (TSKB20) APC- or BV421-

labeled Tetramer (NIH Tetramer Core Facility) for 20 min at 4˚C, in addition to the surface

staining antibodies. To detect NKT cells, cell suspensions were incubated with PBS-57, an ana-

logue of α-galactosylceramide (α-Gal-Cer) [93], complexed to CD1d APC-labeled Tetramers

(NIH Tetramer Core Facility). Blood samples were directly incubated with the specified anti-

bodies, and erythrocytes were lysed with a 0.87% NH4Cl buffer prior to acquisition.

For the detection of transcription factors, cells were initially stained for surface markers,

washed, fixed, permeabilized and stained with Foxp3/Transcription Factor Staining Buffers

(eBioscience) according to eBioscience One-step protocol for intracellular (nuclear) proteins.

For the UMAP analysis, the cytometry panel included the following anti-mouse monoclo-

nal antibodies: PerCP-eFluor 710 anti-CD80 (B7-1) clone 16-10A1 (eBioscience), Super Bright

436 anti-MHC Class I (H-2kb) clone AF6-88.5.5.3 (eBioscience), Super Bright 600 anti-MHC

Class II (I-A/I-E) clone M5/114.15.2 (eBioscience), Super Bright 645 anti-CD11b clone M1/70

(eBioscience), Super Bright 702 anti-Ly-6G/Ly-6C clone RB6-8C5 (eBioscience), Brilliant Vio-

let 785 anti-CD86 clone GL-1 (Biolegend), Alexa Fluor 700 anti-CD45 clone 30-F11

(eBioscience), APC/Cyanine7 anti-F4/80 clone BM8 (Biolegend), PE anti-CD3e clone 145-

2C11 (eBioscience), PE-eFluor 610 anti-CD24 clone M1/69 (eBioscience), PE-Cyanine5 anti-

CD19 clone eBio1D3 (1D3) (eBioscience), PE-Cyanine5.5 anti-CD8a clone 53–6.7

(eBioscience), PE-Cyanine7 anti-CD11c clone N418 (eBioscience). The staining also included

Tetramers to identify NKT cells and the LIVE/DEAD Fixable Aqua Dead Cell Stain Kit, for

405 nm excitation (Invitrogen).

The detailed list of antibodies used in all the experiments can be found in S1 Table. All sam-

ples were acquired using a FACSCanto II (BD Biosciences) or a LSRFortessa X-20 (BD Biosci-

ences) flow cytometer, and data were analyzed with FlowJo software versions X.0.7 and 10.8.1.

During the analysis, gating coordinates were established using negative controls for population

markers. For activation markers, regulatory molecules, or continuously expressed molecules,

FMO controls were employed to set gating parameters.

Determination of CD8+ T Cell effector function in vitro
Spleen cell suspensions were cultured for 5h in RPMI 1640 medium (Gibco) supplemented

with 10% heat-inactivated FBS (Gibco), 2 mM glutamine (Gibco), 55 μM 2-ME (Gibco), and

40 μg/ml gentamicin. Cells were stimulated with 2.5 μM TSKB20 (ANYKFTLV) peptide (Gen-

script Inc.) or 50 ng/mL PMA plus 1 μg/mL ionomycin (Sigma-Aldrich) in the presence of

Monensin and Brefeldin A (eBioscience). Culture medium was used as negative control. Anti-

CD107a was included during the culture period. After surface staining, cells were fixed and

permeabilized using Intracellular Fixation & Permeabilization Buffer Set (eBioscience) follow-

ing manufacturer’s instructions. Stained cells were acquired on a FACSCanto II (BD Biosci-

ences) or a LSRFortessa X-20 (BD Biosciences) flow cytometer as before. Antibodies

specifications are detailed in S1 Table.

Determination of DT toxicity on parasites in vitro
Blood-derived T. cruzi parasites were used to infect monolayers of Vero cells. After 7 days of

culture, trypomastigotes were collected from supernatants by centrifugation at 4000 rpm for

20 min and resuspended in supplemented RPMI medium, as previously described [94].
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Subsequently, 3 × 105 trypomastigotes were incubated in the presence of DT at the final con-

centrations of 1.3, 2.6, 5.2, 10.4 and 20.8 nM, using the indicated medium in 96-well cell cul-

ture plates. PBS served as the vehicle negative control, while Benznidazole at final

concentration of 25 μM was used as a positive control for parasite killing. After 24h, parasites

were counted using a Neubauer chamber.

Adoptive cell transfer

CD4+ T cells were isolated from pooled splenic cell suspensions by magnetic negative selection

using EasySep Mouse CD4+ T Cell Isolation Kit (StemCell Technologies) according to the

manufacturer’s protocol. The isolated cells were further purified to obtain naïve CD4+ T cells

(CD4+ CD25- CD44-) by cell sorting using a FACSAria II (BD Biosciences) instrument (see

S1 Table for antibodies specifications). The sorted naïve CD4+ T cells were then incubated

with a Treg cell differentiation cocktail in 96-well cell culture plates. For this, 2 x 105 cells were

stimulated with plate-bound anti-CD3 and anti-CD28 antibodies (eBioscience) at concentra-

tions of 2 and 1 μg/mL, respectively, in the presence of 20 ng/mL rmIL-2 (Biolegend), 5 ng/mL

m/h rTGF-β (eBioscience) and 13.3 nM all trans-Retinoic Acid (Sigma) diluted in supple-

mented RPMI 1640 medium (Gibco). On day 4, cells were harvested, and a viability higher

than 80% as well as a Foxp3 expression higher than 90% were confirmed by flow cytometry.

One million in vitro differentiated Treg cells were subsequently injected intravenously into the

retro-orbital sinus of DEREG recipient mice infected with T. cruzi and previously treated with

DT. Non-transferred and PBS-treated mice were included as controls.

ADO and ATP determinations

The concentrations of adenosine (ADO) and adenosine triphosphate (ATP) were determined

in methanol-deproteinized plasma and tissue supernatants by high-performance liquid chro-

matography (HPLC; Agilent 1200, Agilent Technologies, Wilmington, DE, USA), equipped

with an isocratic pump and a UV detector. Briefly, tissue supernatants were obtained by rins-

ing a fraction of the spleen and liver or the whole heart in PBS, followed by 1h incubation at

37˚C in PBS plus gentamicin at a standardized volume (μL) calculated as tissue weight (mg)/

0.3. Data acquisition and processing was performed using Agilent BootP software. Chro-

matographic separations were achieved by use of a Phenomenex C18 reverse phase column

(150×4.6 mm, 5 μm particle size). The mobile phase consisted of 0.4% phosphoric acid:metha-

nol (95:5, v/v), and the flow rate was 0.8 mL/min in isocratic mode. The injection volume was

20 μL and detection was at 257 nm. ADO and ATP peak areas were validated through the co-

injection of standards (ADO and ATP, Sigma-Aldrich) together with the analyzed samples.

Quantitative analysis was conducted by correlating the peak areas with the regression line of

calibration curves, which were prepared over a range of 0.1 to 200 μM by diluting ADO and

ATP standards with PBS.

Statistics

Descriptive statistics were calculated for each experimental group. The normality of data distri-

bution was assessed using Shapiro-Wilk normality test. Statistical significance of mean value

comparisons was determined using two-tailed t-test or One-way ANOVA for normally distrib-

uted data, and two-tailed Mann Whitney test or Kruskal-Wallis test for non-normally distrib-

uted data, as appropriate. P values� 0.05 were considered statistically significant. Outliers

were identified using the ROUT method. GraphPad Prism 9.0 software was used for statistical

analyses and graph creation. Data are presented as mean ± SEM. The majority of the data pre-

sented were collected from different independent experiments, as the calculated sample size
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required to achieve statistical significance was divided across 1–3 independent assays. In other

experiments, presented data are from a representative experiment, which indicates that the

same statistically significant differences were reproduced across independent experiments.

Sample size for each experiment is indicated in the figure legends, while the number of animals

of each experimental group is shown in the scatter dot plots, unless stated otherwise.

AI Language model assistance

We used ChatGPT (developed by OpenAI) to assist in refining the written content of this

study. ChatGPT provided suggestions and corrections based on the input provided by the

user, enhancing the clarity and grammar of the text. ChatGPT output was critically revised by

the user to ensure it conveys the desired message.

Supporting information

S1 Fig. Impact of DT injection on the frequency of Treg cells and total CD8+ T cells during

T. cruzi infection. A-B) Kinetics analysis of Treg cells frequencies within gated CD4+ cells

determined in blood (A), spleen and liver (B) from PBS or DT-treated, NI or T. cruzi INF

DEREG mice. C-E) Frequency (C, D) and absolute numbers (E) of total CD8+ T cells deter-

mined at different time points in blood (C) and at 20 dpi in spleen and liver (D, E) of PBS or

DT-treated, NI and INF DEREG mice. Data are presented as mean ± SEM. Data were collected

from 1–7 independent experiments according to the tissue and dpi in (A-C) and from 4–5

independent experiments in (D-E). In (D-E) each symbol represents one individual mouse. A

total of 2–36 mice per group were included. In (A) and (C) n = 2–3 for NI groups, n = 12–27

at 10 dpi, n = 7–14 at 12 dpi, n = 16–36 at 20 dpi, n = 6–10 at 25 dpi, n = 12–17 at 33 dpi,

n = 5–7 at 55 dpi. In (B) n = 10–12 at 7 dpi, n = 3–4 at 11 dpi, n = 12–14 at 20 dpi, n = 4–5 at

33 dpi. Statistical significance was determined by Unpaired t test or Mann Whitney test,

according to data distribution. Statistical analysis in A-C represents pairwise comparisons

between INF PBS and INF DT groups. * P� 0.05, ** P� 0.01, *** P� 0.001, **** P� 0.0001

and ns = not significant. P values for pairwise comparisons at day 20 pi are indicated in the

graphs.

(PDF)

S2 Fig. Control of DT treatment toxicity and evaluation of its impact on biochemical

markers of damage associated with the progression of infection. A-B) Parasite counts (A)

and TSKB20-specific CD8+ T cell frequencies (B) in blood from PBS or DT-treated T. cruzi
infected WT littermate mice at 20 dpi. Data were collected from 3 independent experiments

and are presented as mean ± SEM. Statistical significance was determined by Mann Whitney

test. C) Parasites numbers counted after 24 h of culture with PBS, increased doses of DT or

benznidazole (BZ). Data are presented as mean ± SD of technical triplicates from 1 experi-

ment. D) Treg cell depletion effect on tissue damage markers: activities of glutamate-oxalacetic

transaminase (GOT), glutamate-pyruvate transaminase (GPT), lactate dehydrogenase (LDH),

creatine phosphokinase (CPK), and creatine phosphokinase of muscle and brain (CPK MB),

as well as Glucose concentration in plasma of PBS or DT-treated DEREG mice at days 20 and

33 pi. Data were collected from 6 independent experiments at 20 dpi (n = 20–26) and from 1

experiment at 33 dpi (n = 4–5). Data are presented as mean ± SEM. Statistical significance was

determined by Unpaired t test for GOT, LDH, CPK, and CPK MB activities and Glucose con-

centration, and by Mann Whitney test for GPT activity, according to data distribution. P val-

ues for pairwise comparisons at day 20 pi are indicated in the graphs. ns = not significant.

(PDF)
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S3 Fig. Depletion of Treg cells on days 11 and 12 pi had no impact on parasitemia levels or

parasite-specific CD8+ T cell numbers. A) Experimental scheme for DT treatment (created

with BioRender.com). B-C) Treg cell frequencies in blood at different dpi (B) and in spleen at

day 21 pi (C) from T. cruzi-infected DEREG mice treated with PBS or DT on days 11 and 12

pi. D) Parasitemia levels from mice in (A). E-F) TSKB20-specific CD8+ T cell frequencies in

blood at different dpi (E) and in spleen at day 21 pi (F) of mice in (A). All data are presented as

mean ± SEM. Data were collected from 1–2 independent experiments. A total of 2–6 mice per

group were included. Statistical significance was determined by Unpaired t test or Mann Whit-

ney test, according to data distribution. P values for pairwise comparisons are indicated in the

graphs. * P� 0.05.

(PDF)

S4 Fig. Effect of early Treg cell depletion on total and TSKB20-specific CD8+ T cell pheno-

type. A) Gating strategy for evaluation of SLEC and MPEC subsets. B) Frequencies of SLEC

(left) and MPEC (right) subsets within CD44+ gated CD8+ T cells from PBS or DT-treated

DEREG mice at day 20 pi. Data were collected from 2 independent experiments and are pre-

sented as mean ± SEM. C) Comparison of the frequencies of cells expressing the indicated acti-

vation, exhaustion and functional markers in total and TSKB20-specific CD8+ T cells in the

spleen and liver of PBS or DT-treated DEREG mice at day 20 pi. Data were collected from 1–4

independent experiments. Violin plots depict the distribution of frequency of 3–18 mice per

group. Statistical significance was determined by Unpaired t test or Mann Whitney test,

according to data distribution. P values for pairwise comparisons are indicated in the graphs.

(PDF)

S5 Fig. Effect of early Treg cell depletion on CD8+ T cell function. A) Gating strategy for

assessing effector cytokine production and CD107a surface mobilization in gated CD8+ cells.

B) Percentage of CD8+ T cells from the spleen of PBS or DT-treated DEREG mice at day 21 pi

that exhibit different combinations of effector functions, including CD107a mobilization and/

or IFN-γ and/or TNF production upon 5h of the indicated stimulation. Medium condition

was used as a negative control, while PMA/Ionomycin (PMA/Iono) was used as a positive con-

trol for polyclonal CD8+ T cell stimulation. Similar results were obtained in 2 independent

experiments. All data are presented as mean ± SEM. Each symbol represents one individual

mouse. Statistical significance was determined by Mann Whitney test.

(PDF)

S6 Fig. Frequencies and expression of activation markers in APC and innate cell clusters.

A) UMAP visualization for splenocytes expression of the different population and activation

markers used in the flow cytometry panel for APC and innate cells characterization. Samples

from the three experimental groups (NI PBS, INF PBS and INF DT) are shown together. B)

Heat map showing the expression level of each marker in the different clusters. C) Frequencies

of selected clusters in total leukocytes (CD45+ cells) from the spleen of PBS or DT-treated

DEREG mice at day 7 pi and non-infected controls. D) Frequency of cells expressing the indi-

cated markers in the different clusters defined in Fig 4A. Clusters without positive cells for the

corresponding marker were excluded from the analysis. All data are presented as

mean ± SEM. Each symbol represents one individual mouse. Similar results were obtained in 3

independent experiments.

(PDF)

S7 Fig. Effect of early Treg cell depletion on Tconv cell response. A-B) Frequencies (A) and

absolute numbers (B) of Tconv cells in blood, spleen and liver from PBS or DT-treated

DEREG mice at day 20 pi. C) Frequency of KLRG-1+ and CD25+ Tconv cells in the liver of
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PBS or DT-treated DEREG mice at day 11 pi. All data are presented as mean ± SEM. Each

symbol represents one individual mouse. Data were pooled from 2–4 independent experi-

ments. Statistical significance was determined by Unpaired t test or Mann Whitney test,

according to data distribution. P values for pairwise comparisons are indicated in the graphs.

(PDF)

S8 Fig. Upregulation of CD39 in different cell subsets during T. cruzi infection and quanti-

fication of ATP and ADO in tissue from Treg cell-depleted infected mice. A-C) Representa-

tive flow cytometry plots (A), frequency (B) and absolute numbers (C) of CD39high Tconv

and non-CD4+ cells in the spleen of DEREG mice at day 7 pi (INF) and non-infected controls

(NI). D) Geometric mean of CD39 fluorescence intensity in CD39+ cells within Treg, Tconv

and non-CD4+ T cells in the spleen of NI and INF (7 dpi) DEREG mice. In A-D data were

pooled from 3 independent experiments and statistical significance was determined by

Unpaired t test or Mann Whitney test, according to data distribution. E) Concentration of

ATP and Adenosine (ADO) quantified in the supernatants of the spleen, liver and heart of NI,

PBS or DT-treated INF (21 dpi) mice. Data in (E) were collected from 1 experiment. Statistical

significance was determined by one-way ANOVA followed by Tukey’s multiple comparison

test. All data are presented as mean ± SEM. Each symbol represents one individual mouse. P

values for pairwise comparisons are indicated in the graphs.

(PDF)

S1 Table. List of antibodies used for flow cytometry.

(DOCX)

S1 Data. Source data for graphs of principal figures in this study.

(XLSX)

S2 Data. Source data for graphs of supplementary figures in this study.

(XLSX)
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18. Fortes de Araújo F, Vitelli-Avelar DM, Teixeira-Carvalho A, Antas PR, Assis Silva Gomes J, Sathler-

Avelar R, et al. Regulatory T cells phenotype in different clinical forms of Chagas’ disease. PLoS Negl

Trop Dis. 2011; 5: e992. https://doi.org/10.1371/journal.pntd.0000992 PMID: 21655351

19. Vitelli-Avelar DM, Sathler-Avelar R, Dias JCP, Pascoal VPM, Teixeira-Carvalho A, Lage PS, et al. Cha-

gasic patients with indeterminate clinical form of the disease have high frequencies of circulating CD3

+CD16-CD56+ natural killer T cells and CD4+CD25High regulatory T lymphocytes. Scand J Immunol.

2005; 62: 297–308. https://doi.org/10.1111/j.1365-3083.2005.01668.x PMID: 16179017

20. Eltzschig HK, Sitkovsky MV, Robson SC. Purinergic Signaling during Inflammation. N Engl J Med.

2012; 367: 2322–2333. https://doi.org/10.1056/NEJMra1205750 PMID: 23234515

21. Takenaka MC, Robson S, Quintana FJ. Regulation of the T Cell Response by CD39. Trends in Immu-

nology. 2016; 37: 427–439. https://doi.org/10.1016/j.it.2016.04.009 PMID: 27236363

22. Deaglio S, Dwyer KM, Gao W, Friedman D, Usheva A, Erat A, et al. Adenosine generation catalyzed by

CD39 and CD73 expressed on regulatory T cells mediates immune suppression. J Exp Med. 2007;

204: 1257–1265. https://doi.org/10.1084/jem.20062512 PMID: 17502665

23. Gupta PK, Godec J, Wolski D, Adland E, Yates K, Pauken KE, et al. CD39 Expression Identifies Termi-

nally Exhausted CD8+ T Cells. PLOS Pathogens. 2015; 11: e1005177. https://doi.org/10.1371/journal.

ppat.1005177 PMID: 26485519
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92. Piron M, Fisa R, Casamitjana N, López-Chejade P, Puig L, Vergés M, et al. Development of a real-time

PCR assay for Trypanosoma cruzi detection in blood samples. Acta Tropica. 2007; 103: 195–200.

https://doi.org/10.1016/j.actatropica.2007.05.019 PMID: 17662227

93. Liu Y, Goff RD, Zhou D, Mattner J, Sullivan BA, Khurana A, et al. A modified α-galactosyl ceramide for

staining and stimulating natural killer T cells. Journal of Immunological Methods. 2006; 312: 34–39.

https://doi.org/10.1016/j.jim.2006.02.009 PMID: 16647712

94. Stempin CC, Marquez JDR, Ana Y, Cerban FM. GRAIL and Otubain-1 are Related to T Cell Hypore-

sponsiveness during Trypanosoma cruzi Infection. PLOS Neglected Tropical Diseases. 2017; 11:

e0005307. https://doi.org/10.1371/journal.pntd.0005307 PMID: 28114324

PLOS PATHOGENS CD39+ Treg cells dampen CD8+ T cell response in T. cruzi infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012191 April 29, 2024 30 / 30

https://doi.org/10.1038/12447
http://www.ncbi.nlm.nih.gov/pubmed/10470077
https://doi.org/10.1016/j.actatropica.2007.05.019
http://www.ncbi.nlm.nih.gov/pubmed/17662227
https://doi.org/10.1016/j.jim.2006.02.009
http://www.ncbi.nlm.nih.gov/pubmed/16647712
https://doi.org/10.1371/journal.pntd.0005307
http://www.ncbi.nlm.nih.gov/pubmed/28114324
https://doi.org/10.1371/journal.ppat.1012191

