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Introduction: In VL, a proinflammatory phenotype is typically associated with
enhanced phagocytosis and a Thl mediated immune response resulting in
infection control. In contrast, an anti-inflammatory phenotype, associated with
a predominant regulatory response, typically enables intracellular multiplication
of Leishmania parasites and disease progression.

Methods: To investigate the impact of chemotherapy on Th2 and Th17 immune
responses in patients with visceral leishmaniasis (VL), we assessed all
combinations of intracellular expression of IFN-vy, IL-10, IL-4 and IL-17 in the
CD4" and CD8™" T cell populations of peripheral blood mononuclear cell (PBMC)
samples from patients, after antigenic stimulation with Leishmania lysate,
throughout treatment and follow-up. As increases in spleen and liver sizes and
decreases in hematocrit, hemogloblin, erythrocytes, monocytes, leukocytes and
platelets levels are strongly related to the disease, we studied the correlations
between the frequencies of T cells producing the afore mentioned cytokines,
individually and in combination, and these variables, as markers of disease
or cure.

Results: We found that the frequency of IFN-y-producingCD4* T cells increased
until the end of chemotherapy with Glucantime® or AmBisome ®, while IL-10,
IL-4 and IL-17-producing CD4" T cells peaked on day 7 following the start of
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treatment. Although the frequency of CD4*IL-17" cells decreased during
treatment an increase was observed after clinical cure. The frequency of CD4*
T cells producing only IFN-y or IL-17 correlated with blood monocytes levels.
Frequencies of double-producers of IFN-yand IL-10 or IL-4 correlated positively
with eosinophils and platelets levels. Together, this suggest that IFN-y drives the
immune response towards Thl at cure. In contrast, and associated with disease
or Th2 response, the frequency of CD4" IL-10" cells correlated positively with
spleen sizes and negatively with circulating monocyte levels, while the frequency
of CD4" producing both IL-4 and IL-10 correlated negatively with platelets levels.
The frequency of CD8" single-producers of IFN-y increased from day 21 to 90
while that of single-producers of IL-10 peaked on day 7, of IL-4 on day 30 and of
IL-17, on day 180. IFN-y expression in CD8" single- and double-producers of
cytokines was indicative of an immune response associated with cure. In
contrast, frequencies of CD8" double-producers of IL-4 and IL-10, IL-4 and
IL-17 and IL-10 and IL-17 and producers of three and four cytokines, were
associated with disease and were low after the cure. Frequencies of CD8" T cells
producing IFN-y alone or with IL-17 were positively correlated with platelets
levels. In contrast, as markers of disease: 1) frequencies of single producers of IL-
10 correlated negatively with leukocytes levels, 2) frequencies of double
producers of IL-4 and IL-10 correlated negatively with platelet, leukocyte,
lymphocyte and circulating monocyte levels, 3) frequencies of triple-producers
of IFN-vy, IL-4 and IL-10 correlated negatively with platelet, leukocyte and
neutrophil levels and 4) frequencies of producers of IFN-vy, IL-4, IL-10 and
IL-17 simultaneously correlated positively with spleen size, and negatively with
leukocyte and neutrophil levels.

Discussion: Our results confirmed that the clinical improvement of VL patients
correlates with the decrease of an IL-4 and IL-10 CD4*Th2 response, the
recovery of CD4+ Thl and Th17 responses and the frequency of CD8" single-
producers of IFN-y and double producers of IFN-y and IL-17.

KEYWORDS

cellular immunity, immunophenotyping, T-cell subsets, multifunctional, human
visceral leishmaniasis

Introduction

Visceral leishmaniasis (VL) is a severe protozoan infection
caused by species from the Leishmania genus (1). The global
estimate of new VL cases is 50,000 to 90,000 annually, with
Brazil, India, and East Africa reporting the highest number of
cases (2). VL is also endemic in Iran and Irag. Also known as
kala-azar, this disease is the most lethal form of the three clinical
forms of leishmaniasis (cutaneous, mucocutaneous, and visceral),
leading to death in 95% of cases that are left untreated (3, 4). The
spectrum of clinical manifestation in leishmaniasis depends on the
characteristics of the parasite and the host, such as its immune
status. In VL, the main symptoms are high fever, splenomegaly,
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hepatomegaly, anemia, weight loss, hypergammaglobulinemia, and
progressive suppression of the cellular immune response (5, 6).

An effective immune response against leishmaniasis depends on
cell-mediated immunity. CD4" and CD8" T cells, as well as cells of
the innate immune response, such as macrophages, are deeply
involved in disease outcome, as in the pattern of cytokines
released during infection. Different subsets of CD4" T cells exist,
such as T helper (Th) 1 type, Th2, Th17, and regulatory T cells (T
reg), which produce cytokines and chemokines that recruit and
activate cells (7). In fact, the T-cell response and cytokine profile
change throughout the course of infection, and as such, the
correlation between the Th1/Th2 response in leishmaniasis has
been extensively studied (8).
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In VL, proinflammatory cytokines, such as TNF-o and IL-12,
are important to trigger a Th1 response, inducing IFN-y production
and leading to parasitic clearance as a consequence of the
generation of reactive oxygen species (ROS) (8). Other cell-
mediated Thl response cytokines, IL-2, IL-1f, IL-22, IL-23, and
IL-18, have frequently been associated to the host’s protective
response (9-11). Seder and colleagues (2008) proposed a model
for the development of the CD4" Thl response in leishmaniasis,
which involved the expression of different combinations of three
proinflammatory cytokines: IL-2, TNF-c, and IFN-y (10). In this
model, after contact with an antigen, a CD4 naive cell can become
single-producers of IL-2 or TNF-q, followed by double-producers
of IL-2 and TNF-a and finally, triple-producers of IL-2, TNF-0,, and
IFN-v, which are then the central memory cells (T cy) that are long-
lasting, able to proliferate, and show effector capabilities in a new
meeting with the parasite. These Ty cells can further differentiate
into CD4 T cells secreting TNF-o. and IFN-y, then IL-2 and IFN-y,
and finally, single-producers of IFN-7y, which are effector cells that
undergo apoptosis (10). This model for the development of the CD4
T-cell response was intensively studied in leishmaniasis vaccine
(10-16) and infection cure models (9) as well as in other infectious
diseases (17-19).

Regarding the cure of VL, we recently described a longitudinal
investigation in a cohort of patients with VL (9). Multifunctional
CD4" T cells that express IL-2, TNF-0., and IFN-y were associated
with cure, and CD4" T cells secreting IFN-y and TNF-a. increased
progressively throughout the treatment course. With regard to
CD8" T cells, triple-producers of IL-2, TNF-a, and IFN-y,
double-producers of TNF-o. and IFN-y, and single-producers of
TNF-o were also associated with the cure in this cohort.
Furthermore, the increase in CD8"8" and the decrease in CD8"
T-cell frequencies were correlated with the cure of VL (9).

Th17 cells express IL-17 and have an important modulating
effect in leishmaniasis and other diseases (20, 21). They represent
another subset of CD4 T cells different from Thl and Th2, which
contributes to the inflammatory response and to the resistance to
infection through diverse effector functions, depending on the
pathogen (20). In VL, IL-17 has been associated to asymptomatic
patients (22). In filarial co-infected patients with malaria, the
reduction in the Th17 response leads to ineffective T cell activity
(23). Furthermore, Th17 cells are also more likely to be infected
with HIV, and their suppression is present in the acute phase of the
disease (24, 25). In contrast, IL-17 has also been involved with
susceptibility to VL (26, 27). For example, in a mouse model of VL,
IL-17 suppression contributed to an effective response against L.
donovani infection (26, 28). This harmful role of IL-17 produced by
Th17 cells was also observed in tuberculosis (21).

While the role of the multifunctional Thl response in
vaccination and treatment of leishmaniasis has been intensively
investigated (9-16), the development of the multifunctional Th2
response during VL has been less studied. In the present study, we
investigated the combined production of IFN-y and the Th2 and
Th17 cytokines—IL-10, IL-4, and IL-17 in CD4" and CD8" T cells
of patients with VL throughout treatment—to evaluate the impact
of the chemotherapy on this arm of the intracellular immune
response toward the cure of human VL.
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Methods
Ethical statement

This study was performed according to the standards
established by the Declaration of Helsinki and followed the
guidelines and regulations of the Brazilian National Council of
Health resolution 196/96. The study was also approved by the
Research and Ethics Committee of the Federal University of Sergipe
(UFS)-University Hospital, Aracaju, Sergipe State (SE), Brazil
(CAAE 0162.0.107.000-09). A written informed consent was
obtained from all patients before the study.

Patients and clinical evaluation

A total of 13 symptomatic patients with VL (five women and
eight men) were included in this study. The diagnostic criteria were
established according to the guidelines of the Brazilian Ministry of
Health (29): clinical signs of VL (fever, hepatosplenomegaly,
anemia, weight loss, spleen and liver enlargement, and
pancytopenia) and positivity in the rK39 rapid test, confirmed by
the presence of parasites in myelogram or in in vitro culture of bone
marrow aspirate obtained through puncture (Supplementary Figure
S1). Patients who tested positive for HIV infection, who showed
symptoms associated to other acute or chronically infectious
disease, or who used immunosuppressant drugs were excluded
from the study (Supplementary Figure S1).

The age of the patients ranged between 20 and 59 years (mean =
39.8 years). Regarding chemotherapy, five patients received 20 mg/
kg/day of meglumine antimoniate (MA) (Glucantime ® Sanofi) for
an average of 21 days, while eight patients received 3 mg/kg/day of
liposomal Amphotericin B (LAMB) (AmBisome®, Gilead) for 7
days (9) (Supplementary Figure S1). As a healthy control group, 12
individuals from the endemic area (eight women and four men),
aged between 20 and 60 years, who had no history of infectious
diseases and had not received immunosuppressive therapy at the
time of collection were included.

Peripheral blood samples of patients and healthy controls were
collected for the isolation of peripheral blood mononuclear cells
(PBMC) and clinical and laboratory assessments (hemoglobin gr/
dL, hematocrit %, platelets x 1073, leukocytes/mm (3), neutrophils/
mm (3), lymphocytes/mm (3), eosinophils/mm (3), and monocytes/
mm (3)) before, during (Supplementary Figure S1), and after
treatment (days 0, 7, 14, 21, 30, 60, 90, and 180 after the start of
treatment; Supplementary Figure S2). Patients were considered
cured after 180 days of follow-up with no relapse (29).

The hematological analysis was performed using a Cell-Dyn
RubyTM flow cytometer (Abbot, IL, USA) based on the
multiangle polarized scatter separation technology (https://
www.corelaboratory.abbott/int/pt/offerings/brands/cell-dyn/cell-
dyn-ruby.html). Increases in the spleen and liver sizes were
measured in centimeters, below the lower edge of the rib (29).
The same group of patients included in this investigation was
studied before for their multifunctional and CD8 High Low T-cell
response. As we have described (9), all patients achieved an effective
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clinical cure with no relapse for at least 2 years (Supplementary
Figure S2) (29).

Flow cytometry analysis

PBMCs were isolated from peripheral blood samples from
healthy controls (n = 12) and symptomatic patients (n = 13) by
gradient centrifugation on Ficol®-Paque (Sigma-Aldrich, MO,
USA). PBMCs were suspended in RPMI 1640 supplemented
with 10% fetal calf serum and 1% streptomycin, then plated in
48-well plates (10 (6)/well), and centrifuged. The pellets were
suspended with supplemented RPMI 1640 medium and further
incubated with 10 pg/mL of soluble L. (L.) infantum chagasi
(SLA) antigen, or not, for 18 h at 37°C and 5% CO, using the
GolgiPlugTM Cytokine Permeation kit (BD, Pharmingen, NJ, USA)
as described previously (9). Following this, the cells were
incubated with 100 pL of Fc receptor blocking solution for 20
min at 4°C. After centrifuging at 405 x g for 5 min, the cells were
incubated with anti-human CD3 APCCy7 (Clone HIT3a,
BioLegend, CA, USA), anti-human CD4 FITC (Clone RPA-T4,
BD Pharmingen' ", NJ, USA), and anti-human CD8 PECY 5
(Clone HITS8a, BD PharmingenTM, NJ, USA) antibodies for 30
min for surface labeling, then washed, centrifuged, permeabilized,
and fixed using the Citofix/Citoperm® Fixation/Permeabilization
kit (BD Biosciences, NJ, USA); fixed and further incubated
with the rat anti-human IL-4 BV421 (Clone MP4-25D2, BD
Horizon'", NJ, USA), anti-human IL-10 PE (Clone JES3-9D7,
eBioscienceTM, USA), anti-human IL-17 Alexa 647 (Clone N49-
653, BD Pharmingen' ", NJ, USA), and anti-human IFN-y PECy-7
(Clone B27, BD PharmingenTM, NJ, USA) antibodies, for 30 min,
for the detection of intracellular cytokine expression. After this
period, the cells were washed and centrifuged, and 30,000 events
were acquired in the lymphocyte gate using a BD FACSCanto II®
flow cytometer using the FACSDiva® software.

For the functional analysis of T-cell populations obtained by
multiparametric flow cytometry, FSC-A versus SSC-A parameters
were used to determine the lymphocyte population (Supplementary
Figure S3). After that, CD3"/CD4" and CD3*/CD8" populations
were selected. Within each population, cells positive for IFN-v, IL-4,
IL-10, and IL-17 were analyzed. The Boolean gate strategy was used
for the combinatorial analysis of single-, double-, triple-, and
quadruple-cytokine production. These data were analyzed using
Flow]0® v10.9 software (BD Biosciences, NJ, USA).

For this study, the population frequency (%), integrated mean
fluorescence intensity (iMFI), and MFI of the cells producing each
cytokine were recorded. iMFI is a widely used parameter that
reflects cell frequency multiplied by MFI. Furthermore, the
frequencies of lymphocytes producing each combination of two,
three, and four cytokines were also recorded. For population
frequency and iMFI analysis, samples of the same patient that
were not treated with antigen were considered as baseline controls
and these values were subtracted from the values obtained for cells
treated with SLA.
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Statistical analysis

The GraphPad Prism 9 software was used to generate the graphs
and for statistical analyses. Confidence interval 95% (CI 95%)
was used for comparisons of total frequencies and iMFI of CD4"
and CD8" T cells and Pearson bivariate two-tailed test for
correlation analysis.

Results

Total frequencies and iMFlIs of cytokine-
producing CD4" T cells

Patients with VL were considered symptomatic from day 0
(before the start of the treatment) until day 90 (D0-D90) and cured
from day 180 (D180). Raw clinical data for each patient including
age, period of symptoms, type and duration of treatment, time to
reach clinical improvement and cure, and other clinical data used
for analysis are summarized in Supplementary Table SI. To
determine the time to clinical improvement (days), we considered
the spleen size reduction to 0 cm or normalization of leukocyte
counts. However, clinical cure as defined by the guidelines of the
Brazilian Ministry of Health is the absence of relapse after 6 months
of follow-up (180 days). The recurrence of the disease up to 12
months after treatment would be considered recidivate (29)
(Supplementary Figure S2).

The total frequencies and iMFI of IFN-y-producing CD4"
T cells increased until the end of chemotherapy at day 21
(Figure 1). In contrast, the production of IL-4 and IL-10 in CD4"
T cells reached maximal values on day 7 and gradually decreased
until day 30 (after the end of treatment). A difference was noted for
IL-17 levels, which peaked on day 7 but rapidly diminished until
day 21 in terms of the total frequencies and day 14 for iMFI values
(Figure 1). The total frequencies of IFN-y-producing and IL-17-
producing CD4" T cells were weakly but significantly positively
correlated (R = 0.258, p = 0.036).

In our study, the frequencies of CD4" T cells producing IL-10,
IL-4, and IL-17 reached their maximal values on day 7 while
parasite replication was still active; however, the frequencies of
these cells diminished after this point, which is when the
chemotherapy likely started to impact the regulatory response
and a Thl response began to recover. Significant albeit weak
positive correlations of the CD4"IFN-y" total frequencies and
iMFIs with the level of monocytes and of the CD4"TFN"-y MFIs
with the platelet and neutrophil levels indicate their associations
with the recovery of a Th1 response (Table 1, Figure 2). Conversely,
the association of IL-10 production with a Th2 response was
supported by the weak but significant (1) positive correlations of
CD4'IL-10 total frequencies with spleen sizes; (2) negative
correlations of CD4'IL-10" total frequencies with hemoglobin
(HB), platelet, and lymphocyte levels; and (3) negative
correlations of CD4"IL-10" iMFIs with HB, platelet, leukocyte,
lymphocyte, and monocyte levels (Table 1, Figure 3).
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FIGURE 1

Total frequencies and iMFls of cytokine-producing CD4* T cells throughout treatment and follow-up for visceral leishmaniasis. Total frequencies
(left column) and iMFI (right column) of IFN-y, IL-4, IL-10, and IL-17 expressing CD4™ T cells in peripheral blood mononuclear cells (PBMCs) from
healthy controls (CTRL) and patients with visceral leishmaniasis before treatment (D0) and during chemotherapy treatment follow-up. Results were
subtracted from their background values of cells incubated without the soluble Leishmania antigen. The results in the panel are expressed as
means + SE. Asterisks and horizontal lines indicate statistical differences as disclosed by 95% confidence interval (Cl 95%) analysis.

Despite the observed decrease of CD4*IL-17" total frequencies CD4 T cells producing one, two, three, or
and iMFIs toward the cure of patients (Figure 1), both variables  foyr cytokines

showed a weak but significant positive correlation with the level of

monocytes (Table 1, Figure 2). It is worth noting that after cure, on CD4 T cells producing only one cytokine were largely more
day 180, a slight increase in CD47IL-17" total frequencies was  frequent than those producing two, three, or four (Figure 4).
observed (Figure 1). Among them, the proportions of CD4" T cells producing only
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TABLE 1 Correlations between clinical outputs and cytokine-producing
CD4* and CD8" T-cell phenotypes.

T-cell phenotypes Clinical R fo)
outcomes values  values
CD4'IFN-y * total frequencies = Monocytes 0.3143 0.0054
CD4"IFN-y * MFI Platelets 0.3439 0.0022
Neutrophils 0.2317 0.0426
CD4"IFN-y" iMFI Monocytes 0.3851 0.0005
CD4'IL-10" total frequencies | Spleen size 0.2188 0.0497
HB -0.2718 0.0168
Platelets -0.2282 0.0459
Lymphocytes -0.2923 0.0099
CD4"IL-10" iMFI HB -0.2661 0.0193
Platelets -02264 0.0477
Leukocytes -0.2652 0.0198
Lymphocytes -0.2961 0.0089
Monocytes -0.2784 0.0142
CD4"'IL-17" total frequencies Monocytes 0.3267 0.0037
CD4"IL-17* MFI Monocytes 0.2551 0.0252
CD4'IFN-y "IL-4'IL-10'IL17 Monocytes 0.4977 <0.0001
CD4'IFN-y IL-41L-10"1L17 Spleen size 0.2773 0.0122
Monocytes -0.2339 0.0407
CD4"IFN-y TL-4IL-10IL17* Monocytes 0.4304 <0.0001
CD4"IFN-y TL-4*IL-10"IL17° Platelets -0.2364 0.0385
CD4'IFN-y "IL-4'IL-10"IL17° Eosinophils 0.2738 0.0313
CD4'IFN-y "IL-4"IL-10'IL17° Platelets 0.2814 0.0132
CDS'IFN-y * total frequencies = Platelets 0.2494 0.0333
CDS8'IL-10 * total frequencies | Leukocytes -0.2332 0.0471
CDS8'IFN-y TL-4"IL-10"IL17° Platelets -0.2408 0.0349
Leukocytes -0.2622 0.0213
Lymphocytes -0.2738 0.0160
Monocytes -0.2407 0.0350
CD8'IFN-y "IL-4'IL-107IL17* Platelets 0.2694 0.0178
CD8'IFN-y “IL-4'IL-10"IL17° Platelets -0.2317 0.0426
Leukocytes -0.2587 0.0231
Neutrophils -0.2601 0.0223
CD8'IFN-y "IL-4'IL-10"IL17" Spleen size 0.2714 0.0143
Leukocytes -0.2599 0.0224
Neutrophils -0.2531 0.0264
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IFN-v increased from day 7 and remained high until day 90
(Figure 4), suggesting the recovery of a Thl response after
treatment. Conversely, peaks of cells producing only IL-10, IL-4,
and IL-17 were detected on day 7. However, while the frequency of
IL-10-producing cells declined by day 14 and was almost
undetectable after day 30, revealing the control of the Th2
response by the treatment, high frequencies of IL-4- and IL-17-
producing CD4" T cells were observed in the control and declined
in samples from treated patients until day 60 and day 180,
respectively. The frequencies of IL-4-producing CD4™ T cells
notably increased on day 90 (Figure 4).

The frequencies of double-producers of IFN-y and IL-4 and of
IFN-y and IL-10 also increased simultaneously from day 7 but
declined by day 30 and day 60, respectively, while the frequencies
of IFN-y and IL-17 double-producers were increased on days 7, 60,
and 90. In contrast, double-producers of IL-4 and IL-10 and of IL-4
and IL-17 were high on day 0 and decreased toward day 14 or day 21
indicating the control of the Th2 response after treatment. Producers
of IL-10 and IL-17 showed peaks on day 7 and day 60 (Figure 4).

All frequencies of triple-producers, except for those that produced
IFN-y, IL10, and IL-17, were high in the control. The frequencies of
triple-producers of IFN-y, IL-4, and IL-10 and of IL-4, IL-10, and IL-
17 declined over the treatment and follow-up period, while cells
producing IFN-y, IL-4, and IL-17 showed peaks on day 14 and day 21
and those producing IFN-y, IL-10, and IL-17 peaked on day 90.

Finally, the proportions of CD4" T cells producing all four
cytokines were high since day 0 and declined after day 21, suggesting
that they are more related to the pathology of VL (Figures 3, 4).

Suggesting a potential association with a cure response, the
frequencies of CD4" T cells producing only IFN-y or only IL-17
were correlated with the level of monocytes (Table 1, Figure 2).
Interestingly, the double-producers of IFN-y and IL-10 or IL-4
showed a significant albeit weak positive association with the levels
of eosinophils and platelets, respectively (Table 1, Figure 2), suggesting
the predominant role of IFN-y in driving the immune response toward
a Th1 response and cure. In contrast, suggesting association with the
disease or Th2 response, (1) single-producers of IL-10 showed a weak
but significant positive correlation with spleen sizes and a negative
correlation with monocytes and (2) double-producers of IL-4 and IL-
10 showed a weak but significant negative correlation with platelet
levels (Table 1, Figure 3). Furthermore, no correlations were found
between the clinical signs and frequencies of CD4" T cells expressing
three or four cytokines simultaneously (Table 1, Figures 2, 3).

With regard to CDA4" cells, we concluded that the total frequencies,
MFIs, iMFIs, and single-producers of IFN-v, together with the double-
producers of IFN-y and IL-10 and of IFN-y and IL-4, and total
frequencies, MFIs, and single-producers of IL-17 are positively
correlated with clinical variables that indicate VL cure (Table 1,
Figure 2). The total frequencies, MFIs, and single-producers of IL-10
and double-producers of IL4 and IL-10 are negatively correlated to
clinical outcomes associated with disease (Table 1, Figure 3).
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FIGURE 2

Graphical summary of the frequencies of cytokine-producing CD4 and CD8 T cells associated with cure. Increases in the frequencies of cytokine-
producing T cells statistically correlated to the clinical variables associated with cure, as described in Table 1. For graphical representation of clinical
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Total frequencies and iMFls of cytokine-
producing CD8™ T cells

The total frequencies and iMFIs of IFN-y and IL-4-producing
CD8" T cells peaked on day 30, while CD8" T cells producing IL-10
and IL-17 peaked on day 7 and day 14, respectively, and decreased
throughout the treatment and follow-up period (Figure 5), except for a
slight increase only of IL-17-producing cells on day 180. In addition,
the total frequencies of CD8" T cells producing IFN-y were highly
correlated to the frequencies of cells producing IL-4 (R = 0.8528; p <
0.0001) but not IL-10.

CD8 T cells producing one, two, three, or
four cytokines

As described for CD4™ T cells (Figure 4), CD8™ T cells producing
only one cytokine were largely more frequent than those producing
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two, three, or four (Figure 6). The proportions of CD8" T cells
producing only IEN-y increased from day 21 and remained high until
day 90 (Figure 6), indicating that this population contributes VL cure.
Conversely, a peak of cells producing only IL-10 was detected early,
on day 7, and a decline was observed during the observation period,
indicating that these cells are only present during disease.
Furthermore, maximal proportions of IL-4-producing CD8" T cells
were detected on day 30 and of IL-17 on day 180.

The frequencies of CD8" T cells producing IFN-y in combination
with IL-4, IL-10, or IL-17 reached maximal values on day 30 and
decreased toward the end of the follow-up period, as was observed for
single-producers of IFN-y. This pattern indicates that the presence of
IFN-y expression, both in CD8" T cells that are single- and double-
producers, determines an immune response associated with the cure.
In contrast, the frequencies of double-producers of IL-4 and IL-10, of
IL-4 and IL-17, and of IL-10 and IL-17 started to decrease after day 0 or
day 7, indicating that they are present during the disease and disappear
after the cure (Figure 6).
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The frequency pattern of CD8 lymphocytes expressing three or
four cytokines was different from that of CD4 lymphocytes. The
frequencies of triple- or quadruple-producers were high before
treatment and decreased after the beginning of chemotherapy on
day 0 (IFN-y, IL-4, IL-10), on day 7 (IFN-y, IL-10, IL-17, and IL-4,
IL-10, IL-17), or on day 14 (IFN-vy, IL-4, IL-17 and IFN-y, IL-4, IL-
10, IL-17) (Figure 6). Our results indicate that CD8+ T cells
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producing three and four cytokines are more associated with the
disease and disappear after the cure.

Supporting our observations (Figure 6), in association with the
cure response, the total frequencies of CD8" T cells producing only
IFN-y and double-producers of IFN-y and IL-17 showed a weak but
significant positive correlation with the platelet level (Table 1,
Figure 2). This is in agreement with the increase of both types of
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cells up to day 30 (Figure 6). In contrast, as markers of disease, weak
but significant negative correlations were found between (1) the total
frequency of CD8'IL-10" and the leukocyte level; (2) the frequency of
double-producers of IL-4 and IL-10 and the platelet, leukocyte,
lymphocyte, and monocyte levels; (3) the frequency of triple-
producers of IEN-v, IL-4 and IL-10 and the platelet, leukocyte, and
neutrophil levels; and (4) the CD8 lymphocytes producing IFN-y, IL-
4, IL-10, and IL-17 and the leukocyte and neutrophil levels.
Additionally, a weak but significant positive correlation was found
between the frequency of CD8 lymphocytes producing IFN-y, IL-4,
IL-10, and IL-17 and the spleen size (Table 1, Figure 3). This is in
accordance with the high proportions of these cells in untreated
individuals, on day 0, and the subsequent decrease throughout the
treatment and follow-up period (Figure 6).

We concluded that the total frequencies of CD8" IFN-y" and
CD8" T cells that are double-secretors of IFN-y and IL-17 are
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positively correlated with clinical variables that indicate the cure of
VL (Table 1, Figure 2), whereas the total frequencies of CD8" T cells
producing IL-10, CD8" T cells that are double-producers of IL-4
and IL-10, triple-producers of IFN-y, IL-4, and IL-10, and
producers of all four cytokines (IFN-y, IL-4, IL-10, and IL-17) are
negatively correlated to clinical outcomes associated with the
disease (Table 1, Figure 3).

Discussion

Chemotherapy for VL is limited to the use of a few licensed
drugs, which show high toxicity (1, 30). A direct effect of
chemotherapy drugs on the immune cells, irrespective of
the pathogen impact, was recently observed (31-34). The
experimental chemotherapy for VL with immucillins was shown
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to induce a Thl response through a direct effect on T cells (31).
Although IFN-y secretion was high after immucillin treatment in
infected animals, a lower but significant production of IFN-y, TNF-
o, and IL-10 and enhanced proportions of CD4*-T, CD19" B, and
CD8" T cells were observed in uninfected animals treated with
immucillins (31). Glucantime® was shown to have a lower and
transient lymphoproliferative effect in this model (31). As has been
suggested for Glucantime® and pentamidine, the efficacy of IA and
IH immucillins is also partially T-cell dependent (35). Sodium
antimony gluconate (SAG) has been demonstrated to activate the
innate and adaptive immune system by indirectly triggering
pathways for ROS and nitric oxide (NO) generation, imparting
resistance to Leishmania infection and reinfection (33). Moreover,
in a patient co-infected with mucocutaneous leishmaniasis and
Chagas disease, MA treatment promoted a downmodulation of
TNEF-a, IL-6, and IL-10 cytokine levels but an upregulation of IL-12
production and a decrease of the frequency of circulating Treg,
indicating the promotion of immune responses toward a more
protective profile to both diseases (34). In addition, LAMB was
shown to be immunosuppressive in vitro and on protection
mediated by cytotoxic CD8 T cells in murine listeriosis. The
dosage of 5 mg/kg body weight/day was also immunosuppressive
in human therapy in vivo (32).

IFN-y production has been widely associated with the cure of VL
and is considered a sign of the successful recovery of a Thl response
(9, 11, 36-42). An increase in IL-10 production, on the other hand, is
considered a marker of a Th2 response of overt VL (38-43). In
experimental mouse models, IL-17 production has been associated to
the influx of neutrophils to the infected organs and the control of
parasite replication (26, 27), while in humans, the presence of this
cytokine is linked to asymptomatic cases of VL (22). Furthermore,
IL-17, in combination with IL-22 (44) or alone (45), has been
demonstrated to have a role in protection and resistance against
VL. However, other studies have associated IL-17 to VL susceptibility
via the regulation of the IFN-y response (46, 47).

In our study, IL-10, IL-4, and IL-17 reached their maximal
values on day 7 after the beginning of treatment while parasite
replication was still active; however, these frequencies diminished
after this point when the chemotherapy started to impact the
regulatory response of the disease and a Thl response began to
recover. The upregulation of IL-4, IL-17, and IL-10 and the loss of
function of IFN-y were considered as indicators of active disease,
and IL-4 was initially regarded as a marker for active disease (42).
With regard to IL-17 in our study, despite a decrease after the
beginning of treatment, which indicated a potential correlation with
a Th2 response and pathology, the total frequencies and iMFIs of
CD4"IL-17" T cells were positively associated to the level of
monocytes, and the frequencies of single-producers of IL-17 and
of double-producers of IFN-y and IL-17 were increased on days 90
and 180, which was the defined point of cure, suggesting their
association with a Thl response. This is in agreement with the
description of the involvement of IL-17 both in the
proinflammatory anti-parasite eftect (40, 48) and in pathology (40).

We further observed that the IFN-y-producing CD4" T cells’
total frequencies and iMFIs and the frequencies of CD4" T cells that
were single-producers or double-producers of IFN-v, the latter in
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combination with either IL-10 or IL-4, increased throughout the
treatment and follow-up period, thus becoming indicators of the
recovery of a Thl response. In agreement with this, the frequencies
of double-producers of IFN-y and IL-10 or of IFN-y and IL-4 were
positively associated with the levels of eosinophils and platelets,
respectively, suggesting the predominant role of IFN-y in leading to
VL cure. These double-producers of IFN-v, in combination with IL-
10 or IL-4, may act as Tregs during treatment. Cells producing IFN-
v and IL-10 simultaneously, but not IFN-y and IL-4, were described
in patients that had recovered from VL as a regulatory subset of T
cells important for maintaining a balance between Th1- and Th2-
type cells in these individuals (49). A population of Leishmania-
specific T cells’ double-producers of IL-10 and IFN-y was also
shown to expand in response to L. donovani infection (49). In
addition and more in agreement with our results, the simultaneous
production of IL-4 and IFN-yby CD4" and CD8" cells was reported
to be lower in patients with VL and higher in asymptomatic
individuals than in healthy controls (50).

In patients with VL, monocytes/macrophages are cellular hosts to
Leishmania parasites and ensure their survival by having an impaired
oxidative burst and antigen presentation (51). Hematopoietic stem
cells (HSCs) become activated after Leishmania bone marrow
infection. In chronic VL, L. donovani induces HSC expansion and
influences their differentiation toward progenitor cells of the
regulatory phenotype, thus contributing to the pathogenesis of VL.
Monocytes in the presence of soluble factors from infected bone
marrow are more permissive to Leishmania infection (52).
Furthermore, thrombocytopenia or less platelet generation has been
associated to VL. In the initial phase, Leishmania visceral infection
promotes platelet activation, which allows the recruitment of
phagocytes and enhances the dissemination of the parasites.
However, in the late infection, Leishmania modulates the stem
lines, resulting in a marked thrombocytopenia and coagulation
problems (53). In our study, CD4" double-producers of IFN-y and
IL-10 or IFN-y and IL-4 were positively correlated to eosinophil
counts and potentially associated with VL cure. In agreement with
this, the eosinophil percentage was high in the lymph nodes of L.
infantum-infected dogs and the parasite load was negatively
correlated with the eosinophil counts. Additionally, these dogs
showed a high production of NO and ROS by eosinophils,
suggesting that eosinophils may participate in antileishmanial
immunity (54).

In our study, although the frequencies of CD4"double-
producers of IFN-y and IL-17 declined during treatment, a
pronounced increase occurred on days 60 and 90, indicating their
association with the recovered Th1 response. In contrast, in patients
with tuberculosis, a double expression of IFN-y and IL-17 by CD4"
T cells was correlated with the severity of the disease (21). To our
knowledge, however, this is the first description of double-
producers of IFN-y and IL-17 in human patients of VL.

Regarding the Th2 response, IL-10 secretion is widely recognized
as the hallmark of active VL (39, 40, 43, 55-58). In addition, IL-4 and
IL-10 cytokines have been related to Treg, regulatory B cells, host
susceptibility, and parasite persistence in VL (39). Although the
involvement of multifunctional T cells producing double and triple
combinations of IL-2, TNF-a, and IFN-y in the generation of a Thl

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1277557
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

de Franca et al.

response has been widely established in the vaccination and cure of
leishmaniasis (9-11, 59), this approach has not been similarly
explored regarding the double- and triple-producers of Th2
cytokines. In one study, a panel composed of IL-2, TNF-o, IFN-y,
and IL-10 was, however, set up in order to evaluate the influence of
IL-10 on the quality and magnitude of the Thl response after
vaccination (60). In that study, inhibition of IL-10 at the time of
immunization increased the magnitude of Th1 response and reduced
the number of vaccine doses required (60).

In our study, the CD4"IL-10" total frequencies and frequencies
of CD4" lymphocytes producing only IL-10 were readily detected in
patients and reduced during the treatment and follow-up period,
marking the control of the Th2 response by chemotherapy. In
agreement and as expected for human VL, the frequencies of CD4"
T cell single-producers of only IL-10 were positively correlated with
spleen sizes and negatively correlated with monocyte counts. The
frequencies of double-producers of IL-4 and IL-10 likewise
correlated negatively with platelet counts, suggesting their
association with disease and a Th2 response. Moreover, the total
frequencies of CD4-IL-10" T cells correlated positively with spleen
size and negatively with HB, platelet, and lymphocyte levels. In
agreement with this, the iIMFIs of CD47IL-10" T cells also correlated
negatively with HB, platelet, leukocyte, lymphocyte, and monocyte
levels, confirming that the CD4" T cells producing IL-10 are
markers of the disease, and the frequency of these cells correlates
positively with its severity. Saha et al. (2007) described a direct
positive correlation between the levels of IL-10 found in PBMC
supernatants of post-kala-azar dermal leishmaniasis patients from
India and the gravity and extension of their cutaneous lesions (43).

We observed that the frequency of CD4 cells’ double-producers
of IL-4 and IL-10 and of IL-4 and IL-17 were high on day 0 and
decreased toward the end of treatment and follow-up period,
indicating that IL-4 is a marker of active disease. On the other
hand, CD4+ double-producers of IL-10 and IL-17 showed a peak on
day 7 and another on day 60 after treatment, probably revealing the
importance of IL-17 in the recovery of a Thl response.

Only the frequencies of CD4" cells’ triple-producers of cytokines
which express IL-17 showed a recovery on day 60, as it was observed
for the total frequencies of CD4'IL-17"-secreting cells and for double-
producers of IL-10 and IL-17. On the other hand, the frequencies of
CD4" producers of three or four cytokines simultaneously, that
included IL-4, were high in patients with active VL, while it seems to
prevent the increase promoted by IL-17 on day 60. No correlations
were found between the clinical signs and frequencies of CD4" T cells
expressing three or four cytokines simultaneously.

The total frequencies and iMFIs of CD8" T cells producing IFN-y
or IL-4 were low in patients with active VL and elevated only after
chemotherapy, on day 30, while the total frequencies and iMFIs of
CD8" producers of IL-10 were only high in patients at the beginning
of treatment, indicating their association with the disease. For IL-17,
CD8" cells producing this cytokine were enhanced at the beginning of
chemotherapy and at day 180, as was detected for CD4 " lymphocytes.

The frequencies of CD8" T cells producing only IFN-y were
enhanced between days 21 and 90, with a peak on day 30. The
frequencies of producers of IL-4 were elevated on day 30 and of IL-17
on day 180, indicating their association with the end of chemotherapy
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and with the total recovery response after cure, respectively. CD8" T
cells producing IFN-y were also described in response to specific L.
(L.) donovani antigens, after VL cure (61). In contrast, in our study,
CD8" T cells secreting only IL-10 peaked on day 7 and decreased over
the treatment and follow-up period. In agreement with our results,
IFN-y production by CD8 T cells and a decrease of IL-10 expression
by both CD4 and CD8 T cells were observed in mice treated with
liposomes containing MA (62). Furthermore, CD8'IFN-y" T cells
correlated negatively and CD8'IL10™ cells correlated positively with
the number of amastigotes in the spleens of these mice (63).

The common peak on day 30 observed for the frequencies of
CD8" double-producers of IFN-y in combination with IL-4, IL-10, or
IL-17, and in single-producers of IFN-y suggests that the expression of
IFN-y during treatment contributes to the recovery of the CD8"
immune response associated with the cure. On the other hand,
double-producers of IL-4 and IL-10 were high in patients with
active VL, while double-producers of IL-4 and IL-17 and of IL-10
and IL-17 peaked on day 7 and started to wane from day 7 onwards,
indicating that they are present at the beginning of the treatment only.

In our study, total frequencies of CD8" T cells producing only IFN-
Y and double-producers of IFN-y and IL-17 were positively correlated
with platelet levels, indicating their association VL cure. However,
frequencies of CD8" T cells triple and quadruple- cytokine-producers
were not only greater in patients with active disease, decreasing during
treatment, but they were also statistically correlated with clinical
outcomes of VL, indicating that these multifunctional CD8" cells are
more associated with the pathology of VL.

It is not clear whether the role of CD8 T cells in VL is associated
to protection, pathology, or immunosuppression (64). In
experimental models of VL, CD8" T cells develop multiple
functions, including both cytotoxic activity and cytokine and
chemokine secretion (65). Conversely, it has been suggested that
they suffer anergy or exhaustion in VL, becoming unable to
contribute with protection (64). In the cohort of patients studied
in this investigation, the frequencies of CD8" T cells’ single- and
double-producers of IFN-y correlated with cure, while the triple-
and quadruple-producers were associated with VL pathology.
Furthermore, in the same study cohort, we previously
demonstrated that the CD8"™" population was associated with
active VL, while the CD8*"*8" population correlated with cure (9).

Conclusions

Clinical improvements that indicate the cure of VL, such as
increases in platelet, neutrophil, monocyte, and eosinophil counts,
were positively associated to the rise of a Thl response during
treatment (CD4" T cell total frequencies, MFIs, iMFIs, and single-
producers of IFN-Y), to CD4" double-producers of IFN-y and IL-10
or IL-4, and additionally, to the increase of a Th-17 response, both
of CD4" and CD8" T cells (CD4" total frequencies, MFIs, and
single-producers of IL-17, CD8"TFN-y" total frequencies, and CD8"
double-producers of IFN-y and IL-17).

In contrast, clinical outcomes associated with VL, such as
decreases in HB, platelet, leukocyte, lymphocyte, monocyte, and
neutrophil counts and increases in spleen size, were negatively

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1277557
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

de Franca et al.

correlated to a Th2-response (CD4" total frequencies, MFIs, and
single-producers of IL-10), to CD4" double-producers of IL4 and
IL-10, and additionally to CD8IL-10" total frequencies, CD8" T
cells’ double-producers of IL4 and IL-10, CD8" triple-producers of
IFN-v, IL-4 and IL-10, and CD8 " producers of the four cytokines
(IFN-v, IL-4, IL-10, and IL-17).
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SUPPLEMENTARY FIGURE S1

Pre-treatment flow diagram. The asterisk indicates that the differential
diagnosis of patients with visceral leishmaniasis and their treatment was
carried out following the guidelines of the Brazilian Ministry of Health (29).

SUPPLEMENTARY FIGURE S2

Post-treatment flow diagram. The asterisk indicates that the criteria of
visceral leishmaniasis cure followed the guidelines of the Brazilian Ministry
of Health (29).

SUPPLEMENTARY FIGURE S3

Gating strategy for multi-parameter cytometry analysis of T-cell populations.
CD4* and CD8" lymphocyte populations were selected, and the intracellular
IFN-v, IL-4, IL-10, and IL-17-cytokine expression was analyzed using the
Boolean gate methodology to generate each combination of single-, double-,
triple-, and quadruple-cytokine-producing T cells.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1277557/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1277557/full#supplementary-material
https://doi.org/10.3389/fimmu.2024.1277557
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

de Franca et al.

References

1. Van Griensven J, Diro E. Visceral Leishmaniasis: recent advances in diagnostics
and treatment regimens. Infect Dis Clin North Am (2019) 33:79-99. doi: 10.1016/
j.idc.2018.10.005

2. Leishmaniasis. Available at: https://www.who.int/news-room/fact-sheets/detail/
leishmaniasis.

3. Kumari S, Jamal F, Shivam P, Thakur A, Kumar M, Bimal S, et al. Leishmania
donovani skews the CD56(+) Natural Killer T cell response during human visceral
leishmaniasis. Cytokine (2015) 73:53-60. doi: 10.1016/j.cyt0.2015.01.011

4. Costa-Madeira JC, Trindade GB, Almeida PHP, Silva JS, Carregaro VT.
Lymphocyte exhaustion during human and experimental visceral leishmaniasis.
Front Immunol (2022) 13:835711. doi: 10.3389/fimmu.2022.835711

5. Burza S, Croft SL, Boelaert M. Leishmaniasis. Lancet Lond Engl (2018) 392:951-
70. doi: 10.1016/S0140-6736(18)31204-2

6. Bhor R, Rafati S, Pai K. Cytokine saga in visceral leishmaniasis. Cytokine (2021)
147:155322. doi: 10.1016/j.cyt0.2020.155322

7. Zhu ], Paul WE. CD4 T cells: fates, functions, and faults. Blood (2008) 112:1557—
69. doi: 10.1182/blood-2008-05-078154

8. Saha A, Roy S, Ukil A. Cytokines and signaling networks regulating disease
outcomes in Leishmaniasis. Infect Immun (2022) 90:¢0024822. doi: 10.1128/iai.00248-22

9. Rodrigues LS, Barreto AS, Bomfim LGS, Gomes MC, Ferreira NLC, da Cruz GS,
et al. Multifunctional, TNF-o. and IFN-y-secreting CD4 and CD8 T cells and CD8High
T cells are associated with the cure of human visceral Leishmaniasis. Front Immunol
(2021) 12:773983. doi: 10.3389/fimmu.2021.773983

10. Seder RA, Darrah PA, Roederer M. T-cell quality in memory and protection:
implications for vaccine design. Nat Rev Immunol (2008) 8:247-58. doi: 10.1038/nri2274

11. Barbosa Santos ML, Nico D, de Oliveira FA, Barreto AS, Palatnik-de-Sousa I,
Carrillo E, et al. Leishmania donovani nucleoside hydrolase (NH36) domains induce T-
cell cytokine responses in human visceral Leishmaniasis. Front Immunol (2017) 8:227.
doi: 10.3389/fimmu.2017.00227

12. Nico D, Gomes DC, Palatnik-de-Sousa I, Morrot A, Palatnik M, Palatnik-de-
Sousa CB. Leishmania donovani Nucleoside Hydrolase Terminal Domains in Cross-
Protective Immunotherapy Against Leishmania amazonensis Murine Infection. Front
Immunol (2014) 5:273. doi: 10.3389/fimmu.2014.00273

13. Alves-Silva MV, Nico D, de Luca PM, Palatnik de-Sousa CB. The F1F3
Recombinant Chimera of Leishmania donovani-Nucleoside Hydrolase (NH36) and
Its Epitopes Induce Cross-Protection Against Leishmania (V.) Braziliensis Infection in
Mice. Front Immunol (2019) 10:724. doi: 10.3389/fimmu.2019.00724

14. Alves-Silva MV, Nico D, Morrot A, Palatnik M, Palatnik-de-Sousa CB. A
Chimera Containing CD4+ and CD8+ T-Cell Epitopes of the Leishmania donovani
Nucleoside Hydrolase (NH36) Optimizes Cross-Protection against Leishmania
amazonesis Infection. Front Immunol (2017) 8:100. doi: 10.3389/fimmu.2017.00100

15. Nico D, Gomes DC, Alves-Silva MV, Freitas EO, Morrot A, Bahia D, et al. Cross-
Protective Immunity to Leishmania amazonensis is Mediated by CD4+ and CD8+
Epitopes of Leishmania donovani Nucleoside Hydrolase Terminal Domains. Front
Immunol (2014) 5:189. doi: 10.3389/fimmu.2014.00189

16. Darrah PA, Patel DT, De Luca PM, Lindsay RW, Davey DF, Flynn BJ, et al.
Multifunctional TH1 cells define a correlate of vaccine-mediated protection against
Leishmania major. Nat Med (2007) 13:843-50. doi: 10.1038/nm1592

17. Darrah PA, Zeppa JJ, Wang C, Irvine EB, Bucsan AN, Rodgers MA, et al. Airway
T cells are a correlate of iv. Bacille Calmette-Guerin-mediated protection against
tuberculosis in rhesus macaques. Cell Host Microbe (2023) (2023) 31:962-977.e8.
doi: 10.1016/j.chom.2023.05.006

18. Kastenmiiller K, Espinosa DA, Trager L, Stoyanov C, Salazar AM, Pokalwar S,
et al. Full-length Plasmodium falciparum circumsporozoite protein administered with
long-chain poly(I-C) or the Toll-like receptor 4 agonist glucopyranosyl lipid adjuvant-
stable emulsion elicits potent antibody and CD4+ T cell immunity and protection in
mice. Infect Immun (2013) 81:789-800. doi: 10.1128/IAL.01108-12

19. Lindenstrom T, Agger EM, Korsholm KS, Darrah PA, Aagaard C, Seder RA,
et al. Tuberculosis subunit vaccination provides long-term protective immunity
characterized by multifunctional CD4 memory T cells. J Immunol Baltim Md 1950
(2009) 182:8047-55. doi: 10.4049/jimmunol.0801592

20. Gongalves-de-Albuquerque S, da C, Pessoa-E-Silva R, Trajano-Silva LAM, de
Goes TC, de Morais RCS, et al. The equivocal role of th17 cells and neutrophils on
immunopathogenesis of leishmaniasis. Front Immunol (2017) 8:1437. doi: 10.3389/
fimmu.2017.01437

21. Jurado JO, Pasquinelli V, Alvarez IB, Pefia D, Rovetta Al, Tateosian NL, et al. IL-
17 and IFN-y expression in lymphocytes from patients with active tuberculosis
correlates with the severity of the disease. J Leukoc Biol (2012) 91:991-1002.
doi: 10.1189/j1b.1211619

22. Carrillo E, Fernandez L, Ibarra-Meneses AV, Santos MLB, Nico D, de Luca PM,
et al. F1 Domain of the Leishmania (Leishmania) donovani Nucleoside Hydrolase
Promotes a Th1 Response in Leishmania (Leishmania) infantum Cured Patients and in
Asymptomatic Individuals Living in an Endemic Area of Leishmaniasis. Front
Immunol (2017) 8:750. doi: 10.3389/fimmu.2017.00750

Frontiers in Immunology

14

10.3389/fimmu.2024.1277557

23. Metenou S, Dembele B, Konate S, Dolo H, Coulibaly YI, Diallo AA, et al. Filarial
infection suppresses malaria-specific multifunctional Thl and Thl7 responses in
malaria and filarial coinfections. J Immunol Baltim Md 1950 (2011) 186:4725-33.
doi: 10.4049/jimmunol.1003778

24. Saxena V, Patil A, Tayde R, Bichare S, Chinchkar V, Bagul R, et al. HIV-specific
CD4+Th17 cells from HIV infected long-term non-progressors exhibit lower CTLA-4
expression and reduced apoptosis. Immunobiology (2018) 223:658-62. doi: 10.1016/
j.imbi0.2018.07.011

25. Christensen-Quick A, Lafferty M, Sun L, Marchionni L, DeVico A, Garzino-
Demo A. Human th17 cells lack HIV-inhibitory RNases and are highly permissive to
productive HIV infection. J Virol (2016) 90:7833-47. doi: 10.1128/JV1.02869-15

26. Terrazas C, Varikuti S, Kimble J, Moretti E, Boyaka PN, Satoskar AR, et al. IL-
17A promotes susceptibility during experimental visceral leishmaniasis caused by
Leishmania donovani. FASEB ] Off Publ Fed Am Soc Exp Biol (2016) 30:1135-43.
doi: 10.1096/1j.15-277202

27. Quirino GFS, Nascimento MSL, Davoli-Ferreira M, Sacramento LA, Lima MHF,
Almeida RP, et al. Interleukin-27 (IL-27) mediates susceptibility to visceral
leishmaniasis by suppressing the IL-17-neutrophil response. Infect Immun (2016)
84:2289-98. doi: 10.1128/IA1.00283-16

28. Asad M, Sabur A, Kamran M, Shadab M, Das S, Ali N. Effector functions of Th17
cells are regulated by IL-35 and TGF-p in visceral leishmaniasis. FASEB ] Off Publ Fed
Am Soc Exp Biol (2021) 35:e21755. doi: 10.1096/1j.202002356RR

29. Manual de leishmaniose visceral-recomendagées clinicas para a redugio da
letalidade — Ministerio da Satide. Available at: https://www.gov.br/saude/pt-br/
centrais-de-conteudo/publicacoes/svsa/leishmaniose/manual-de-leishmaniose-
visceral-recomendacoes-clinicas-para-a-reducao-da-letalidade/view.

30. Pradhan S, Schwartz RA, Patil A, Grabbe S, Goldust M. Treatment options for
leishmaniasis. Clin Exp Dermatol (2022) 47:516-21. doi: 10.1111/ced.14919

31. Freitas EO, Nico D, Alves-Silva MV, Morrot A, Clinch K, Evans GB, et al.
Immucillins immA and immH are effective and non-toxic in the treatment of
experimental visceral leishmaniasis. PloS Neg Trop Dis (2015) 9:e0004297.
doi: 10.1371/journal.pntd.0004297

32. Kretschmar M, Geginat G, Bertsch T, Walter S, Hof H, Nichterlein T. Influence
of liposomal amphotericin B on CD8 T-cell function. Antimicrob Agents Chemother
(2001) 45:2383-5. doi: 10.1128/AAC.45.8.2383-2385.2001

33. Haldar AK, Sen P, Roy S. Use of antimony in the treatment of leishmaniasis:
current status and future directions. Mol Biol Int (2011) 2011:571242. doi: 10.4061/
2011/571242

34. Rezende-Oliveira K, Gomez-Hernandez C, Silva MV, Oliveira RF, MaChado JR,
Teixeira LAS, et al. Effects of meglumine antimoniate treatment on cytokine production
in a patient with mucosal leishmaniasis and chagas diseases co-infection. Trop Med
Infect Dis (2020) (2020) 5:69. doi: 10.3390/tropicalmed5020069

35. Croft SL, Sundar S, Fairlamb AH. Drug resistance in leishmaniasis. Clin
Microbiol Rev (2006) 19:111-26. doi: 10.1128/CMR.19.1.111-126.2006

36. Botana L, Matia B, San Martin JV, Romero-Maté A, Castro A, Molina L, et al.
Cellular markers of active disease and cure in different forms of leishmania infantum-
induced disease. Front Cell Infect Microbiol (2018) 8:381. doi: 10.3389/fcimb.2018.00381

37. Caldas A, Favali C, Aquino D, Vinhas V, van Weyenbergh ], Brodskyn C, et al.
Balance of IL-10 and interferon-gamma plasma levels in human visceral leishmaniasis:
implications in the pathogenesis. BMC Infect Dis (2005) 5:113. doi: 10.1186/1471-2334-
5-113

38. Ibarra-Meneses AV, Carrillo E, Sanchez C, Garcia-Martinez J, Lopez Lacomba D,
San Martin JV, et al. Interleukin-2 as a marker for detecting asymptomatic individuals in
areas where Leishmania infantum is endemic. Clin Microbiol Infect Off Publ Eur Soc Clin
Microbiol Infect Dis (2016) 22:739.e1-4. doi: 10.1016/j.cmi.2016.05.021

39. Divenuto F, Pavia G, Marascio N, Barreca GS, Quirino A, Matera G. Role of Treg,
Breg and other cytokine sets in host protection and immunopathology during human
leishmaniasis: Are they potential valuable markers in clinical settings and vaccine
evaluation? Acta Trop (2023) 240:106849. doi: 10.1016/j.actatropica.2023.106849

40. Samant M, Sahu U, Pandey SC, Khare P. Role of cytokines in experimental and
human visceral leishmaniasis. Front Cell Infect Microbiol (2021) 11:624009.
doi: 10.3389/fcimb.2021.624009

41. Mondal S, Bhattacharya P, Rahaman M, Ali N, Goswami RP. A curative immune
profile one week after treatment of Indian kala-azar patients predicts success with a
short-course liposomal amphotericin B therapy. PloS Negl Trop Dis (2010) 4:¢764.
doi: 10.1371/journal.pntd.0000764

42. Bhattacharya P, Ali N. Involvement and interactions of different immune cells
and their cytokines in human visceral leishmaniasis. Rev Soc Bras Med Trop (2013)
46:128-34. doi: 10.1590/0037-8682-0022-2012

43. Saha S, Mondal S, Ravindran R, Bhowmick S, Modak D, Mallick S, et al. IL-10-
and TGF-beta-mediated susceptibility in kala-azar and post-kala-azar dermal
leishmaniasis: the significance of amphotericin B in the control of Leishmania
donovani infection in India. J Immunol Baltim Md 1950 (2007) 179:5592-603.
doi: 10.4049/jimmunol.179.8.5592

frontiersin.org


https://doi.org/10.1016/j.idc.2018.10.005
https://doi.org/10.1016/j.idc.2018.10.005
https://www.who.int/news-room/fact-sheets/detail/leishmaniasis
https://www.who.int/news-room/fact-sheets/detail/leishmaniasis
https://doi.org/10.1016/j.cyto.2015.01.011
https://doi.org/10.3389/fimmu.2022.835711
https://doi.org/10.1016/S0140-6736(18)31204-2
https://doi.org/10.1016/j.cyto.2020.155322
https://doi.org/10.1182/blood-2008-05-078154
https://doi.org/10.1128/iai.00248-22
https://doi.org/10.3389/fimmu.2021.773983
https://doi.org/10.1038/nri2274
https://doi.org/10.3389/fimmu.2017.00227
https://doi.org/10.3389/fimmu.2014.00273
https://doi.org/10.3389/fimmu.2019.00724
https://doi.org/10.3389/fimmu.2017.00100
https://doi.org/10.3389/fimmu.2014.00189
https://doi.org/10.1038/nm1592
https://doi.org/10.1016/j.chom.2023.05.006
https://doi.org/10.1128/IAI.01108-12
https://doi.org/10.4049/jimmunol.0801592
https://doi.org/10.3389/fimmu.2017.01437
https://doi.org/10.3389/fimmu.2017.01437
https://doi.org/10.1189/jlb.1211619
https://doi.org/10.3389/fimmu.2017.00750
https://doi.org/10.4049/jimmunol.1003778
https://doi.org/10.1016/j.imbio.2018.07.011
https://doi.org/10.1016/j.imbio.2018.07.011
https://doi.org/10.1128/JVI.02869-15
https://doi.org/10.1096/fj.15-277202
https://doi.org/10.1128/IAI.00283-16
https://doi.org/10.1096/fj.202002356RR
https://www.gov.br/saude/pt-br/centrais-de-conteudo/publicacoes/svsa/leishmaniose/manual-de-leishmaniose-visceral-recomendacoes-clinicas-para-a-reducao-da-letalidade/view
https://www.gov.br/saude/pt-br/centrais-de-conteudo/publicacoes/svsa/leishmaniose/manual-de-leishmaniose-visceral-recomendacoes-clinicas-para-a-reducao-da-letalidade/view
https://www.gov.br/saude/pt-br/centrais-de-conteudo/publicacoes/svsa/leishmaniose/manual-de-leishmaniose-visceral-recomendacoes-clinicas-para-a-reducao-da-letalidade/view
https://doi.org/10.1111/ced.14919
https://doi.org/10.1371/journal.pntd.0004297
https://doi.org/10.1128/AAC.45.8.2383-2385.2001
https://doi.org/10.4061/2011/571242
https://doi.org/10.4061/2011/571242
https://doi.org/10.3390/tropicalmed5020069
https://doi.org/10.1128/CMR.19.1.111-126.2006
https://doi.org/10.3389/fcimb.2018.00381
https://doi.org/10.1186/1471-2334-5-113
https://doi.org/10.1186/1471-2334-5-113
https://doi.org/10.1016/j.cmi.2016.05.021
https://doi.org/10.1016/j.actatropica.2023.106849
https://doi.org/10.3389/fcimb.2021.624009
https://doi.org/10.1371/journal.pntd.0000764
https://doi.org/10.1590/0037-8682-0022-2012
https://doi.org/10.4049/jimmunol.179.8.5592
https://doi.org/10.3389/fimmu.2024.1277557
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

de Franca et al.

44. Pitta MGR, Romano A, Cabantous S, Henri S, Hammad A, Kouriba B, et al. IL-
17 and IL-22 are associated with protection against human kala azar caused by
Leishmania donovani. J Clin Invest (2009) 119:2379-87. doi: 10.1172/JCI38813

45. Moreira ML, Borges-Fernandes LO, Pascoal-Xavier MA, Ribeiro AL, Pereira
VHS, Pediongco T, et al. The role of mucosal-associated invariant T cells in visceral
leishmaniasis. Front Immunol (2022) 13:926446. doi: 10.3389/fimmu.2022.926446

46. Guedes DL, Silva EDD, Castro MCAB, Junior WLB, Ibarra-Meneses AV,
Tsoumanis A, et al. Comparison of serum cytokine levels in symptomatic and
asymptomatic HIV-Leishmania coinfected individuals from a Brazilian visceral
leishmaniasis endemic area. PloS Negl Trop Dis (2022) 16:¢0010542. doi: 10.1371/
journal.pntd.0010542

47. Lupia T, Corcione S, Fornari V, Rizzello B, Bosio R, Brusa MT, et al. Visceral
leishmaniasis after anti-interleukin 17A (IL-17A) therapy in a patient affected by
psoriatic arthritis. Trop Med Infect Dis (2022) 7:319. doi: 10.3390/tropicalmed7100319

48. Toepp AJ, Petersen CA. The balancing act: Immunology of leishmaniosis. Res
Vet Sci (2020) 130:19-25. doi: 10.1016/j.rvsc.2020.02.004

49. Kemp K, Kemp M, Kharazmi A, Ismail A, Kurtzhals JA, Hviid L, et al.
Leishmania-specific T cells expressing interferon-gamma (IFN-y) and IL-10 upon
activation are expanded in individuals cured of visceral leishmaniasis. Clin Exp
Immunol (1999) 116:500-4. doi: 10.1046/j.1365-2249.1999.00918.x

50. Hailu A, van Baarle D, Knol GJ, Berhe N, Miedema F, Kager PA. T cell subset
and cytokine profiles in human visceral leishmaniasis during active and asymptomatic
or sub-clinical infection with Leishmania donovani. Clin Immunol Orlando Fla (2005)
117:182-91. doi: 10.1016/j.clim.2005.06.015

51. Roy S, Mukhopadhyay D, Mukherjee S, Moulik S, Chatterji S, Brahme N, et al.
An IL-10 dominant polarization of monocytes is a feature of Indian Visceral
Leishmaniasis. Parasite Immunol (2018) 40:¢12535. doi: 10.1111/pim.12535

52. Abidin BM, Hammami A, Stager S, Heinonen KM. Infection-adapted emergency
hematopoiesis promotes visceral leishmaniasis. PloS Pathog (2017) 13:1006422.
doi: 10.1371/journal.ppat.1006422

53. Mukherjee A, Barik S, Sar P, Sarkar A. Role of thrombopoiesis in leishmaniasis.
Cytokine (2021) 147:155310. doi: 10.1016/j.cyt0.2020.155310

54. Costa SF, Trivellato GF, Rebech GT, Maciel MOS, Melo LM, Luvizotto MCR,

et al. Eosinophilic inflammation in lymph nodes of dogs with visceral leishmaniasis.
Parasite Immunol (2018) 40:¢12567. doi: 10.1111/pim.12567

55. Tadesse D, Abdissa A, Mekonnen M, Belay T, Hailu A. Antibody and cytokine
levels in visceral leishmaniasis patients with varied parasitemia before, during, and after
treatment in patients admitted to Arba Minch General Hospital, southern Ethiopia.
PloS Negl Trop Dis (2021) 15:€0009632. doi: 10.1371/journal.pntd.0009632

Frontiers in Immunology

15

10.3389/fimmu.2024.1277557

56. Nylén S, Sacks D. Interleukin-10 and the pathogenesis of human visceral
leishmaniasis. Trends Immunol (2007) 28:378-84. doi: 10.1016/j.it.2007.07.004

57. Jafarzadeh A, Jafarzadeh S, Sharifi I, Aminizadeh N, Nozari P, Nemati M. The
importance of T cell-derived cytokines in post-kala-azar dermal leishmaniasis.
Cytokine (2021) 147:155321. doi: 10.1016/j.cyt0.2020.155321

58. Kupani M, Sharma S, Pandey RK, Kumar R, Sundar S, Mehrotra S. IL-10 and
TGF-P Induced arginase expression contributes to deficient nitric oxide response in
human visceral leishmaniasis. Front Cell Infect Microbiol (2020) 10:614165.
doi: 10.3389/fcimb.2020.614165

59. Tewari K, Flynn BJ, Boscardin SB, Kastenmueller K, Salazar AM, Anderson CA,
et al. Poly(I:C) is an effective adjuvant for antibody and multi-functional CD4+ T cell
responses to Plasmodium falciparum circumsporozoite protein (CSP) and aDEC-CSP
in non human primates. Vaccine (2010) 28:7256-66. doi: 10.1016/j.vaccine.2010.08.098

60. Darrah PA, Hegde ST, Patel DT, Lindsay RW, Chen L, Roederer M, et al. IL-10
production differentially influences the magnitude, quality, and protective capacity of
Th1 responses depending on the vaccine platform. J Exp Med (2010) 207:1421-33.
doi: 10.1084/jem.20092532

61. Amit A, Dikhit MR, Mahantesh V, Chaudhary R, Singh AK, Singh A, et al.
Immunomodulation mediated through Leishmania donovani protein disulfide
isomerase by eliciting CD8+ T-cell in cured visceral leishmaniasis subjects and
identification of its possible HLA class-1 restricted T-cell epitopes. J Biomol Struct
Dyn (2017) 35:128-40. doi: 10.1080/07391102.2015.1134349

62. Reis LES, Fortes de Brito RC, Cardoso J]MO, Mathias FAS, Aguiar Soares RDO,
Carneiro CM, et al. Mixed formulation of conventional and pegylated meglumine
antimoniate-containing liposomes reduces inflammatory process and parasite burden
in leishmania infantum-infected BALB/c mice. Antimicrob Agents Chemother (2017)
61:¢00962-17. doi: 10.1128/AAC.00962-17

63. Lopes Valentim Di Paschoale Ostolin T, Rodrigues Gusmao M, Augusto Siqueira
Mathias F, Mirelle de Oliveira Cardoso J, Mendes Roatt B, Dian de Oliveira Aguiar-
Soares R, et al. A specific Leishmania infantum polyepitope vaccine triggers Thl-type
immune response and protects against experimental visceral leishmaniasis. Cell
Immunol (2022) 380:104592. doi: 10.1016/j.cellimm.2022.104592

64. Gautam S, Kumar R, Singh N, Singh AK, Rai M, Sacks D, et al. CD8 T cell
exhaustion in human visceral leishmaniasis. J Infect Dis (2014) 209:290-9. doi: 10.1093/
infdis/jit401

65. Tsagozis P, Karagouni E, Dotsika E. CD8(+) T cells with parasite-specific
cytotoxic activity and a Tcl profile of cytokine and chemokine secretion develop in
experimental visceral leishmaniasis. Parasite Immunol (2003) 25:569-79. doi: 10.1111/
j.0141-9838.2004.00672.x

frontiersin.org


https://doi.org/10.1172/JCI38813
https://doi.org/10.3389/fimmu.2022.926446
https://doi.org/10.1371/journal.pntd.0010542
https://doi.org/10.1371/journal.pntd.0010542
https://doi.org/10.3390/tropicalmed7100319
https://doi.org/10.1016/j.rvsc.2020.02.004
https://doi.org/10.1046/j.1365-2249.1999.00918.x
https://doi.org/10.1016/j.clim.2005.06.015
https://doi.org/10.1111/pim.12535
https://doi.org/10.1371/journal.ppat.1006422
https://doi.org/10.1016/j.cyto.2020.155310
https://doi.org/10.1111/pim.12567
https://doi.org/10.1371/journal.pntd.0009632
https://doi.org/10.1016/j.it.2007.07.004
https://doi.org/10.1016/j.cyto.2020.155321
https://doi.org/10.3389/fcimb.2020.614165
https://doi.org/10.1016/j.vaccine.2010.08.098
https://doi.org/10.1084/jem.20092532
https://doi.org/10.1080/07391102.2015.1134349
https://doi.org/10.1128/AAC.00962-17
https://doi.org/10.1016/j.cellimm.2022.104592
https://doi.org/10.1093/infdis/jit401
https://doi.org/10.1093/infdis/jit401
https://doi.org/10.1111/j.0141-9838.2004.00672.x
https://doi.org/10.1111/j.0141-9838.2004.00672.x
https://doi.org/10.3389/fimmu.2024.1277557
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	CD4+ Th1 and Th17 responses and multifunctional CD8 T lymphocytes associated with cure or disease worsening in human visceral leishmaniasis
	Introduction
	Methods
	Ethical statement
	Patients and clinical evaluation
	Flow cytometry analysis
	Statistical analysis

	Results
	Total frequencies and iMFIs of cytokine-producing CD4+ T cells
	CD4 T cells producing one, two, three, or four cytokines
	Total frequencies and iMFIs of cytokine-producing CD8+ T cells
	CD8 T cells producing one, two, three, or four cytokines

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


