

[image: Multifunctional, TNF-α and IFN-γ-Secreting CD4 and CD8 T Cells and CD8High T Cells Are Associated With the Cure of Human Visceral Leishmaniasis]
Multifunctional, TNF-α and IFN-γ-Secreting CD4 and CD8 T Cells and CD8High T Cells Are Associated With the Cure of Human Visceral Leishmaniasis





ORIGINAL RESEARCH

published: 28 October 2021

doi: 10.3389/fimmu.2021.773983

[image: image2]


Multifunctional, TNF-α and IFN-γ-Secreting CD4 and CD8 T Cells and CD8High T Cells Are Associated With the Cure of Human Visceral Leishmaniasis


Lorranny Santana Rodrigues 1,2, Aline Silva Barreto 1,2,3, Lays Gisele Santos Bomfim 1,2, Marcos Couto Gomes 1, Nathalia Luisa Carlos Ferreira 1, Geydson Silveira da Cruz 2,3, Lucas Sousa Magalhães 1,2, Amélia Ribeiro de Jesus 1,2,3, Clarisa B. Palatnik-de-Sousa 2,4†, Cristiane Bani Corrêa 2,5*† and Roque Pacheco de Almeida 1,2,3†


1 Department of Medicine, Federal University of Sergipe, Immunology Investigative Institute (III), National Insitute of Science and Technology (INCT), National Council for Scientific and Technological Development (CNPq), Aracaju, Brazil, 2 Graduate Program in Health Sciences, Federal University of Sergipe, Sergipe, Brazil, 3 Division of Immunology and Molecular Biology Laboratory, University Hospital/Brazilian Hospital Services Company (EBSERH), Federal University of Sergipe, Sergipe, Brazil, 4 Institute of Microbiology Paulo de Góes, Federal University of Rio de Janeiro, Immunology Investigative Institute (III), National Insitute of Science and Technology (INCT), National Council for Scientific and Technological Development (CNPq), Rio de Janeiro, Brazil, 5 Laboratory of Biology and Immunology of Cancer and Leishmania, Department of Morphology, Federal University of Sergipe, São Cristóvão, Brazil




Edited by: 

Rashika El Ridi, Cairo University, Egypt

Reviewed by: 

Dayakar Alti, Gandhi Institute of Technology and Management (GITAM), India

Krishna Pandey, Rajendra Memorial Research Institute of Medical Sciences, India

*Correspondence: 
Cristiane Bani Corrêa
 crisbani@gmail.com 

†These authors share last authorship

Specialty section: 
 This article was submitted to Vaccines and Molecular Therapeutics, a section of the journal Frontiers in Immunology


Received: 10 September 2021

Accepted: 06 October 2021

Published: 28 October 2021

Citation:
Rodrigues LS, Barreto AS, Bomfim LGS, Gomes MC, Ferreira NLC, da Cruz GS, Magalhães LS, de Jesus AR, Palatnik-de-Sousa CB, Corrêa CB and de Almeida RP (2021) Multifunctional, TNF-α and IFN-γ-Secreting CD4 and CD8 T Cells and CD8High T Cells Are Associated With the Cure of Human Visceral Leishmaniasis. Front. Immunol. 12:773983. doi: 10.3389/fimmu.2021.773983



Visceral leishmaniasis (VL) is a chronic and often fatal disease caused by protozoans of the genus Leishmania that affects millions of people worldwide. Patients with symptomatic VL have an impaired anti-Leishmania-specific CD4+ T-cell response, which is reversed after clinical cure. In contrast, the quality of the CD4+ and CD8+ T-cell responses involved in resistance and/or cure of VL relies on the capability of these cells to activate polyfunctional and memory responses, which are associated with the simultaneous production of three cytokines: IFN-γ, IL-2, and TNF-α. Models for the development of CD4 and CD8 T-cell quality in memory and protection to leishmaniasis have been described previously. We aimed to assess the functionality of the T cells involved in the recovery of the immune suppression throughout the VL treatment. Therefore, we cultured peripheral blood mononuclear cells (PBMCs) from VL patients and healthy controls in vitro with soluble Leishmania antigen (SLA). Cell surface markers and intracellular cytokine production were determined on days 7, 14, 21, 30, 60, 90, and 180 after the beginning of chemotherapy. We observed that the frequencies of CD4+TNF-α+IFN-γ+ and the multifunctional CD4+IL-2+TNF-α+IFN-γ+, together with CD4+TNF-α+ and CD4+IFN-γ+ T cells, increased throughout and at the end of the treatment, respectively. In addition, enhanced frequencies of CD8+IL-2+TNF-α+IFN-γ+ and CD8+TNF-α+IFN-γ T cells were also relevant in the healing process. Noteworthy, the frequencies of the CD4+ and CD8 central-memory T cells, which produce IL-2, TNF-α, and IFN-γ and ensure the memory response against parasite reinfection, are significantly enhanced in cured patients. In addition, the subset of the non-functional CD8Low population is predominant in VL untreated patients and decreases along the chemotherapy treatment. In contrast, a CD8High subset increased towards the cure. Furthermore, the cure due to treatment with meglumine antimoniate or with liposomal amphotericin B was associated with the recovery of the T-cell immune responses. We described the evolution and participation of functional T cells during the treatment of patients with VL. Our results disclosed that the clinical improvement of patients is significantly associated with the participation of the CD4+ and CD8+ cytokine-secreting T cells.
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Introduction

Visceral leishmaniasis (VL) is a severe and frequently lethal parasite infection caused by the Leishmania (L.) donovani, Leishmania (L.) infantum, and Leishmania (L.) infantum chagasi complex. Between 200,000 and 400,000 new cases of VL are recorded annually worldwide (1). Of these new annual cases, 95% are concentrated in 10 countries: Bangladesh, Brazil, China, Ethiopia, India, Kenya, Nepal, Somalia, South Sudan, and Sudan (2). In the tropical regions of South America, VL is associated with the infection by L. (L.) infantum chagasi. In Brazil, this disease is present in almost all States, but there is a predominance of cases in the Northeast region of the country (3, 4).

VL is fatal if untreated after the onset of symptoms (5). Its main symptoms include high fever, loss of weight, hepatomegaly, splenomegaly, cachexia, anemia, leukopenia, thrombocytopenia, hypergammaglobulinemia (2, 3), and the progressive suppression of the T CD4+ cellular immune response, which comprises both the decrease of the total CD4 T-cell counts (6–9) and the decrease of the CD4 Leishmania-specific T-cell responses (10–12). The relevance of the CD4 response in this disease is so remarkable that reduced CD4 T-cell counts have become very important markers of active VL and of VL relapse (9), while the reestablishment of the normal amounts of CD4 T cells, several months after cure, is considered a marker of successful treatment (6, 11).

In addition, regarding the regulatory CD4 T-cell response, Treg cells were found to accumulate in the bone marrow of symptomatic VL patients from India. These Treg lymphocytes expand in response to L. (L.) donovani antigens and produce IL-10, which inhibits the T-cell response (13, 14). In agreement, the frequencies of CD4+CD25High and CD4+Foxp3+ Treg cells were reduced in the peripheral blood mononuclear cell (PBMC) compartment of symptomatic subjects (15).

Furthermore, the relevance of the CD8 response during the disease, relapse, and cure was also studied. CD8 T cells were considered to be involved in not only protection, natural resistance, and cure (11, 16–18) but also in the immunopathogenesis of human VL (11, 16, 19). When naïve CD8 T cells become activated, they can take one of three different pathways: 1) they can secrete TNF-α and IFN-γ, 2) they can secrete cytotoxic granules, or 3) they can kill the infected cells through the Fas/FasL subsystem (20). In the L. (L.) donovani infection, CD8 T cells have been shown to provide resistance to the onset and to the spread of the infection though the secretion of IFN-γ, perforin, and granzyme (20). Healed patients (11, 21, 22) and asymptomatic DTH+ subjects (11) showed higher proportions of CD8 T cells. Furthermore, cured patients showed higher levels of TNF-α and IFN-γ, higher proportions of activated CD8 T cells (21), and enhanced levels of granzyme (21, 22).

Many studies have described the characteristic cytokine profile of VL patients. Immunological hallmarks of VL are the suppression of the effective Th1 immune response against Leishmania parasites, the presence of an elevated Th2 response associated with increased severity, and high levels of anti-inflammatory cytokines, such as IL-10 (12, 23). In contrast, the protective immune response is due to the upregulation of the Th1 response that occurs after treatment (8, 24). Anti-Leishmania immunity is dependent on the sustained rates of CD4 and CD8 T cells that are responsible for the secretion of cytokines involved in immunomodulation (23). Furthermore, VL patients show a characteristic suppression of the delayed type of hypersensitivity and absence of lymphocyte proliferation in response to leishmanial antigens.

Although the correlation between the cytokine profile and the clinical status of VL has been thoroughly explored, the correlation between the healing process and the differentiation of the CD4 and CD8 T-cell responses is less understood. Despite the clear definition of Th1 and Th2 responses, little is known about the functional profile of CD4+ T cells in VL. However, in cutaneous leishmaniasis, the quality of the Th1 response is associated with the production of cytokines by CD4+ T cells (25, 26). Seder’s model for the development of the CD4 Th1 response proposes that CD4 naïve T cells, after contact with the specific antigen, gradually differentiate into central-memory T (TCM) cells, based on their capacity to produce three cytokines: IL-2, TNF-α, and IFN-γ (27). Cells start this process by being single producers of IL-2 or TNF-α and are followed by double producers of TNF-α and IL-2 and, later on, by the multifunctional triple producers of IFN-γ, TNF-α, and IL-2. All of them can be considered to be TCM cells, as they are long-lasting and can respond rapidly in a second encounter with the antigen. These multifunctional T cells show a high production of IFN-γ and TNF-α, which confer on them, besides their memory functions and excellent effector and proliferation functions (26). After that, these TCM cells can further differentiate into double producers of TNF-α and IFN-γ, IFN-γ, and IL-2 and finally single producers of IFN-γ, which can be considered as terminal effector cells (TEM). The IFN-γ producer TEM cells can undergo apoptosis (25, 26). For instance, a successful vaccine against VL should induce multifunctional cells that will be able to proliferate and generate memory and effector T cells (11, 25). On the other hand, while TEM cells disappear when the infection is cured, TCM cells remain, suggesting that these cells should be the objective of vaccine development and the marker of VL cure.

On the other hand, Seder’s model for the differentiation of the CD8 T-cell response proposes that after the first contact with the antigen, the CD8 naïve T cells transform into activated effector CD8 T cells, which secrete IFN-γ and display cytotoxic activities (26). Similar to what was described for CD4 T cells, the CD8 lymphocytes submitted to continuous antigenic stimulation can further differentiate into CD8 TCM cells, which are memory T cells that secrete IL-2, TNF-α, and IFN-γ. These TCM cells might differentiate into double producers TEM cells of TNF-α and IFN-γ and, finally, into single producers of IFN-γ cells that can undergo apoptosis (26).

Clinical data regarding the differentiation of the CD4 and CD8 T-cell responses during the disease are still insufficient, but there is an indication of reduced frequencies of CD4 and CD8 activated antigen-specific T cells in symptomatic cases (15). Moreover, the frequencies of long-lasting CD4-memory T cells have been reported to be lower in symptomatic cases and higher in healed patients 10 years after being cured (15). Such an enduring memory T-cell response could be due to either the re-exposition of the individual to new infections in endemic areas or the persistence of the parasite (15). In contrast, increased frequencies of Leishmania-specific CD8 T cells secreting only IL-2 or IL-2 and TNF-α, and of memory CD8 T cells secreting IL-2, TNF-α, and IFN-γ, were found in symptomatic L. (L.) infantum chagasi infected-patients, indicating that the CD8 cytokine-secreting T cells are probably involved in the control of the early VL infection (11).

Another interesting aspect of the role of CD8 T cells during pathology not yet explored for VL is the variation of the CD8Low population. This phenotype shows a low expression of the CD8 marker, low cytotoxic activity, low expression of granzyme and perforin, and a moderate expression of IFN-γ. Furthermore, CD8Low has been found in increased proportions during hepatitis B infection (28), Chagas disease (29), and malaria (30) and has been related to the rapid progression of HIV infection (31).

Considering the importance of the CD4 and CD8 T-cell immune responses in the healing process of VL, we investigated the differentiation and evolution of the CD4+ and CD8+ cytokine-secreting T-cell populations during treatment and identified among them the main functional T cells, with the goal of finding new correlates of VL cure.



Materials and Methods


Ethical Statement

This study was 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). The experiments were performed according to the ethical standards of the Declaration of Helsinki and followed the guidelines and regulations of the Brazilian National Council of Health resolution 196/96. All participants gave their written informed consent.



Study Population and Follow-Up

The study was performed in the Laboratory of Immunology and Molecular Biology of the UFS University Hospital, SE, Brazil, between January 2018 and December 2019. Blood samples were collected from 18 VL patients whose age ranged from 20 to 59 years (mean = 39 years). Patients were diagnosed based on the classical VL symptoms (fever, weight loss, spleen and liver enlargement, anemia, and pancytopenia). Clinical diagnosis was confirmed by serum reactivity to the rK39 antigen (KalazarDetect®) Rapid Test, INBIOS International Inc., Seattle, WA) and by the growth of Leishmania parasites in cultures of blood or bone marrow samples, using NNN media (Sigma-Aldrich) (32). After diagnosis, patients were treated daily intravenously with meglumine antimoniate (MA; 20 mg/kg/day) (Glucantime® Sanofi), for 21 days, or with liposomal amphotericin B (LAMB; 3 mg/kg/day) for 5–7 days (AmBisome, Gilead). Only patients displaying more severe symptoms of VL were eligible for treatment with LAMB (32, 33). Liver and spleen sizes were evaluated through palpation by two observers and reported as the distance to the rib border in cm at diagnosis (D0) and 7 (D7), 14 (D14), 21 (D21), 30 (D30), 60 (D60), 90 (D90), and 180 (D180) days after the beginning of treatment.

Blood samples were used for hemogram and leukogram assessments and for PBMC fractionation. Peripheral blood was collected before specific Leishmania treatment (day 0) and on days 7, 14, 21, 30, 60, 90, and 180 after beginning the chemotherapy treatment. We also collected blood from 13 healthy controls who live in the same VL endemic area and whose ages ranged from 20 to 60 years. Control individuals had no previous history of infectious diseases for at least a month before this study and were not under treatment with immunosuppressive drugs at the time of blood collection.



Intracellular Cytokine Staining

PBMC isolation was performed by Ficoll Paque® (Sigma, USA) density gradient centrifugation on. Samples of 106 PBMCs/well were cultured in Roswell Park Memorial Institute (RPMI) 1640 (Gibco®, USA) medium supplemented with 10% fetal calf serum and 1% of penicillin/streptomycin. Cells were stimulated with soluble Leishmania antigen (SLA) of L. (L.) infantum chagasi (10 µg/ml) or with no addition and cultured at 37°C for 6 h in a humidified atmosphere with 5% CO2, followed by the addition of Brefeldin at 1 µg/ml final concentration following the manufacturer’s instructions (GolgiPlug™ BD Biosciences Pharmingen, USA) and an additional 12-h incubation. After this incubation, cells were washed with phosphate-buffered saline (PBS), centrifuged at 405 g for 5 min at 4°C, and blocked with 2% fetal goat serum and 2% fetal bovine serum in PBS for 20 min (11).

The cells were treated with the following antibodies for surface staining: Anti-human CD3 PeCy7 (Clone HIT3a, BioLegend®, USA), Anti-human CD4 V500 (Clone RPA-T4, BD Horizon™, USA), Anti-human CD8 Pe-Cy™5 (Clone HIT8a, BD Pharmingen™, USA), Anti-human CD45 APCCy7 (Clone HI100, BioLegend®), and Anti-human CCR7 PE (Clone GO43H7, BioLegend®) for 30 min at 2°C–8°C in the dark, after which they were fixed and permeabilized with Cytofix/Cytoperm buffer (BD Biosciences Pharmingen) for 20 min. Intracellular staining was carried out by incubating the cells with Rat Anti-human IL-2 BV421 (clone MQ1-17H12, BD Horizon™), Anti-human TNF-α Alexa Fluor 647 (Clone Mab11, BioLegend®), and anti-IFN-γ Alexa Fluor 488 (Clone 4S.B3, BioLegend®), for 30 min at 4°C in the dark. Then they were washed with Perm Wash buffer (BD Biosciences Pharmingen) and PBS. Finally, the cells were centrifuged and suspended in PBS. Samples were acquired in a FACSCanto II™ flow cytometer with at least 30,000 events and analyzed using FlowJo software version 7.0 (Becton Dickinson, San Jose, CA, USA).



Analysis Strategy of Flow Cytometry

Following the recommendations of Seder et al. (26) for multiparameter cytometry analysis, we used several hierarchical steps to identify the functional subpopulations of CD4 and CD8 T cells based on the expression of the following markers: CD3, CD4, CD8, CD45RA, CCR7, IL-2, TNF-α, and IFN-γ. First, we identified the single cells and then selected the lymphocyte cells among them (Supplementary Figure 1). After that, we gated the CD3-positive cells and among them identified their CD4 and CD8 subsets. Additionally, from each CD4+ and CD8+ subset, we excluded the CCR7+ and CD45RA+ cells, which are the naïve T lymphocytes. Then only the effector and memory T cells remained, and so we evaluated the production of the pro-inflammatory cytokines IL-2, TNF-α, and IFN-γ by T cells. Boolean gating was used to generate combinations of cytokine expression and types of lymphocytes in order to identify lymphocytes expressing one cytokine and any combination of two cytokines or three cytokines (Supplementary Figure 1).

In this study, the frequencies and the integrated mean fluorescence intensity (iMFI) of each type of cytokine-producing cells were analyzed. iMFI is a widely used parameter that is composed of the product of the frequency of a particular cytokine expressing T cell and the mean fluorescence intensity (MFI) of the same cell. Thus, this multiplication is the ideal parameter to measure the quality of cytokine production in relation to the number of producing cells.



Statistical Analysis

The differences between the frequencies and iMFI cytokine secretion of CD4+ and CD8+ T cells of the controls and each time of treatment of all patients were compared by Mann–Whitney. Additionally, the Wilcoxon matched-pairs signed rank test was used to compare different times of treatment. We also used the IC95% for the specific comparison of total frequencies and iMFI of patients treated either with MA or LAMB. The two-way ANOVA Sidak test was used to compare the frequencies of the CD8High and CD8Low populations along the treatment, and Student’s t-test was used to compare each time of treatment with the frequencies of controls. We used GraphPad Prism 9 software, and differences were considered statistically significant for p < 0.05. Furthermore, we used Spearman’s two-tailed test for correlation analysis and plotted the results using the corrplot package (v0.84) running under R (v3.6.1) in RStudio (1.1.456).




Results


Clinical Improvements

Patients with VL were evaluated before treatment (D0) and on days 7 (D7), 14 (D14), 21 (D21), 30 (D30), 60 (D60), 90 (D90), and 180 (D180) after the beginning of the treatment. Treatments with LAMB and MA lasted until D7 and D21, respectively. All patients showed clinical improvement after treatment, as shown in Table 1. We do not show the complete clinical results of the 18 patients because it was not possible to collect blood for hemogram at all times, from six to seven patients who had profound anemia and cachexia. Also, nine patients did not return for control at day 180. Typical VL symptoms, such as increases in spleen and liver sizes and decreased counts of hemoglobin, hematocrit, platelets, leukocytes, neutrophils, lymphocytes, eosinophils, and monocytes, were observed in patients at D0. The chemotherapy treatment was successful and resulted in a decrease in the sizes of the spleens and livers and increases in the values of all other variables. The sizes of the spleens and livers started to decrease and were significantly different from those of untreated patients on D7. Similarly, the platelet, leukocyte, and lymphocyte counts had increased by D7. On the other hand, the hemoglobin and hematocrit levels only started to increase on D14, the monocytes increased on D21, and the neutrophils and eosinophils only increased as of D30 after beginning of the treatment. All parameters, which were monitored along the time, recovered their normal values by D180, when patients were considered cured from VL (Table 1). Our results indicate that the chemotherapy treatment, which lasted from 7 to 21 days, was very successful since improvements in clinical parameters were noted as early as at the end of the first week.


Table 1 | Clinical outcomes of VL patients.





Cure of Visceral Leishmaniasis Is Associated With Increases in the Memory Multifunctional CD4+IL-2+TNF-α+IFN-γ+ and Effector CD4+TNF-α+IFN-γ+-Secreting T-Cell Populations

The total frequencies and iMFI of IL-2-, TNF-α-, or IFN-γ-producing CD4+ T cells were assessed in patients with VL along their treatment (D0–D180) and in healthy controls (Figure 1). Stimulation of lymphocytes was performed with SLA. No significant variations among any treatment times or between treatment times and healthy controls were observed for IL-2 total frequencies or iMFI, suggesting that the basic production of IL-2 was preserved during treatment as in healthy controls (Figure 1).




Figure 1 | Total frequencies and integrated mean fluorescence intensity (iMFI) of cytokine-producing CD4+ T cells. The total frequencies and iMFI of each cytokine-expressing phenotype were determined in peripheral blood mononuclear cells (PBMCs) from healthy controls and patients before (D0) and during their treatment follow-up, after subtracting the background values corresponding to cells incubated without the soluble Leishmania antigen (SLA). Results in the panel are expressed as means + SE. Asterisks and horizontal lines indicate significant differences between times of treatments and healthy control records as disclosed by the Mann–Whitney method. Hashtags show significant differences between times of treatment as determined by the Wilcoxon matched-pairs rank statistical test.



In contrast, production of TNF-α increased along the treatment towards the cure on D180, when the frequencies of total producing CD4 T cells returned to normal levels, whereas iMFI still remained high. In fact, a rapid and time-dependent increase of TNF-α total frequency was observed starting from D7, reaching its maximum on D90, and decreasing to normal levels on D180. The iMFI of CD4+TNF-α producing T cells was, in contrast, still high on D180 (Figure 1).

However, the production of IFN-γ by CD4 T cells also increased alongside the healing process but started earlier than that of TNF-α (Figure 1), on D7, and reached a peak on D21, when both MA and LAMB therapy had finished. The intensity of IFN-γ production (iMFI), however, was already noted on D0 (Figure 1). In fact, the frequency of CD4+IFN-γ+ T cells on D21 was 4.7 times higher than on D0 (p = 0.016) and 16 times higher, if compared with healthy controls (p = 0.001) (Figure 1).

In addition, we used the multiparameter flow cytometry strategy for the analysis of the T-cell responses. Through this analysis, we are able to distinguish the frequency of CD4 T cells secreting only one (CD4+IL-2+, CD4+TNF-α+, and CD4+IFN-γ+), two (CD4+IL-2+TNF-α+, CD4+TNF-α+IFN-γ+, and CD4+IL-2+IFN-γ+), or three cytokines (CD4+IL-2+TNF-α+IFN-γ+) simultaneously (Figure 2).




Figure 2 | Distinct quality of CD4+ T in follow-up of visceral leishmaniasis (VL) treatment and of endemic control subjects. Evolution of the frequencies of CD4 T cells producing one cytokine (IL-2, TNF-α, or IFN-γ), and any combination of two or all three cytokines along the time. Each frequency was recorded after background subtraction of cells incubated without antigen [soluble Leishmania antigen (SLA)]. Results are expressed as means + SE, with asterisks and horizontal lines indicating significant differences between times of treatments and healthy controls as disclosed by the Mann–Whitney method. Hashtags show significant differences between times of treatment as determined by the Wilcoxon matched-pairs rank statistical test.



As detected for total CD4+ cells producing IL-2 (Figure 1), all combinations of cells producing IL-2 were stable along the time and did not differ from those of healthy controls (Figure 2). In contrast, and as detected also for iMFI values and total frequencies of CD4 TNF-α-producing T cells (Figure 1), significant increases of the frequencies of CD4+ T cells producing only TNF-α+ were observed on D60 after treatment in comparison with D0. Furthermore, higher percentages of CD4+TNF-α+IFN-γ+ T cells were detected at all treatment times, if compared with healthy controls (Figure 2), and also there were higher percentages on D21 and D30, if compared with D0. The increase of the frequencies of CD4+TNF-α+IFN-γ+ T cells was impressive, and patients cured of VL showed a statistically significant enhancement of 78.9 times (p = 0.001) of this subpopulation if compared with healthy controls on D180 (Figure 2). In fact, the frequencies of CD4+TNF-α+IFN-γ+ T cells increased progressively in a time-dependent manner towards the cure, on D180. On the other hand, the frequencies of CD4+ T cells secreting only IFN-γ increased on D7 and D21 after the beginning of treatment, similar to what was detected for total frequencies and iMFI (Figure 1). However, they had decreased slightly by D60 (Figure 2). No significant variation was detected in the frequencies of CD4+IL-2+IFN-γ+ (Figure 2).

Finally, the frequencies of multifunctional CD4+IL-2+TNF-α+IFN-γ+ T cells increased significantly on D60, D90, and D180 as compared with those of controls, and on D90 as compared with those on D0, D30, and D21. Remarkably, on D180, the frequency of functional T cells was 5.7 times higher than that of healthy controls and 4.2 higher than in untreated patients (Figure 2), suggesting that the increase in multifunctional CD4+ T cells is correlated with cure. Our data suggest that the total response of CD4+ T cells promotes an increase in the quality of the Th1 response during the treatment, along with an increase in functional T-cell phenotypes (Figure 2).

The individual relative contribution of each cytokine-expressing phenotype population to the whole CD4+ T-cell response, for each treatment time, is summarized in the pie charts of Figure 2. The relative proportions of multifunctional CD4+IL-2+TNF-α+IFN-γ+ and the CD4+TNF-α+IFN-γ+-producing T cells increased along the treatment towards the cure, while in the cells of the healthy controls, the CD4+ T single-producer cells of IL-2+, TNF-α+, or IFN-γ+ were predominant. These results show that the treatment of VL determines the differentiation of CD4 T cells expected in the development or recovery of the Th1 response. In fact, in treated patients, besides the single-cytokine producers, double-cytokine producers are also present in minor proportions. In fact, the relative proportions of CD4+IL-2+TNF-α+ and CD4+IL-2+IFN-γ+ T cells increased until D14 and then decreased as the treatment advanced.

The evolution of the relative proportions of each CD4+ cytokine-expressing subtype along the treatment times is represented in Supplementary Figure 2. The relative proportions of cells producing only one cytokine decreased towards the end of treatment at D180, suggesting that the single producers converted into the double and triple producers, which reveals the recovery of the CD4 differentiation immune response. The frequencies of the double-cytokine producers CD4+IL-2+TNF-α+ remained high until D90, and those of the CD4+IL-2+IFN-γ+ cells were high on D7 and D14, but both decreased on D180. On the other hand, only the CD4+TNF-α+IFN-γ+ and the multifunctional T cells show a progressive time-dependent increase in frequencies along the treatment and reached their maximum values with the cure (Supplementary Figure 2). Our results suggest that the acquisition of a long-term memory T-cell CD4 response in combination with a strong effector-memory T-cell response is associated with the cure of VL.



Cure of Visceral Leishmaniasis Is Associated With Increases in Memory Multifunctional CD8+IL-2+TNF-α+IFN-γ+, Single Producers of TNF-α, and Effector CD8+TNF-α+IFN-γ+ T-Cell Responses

As previously described for CD4 T cells (Figure 1), the frequencies and iMFI of total IL-2-producing CD8+ T cells did not differ from those of controls at any of the treatment times, thus suggesting background basal and sustained stimuli of IL-2 in clonal expansion. In contrast, the proportions of total TNF-α+-secreting cells were 14 times higher on D60 than on D21, and the frequencies of total IFN-γ-secreting CD8+ lymphocytes and iMFI had increased six to seven times by D30 in comparison with controls and D0. A decrease in brightness was observed on D60 (Figure 3).




Figure 3 | Total frequencies and integrated mean fluorescence intensity (iMFI) of cytokine-producing CD8+ T cells. The total frequencies and iMFI of each cytokine-expressing phenotype were determined in peripheral blood mononuclear cells (PBMCs) from healthy controls and patients before (D0) and during their treatment follow-up, after subtracting the background values corresponding to cells incubated without the soluble Leishmania antigen (SLA). Results in the panel are expressed as means + SE. Asterisks and horizontal lines indicate significant differences between times of treatments and healthy control records as disclosed by the Mann–Whitney method. Hashtags show significant differences between any time of treatment as determined by the Wilcoxon matched-pairs rank statistical test.



As observed for the CD4+ T cells (Figures 1 and 2) and for the CD8+ total frequencies and iMFI (Figure 3), the multiparameter analysis confirmed that the frequencies of the IL-2 single producers CD8+ T cells did not change along the time (Figure 4), whereas the frequencies of single producers of TNF-α were 3.6 times higher on D60 than on D0. Furthermore, the frequency of single producers of IFN-γ was 14.6 times greater on D30 as compared with healthy controls.




Figure 4 | Distinct quality of CD8+ T in follow-up of visceral leishmaniasis (VL) treatment and of endemic control subjects. Evolution of the frequencies of CD8+ T cells producing one cytokine (IL-2, TNF-α, or IFN-γ), and any combination of two or all three cytokines along the time. Each frequency was recorded after background subtraction of cells incubated without antigen [soluble Leishmania antigen (SLA)]. Results are expressed as means + SE, with asterisks and horizontal lines indicating significant differences between times of treatments and healthy controls as disclosed by the Mann–Whitney method. Hashtags show significant differences between times of treatment as determined by the Wilcoxon matched-pairs rank statistical test.



Regarding the CD8+ T cells producing two cytokines, the frequencies of CD8+IL-2+TNF-α+ T cells had increased by 41.2 times by D60 compared with D0 (Figure 4), and the frequencies of CD8+TNF-α+IFN-γ+ T cells had increased by 9.6 times on D60 and by 14.7 times on D90 as compared with controls. In contrast, and as detected for single producers of IFN-γ, an earlier rise of the proportions of the CD8+IL-2+IFN-γ+ T cells was observed with increases of 28.2 and 81.4 times, on D21 and D30, respectively, when compared with D0 (Figure 4).

However, similar to what was described for CD4 T cells (Figure 2), the proportions of the multifunctional CD8+IL-2+TNF+IFN-γ+ T cells increased significantly, if compared with controls, on D60 and D90, suggesting the involvement of memory T cells in the cure process (Figure 4).

The pie chart shows that soon after the beginning of the treatment, on D14, the frequencies of double producers of TNF-α+IFN-γ+ and IL-2+TNF-α+ lymphocytes start to increase, indicating the expected evolution of the CD8 Leishmania-specific T-cell response. After cure, on D180, the proportion of multifunctional memory T cells is at a maximum. As predicted by Seder’s model (26), the multifunctional central-memory CD8+ T cells seem to interconvert with the TNF-α+IFN-γ+ effector-memory T cells during the treatment. Furthermore, as expected from Seder’s model, when cure is achieved by D180, both types of cells are present in high proportions, and there is also an increase in the frequencies of the single producers of IFN-γ, which are considered terminal effector CD8 T cells (Figure 4).

An increase in the quality of the CD8+ T cells response is observed when there is a concomitant increase of frequencies of the central-memory (multifunctional CD8+IL-2+TNF-α+IFN-γ+), effector-memory T cells (CD8+TNF-α+IFN-γ+), and terminal effector CD8 T cells (CD8+IFN-γ+) (Figure 4).

The evolution of the relative proportions of each CD8+ cytokine-expressing phenotype along the time of treatment is represented in Supplementary Figure 3. Confirming the data of Figure 4, healthy controls individuals always showed lower proportions of the single producers of the IFN-γ+ terminal effector, and double producers of the TNF-α and IFN-γ effector memory CD8 T cells compared with VL patients during the treatment. In agreement, except for those at D7, the multifunctional CD8+IL-2+TNF-α+IFN-γ+-TCM cells showed frequencies above those of healthy controls during the whole treatment and reached maximum values at the cure (D180) (Supplementary Figure 3).



Increase of CD8High and Decrease of CD8Low Phenotypes Correlate With Visceral Leishmaniasis Cure

Two different subpopulations of CD8+ T cells were identified by the flow cytometry analysis, according to their brightness intensity. Cells showing a higher expression of CD8+ molecules were classified as CD8High, while those showing a lower expression were considered as CD8Low (Figure 5A). The differences between the two populations were highly significant starting from D30 (p < 0.0001) (Figure 5B). CD8High frequencies were high in healthy controls and impressively low in untreated patients (D0 and D7). However, they progressively recovered to normal values starting from D21 and reached the highest values at the cure, on D180 after the beginning of the treatment (Figure 5B). In contrast, the frequencies of CD8Low cells were higher in untreated patients than in healthy controls at D0, and these decreased along the treatment and did not recover to their normal values even at D180. In fact, the evolution of the frequencies of CD8High and CD8Low phenotypes was negatively correlated (R = −0.676; p < 0.0001). Our results indicate that the progress of chemotherapy treatment goes along with an increase of CD8High and a decrease of CD8Low frequencies that represent markers of the cure for VL.




Figure 5 | Evolution of CD8Low and T CD8High T-cell populations. (A) Two subpopulations were gated within the CD8+ T cells according to their brightness intensity: CD8High and CD8Low in a visceral leishmaniasis (VL) patient before treatment. (B) Increases of CD8High and decreases of CD8Low T-cell frequencies along the treatment. Results are expressed as means ± SE values. The Shapiro–Wilk test disclosed that the distribution of frequencies was normal. Asterisks show the significant variations between CD8High and CD8Low populations starting from day 30, as disclosed by the two-way ANOVA Sidak analysis. Hashtags indicate significant differences between each time of treatment and healthy controls values as disclosed by Student’s t-test.





Correlations Between Clinical Outcomes and T-Cell Phenotypes

In VL, an increase in the size of the spleen and decrease in hematocrit, hemoglobin, monocyte, and leukocyte counts are typical markers of this disease (Table 1). We observed that during the treatment, the frequencies of CD8 single producers of TNF-α and of CD8High correlated negatively with spleen sizes, while the frequencies of CD8Low T cells correlated negatively with the leukocyte and monocyte counts, indicating that CD8 single producers of TNF-α and of CD8High are strong correlates of cure, while CD8Low is a marker of disease (Table 2).


Table 2 | Correlation between clinical outcomes and CD4+ and CD8+ T-cell phenotypes.



In addition, the total frequencies of CD4+TNF-α+ T cells, the frequencies of CD8 triple secretors of IL-2, TNF-α, and IFN-γ and of CD8High T cells correlated positively with the increases of hematocrit and hemoglobin counts, while the frequency of CD8 single producer of TNF-α is associated only with the increase in hemoglobin counts (Table 2). Furthermore, during the treatment, the increase of monocyte counts was positively correlated with the increases of the CD4+IL-2+, the CD4+IFN-γ+ total frequencies, and CD4+IFN-γ+ iMFI. Monocyte frequencies also correlated with the increases of the frequencies of the CD4+ T cells as single producers of IL-2, TNF-α, and IFN-γ; double producers of IL-2 and IFN-γ; and triple secretors of IL-2, TNF-α, and IFN-γ, and with the frequencies of CD8High T cells (Table 2). The frequencies of the CD8 single producers of TNF-α correlated positively with neutrophils, while CD8High correlated with the counts of leukocytes, neutrophils, lymphocytes, and eosinophils (Table 2). Thus, these variables indicate that the recovery of the T CD4 response can also be considered as a marker of the cure. In contrast, only the increases in the frequencies of CD8 single secretors of TNF-α or triple secretors are associated with a decrease of symptoms. Remarkably, the increases of CD8High and the decreases of CD8Low frequencies are definitively strong correlates of cure.

Spearman’s correlation matrix heatmap demonstrated the association of the profiles between the clinical outcomes, hematological counts, and the cytokine-producing CD4 and CD8 T cells, for each treatment time separately. We also showed the corrplots for D0, D7, D30, and D180 (Figure 6). The correlation patterns between all these factors changed gradually during the treatment. For instance, on D180, when the patient was considered completely cured, both liver and spleen sizes were negatively associated (red dots) with the frequencies of CD4+IL-2+, CD4+TNF-α+, CD4+IFN-γ+, CD4+IL-2+TNF-α+, CD8+TNF-α+, CD8+IL-2+TNF-α+, and CD8+IL-2+TNF-α+IFN-γ+ T cells. In addition, the spleen sizes were also negatively associated with the frequencies of CD4+IL-2+TNF-α+IFN-γ+, and the liver sizes were negatively correlated to the proportions of CD4+TNF-α+IFN-γ+, CD8+IL-2+, and CD8+TNF-α+IFN-γ+. Notably, on D180, the CD4+TNF-α+IFN-γ+ T cells correlated strongly positively with leukocytes, lymphocytes, and monocytes and weakly positively with hemoglobin, platelets, and neutrophils. This analysis confirms that the complete development and differentiation of the CD4 and CD8 Leishmania-specific T cells is associated with the healing process and that these T-cell phenotypes are strong correlated with VL cure.




Figure 6 | Correlation matrix heatmap of clinical outcomes and cytokine combinations of CD4 and CD8 T cells. Spearman’s correlation coefficient was used to compute the relevance and redundancy of the features. Blue dots represent positive correlations, and red dots are negative Spearman’s correlation.





The Chemotherapy Treatments With Meglumine Antimoniate or Liposomal Amphotericin B Promote the Recovery of the T Cell Immune Responses

In VL, the immune response is directly affected by the drugs that act mainly to improve the clinical outcome. Therefore, we analyzed the chemotherapeutic effect of LAMB and of MA separately. Patients who exhibited more severe symptoms associated with age, comorbidities, unexpected hemophagocytosis, relapse, etc. were treated with LAMB, whereas less severe cases received MA.

The total frequencies and iMFI of cytokine producers of CD4+ T cells are represented in Figure 7. Before treatment, on D0, the levels of iMFI-IL-2 and total frequencies and iMFI-TNF-α+ CD4+ T cells were higher in patients treated with LAMB (Figures 7B–D). In contrast, the total frequencies of CD4+IL-2 response were 12.4 and 4.5 times higher on D14 and D180, respectively; and the iMFI IL-2 response was 3.9 higher on D30 in patients treated with MA (Figures 7A, B). The TNF-α iMFI response remained higher on D7–D14 in patients treated with LAMB but increased towards the cure only in patients treated with MA (Figure 7D). Additionally, the total frequencies of IFN-γ-secreting CD4+ T cells were 2.3 and 2.0 times higher in patients treated with MA, on D7 and D21, respectively (Figure 7E). Our results suggest that the MA treatment stimulates higher secretions of IL-2 and TNF-α along the treatment and up to the cure, and of IFN-γ until D21. Treatment with LAMB, on the other hand, had no impact on the IL-2 iMFI response and decreased the frequencies of total TNF-α-secreting T cells along time.




Figure 7 | Cytokine production by CD4+ T cells of patients treated with meglumine antimoniate (Glucantime®) and amphotericin B Frequency (A–C) and integrated mean fluorescence intensity (iMFI) (D–F) of T CD4 cells producing IL-2, TNF-α, and IFN-γ from patients treated with Glucantime® (N = 8) and amphotericin B (N = 5). The frequencies and iMFI of each cytokine expressing phenotype were recorded after background subtraction of cells incubated without antigen [soluble Leishmania antigen (SLA)]. Results in the panel are expressed as means + SE. Asterisks and horizontal lines indicate statistical differences between treatments as disclosed by IC95%.



As for the CD8+ T-cell response, and also in agreement with their higher severity, the levels of iMFI and total frequencies of IL-2+, TNF-α+, and IFN-γ+-secreting T cells on D0 were higher in the patients who were going to receive treatment with LAMB (Figures 8A–F). Cytokine secretion was predominant in LAMB-treated patients mainly until D7 (Figures 8D, F) or D14 (Figures 8C, D). On the other hand, MA treatment determined 10.6–16.1 times higher responses of IL-2 on D14 and D180 (Figures 8A, B); 15–10.6 higher responses of TNF-α on D60 (Figures 8C, D); and 3–10.1 times higher responses of IFN-γ on D21, D90, and D180 (Figures 8E, F). We conclude that the treatment with MA generated long-lasting predominant responses of cytokine secretion. More than the CD4+ T cells, the IL-2 and IFN-γ-secreting CD8 T-cell predominance appears to be associated with the cure.




Figure 8 | Cytokine production by CD8+ T cells of patients treated with meglumine antimoniate (Glucantime®) and amphotericin B Frequency (A–C) and integrated mean fluorescence intensity (iMFI) (D–F) of T CD4 cells producing IL-2, TNF-α, and IFN-γ from patients treated with Glucantime® (N = 8) and amphotericin B (N = 5). The frequencies and iMFI of each cytokine expressing phenotype were recorded after background subtraction of cells incubated without antigen [soluble Leishmania antigen (SLA)]. Results in the panel are expressed as means + SE. Asterisks and horizontal lines indicate statistical differences between treatments as disclosed by IC95%.



Additionally, we analyzed the correlations between the clinical outcomes and the frequencies and iMFI of cytokine-secreting responses, considering the patients treated with MA or LAMB separately (Table 2). More important clinical parameters of cure were associated with immunological variables in patients treated with MA. In fact, the CD4+ IFN-γ+ total frequencies and iMFI of MA treated patients increased as their liver sizes and monocyte counts decreased. The size of the livers is an important hallmark of VL. Furthermore, the intensity of TNF-α secretion by CD4+ T cells was highly correlated with the decrease of liver and spleen sizes and with the increase in platelets and leukocyte counts. The correlations with the decrease of spleen and liver sizes exhibited the highest R values. In addition, and importantly, the total frequencies of CD4+TNF-α+ were positively correlated to the hemoglobin and hematocrit values and the platelet, leukocyte, and neutrophil counts. The intensity of the secretion of TNF-α by CD4+ T cells also increases in correlation to platelets and leukocytes. In contrast, the total frequencies of CD8+IFN-γ+ of MA-treated patients were negatively correlated to the platelet counts (Table 2). This result might be an indication of the association of terminal effector CD8+ T cells in VL.

In contrast, only three variables were associated with the clinical signs in patients treated with LAMB. The total frequencies of CD4+IL-2+ and iMFI of CD8+IL-2+ cells correlated negatively with lymphocyte counts, while the CD4+IL-2+iMFI values were correlated with eosinophils. However, studies with larger cohorts of patients are needed to confirm this hypothesis.

In order to clarify the impact of the MA and LAMB treatments on the immune responses, we further analyzed the frequencies of cytokine-expressing CD4+ T cells, but considering separately the patients treated with LAMB or MA (Supplementary Figure 4). Similarly to what was observed when all patients were considered together (Figures 1 and 2), no variation of frequencies of single secretors of IL-2 was detected. In contrast, and as detected for the analysis of the total frequencies (Figure 7), the MA treatment promoted a main pronounced response in CD4 T cells, which secrete IFN-γ. In fact, the MA effect was observed in the increase of the frequencies of terminal-effector single secretors of IFN-γ throughout the whole treatment and until D180, of double secretors of IFN-γ and IL-2 on D7 and D14, and of the multifunctional CD4+IL-2+TNF-α+IFN-γ+ on D7. MA also induced increased proportions of double secretors of IL-2 and TNF on D14. In contrast, LAMB treatment impacted more prominently the secretion of TNF-α by single secretors on D7 and D90; by double secretors of IL-2 and TNF-α on D21, D30, and D180; by double secretors of TNF-α and IFN-γ on D14; by double secretors of IL-2 and IFN-γ on D21 and D60; and by multifunctional CD4+IL-2+TNF-α+IFN-γ+ on D30 and D60.

Additionally, the treatment with MA showed a stronger impact on the development of the CD8+ cytokine-secreting T-cell response (Supplementary Figure 5), by increasing the frequencies of single producers of IL-2 on D14, D30, and D180; of single producers of TNF-α on D21 and D60; of single producers of IFN-γ on D14 and D21; of double producers of IL-2 and TNF-α by D14 and D60; of double producers of TNF-α and IFN-γ by D7 and D21; and of double producers of IL-2 an IFN-γ by D14, D90, and D180. In contrast, LAMB treatment enhanced the frequencies of single producers of IL-2 on D7; of single producers of TNF-α on D14; of double producers of IL-2 and TNF-α by D7 and D21; of double producers of TNF-α and IFN-γ by D14, D90, and D180; and of multifunctional CD8+IL-2+TNF-α+IFN-γ+ on D14, D21, D30, and D180.

Therefore, and different from what was suggested by the analysis of the total frequencies and iMFI (Figures 7 and 8), the detailed analysis of the cytokine responses disclosed that both the MA and LAMB therapies promote immune responses. MA treatment had more impact on the secretion of IFN-γ, LAMB had stronger influence on the secretion of TNF-α by CD4+ T cells, but both generated memory CD4+ T-cell responses. In addition, the therapy with MA promoted increased frequencies of all types of single- and double-cytokine secretors, but only LAMB promoted higher responses of multifunctional CD8+IL-2+TNF-α+IFN-γ+ T cells.




Discussion

In this work, we aimed to elucidate if the cure of VL with chemotherapy is associated with the differentiation of the CD4+ and CD8+ cytokine-expressing T cells (26). First, we analyzed the evolution of the clinical signs of VL along the treatment. In agreement with other results in the literature (11, 32, 34), the drug treatment reduced the sizes of the spleens and livers and increased the hematocrit and hemoglobin counts soon after the beginning of chemotherapy, but cure was only considered complete at 180 days after the beginning of the treatment.

The participation of CD4+ T cells in VL has been widely addressed. These cells were found to be associated with resistance to infection, as they can produce different types of cytokines linked to the Th1, Th2, or Th17 cell responses (11, 35–37). In this study, we observed an increase in the frequencies of CD4+ T cells producing TNF-α throughout the treatment. TNF-α is one of the main cytokines involved in protection against VL; however, at high levels, it can also cause tissue damage (38, 39). On the other hand, the IFN-γ-producing CD4+ T cells are considered one of the main functional cells during Leishmania infection (13, 40). However, IFN-γ promotes macrophage stimulation and inhibition of Th2 cells; thus, when its secretion increases, the patient immune response may be more effective against the parasite (35).

In this study, we described for the first time the functional profile of CD4+ and CD8+ T cells regarding their production of IL-2, TNF-α, and IFN-γ, before and throughout treatment of VL patients. While IL-2 secretion by CD4+ lymphocytes remained stable, the TNF-α secretion increased after 30 days of treatment and reached maximum values on D90, while the IFN-γ secretion showed a peak on D21 and a decreased towards the cure on D180. In agreement with TNF-α, the frequencies of CD4+ double secretors of TNF-α and IFN-γ increased as of D21 until D180, indicating that this phenotype is strongly associated with the progress to the cure. Furthermore, the analysis of the relative proportions of the phenotypes and their evolution along the time confirmed the importance of the CD4+TNF-α+IFN-γ+ lymphocytes, which combine both the effector and memory functions of the Th1 response cells (26). In addition, the proportions of multifunctional CD4+IL-2+TNF-α+IFN-γ+ T cells, which concentrate the optimized central-memory (TCM) and effector memory (TEM) functions, increased through to the end of the monitoring period on D90. Our results highlighted the involvement of TNF-α and IFN-γ in the process of cure. In agreement, it was shown that neutralization of IFN-γ and TNF-α promotes an IL-4 production (40).

Although PBMCs of VL patients are usually described as non-responders to leishmanial antigens, the CD4+ T cells are the main source of Leishmania-specific-IFN-γ secretion during VL, as detected by the whole-blood stimulation assay (41). However, this production of IFN-γ was decreased by the impairment of the (HLA)-DR antigen, suggesting that it is mediated by a typical HLA-TCR receptor association. Moreover, and in spite of the progressive immunosuppression of VL, an intrinsic IFN-γ produced by patients helped to control the expansion of the parasites (41), and the lack or diminished production of IFN-γ determines the patient vulnerability to VL (42). On the other hand, the IL-6 cytokine, which is associated with severity and death of VL, was related to the impairment of TNF-α secretion soon after infection and to the consequent inhibition of Th1 response (36, 42, 43). In fact, TNF-α is associated with the activation of effector immune responses (42), and the TNF-α levels only returned to normal after the anti-Leishmania therapy, which correlated with clinical cure (44).

TCM cells are found in the T-lymphocyte areas of secondary lymphoid organs, where they can proliferate and transform into TEM cells, which show reduced expression of the CCR7 marker, and high or low expression of CD62L marker, and can migrate to injured or inflamed tissues (25). In this investigation, the cure of human VL was associated with increases of the frequencies of the antigen-specific CD4+IL-2+TNF-α+IFN-γ+ T cells, which are considered to be memory T cells (TCM), and of the effector CD4+TNF-α+IFN-γ+-secreting T cells, called TEM cells. Enhanced frequencies of antigen-specific TCM T cells were also found in cured and asymptomatic VL patients in India (45) and in cured patients of tegumentary leishmaniasis caused by Leishmania (V.) braziliensis in Brazil (46). In our study, the frequencies of Leishmania-specific CD4+IL-2+TNF-α+IFN-γ+ T cells and their relative proportions among the other phenotypes increased significantly towards the cure, on days 60, 90, and 180. In cured patients, these cells correlate negatively with the sizes of the spleens and positively with the hemoglobin, platelet, leukocyte, neutrophil, lymphocyte, and monocyte counts. Thus, as expected, an increase in the multifunctional TCM CD4+IL-2+TNF-α+IFN-γ+ population is a strong correlate and marker of cure. In agreement with our results, Macedo et al. (46) observed that the crude lysate of L. (V.) braziliensis increased the frequencies of the CD4+IL-2+TNF-α+IFN-γ+ T cells in PBMC of cured patients to 28%, whereas the crude antigen of Leishmania (L.) amazonensis increased the frequencies of single producers of IFN-γ to 57%.

This is the first report to describe the evolution of the cytokine-secreting CD4 T-cell response during 6 months of treatment and monitoring to the cure of human VL. In a previous work, we also observed increased frequencies of CD4+IL-2+TNF-α+IFN-γ+ T cells, in response to the NH36, F2, and crude lysate antigen in cured VL patients and asymptomatic DTH+ subjects, as well as increased proportions of CD4+TNF-α+IFN-γ+ effector T cells, in response to NH36, F1, and F2 antigens of cured and untreated patients (11).

In contrast to our results, and to the prediction that considers the CD4+ IL-2+TNF-α+IFN-γ+ T cells as a correlate to protection (27), in Leishmania (L.) major infected soldiers, these cells together with CD4+TNF-α+IFN-γ+ T lymphocytes were the most frequent phenotypes (47). After treatment, these frequencies were significantly lower (47). However, as demonstrated in experimental models, after the elimination of the parasites, the central-memory CD4 T cells remain responsible for the resistance to reinfection (48). The CD4+ long-term effector memory responses throughout the treatment against VL might thus be related to a protective role against re-exposure to the parasite. In fact, in our study, the long-term memory response, represented by these multifunctional CD4+ T cells, started mainly towards the end of the treatment, on D60.

Several studies have indicated that the health and disease processes depend on dynamic immune responses that alter the frequency and quality of antigen-specific T cells (49–51). Fewer studies have investigated the role of CD8 T cells in human VL (19, 21). Although increased frequencies of antigen-specific CD8 T cells have been found in cured patients (21), the exhaustion of CD8 T cells have also been reported, probably due to changes in the activation, differentiation, and functionality of these cells during the active disease (19). In this study, as described for CD4+ T cells, the total frequencies and iMFI of CD8+ T cells secreting IL-2 remained stable throughout the treatment. Only the total frequencies of the CD8+ T secretors cells of TNF-α increased as of D60, and the total frequencies and iMFI of CD8+ secretors of IFN-γ, as of D7 and D30. These results suggest the involvement of TNF-α and IFN-γ produced by CD8+ T cells in the process of cure.

Like the CD4+ T cells, the frequencies of CD8+ single secretors of IL-2 were stable, those of TNF-α increased as of D60, and those of IFN-γ increased as of D30. In addition, the frequencies of the double secretors of IL-2 and TNF-α increased as of D60, those of TNF-α and IFN-γ increased as of D60 and D90, and those of double secretors IL-2+ and IFN-γ+ increased as of D30. Also, the frequencies of the multifunctional CD8+ T cells were enhanced after the end of the treatment, at D60. Our results indicate that the participation of cytokine-secreting CD4+ T cells starts during the treatment (on day 21), while in contrast, the CD8+ response increases as of D60, with the exception of cells producing only IFN-γ or IFN-γ and IL-2. Thus, our results are in agreement with previous investigations that describe exhaustion and reduced functionality of CD8 T cells during disease (19, 52) and increased antigen-specific CD8 T cells in cured patients (21).

Aiming to characterize the evolution of the CD8 T cell functionality during VL, we identified two subpopulations, which had not been described before, in human VL. In this study, CD8High and CD8Low T cells were revealed based on the expression of the CD8 marker on cell membranes. The increase of CD8High T-cell frequencies was correlated with an improvement in the clinical manifestations of VL patients, while CD8Low T cells were mainly present when first diagnosed, which is when patients experienced severe symptoms. We demonstrated that the increase of CD8High was a marker of cure for VL, while the increase of CD8Low was a marker of the disease. In agreement, IFN-γ and/or TNF-α-producing CD8Low T-cell frequencies were also associated with disease in mice infected by Trypanosoma cruzi (29, 53) and were reduced after treatment with benznidazole (53). In addition, a predominance of CD8Low T cells was also found in a cohort of children with malaria who were exposed to high parasitic burden, while CD8High T cells were more frequent in children of a low-parasite load area (30). This association of CD8Low with susceptibility to diseases can be explained by the downregulation of the CD8 marker, which is associated with the dysfunction of the Class I Major Histocompatibility Complex (MHC), which in turn compromises the identification of the antigenic and cytotoxic functions and IFN-γ expression (54–56).

Regarding the response to chemotherapy, we showed that MA determined higher total frequencies and iMFI counts of IL-2 and TNF-α-producing CD4 T cells throughout the treatment and up to the cure. In contrast, LAMB had its main impact on the secretion of IL-2, TNF-α, and IFN-γ by CD4+ and CD8+ T cells, mainly at the beginning on the treatment. More important clinical variables were associated with immunological responses in patients treated with MA than with LAMB. Therefore, LAMB promoted only an earlier immune response, while the immunity in MA-treated patients appeared to be more long-lasting. This difference could be due to the higher toxicity of LAMB to parasites. In fact, LAMB eliminates the parasite load soon after the 5–7 days’ treatment (57–59). Therefore, the stimulus for immune response ends earlier. In contrast, MA treatment does not eliminate all the parasites, which continues stimulating the immune system for longer periods. Actually, LAMB treatment promoted early immune responses of total frequencies of TNF-α-producing T cells that lasted only until day 14 after the beginning of treatment. In contrast, MA was administered until day 21, and higher total frequencies of CD8+ T cells were observed until 6 months after the beginning of treatment. There is evidence in literature proving that chemotherapeutic cure is not always sterile. That is why relapses of leishmaniasis can occur in cases of immunosuppression due to HIV co-infection (60) or to treatment of cancer or arthritis (58, 61). Parasites remain in cryptic conditions. In fact, in India, the blood parasite load of VL patients treated with LAMB decreased from 894.07 to 71.72/ml at day 7 after the beginning of therapy (57). Also, in patients with PKDL (post kala-azar dermal leishmaniasis), 8.372 parasites/ml and 194.962 parasites/million nucleated cells were detected by RT-PCR in blood and bone marrow samples, respectively, but no parasites were detected soon after treatment with amphotericin B (58). In contrast, a remaining parasite load was observed in two of six patients following treatment with sodium antimony gluconate (SAG) (58). In agreement, soon after treatment with sodium stibogluconate, negative PCR results were only found in 20% (10/49) of the patients who remained cured until 6 months, while 36% (14/39) of them showed positive PCR and developed PKDL, and an additional 23% (nine) of them had VL relapses including four deaths (59).

However, the detailed analysis of the differentiation of the CD4+ and CD8+ T-cell cytokine responses revealed that both MA and LAMB promoted immune responses. While MA showed higher influence on IFN-γ secretion, LAMB favored the TNF-α secretion by CD4+ lymphocytes. Both drugs, however, generated memory CD4+ T-cell responses. In addition, MA treatment increased the frequencies of all types of single- and double-cytokine secretor CD8+ T cells, but only LAMB showed higher responses of multifunctional CD8+IL-2+TNF-α+IFN-γ+.

Regarding the association of MA treatment with an IFN-γ response, evidence of the involvement of an anti-Leishmania specific immune response in the chemotherapeutic success of MA against VL has been previously reported in hamsters (62). The success of MA treatment could therefore be due to both the direct decrease of the parasite load and the direct immunologic Th1 processes induced by the drug (62–64). In our study, the total frequencies, iMFI, and frequencies of CD4+ T cells producing only IFN-γ increased until D21, when treatment with MA finished. Furthermore, the CD8+IFN-γ-producer phenotype showed also maximal values on D21. In agreement, higher frequencies of IFN-γ positive T cells were described in patients responsive to the SAG (65), and an increased secretion of IFN-γ by splenocytes was disclosed in healthy untreated and in uninfected and Glucantime®-treated mice (62). Furthermore, the treatment of patients with SAG promoted the proliferation of CD4 and CD8 T cells but not of B lymphocytes. In addition, it promoted the secretion of IFN-γ and activated both the innate and adaptive immune system by indirectly activating pathways for reactive oxygen species (ROS) and NO generation in VL patients in India (63). Increases of the CD4+, CD8+, and lymphocyte B-CD19+ populations were also reported in L. (L.) infantum chagasi-infected hamsters with VL after treatment with antimonials (62).

On the other hand, and supporting our observation of the influence of LAMB treatment on the rapid enhancement of the TNF-α response, Mondal et al. (66) reported an early immune response involving cytokines and lymphoproliferation after 1 week of VL therapy with a LAMB called Fungisome. In fact, Fungisome promoted a dose-dependent increase of TNF-α secretion 1 week after treatment, which was correlated with cure. In contrast, a negligible elevation of TNF-α was found in the non-curative profile of individuals who underwent relapse within the 6 months of treatment (66). Furthermore, LAMB treatment leads to rapid parasite level decline in BALB/c mouse livers and spleens, associated with a significant enrichment of pathways related to TNF-α (67). Moreover, patients with arthritis who received anti-inflammatory anti-TNF-α treatments with methotrexate (58, 68) or infliximab (61) developed VL, which was further successfully cured with LAMB.

In summary, our data indicate that central-memory CD4+TNF-α+, CD4+IL-2+TNF-α+IFN-γ+ T cells, effector memory CD4+TNF-α+IFN-γ+, and terminal effector CD4+IFN-γ+ Leishmania-specific T cells are involved in the clinical cure and recovery of the immune response of patients after treatment for VL. In addition, the central-memory CD8+IL-2+TNF-α+IFN-γ+, the effector memory CD8+TNF-α+IFN-γ+, and terminal effector CD8+IFN-γ+ T cells, together with CD8+TNF-α+, CD8+IL-2+TNF-α+, and CD8+IL-2+IFN-γ+ T cells, are also relevant in the healing process. Noteworthy, the frequencies of the central-memory CD4+ and CD8+IL-2+TNF-α+IFN-γ+ T cells, which ensure the memory response against parasite reinfection, are significantly enhanced in the cured patients, starting as of D60. In this study, we also described that the subset of the non-functional CD8Low population (54) is predominant in VL untreated patients and decreases along chemotherapy, as reported before for malaria (30) and Chagas disease (29, 53) patients. Conversely, a progressive increase of the CD8High subset was observed along the treatment, and these cells reached normal levels as of D21 and until the complete cure. Both treatments with LAMB and MA were efficacious, and all patients achieved an effective clinical cure with no relapse for at least 2 years. To our knowledge, this is the first description of the evolution and differentiation of the CD4 and CD8 T-cell immune responses in patients treated for VL.
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Supplementary Figure 1 | Gating strategy used to analyze Multifunctional T cells populations using multiparameter flow cytometry. Lymphocytes were defined by using FSC-A versus SSC-A parameters, after we selected CD4 and CD8 populations included in the CD3 positive population. Then we excluded naïve T cells population (CCR7+/CD45RA+) and we analyzed the cytokine (IL-2, TNF-α, and IFN- γ) expression from CD4 and CD8 T cells. We performed Boolean gate strategy to generate combinations between cytokine expression by T cells and we observed different kind of phenotypes as single, double or triple cytokine expression. These data were analyzed using FlowJo® software.

Supplementary Figure 2 | Evolution of the relative proportions of each CD4+ cytokine-expressing subtype along the time of treatment. The graph represents the variation of the percent of each type of T cell among all cytokine-expressing CD4+ T cells along the time.

Supplementary Figure 3 | Evolution of the relative proportions of each CD8+ cytokine-expressing subtype along the time of treatment. The graph represents the variation of the percent of each type of T cell among all cytokine-expressing CD8+ T cells along the time.

Supplementary Figure 4 | Evolution of the relative proportions of each CD4+ cytokine-expressing subtype considering separately the patients treated with LAMB or MA. The graph represents the variation of the percent of each type of T cell among all cytokine-expressing CD4+ T cells along the time.

Supplementary Figure 5 | Evolution of the relative proportions of each CD8+ cytokine-expressing subtype considering separately the patients treated with LAMB or MA. The graph represents the variation of the percent of each type of T cell among all cytokine-expressing CD8+ T cells along the time.
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CD4*IFN-y* total frequencies Monocytes 0.383 0.0009
CD4*IFN-y* iMFI Monocytes 0.352 0.0024
CD4*IL-2"TNF-0” IFN-y~ Monocytes 0.293 0.0142
CD4*IL-2 TNF-ot IFN-y~ Monocytes 0.273 0.0228
CD4*IL-2 TNF-o. IFN-y* Monocytes 0.264 0.0279
CD4*IL-2*TNF- Monocytes 0.283 0.0168
CD4*IL-2*TNF- Monocytes 0.331 0.0048
CD8*IL-2 TNF-o. IFN-y~ Spleen size -0.306 0.0093
Hemoglobin 0.262 0.0267
Neutrophils 0.287 0.0154
CD8*IL-2*TNF-ot IFN-y* Hemoglobin 0.334 0.0041
Hematocrit 0.249 0.0357
cog'ten Spleen size -0.325 0.0053
Hemoglobin 0.308 0.0084
Hematocrit 0.270 0.0224
Leukocytes 0.501 <0.0001
Neutrophils 0.442 <0.0001
Lymphocytes 0.262 0.0259
Monocytes 0.348 0.0027
Eosinophils 0.407 0.0015
CcDg Leukocytes -0.257 0.0291
Monocytes -0.368 0.0014
MA CD4*IFN-y* total frequencies Liver size -0.344 0.0499
Monocytes 0.432 0.0120
MA CD4*IFN-y* iIMFI Liver size -0.348 0.0467
Monocytes 0.381 0.0286
MA CD4*TNF-a* total frequencies Hemoglobin 0.364 0.0371
Hematocrit 0.369 0.0245
Platelets 0.387 0.0258
Leukocytes 0.487 0.0040
Neutrophils 0.458 0.0073
MA CD4*TNF-a.* iMFI Liver size -0.472 0.0055
Spleen size -0.566 0.0006
Platelets 0.358 0.0404
Leukocytes 0.418 0.0155
MA CD8*IFN-y" total frequencies Platelets -0.388 0.0496
LAMB CD4*IL-2" total frequencies Lymphocytes -0.274 0.0427
LAMB CD4*IL-2* iMFI Eosinophils 0.316 0.0412
LAMB CD8*IL-2* iMFI Lymphocytes -0.274 0.0450

Correlation analysis between variables was performed using Spearman’s two-tailed method.
L AMB, liposomal amphotericin B; MA, meglumine antimoniate; iMFI, integrated mean fluorescence intensity.
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OEBPS/Images/table1.jpg
Clinical DO D7 (n=11) D14 (n = 11) D21 (n=12) D30 (n=11) D60 (n = 12) D90 (n = 10) D180 (n =9)
outcomes (n=12)
Mean Mean p< Mean p< Mean p< Mean p< Mean p< Mean p< Mean p<
(SE) (SE) (SE) (SE) (SE) (SE) (SE) (SE)
Spleen (cm) 48(1.38) 36(1.2 0015 22(1.1) 0031 24(1.00 0015 1.6(0.8) 0.007 0.45 0.015 0.45 0.046 0 0.031
(0.45) (0.45) ©)
Liver (cm) 37(06) 2205 0001 1.6(0.7) 0007 26(1.0 008 29(09 0031 23(1.0 0086 027 0003 0.1(0.1) 0003
0.27)
Hemoglobin 8.7(0.38) 8.7(0.47) 0.764 10(0.49) 0.046 10.2 0.004 1.5 0.001 18.5 0.002 13.8 0.002 14.0 0.002
(g/dl) (0.55) 052) 0.28) 0.51) 0.33)
Hematocrit (%) 25.64 5622 0.375 30.5(1.5) 0.031 63.63  0.003 65.9 0.002 79.63 0.008 4164 0002 4294 0.003
(1.0 (30.2) (32.5) (31.6) (39.6) (1.6) 0.9
Platelets (x107)  102.27 180.17 0.009 196.41 0031 21865 0002 260.06 0002 260.60 0.002 26230 0.002 25860 0.002
(13.04)  (33.14) (32.72) (34.03) (38.09) (28.20) (©@4.71) (19.98)
Leucocytes 2,266 2,873 0018 5123 0015 5426 0.001 6,239  0.001 6,441 0.002 6,996 0.002 6539 0.002
(/mmd) 8025)  (470.2) (941.1) (©82.3) (340.5) (445.1) (692.1) (481.4)
Neutrophils 1,369 2,127 0174 2824 0218 2919 0.053 3,601 0.006 338 0.0038 4,072 0005 3508 0.003
(/mm?®) (381) (636.3) (932.4) (844.4) (369.9) (306.8) (463.9) (355.6)
Lymphocytes 872.7 1,073  0.002 1,453  0.031 1,650  0.001 1,738 0.001 2,212 0.002 2,062 0.002 2,144 0.002
(/mm?) (110.5)  (1452) (192.5) (143) (177.1) (275.1) (282.4) (265)
Eosinophils 45.3 76.8 0.125 2028 0.250 287 0.062 4299 0.031 388(123) 0.125 3206 0.125 308.8  0.062
(/mm®) (19.1) @22 ©1.3) (109.8) (172.5) (105.9) (70.75)
Monocytes 280.2 4438  0.320 523 0.109 5543 0.024 4582 0.067 4917 0.039 4925 0037 5272 0.013
(/mmd) 447)  (1403) 83.0) (95.2) (57.6) (44.4) (38.4) 46.7)

Patients were evaluated on day 0 (D0), day (D7), day 14 (D14), day 21 (D21), day 30 (D30), day 60 (D60), day 90 (D90), and day 180 (D180) after the beginning of the treatment. Size
increases of spleens and livers are expressed as the distances to the rib border in cm. Al results are expressed as means + SE values. p-Values express significant differences between
each treatment time and day 0 as disclosed by Wilcoxon matched-pairs rank test.

VL, visceral leishmaniasis.
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