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SUMMARY:

Cytotoxic activity mediated by CD8+ T cells is the main signature of the immunopathogenesis of 

cutaneous leishmaniasis (CL). Here, we performed a broad evaluation of NK cells phenotypic and 

functional features during cutaneous leishmaniasis. We demonstrate for the first time that CL 

patients present the accumulation of circulating NK cells with multiple features of replicative 

senescence including low proliferative capacity and shorter telomeres, elevated expression of 

CD57, KLRG-1 but diminished CD27 stimulatory receptor expression. Moreover, they exhibited 

higher cytotoxic and inflammatory potential than age-matched controls. The accumulation of 

circulating senescent NK cells (CD56dimCD57brigh) correlated positively with skin lesion size in the 

same patients, suggesting that they, like circulating senescent CD8+ T cells, may contribute to the 

immunopathology of CL. However, this senescent population had lower CLA expression and thus 

diminished skin-homing potential compared to total or senescent (EMRA) CD8+ T cells.  This was 

confirmed in CL skin lesions where we found a predominance of CD8+ T cells (both senescent and 

non-senescent) that correlated with the severity of the disease. Although there was also a 

correlation between the proportions of senescent NK cells (CD56+CD57+) in the skin and lesion 

size, this was less evident. Collectively our results firsthand demonstrate that senescent cytotoxic 

cells may mediate the skin pathology during human cutaneous leishmaniasis. However, since 

senescent cytotoxic CD8+ T cells predominate in the skin lesions, they may have a greater role 

than NK cells in mediating the non-specific skin damage in CL.
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INTRODUCTION

Leishmania braziliensis is the main causal agent of American tegumentary leishmaniasis, a 

serious neglected tropical disease where destructive cutaneous lesions develop (WHO, 2015). In 

cutaneous leishmaniasis, a good prognosis is related to the predominance of a cellular Th1-type 

response with production of IFN-γ, TNF-α and activation of parasite-infected macrophages. On the 

other hand, the exacerbated Th1-immunity and cytotoxic response were identified as key elements 

in the immunopathogenesis of both murine and human cutaneous leishmaniasis caused by L. 

braziliensis (Faria et al. 2010; Novais et al. 2017; Novais et al. 2013; Santos et al. 2013). The 

gene expression analysis in CL skin lesions revealed that cytotoxicity-related genes are 

overexpressed compared to the cytokine pathway (Novais et al., 2015), representing the main 

signature of L. braziliensis infection. In CL-patients the accumulation of cytotoxic CD8+ T cells or 

granzyme B producing cells were linked with the severity of CL (Faria et al. 2010). We showed 

recently that CD8+ T cells are driven towards senescence acquiring high cytotoxic potential and 

skin homing capacity, which may promote the skin damage (Covre et al., 2018). Although the role 

of cytotoxic and senescent CD8+ T cells in the immunopathology in CL is established, it is not 

clear if senescent NK cells also have a role in this process. 

Natural killer (NK) compose 5% to 20% of peripheral blood mononuclear cells in humans 

and play a central role in the imunosurveillance through the cytotoxic and proinflammatory 

activities, without a requirement for prior sensitization (Ferraz et al., 2017). Similar to observations 

in the T cell pool, the differentiation state of NK cell modulates their functional capacity, which is 

still unknown in the context of Leishmania infection. NK cells may be divided into distinct 

phenotypic and functional subsets based on the relative expression of cell-surface CD56 and 

CD16 (FcRIIIa) (Lopez-Verges et al., 2010). The CD56bright NK subset has increased 

immunoregulatory and proliferative capacity after stimulation with cytokines, while the CD56dim 

cells (the majority population ~ 90%) represents the most differentiated subset. The protective role 

of NK cells during CL is demonstrated by the increased proliferative activity in cured individuals 
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compared to patients with active lesions (Maasho et al., 1998). Furthermore, higher numbers of 

CD56+ cells are found in the peripheral blood and lesions of patients with diffuse cutaneous 

leishmaniasis (DCL) who have a positive response to immunotherapy (Pereira et al., 2009). 

Conversely, dysfunctional NK cell activity is linked to susceptibility and severity of human visceral 

leishmaniasis (VL) (Manna et al., 1993) and mucocutaneous leishmaniasis (Brodskyn et al., 1997).

The pivotal balance that regulates either the functional activity of senescent CD8+ T cells or 

NK cytotoxic cells in blood and lesions of CL patients is poorly understood. Here, we characterized 

the phenotypic and functional profiles of circulating NK cell subsets in these individuals. We found 

that L. braziliensis infection induces the terminal differentiation of both CD8 and NK cells with a 

high cytotoxic and inflammatory potential that is related to the pathology of CL. We found that 

while senescent NK cells predominate in the blood compartment, senescent CD8+ cells are 

preferentially localized in the cutaneous lesions and their presence is significantly associated with 

the tissue damage. Our results provide a broad understanding of the relationship between 

systemic and skin immunity and establish for the first time the relative roles of NK and CD8+ T 

cells in the pathogenesis of CL.

MATERIALS & METHODS 

Study subjects. Peripheral blood from 16 untreated cutaneous leishmaniasis (CL) patients 

attending University Hospital (HUCAM) of Universidade Federal do Espirito Santo, Brazil were 

investigated in this study. They consisted of 9 males and 7 females with illness duration ranging 

from 30 to 120 days and lesion sizes ranging from 200–600 mm2. The diagnosis of CL was based 

on clinical and laboratory criteria and all patients in this study were positive for the PCR/restriction 

fragment length polymorphism of L. braziliensis and reported no prior infections or treatment. The 

control group consisted of 16 healthy age and gender matched individuals (HC) living in a non-

endemic area without a history of leishmaniasis. All study participants (patients and healthy 

volunteers) were soronegative for HIV, HBV and HCV infections, had no history of chemotherapy, 
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radiotherapy or treatment with immunosuppressive medications within the last 6 months. They 

provided written informed consent, and study procedures were performed in accordance with the 

principles of the Declaration of Helsinki. This study was registered at HUCAM ethical committee 

under referential number 735.274. 

PBMC isolation, cell sorting and culture: PBMC from CL and HC patients were isolated by 

centrifuging whole blood through a Ficoll-Hypaque (GE Healthcare) gradient followed by 

hemocytometry to determine absolute live cell number. Both NK and K562 cells were cultured in 

complete medium (RPMI-1640 supplemented with 10% heat-inactivated FCS, 100 U/mL penicillin, 

100 mg/mL streptomycin, and 2 mM L-glutamine; Invitrogen). NK cells were negatively isolated 

from PBMC fraction using an NK Cell Isolation Kit/ VARIOMACS system (Miltenyi Biotec) 

according to the manufacturer’s instructions.

Flow cytometric analysis. Flow cytometry was performed with the following antibodies: 

Live/Dead Blue Fixable Stain (L23105, Thermo Scientific), anti-CD3 (UCHT1), anti-CD16 (3G8), 

anti-CD27 (M-T271), anti-CD57 (NK-1), human cutaneous lymphocyte antigen (CLA) FITC 

(HECA-452), granzima B (GB11), perforina (∂G9), anti-CD107a and Ki67 (B56) from BD 

Biosciences. Anti-CD7 (M-T701), anti-CD56 (HCD56) and anti-KLRG1 (REA261) from Miltenyi 

Biotec. For surface markers, staining was performed at 4°C/ 30 min in the presence of saturating 

concentrations of antibodies. For intracellular analysis cells were fixed and permeabilized with the 

Fix & Perm® Kit (Invitrogen, Life Technologies, UK), before incubation with indicated antibodies. 

Intracellular staining for Ki67 was performed with Foxp3 Staining Buffer Set (Miltenyi Biotec, 

Bisley, UK). Samples were acquired in a Fortessa X-20 cytometer (BD Biosciences) and analysed 

using FlowJo software (Treestar).
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Telomere hybridisation. Isolated NK cells were fixed on poly-L-lysine coated glass slides and 

processed for fluorescence in situ hybridization (FISH), as described previously (Agaram et al., 

2014). Samples were hybridized with peptide nucleic acid probes for the telomere (TelC-Cy3 

probe, 5′- CCCTAACCCTAACCCTAA-3′; (Cambridge Research Biochemicals) and the nuclei 

were stained with 4′,6-diamidino-2-phenylindole (DAPI; Molecular Probes). Images were acquired 

using a Leica SPE2 confocal microscope using LAS X software. Images corresponded to a full Z-

stack with 0.5µm step size and were projected at maximum intensity and analysed using ImageJ 

version 2.0.0-rc-43/1.51q. 

Calcein-release cytotoxicity assay. The cytotoxic activity was assessed using the K562 cells 

(human erythroleukemia cell line) as target. Briefly, 20,000 K562 cells were labelled with Calcein-

AM (Sigma-Aldrich) at 10 μM for 1 hour and plated in a 96-well flat-bottom and co-culture with NK 

cells in complete medium containing 500 IU/mL rhIL-2 (Miltenyi Biotech). Effector and target cells 

were combined at a ratio of 40:1 in triplicate. After 4 hours of co-culture fluorescence was 

measured in 75 μl of cell culture supernatant using a Spectramax Gemini spectrofluorimeter. 

Specific lysis was calculated as % killing = (test release–spontaneous release) / (max release–

spontaneous release) x 100. 

CD107a degranulation assay. Isolated NK cells were incubated at 37°C for 4h with target K562 

cells, at a effector to target (E:T) ratio of 2:1, in the presence of APC-conjugated CD107a antibody 

(BD Biosciences), as previously described (Aktas et al., 2009). After incubation, cells were stained 

for surface markers and CD107a expression and analyzed by flow cytometry.

Immunofluorescence analysis. For confocal microscopy, 8mm punch biopsies from the edge of 

lesional skin were embedding in OCT and freezing on liquid nitrogen and preserved at −80 °C until 

use.  Healthy (uninfected) skin samples were taken from volunteers using a 4 mm punch. The 
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frozen skin samples were longitudinally sectioned at 8μm thickness and placed on microscopy 

glass slides. Immunofluorescence staining was performed and images were analysed on the 

SlidePath Digital Image Hub (Leica) with Definiens Tissue Studio 3.6 (Definiens AG). Multiple 

primary staining of nuclei with DAPI (1 μg/mL), granzyme B (Abcam-4059), CD57 (187274-

Abcam), CD8 (MCA352-BioRad) and CD56 (56C04-Thermo) was performed. The secondary 

staining was carried out using the following antibodies anti-rat (A11006), anti-mouse (A21124) or 

(A21046) and anti-rabbit (A21244) all from Thermo Scientific. Analysis was performed in manually 

selecting regions of interest (ROI) using Chromoplex Staining Detection system (Leica 

Biosystems). The cell and markers frequencies were defined according to the evaluated marker 

and cell nuclei of each ROI. Imaged with a 20× objective (200 × magnification) on an upright 

confocal microscope with a 710 Metahead (Zeiss) by z-stack tile-scans. 

Granzyme B and cytokines determination. Granzyme B, IL-2, IFN-γ and TNF- were 

determined in cell culture supernatant of NK-cytotoxicity assays using cytokine bead array (CBA) 

(Flex Set from BD Biosciences) according to the manufacturer’s instruction.

Proliferation assay. Sorted NK cells were cultured in the presence rhIL-2 (100 U/mL) for 48h, 

followed by intracellular staining for the cell cycle related nuclear antigen Ki67 Alexa Fluor 647 

(B56) from BD Bioscience and analysed by flow cytometry. Supplemented culture medium without 

rIL-2 was used as control.

tSNE analysis. Unbiased representations of multi-parameter flow cytometry data were generated 

using the t-distributed stochastic neighbour embedding (tSNE) algorithm. The R package ‘Rtsne’ 

available on CRAN (github.com/jkrijthe/Rtsne) was used to perform the Barnes Hut 

implementation of tSNE on flow cytometry data, where a similar number of events from each 
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sample were analyzed in parallel based on the fluorescent parameters and grouped near to each 

other based on the similarity expression levels.

Statistics: GraphPad Prism (version 7) was used to perform statistical analysis. Statistical 

significance was evaluated using the paired Student t-test. Mann-Whitney test was performed for 

all continuous, nonparametric variables and correlations were calculated using Pearson’s 

correlation coefficient.  Differences were considered significant when p was <0.05. 

RESULTS

Patients with localized cutaneous leishmaniasis have an increase in the number of 

circulating NK cells that present a mature/senescent phenotype.

First, we investigated the heterogeneity of circulating NK cell populations among healthy 

control (HC) and cutaneous leishmaniasis patients (CL) groups. The percentage of total NK cells 

identified as CD3-CD7+CD56+ (Supplementary figure 1) was similar in PBMC from CL compared to 

HC group (Figure 1A). However, compared to HC group, NK cells from CL patients have a 

decreased frequency of CD56bright and increased frequencies of CD56dim subset (Figure 1B) as 

well higher frequencies of mature CD16+CD56dim subset (Figure 1C), both constituting the most 

mature NK populations.

The simultaneous expression of CD57 and KLRG1 and loss of CD27 co-stimulatory 

receptor have been used to define highly differentiated T and NK cells that exhibit characteristics 

of cellular senescence (Lopez-Verges et al., 2010; Luetke-Eversloh et al., 2013). CL patients 

demonstrate increased frequencies of CD57 and KLRG1 in the total NK pool compared to HC 

group that was mainly found in the mature CD56dim subset (Figure 2A and B). The acquisition of 

CD57 expression is gradual and we observed an accumulation on CD57bright cells in CL patients 

(Figure 2C and D). This supports that circulating NK cells are driven towards senescence during 

CL. 
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NK cells from cutaneous leishmaniasis patients exhibit increased effector function but low 

proliferative capacity and telomere erosion 

We therefore next assessed the pro-inflammatory cytokine secretion, degranulation and 

the killing potential of circulating NK cells against MHC class I deficient- K562 cells. Compared to 

controls, CL- NK cells displayed both higher degranulation and greater killing capacity of the target 

cells (Figure 3A). Moreover, they secreted significantly increased levels of IFN-γ, TNF-α and 

granzyme B (Figure 3A) but showed less proliferation after IL-2 activation (Figure 3B), which was 

accentuated within the CD56dim CD57bright subset  (Figure 3C). Moreover, QFISH analysis in 

isolated NK cells from CL patients showed shorter telomeres that were significantly lower (1.7 to 

1.9- fold) than those observed in the HC group (Figure 3D), 

We next evaluated the ex vivo capacity of senescent NK cells to produce cytotoxic 

mediators. Thus, we found that CD57dim and CD57bright cells spontaneously produce a higher 

amount of granzyme B and perforin compared to the less mature phenotype (CD57neg) (Figure 4A 

and B). Thus, senescent NK and T cell have increased cytotoxic and pro-inflammatory capacity 

(Pereira and Akbar, 2016), which may potentially contribute to the pathogenesis of CL.

Accumulation of senescent cytotoxic NK cells correlates with lesion size observed in CL 

patients

We found that CL patients who had the highest proportion of senescent/cytotoxic CD57bright 

NK cells (Figure 2C) had the largest cutaneous lesions (Figure 4C) suggesting that they have a 

role in the cutaneous immunopathology as was shown previously for senescent (EMRA) CD8+ T 

cells in these patients (Covre et al., 2018). Furthermore, we found a significant correlation 

between the increase in senescent NK and senescent CD8+ T cells in the same patients (Figure 

4D) suggesting that related mechanisms induce the expansion of both populations in the 

circulation of CL patients.
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Senescent CD8 T and NK cells in the circulation have different cytotoxic capacity and 

migratory potential into the skin of CL pathogenesis

We next compared the spontaneous skin-homing capacity, proliferative and cytotoxic 

potential of circulating senescent NK (CD57bright) and senescent CD8+ (EMRA) T cells from the 

same donors. We found that senescent NK cells (CD57 bright) produced increased amount of 

perforin, granzyme B and CD107 compared to senescent CD8+ T cells (EMRAs) in the same 

individuals. Furthermore, although the senescent NK subset exhibits a high proliferative potential 

(Ki67+), they showed a lower capacity for skin homing, as demonstrated by the CLA expression 

compared to CD8+ EMRA T cells (Figure 5D-E). The total CD8+ T and NK cell populations from the 

patients showed higher levels of perforin, granzyme B and CD107 expression compared to healthy 

controls (Suplementary Figure 2A-C). In contrast, the circulating CD8+ T cells exhibited increased 

skin homing but decreased proliferative potential compared to the NK cells from the same CL 

patients (Supplementary Figure 2D,E). In addition, no differences in total frequencies of both NK+ 

and CD8+ cells pool were observed in patients and controls (data not show).  

We confirmed the functional profile of cytotoxic senescent cells by the t-distributed 

Stochastic Neighbor Embedding (t-SNE) algorithm (Amir et al., 2013). We arbitrarily identified 2 

different clusters of CD8+ EMRA (Green) and CD57bright (Red) subsets on the basis of population 

boundaries distinguishable on the t-SNE density plots (Figure 5F) and the expression intensity of 

markers in each cluster were displayed using a heat map. As expected, NK CD57bright had 

increased Ki67, CD107a, and perforin while expressing lower levels of CLA compared to CD8+ 

EMRA T cells. Granzyme B expression overlap across the distinct clusters defined in the t-SNE 

map and show a similar distribution in both subsets (Figure 5F).
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Senescent cytotoxic cells accumulate in the skin and correlate with lesion size of CL 

patients.

We next investigated the presence and function of NK and CD8+ T cells and their 

senescent subsets in the skin lesions to determine their relative contribution to the observed 

immunopathology. Representative immunofluorescence micrographs demonstrate a significant 

accumulation of granzyme-producing cells in the lesions (Figure 6A, C and E) with a 

predominance of CD8+ T cells compared to NK cells (Figure 6F). Interestingly, there was a 

significantly greater accumulation of senescent CD8+ T compared to senescent NK cells in the 

skin of CL patients (Figure 6G). This suggests that the increased potential for skin homing through 

the higher expression of CLA leads to a preferential accumulation of senescent CD8+ T cells in the 

skin lesions of CL patients that extends previous observations (Covre et al., 2018). 

We correlated the size of the skin lesions in patients with cutaneous leishmaniasis with the 

extent of CD8+ T cells or NK cell infiltration. We found that there was a positive correlation 

between the accumulation of total CD8+ T cell but not NK cells in the skin and lesion size (Figure 

6H). Interestingly, the accumulation of senescent CD8+ T cells strongly correlate with lesion size 

while a weak correlation is linked to the differentiated NK cells (Figure 6I).  This suggests that 

CD8+ T cells in the skin have a relatively greater impact that NK cells on the immunopathology in 

the skin of patients with CL. 

DISCUSSION 

CD8+ T cells play a key role in CL immunopathology through cytotoxicity, however the 

contribution of NK cells to this process is unresolved. NK cell function changes from immature 

CD56bright and mature but naïve CD56dimCD57− population that produce high amounts of cytokines 

to terminally differentiated/ senescent CD56dimCD57+ subset exhibiting strong cytotoxic activity 

(Lopez-Verges et al., 2010; Nielsen et al., 2013). Moreover, the acquisition of senescence 

characteristics in NK cells, acquired through persistent antigen exposure and/or chronic infection, 
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is associated with the expression of CD16, CD57, KLRG1 and loss of CD27 (Müller-Durovic et al., 

2016; Tarazona et al., 2001), as demonstrated in our findings.

Given the pathogenic potential of both T and NK cytotoxic compartments, we tested their 

potential for skin-homing. Although circulating NK cells exhibited potent cytotoxicity and 

inflammatory function compared to CD8+ T cells they showed reduced CLA expression and thus 

capacity to home to the skin. This raised the possibility that NK cells in CL may exert their function 

preferentially in the circulation of the patients while CD8+ T cells may exhibit their function in the 

skin of the patients. 

  CD8 T cells expressing higher levels of CLA are found in patients with cutaneous 

disorders (Ferran et al., 2008; Koelle et al., 2002) including cutaneous leishmaniasis (Covre et al. 

2018; Mendes-Aguiar et al. 2009; Santos et al. 2013) compared to healthy subjects. This raises 

the question of how CLA expression is induced on these cells. Although proinflammatory cytokines 

have been shown to induce CLA expression on T cells (Akdis et al., 1999), both T cells and NK 

cells in CL patients are exposed to the same inflammatory environment in vivo yet there is a 

difference in expression of this molecule between both subsets.  Alternatively, it is possible that 

specific CD8+ memory T lymphocytes are programmed to express CLA after antigenic stimulation. 

For example, the expression of CLA by memory CD8+ T lymphocytes increases during CL and is 

seen after Leishmania antigen recall in vitro (Covre et al. 2018; Mendes-Aguiar et al. 2009; Santos 

et al. 2013). Furthermore, CLA-negative precursor cells can be induced from CLA negative CD8+ 

T cells populations after TCR stimulation with viral and bacterial antigens (Koelle et al., 2002; 

Sieling et al., 2007). Therefore the increase in CLA expressing CD8+ T cells that harbour 

senescence characteristics during CL may arise from extensive TCR activation and proliferation 

resulting from stimulation with L. braziliensis antigenic epitopes. In contrast as NK cells are not 

activated by the TCR, CLA expression is not induced by them.  

Analysis of gene expression in CL skin lesions has shown that cytotoxicity-related genes 

are overexpressed compared to the Th1 cytokine pathway and this represents the main signature 
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associated with the promotion of the tissue damage and skin ulceration during cutaneous 

leishmaniasis caused by L. braziliensis (Novais et al., 2015). Despite this, not much is known of 

the overall effector mechanisms including cytotoxicity mediated by NK cells in human cutaneous 

leishmaniasis.  It has been previously shown that the pathogenic role of CD8+ T cells in both 

human and murine CL caused by L. braziliensis infection occurs through cytotoxic and pro-

inflammatory activity that correlates with lesions size in patients (Faria et al. 2010; Melby et al. 

1994; Novais et al. 2013; Santos et al. 2013). Our results show that cytotoxic (and senescent) 

CD8+ T cell preferentially accumulate in the skin lesions of CL patients compared to NK cells 

suggesting that a functional compartmentalization of these cells occurs in CL. While senescent NK 

cells preferentially exert their function in the circulation, senescent CD8+ T cells preferentially exert 

their functional activity in the skin.   

A key unanswered question is the mechanism by which senescent CD8+ T cells induce the 

immunopathology in the skin of CL patients. It is well recognized that there are very few parasite in 

CL lesions indicating that it is unlikely that there is extensive activation of these cells via the T cell 

receptor. One possibility is that the CD8 T cells in the lesions are inducing non- specific killing of 

healthy tissue. Previous studies have shown that senescent CD8+ T cells acquire the expression 

of functional NK receptors (Kurioka et al., 2018; Pereira et al., 2019). Furthermore, inflammation 

and also the development of senescence induces the expression of NK ligands in tissue cells 

(Pereira et al., 2019). Therefore skin homing CD8+ T cells in CL may mediate non-specific 

pathology by killing NKR-ligand expressing cells such as fibroblasts and keratinocytes in the skin. 

Supporting this possibility, both NKG2D and Rae1γ (an NKG2D ligand in the mouse) are 

expressed by a large number of leukocytes within skin lesions induced by L. major infection in 

mice (Crosby et al., 2014) regardless of the parasitic load of the lesion. In addition, the blockade of 

NKG2D in L. major-infected mice prevents lysis of target cells and reduces lesion development in 

vivo (Crosby et al., 2014). In preliminary studies we have also observed increased expression of 

both NKG2D on CD8+ T cells and MICA/ MICAB on stromal cells within CL patient lesions (Covre 
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et al., unpublished observations). This suggests that Leishmania-specific CD8+ T cells in the skin 

may participate in the development and severity of cutaneous leishmaniasis through non-antigen 

driven bystander cytotoxicity mechanisms.

Collectively our results underpin a broad understanding of systemic and local changes in 

both blood and skin of patients with CL identifying the discrete compartmentalization of NK activity 

in the blood and CD8+ T cell activity in the skin of the patients. Furthermore we suggest that CD8+ 

T cells and not NK cells are mainly responsible for the non-specific skin lesional pathology. This is 

the first demonstration of an immunopathogenic role for senescent T cells in vivo.  

ACKNOWLEDGMENTS. Authors would like to thank the Fundação de Amparo a Pesquisa do 

Espírito Santo- FAPES/ Newton Fund and Medical Research Council- UK (Grant 72939273/16); 

Fundação de Amparo a Pesquisa do Espírito Santo- FAPES (Grant 90/2017); Fundação de 

Amparo a Pesquisa do Espírito Santo- FAPES/ Ministério da Saúde (Grant 83152997/2018) and 

Coordination for the Improvement of Higher Education Personnel - CAPES- Brazil. We also thank 

Dr. Régia Martins and MSc. Juliana Araújo (PPGDI-UFES) for technical support.

CONFLICT OF INTEREST. The authors state no conflict of interest. 

REFERENCES:

Agaram NP, Zhang L, Sung YS, Singer S, Antonescu CR. Extraskeletal myxoid chondrosarcoma 

with non-EWSR1-NR4A3 variant fusions correlate with rhabdoid phenotype and high-grade 

morphology. Hum. Pathol 2014; 45:1084-91. 

Akdis M, Simon HU, Weigl L, Kreyden O, Blaser K, Akdis CA. Skin homing (cutaneous 

lymphocyte-associated antigen-positive) CD8+ T cells respond to superantigen and contribute to 

eosinophilia and IgE production in atopic dermatitis. J Immunol 1999; 163:466-75.  

Aktas E, Kucuksezer UC, Bilgic S, Erten G, Deniz G. Relationship between CD107a expression 

Page 14 of 28Immunology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

15

and cytotoxic activity. Cell. Immunol 2009; 254:149-54.

Amir EAD, Davis KL, Tadmor MD, Simonds EF, Levine JH, Bendall SC, et al. ViSNE enables 

visualization of high dimensional single-cell data and reveals phenotypic heterogeneity of 

leukemia. Nat. Biotechnol 2013; 31:545-52. 

Brodskyn CI, Barral A, Boaventura V, Carvalho E, Barral-Netto M. Parasite-driven in vitro human 

lymphocyte cytotoxicity against autologous infected macrophages from mucosal leishmaniasis. J. 

Immunol 1997; 159:4467-73.

Covre LP, Martins RF, Devine OP, Chambers ES, Vukmanovic-Stejic M, Silva JA, et al. Circulating 

Senescent T Cells Are Linked to Systemic Inflammation and Lesion Size During Human 

Cutaneous Leishmaniasis. Front. Immunol 2019;9:3001. 

Crosby EJ, Goldschmidt MH, Wherry EJ, Scott P. Engagement of NKG2D on Bystander Memory 

CD8 T Cells Promotes Increased Immunopathology following Leishmania major Infection. PLoS 

Pathog 2014; 10:e1003970. 

Faria DR, Souza PEA, Durães FV, Carvalho EM, Machado PR, Dutra WO. Recruitment of CD8+ T 

cell expressing granzyme A is associated with lesion progression in human cutaneous 

leishmaniasis Parasite Immunology 2010; 3:432–9. 

Ferran M, Giménez-Arnau AM, Bellosillo B, Pujol RM, Santamaria-Babi LF. Circulating CLA+ T 

cell subsets inversely correlate with disease severity and extension in acute psoriasis but not in 

chronic plaque psoriasis. Eur. J. Dermatology 2008; 18:647-50. 

Ferraz R, Cunha CF, Pimentel MIF, Lyra MR, Pereira-Da-Silva T, Schubach AO, et al. 

CD3+CD4negCD8neg (double negative) T lymphocytes and NKT cells as the main cytotoxic-

related-CD107a+ cells in lesions of cutaneous leishmaniasis caused by Leishmania (Viannia) 

braziliensis. Parasites & Vectors 2017; 10:219. 

Koelle DM, Liu Z, McClurkan CM, Topp MS, Riddell SR, Pamer EG, et al. Expression of 

cutaneous lymphocyte-associated antigen by CD8+ T cells specific for a skin-tropic virus. J. Clin. 

Invest 2002; 110:537–548.

Page 15 of 28 Immunology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

16

Kurioka A, Klenerman P, Willberg CB. Innate-like CD8+ T-cells and NK cells: converging functions 

and phenotypes. Immunology 2018; 154:547-556. 

Lopez-Verges S, Milush JM, Pandey S, York VA, Arakawa-Hoyt J, Pircher H, et al. CD57 defines a 

functionally distinct population of mature NK cells in the human CD56dimCD16+ NK-cell subset. 

Blood 2010; 116:3865–74. 

Luetke-Eversloh M, Killig M, Romagnani C. Signatures of human NK cell development and 

terminal differentiation. Front. Immunol 2013; 30:499. 

Maasho K, Sanchez F, Schurr E, Hailu  a, Akuffo H. Indications of the protective role of natural 

killer cells in human cutaneous leishmaniasis in an area of endemicity. Infect. Immun 1998; 

66:2698–704. 

Manna PP, Bharadwaj D, Bhattacharya S, Chakrabarti G, Basu D, Mallik KK, et al. Impairment of 

natural killer cell activity in Indian kala-azar: Restoration of activity by interleukin 2 but not by alpha 

or gamma interferon. Infect. Immun 1993; 61:3565-9. 

Melby PC, Andrade-Narvaez FJ, Darnell BJ, Valencia-Pacheco G, Tryon V V., Palomo-Cetina A. 

Increased expression of proinflammatory cytokines in chronic lesions of human cutaneous 

leishmaniasis. Infect. Immun 1994; 62:837–42. 

Mendes-Aguiar CDO, Gomes-Silva A, Nunes E, Pereira-Carvalho R, Nogueira RS, Oliveira-Neto 

MDP, et al. The skin homing receptor cutaneous leucocyte-associated antigen (CLA) is up-

regulated by Leishmania antigens in T lymphocytes during active cutaneous leishmaniasis: 

ORIGINAL ARTICLE. Clin. Exp. Immunol 2009; 157:377–384. 

Müller-Durovic B, Lanna A, Polaco Covre L, Mills RS, Henson SM, Akbar AN. Killer Cell Lectin-like 

Receptor G1 Inhibits NK Cell Function through Activation of Adenosine 5′-Monophosphate–

Activated Protein Kinase. J. Immunol 2016; 197:2891-99.

Nielsen CM, White MJ, Goodier MR, Riley EM. Functional significance of CD57 expression on 

human NK cells and relevance to disease. Front. Immunol 2013; 4:422. 

Novais FO, Carvalho AM, Clark ML, Carvalho LP, Beiting DP, Brodsky IE, et al. CD8+T cell 

Page 16 of 28Immunology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

17

cytotoxicity mediates pathology in the skin by inflammasome activation and IL-1β production. 

PLoS Pathog 2017; 13: e1006196. 

Novais FO, Carvalho LP, Graff JW, Beiting DP, Ruthel G, Roos DS, et al. Cytotoxic T Cells 

Mediate Pathology and Metastasis in Cutaneous Leishmaniasis. PLoS Pathog 2013; 9 e1003504. 

Novais FO, Carvalho LP, Passos S, Roos DS, Carvalho EM, Scott P, et al. Genomic Profiling of 

Human Leishmania braziliensis Lesions Identifies Transcriptional Modules Associated with 

Cutaneous Immunopathology. J. Invest. Dermatol 2015; 135:94-101. 

Pereira BI, Akbar AN. Convergence of innate and adaptive immunity during human aging. Front. 

Immunol 2016; 4:445. 

Pereira BI, Devine OP, Vukmanovic-Stejic M, Chambers ES, Subramanian P, Patel N, et al. 

Senescent cells evade immune clearance via HLA-E-mediated NK and CD8+ T cell inhibition. Nat. 

Commun 2019; 10:2387.

Pereira LIA, Dorta ML, Pereira AJCS, Bastos RP, Oliveira MAP, Pinto SA, et al. Case report: 

Increase of NK cells and proinflammatory monocytes are associated with the clinical improvement 

of diffuse cutaneous leishmaniasis after immunochemotherapy with BCG/Leishmania antigens. 

Am. J. Trop. Med. Hyg 2009; 81:378–83. 

Santos CDS, Boaventura V, Ribeiro Cardoso C, Tavares N, Lordelo MJ, Noronha A, et al. 

CD8+granzyme B+-mediated tissue injury vs. CD4+IFNγ+-mediated parasite killing in human 

cutaneous leishmaniasis. J. Invest. Dermatol 2013; 133:1533–40. 

Sieling PA, Legaspi A, Ochoa MT, Rea TH, Modlin RL. Regulation of human T-cell homing 

receptor expression in cutaneous bacterial infection. Immunology 2007; 120:518-25.

Tarazona R, DelaRosa O, Alonso C, Ostos B, Espejo J, Pea J, et al. Increased expression of NK 

cell markers on T lymphocytes in aging and chronic activation of the immune system reflects the 

accumulation of effector/senescent T cells. Mech. Ageing Dev 2001; 121:77-88.

WHO. Investing to overcome the global impact of neglected tropical diseases: third WHO report on 

neglected diseases 2015. Invest. to overcome Glob. impact neglected Trop. Dis. third WHO Rep. 

Page 17 of 28 Immunology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

18

neglected Dis. 2015. 

Legend to figures

Figure 1. Patients with cutaneous leishmaniasis present increased frequency on circulating NK cells 

within a CD56dim phenotype. (A) Frequency of total NK cells from healthy control donors (HC n=16) 

and patients with cutaneous leishmaniasis patients (CL n=16). (B) Frequency of CD56dim and 

CD56bright subsets within total NK cells and (C) cumulative frequencies of CD56dim and CD56bright 

subsets within CD16+ cells. The graphs or dot plots show median with 95% of confidence. The p 

values were calculated using Mann Whitney test.  *p <0.05, **p <0.01.

Figure 2. Circulating NK cells from CL patients increase the expression of differentiation 

markers.   (A) Representative histogram and (B) cumulative data of percentage of CD57, KLRG1 

and CD27 receptors in total NK cells and CD56dim and CD56bright subsets. (C) Representative 

histogram and (D) cumulative data of NK subsets frequencies expressing CD57. The analyses were 

performed by flow cytometry using samples from HC (n=10-16) and CL (n=10-16) groups. The 

graphs show median with 95% of confidence. The p values were calculated using Mann Whitney test. 

*p <0.05, ** p <0.01, *** p <0.001.

Figure 3.  NK cells from CL patients present pronounced inflammatory and functional profile and 

display features of cellular senescence. Purified NK cells (over 95% of purity) from HC (n=6) and 

CL (n=6) groups were co-cultured with K562 target cells (E:T ratio of 10:1) for 4h.   (A) The 

cytotoxic activity assessed by calcein-release lysis assay; degranulation capacity or production of 

granzyme B, IFN-γ and TNF-α were determined after co-culture. (B) Representative histogram and 

cumulative data of the proliferative capacity assessed by Ki67 staining of purified NK cells or (C) 

their subsets stratified by CD57 expression. Cells were cultured with IL-2 (100U/mL) for 48h. 

Results show the relative fold change normalized to the unstimulated control. (D) Telomere FISH 
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image in NK cells hybridized with telomere probe (TelC Cy3) and fold change of quantitative 

fluorescence intensity levels normalized with CL group. The graphs show median with 95% of 

confidence. The p values were calculated using Mann Whitney test.  *p <0.05, **p <0.01, p <0.001***, 

p <0.0001***.

Figure 4. Highly differentiated NK cell subset is cytotoxic and correlates with lesion size in 

patients.  Cumulative data of basal production of (A) granzyme B and (B) perforin in NK cell 

subsets stratified by CD57 expression. The analyses were performed by flow cytometry using 

samples from HC (n=7) and CL (n=7) groups. Results show the relative fold change normalized to 

the respective early differentiated- CD57neg subset. (C) Spearman’s correlation test between 

frequencies of CD57 subsets within CD56dim NK cells and lesions size (mm2) of CL patients (n= 

16) or (F) between frequencies of NK CD57bright and CD8+ EMRA subsets.  

Figure 5. Cytotoxic granules production, proliferative and migratory capacity are highly diverse 

across senescent CD8+ T and NK cells from HC and CL patients. (A-E) PBMC from healthy 

donors (HC) (n=7) and cutaneous leishmaniasis patients (CL) (n=7) were directly stained for 

surface and intracellular markers and analysed by flow cytometry. (F) t-SNE was performed gating 

on CD8+ EMRA and NK CD57bright cells from HC and CL groups. The level of expression of Ki67, 

CLA, CD107a, Perforin and granzyme B were evaluated separately on live cells generating the 

expression levels of the hierarchical clusters represented in red for high expression, whereas blue 

represents low expression (cold-to-hot heat map). 

Figure 6. Senescent cytotoxic cells accumulate in the skin and correlate with lesion size of CL 

patients. Histological sections of human skin punch-biopsy from CL patients (n=6) stained for DAPI 

(blue); NK or CD8+ T cells (green); granzyme B (red) and CD57 (grey). The yellow arrows indicate 

senescent cytotoxic cells. Representative images (Top panels A-D) and cumulative data of total 
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cytotoxic cells and granzyme-producing senescent cells frequencies (Bottom graphs E-G). Scatterplot 

showing the Spearman’s correlation test relationship between frequencies of NK and CD8+ T cells 

and lesion size (H) or NKCD57 and CD8+ T EMRA and lesion size. The graphs show median with 

95% of confidence. The p values were calculated using Mann Whitney test.  *p <0.05, **p <0.01, ***p 

<0.001, ****p <0.0001.

Supplementary figure 1. Representative gate strategy. (A) NK cells were identified from PBMC by 

gating on lymphocytes, single cells, live cells, CD3-negative and CD7-positive cells (B) Total NK 

cells stratified into 3 subsets accordingly CD56 and CD16 expression.

Supplementary 2. Circulating cytotoxic cells in LC patients. (A) PBMC from healthy donors (HC) 

(n=7) and cutaneous leishmaniasis patients (CL) (n=7) were directly stained for surface and intra-

cellular markers. Data show circulating total NK and T CD8+ cells-expressing (A) perforin; (B) 

granzyme B; (C) CD107; (D) Ki67 and (E) CLA. The graphs show median with 95% of confidence. 

The p values were calculated using Mann Whitney test.  *p <0.05, **p <0.01, ***p <0.001.
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