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Abstract: Localized cutaneous leishmaniasis caused by Leishmania braziliensis can either respond
well or poorly to the treatment or heal spontaneously; It seems to be dependent on the parasite
and/or host factors, but the mechanisms are not fully understood. We evaluated the in situ immune
response in eighty-two active lesions from fifty-eight patients prior to treatment classified as early
spontaneous regression (SRL-n = 14); treatment responders (GRL-n = 20); and non-responders (be-
fore first treatment/relapse, PRL1/PRL2-n = 24 each). Immunohistochemistry was used to identify
cell/functional markers which were correlated with the clinical characteristics. PRL showed signifi-
cant differences in lesion number/size, clinical evolution, and positive parasitological examinations
when compared with the other groups. SRL presented a more efficient immune response than GRL
and PRL, with higher IFN-γ/NOS2 and a lower percentage of macrophages, neutrophils, NK, B cells,
and Ki-67+ cells. Compared to SRL, PRL had fewer CD4+ Tcells and more CD163+ macrophages.
PRL1 had more CD68+ macrophages and Ki-67+ cells but less IFN-γ than GRL. PRL present a less
efficient immune profile, which could explain the poor treatment response, while SRL had a more
balanced immune response profile for lesion healing. Altogether, these evaluations suggest a differ-
entiated profile of the organization of the inflammatory process for lesions of different tegumentary
leishmaniasis evolution.

Keywords: host-parasite interaction; immunopathology; cutaneous leishmaniasis; spontaneous
healing; treatment relapse; in situ immune response; macrophages; cell-mediated immunity;
immunohistochemistry; CD163

1. Introduction

Leishmaniasis is an infectious disease mainly distributed in tropical and sub-tropical
regions with varied clinical presentation and the potential to cause deformities and death.
The main clinical presentations are visceral (VL) and tegumentary leishmaniasis (TL);
the latter of which can be subdivided into cutaneous (CL) and mucosal (ML) leishmani-
asis. In the last two decades, more than 1,000,000 cases of TL were reported to the Pan
American Health Organization (PAHO), with a yearly average greater than 50,000 cases.
In Brazil, TL is mainly caused by Leishmania (Viannia) braziliensis and the most common
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clinical presentation is termed localized cutaneous leishmaniasis (LCL) [1–5]. LCL is char-
acterized by one or a few painless ulcers in a single segment of the body, with infiltrated
erythematous-violaceous raised borders and a base containing granulations with a small
amount of purulent discharge. Cases of early spontaneous healing without treatment can
occur and have been identified during diagnosis; these cases are termed early spontaneous
regression [6]. Some hypotheses for this phenomenon are related to the early establishment
of a specific immune response that is efficient enough to eliminate the parasite [7–9].

Of the cases that demand specific treatment, some patients do not reach lesion healing
after one complete treatment cycle, which is characterized as therapeutic relapse. The
phenomenon of non-response to primary treatment has been increasingly reported in
the literature and is a great concern because the therapeutic arsenal for leishmaniasis is
still quite restricted [10–15]. Research groups have suggested that such occurrences of
therapeutic relapse could be due to different factors including patient weight, number of
lesions, co-infections, treatment regimens, parasite virulence, and whether the parasite
strain has developed resistance to the specific treatment [11,12,14,16–18]. Gagini et al. [19]
evaluated parasite isolates before treatment with meglumine antimoniate and when relapse
was characterized, and the results showed that even genetically similar isolates responded
differently to meglumine antimoniate. This suggests that factors other than parasite genetics
could have an influence on the therapeutic outcome in patients that have a poor response
to treatment. Furthermore, Baptista et al. [20] demonstrated that low-dose or intralesional
treatment did not induce in vitro resistance to antimonials. As yet, there is no conclusive
explanation for therapeutic relapse, making it difficult to identify cases with the potential
for poor therapeutic response.

The literature shows that spontaneous healing or the development of severe lesions in
TL is influenced by the immune response and characteristics of the organized inflammation
in the lesion sites [21–24]. In the murine model, ulcer formation has been suggested as
being a consequence of the inflammatory process and not necessarily caused by the parasite
load [25]. In humans, in situ studies of typical LCL lesions revealed the predominance of
T lymphocytes, macrophages, and neutrophils [26–29], and the proportion of these cells
seems to influence the lesion evolution. Some cytokines are also essential to the evolution of
TL lesions to healing; In addition to the well-known influence of immune responses with a
predominance of Th1 T lymphocytes (favoring infection control) or Th2 (favoring potential
parasite survival and consequently maintenance of active infection), other populations of
lymphocytes such as T helper 17 (Th17) may also be present. Interferon (IFN)-γ, for instance,
stimulates macrophages to increase the activity of the enzyme nitric oxide synthase 2
(NOS2), consequently, increasing the production of nitric oxide (NO), as well as superoxide
radicals, which are the main mediators of parasite death [30,31]. Infection with Leishmania
species of the Viannia subgenus also triggers macrophage activation. Macrophages are
highly plastic cells, showing a spectrum of phenotypes depending on the stimulus received
from the environment. Macrophages have enormous plasticity and can perform diverse
functions depending upon their phenotypic state, but for didactic purposes, they have
been classified as Classically activated (M1) macrophages or alternatively activated (M2)
macrophages [31]. M1 favors parasite control while M2 cells favor parasite growth and
survival, consequently, maintaining the lesion [32–35]; thus, the proportions of these
macrophage activation types could have an effect on lesion evolution. The presence of other
cell types such as T helper 17 (Th17) and T regulatory (T reg) cells could also influence the
disease evolution towards healing [36]. Extracellular trap (ET) formation, as a mechanism
to control parasite load, mainly by neutrophils (NETs), has also been demonstrated in
TL [28,37–39].

A few studies have assessed and compared the immune response in cases of CL
with early spontaneous healing and those that respond poorly to treatment [6,40–44].
The use of in situ skin inflammatory reaction tools is important to identify the structure
and organization of the in situ inflammatory process in TL and other diseases. Such
information allows the identification of the infectious agent and the type of cells, cytokines,
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and functional markers involved during the inflammatory response [23,45–48]. Studies with
these tools have demonstrated that interleukin (IL)-17 is involved in lesion chronicity [42].
Maretti-Mitra et al. [41] observed greater IFN-γ, IL-10, and tissue growth factor (TGF)-β
expression in the lesions of patients who evolved with non-response to treatment. Despite
the recognition of the role played by cytokines, the mechanism by which infection control or
therapeutic relapse occurs is still not fully understood [23,49–52]. Therefore, characterizing
and comparing the type and function of the cells involved in lesions that heal or relapse is
important to understand different clinical characteristics of TL.

The purpose of this study was to evaluate and compare some aspects of the in situ
immune response in the active cutaneous lesions of patients presenting early spontaneous
regression of TL (without treatment) and responders or non-responders to specific treatment
with meglumine antimoniate (prior to treatment and at therapeutic relapse). These findings
were then correlated with clinical and parasitological parameters in order to identify
possible related patterns.

2. Materials and Methods
2.1. Patients

Eighty-two active lesions from fifty-eight patients with the localized cutaneous form
of TL, as confirmed by parasite detection (culture, PCR, histopathology and/or immunohis-
tochemistry), were selected and classified into three groups: (A) lesions that evolved early
spontaneous regression during the diagnosis procedure and consequently no treatment
was required (SRL; n = 14); (B) “responders to meglumine antimoniate treatment” with no
relapse for at least 1 year of longitudinal monitoring (GRL; n = 20); and (C) “non-responders
to meglumine antimoniate treatment” (PRL; further divided as initial lesion—PRL1; n = 24,
and relapse—PRL2; n = 24). The specific treatment comprised the use of meglumine an-
timoniate administered intramuscularly at 5 mg Sb5+/kg/day for 30 days as previously
described [13,53,54]. Patients were monitored on the 15th day of treatment, at the end of
treatment (30 days), monthly up to 3 months post-treatment, and then at 6- and 12-months
post-treatment. Cases of worsening or lesion reactivation within the first three months after
treatment were considered “non-responders to primary meglumine antimoniate treatment”
(PRL). In this group, each patient was examined and the lesions were biopsied on two
occasions: at the time of the initial lesion (PRL1) and at the time when therapeutic relapse
was identified (PRL2). All patients underwent otolaryngology examination during the
follow-up period and no signs of mucosal lesions were detected in any patient. Patients un-
der 15 and over 80 years old were excluded due to the possibility of physiological changes
in the immune response. Comorbidities that could significantly alter the quality of the
immune response (HIV, chronic use of corticosteroids, decompensated diabetes mellitus,
neoplasms, autoimmune diseases, hepatitis), as well as patients, that for whatever reason
did not sign the informed consent form, were also excluded. The patients had no previous
history of infection with parasites of the genus Leishmania. The study was approved by
the institutional Research Ethics Committees of the Instituto Oswaldo Cruz and Instituto
Nacional de Infectologia Evandro Chagas (CEP-IOC: CAEE 88890518.6.0000.5248 and CEP-
INI: CAEE 88890518.6.3001.5262). The variables of interest for the characterization of the
study group were sex, age, size and number of lesions, lesion location and its character-
istics, and response to the treatment. When possible, the Leishmania species, isolated by
the culture of the tissue obtained during the biopsy, was characterized using multilocus
enzyme electrophoresis (MLEE), PCR of HSP-70, restriction fragment length polymorphism
(RFLP) with HaeIII and BstUI enzymes, and/or genetic sequencing [55].

2.2. Immunohistochemistry

The immunohistochemistry technique was carried out on 3 to 4-µm sections of cryop-
reserved tissue from the lesions affixed to silanized slides as previously described [26,43].
After a set of blockage steps, primary antibodies were added and the sections were in-
cubated for 12–16 h at 4 ◦C in order to perform a phenotypic (cell type) and functional
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(enzymes, surface molecules, and cytokines) characterization of the inflammatory infiltrate,
using antibodies against CD4 (clone 4B12), CD8 (clone 144B), CD22 (clone 4Kb128), neu-
trophil elastase (clone NP57), mast cell (clone AA1), CD56 (clone 123C3), CD25 (clone BC96),
Ki-67 (clone MIB-1), CD68 (clone EBM11) (all obtained from Dako-Carpinteria, CA, USA),
CD163 (clone EDHU-1; BioRad- Hercules, CA, USA), CD206 (clone 15-2; BioRad), NOS2
(iNOS; clone ab3523; Abcam- Waltham, Boston- USA), IFN-γ (clone B27; BD Biosciences
Pharmingen-San Diego, CA, USA), FoxP3 (clone PCH101; BD Biosciences Pharmingen),
ST2L (clone B4E6; MD bioscience- Oakdale, MN, USA), IL-33 (clone 390412; R&D Systems-
Minneapolis, MN-USA), and anti-Leishmania sp. (a kind gift from Dr. MF Madeira, INI-
Fiocruz-Rio de Janeiro, Brazil). The sections were incubated with biotinylated secondary
antibody (Zymed Laboratories Inc.-San Francisco, CA, USA), stained using the Histostain®-
Plus enzyme labeling kit containing streptavidin peroxidase (Invitrogen-Carlsbad, CA,
USA) and then the AEC staining kit (Zymed Laboratories Inc.), with intermediate washing
steps in PBS. Following this sequence, the sections were stained with Mayer’s hematoxylin
(Dako), then a coverslip was added with Faramount Mounting Medium (Dako). Negative
controls without primary antibodies were carried out. Slides were analyzed on an optical
microscope and the percentage of labeled cells was determined by counting 500 cells or
10 fields (1000× magnification). For NOS2 specifically, label intensity was determined by
the number of positive sites per 20× field: discrete (1 positive site), moderate (2 positive
sites), intense (3 positive sites), and very intense (4 a 5 positive sites), as previously de-
scribed [26]. The pictures were stored on the Motic Images Plus program (version 2.0, Motic
China Group Co. Ltd., Hong Kong, China).

2.3. Immunofluorescence

To enable double labeling, immunofluorescence was performed following the same
steps as conventional immunohistochemistry regarding the application of the primary
antibodies. Subsequently, sections were stained with specific fluorophore-conjugated
secondary antibodies, Alexa Fluor 488 (Invitrogen), R-phycoerythrin (PE; Invitrogen), and
DyLightTM 633 (ImmunoReagents-Raleigh, NC, USA). Fluoromount-G Mounting Medium
with DAPI (Invitrogen) was used to mount the slide and coverslip. Images were captured
on a Zeiss Axio lmager M1 microscope with the AxioVision software (Carl Zeiss Microscopy,
LLC, White Plains, NY, USA).

2.4. Statistical Analysis

A specific database was constructed for this study using the R 4.2.1 software (R Project
for Statistical Computing, The R Foundation, Vienna, Austria) and GraphPad Prism 8.0
(Dotmatics, Woburn, MA, USA). The Shapiro–Wilk test was used to verify the normality
of the data. Analysis of immunohistochemistry results of the active primary lesions was
compared two-by-two using the Mann–Whitney non-parametric test, while the Wilcoxon
test was used for samples paired in the same patient (PRL). The Kruskal–Wallis test was
used for the analysis and characterization of patient data and comparison of three or more
groups using Dunn’s Test correction. The chi-square exact test was used to analyze NOS2
expression. Data were presented in distribution as the mean ± SEM (minimum error) or as
the median. When applicable, p values ≤ 0.05 were considered significant.

3. Results
3.1. PRL Patients Had More Severe Skin Lesions and Showed Greater Positivity in the Parasite
Detection Tests

There were significant differences in the clinical parameters between the groups. PRL
cases presented the highest number of lesions (p = 0.032) and greatest lesion size (p = 0.05),
which varied from 5 to 90 mm in diameter (Table 1). Considering all patients, lower
limbs were the most affected (37.68%), followed by upper limbs (34.78%), trunk (15.94%),
neck (5.17%), and head (5.17%). The diagnosis of leishmaniasis was confirmed through
parasite detection in at least one of the three/four methods performed (culture, PCR,
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immunohistochemistry and/or histopathology). Patients presenting early spontaneous
healing lesions (SRL) mostly showed parasitological confirmation with only one positive
test, that being PCR in the majority of cases (85.71%); conversely, in the poor responder
group (PRL), 91.67% of patients had three or more positive exams (p < 0.0001, Table 1). In
39 patients (67.24% of the total), it was possible to characterize the parasite at the species
level; in all of these cases, the causative species was identified as L. braziliensis. Of these
39 patients, 23 were PRL, 13 were GRL, and 3 were SRL.

Table 1. Clinical-epidemiological and laboratorial characteristics of 58 patients with localized cuta-
neous leishmaniasis before treatment.

Clinical Characteristics

Variable SRL
(n = 14)

GRL
(n = 20)

PRL
(n = 24) p-Value

Sex
0.496Female 7 6 9

Male 7 14 15

Age
(Mean ± SEM) 37.00 ± 15.21 37.40 ± 16.00 37.29 ± 13.73

0.995
(Min–Max) (17–64) (16–72) (18–72)

Mean number of lesions 1.0 1.5 2.6
0.032 *(Min–Max) (1–1) (1–3) (1–9)

Largest diameter of a lesion (mm) 80 80 90
0.05(Min–Max) (10–80) (5–80) (5–90)

Mean diameter of a lesion (mm)
(Mean ± SEM) 29.16 ± 18.62 34.52 ± 16.15 40.09 ± 20.04 0.396

Evolution of lesions
(months) 4.4 ± 5.79 3.3 ± 2.60 4.5 ± 1.60

0.413
(Mean ± SEM)

(Min–Max) (1–3) (1–12) (1–7)

Number of positive parasitological exams

1
12 patients

(85.71%)
(A or B)

4 patients
(20.00%)

(A, B, or C)
0

<0.0001 **2
2 patients
(14.29%)

(A and B)

3 patients
(15.00%)

(A, B, or C)

2 patients
(8.33%)

(A, B, or C)

3 or more 0
13 patients

(65.00%)
(A, B, and C)

22 patients
(91.67%)

(A, B, and C)

* p-value calculated by Kruskal–Wallis test and ** Chi-square test. A, PCR; B, culture; C, immunohistochemistry
and/or histopathology. Patients were grouped as: SRL, spontaneous regression leishmaniasis; GRL, responders to
the specific treatment; and PRL, non-responders to the specific treatment.

3.2. Different In Situ Cellular Profiles Are Correlated with Patient Characteristics

Staining of the biopsy sections of the initial active lesions of the groups (SRL, GRL,
and PRL1), as well as the lesion at therapeutic failure (PRL2) showed significant differences
in all cell and functional markers, except for CD8, mast cell tryptase, and CD206. Table 2
shows the percent distribution of the markers evaluated in each group and Figures 1–5
show the comparative statistical analyses among the groups. Supplementary Figures S1–S3
demonstrate the comparison of the two moments of PLR patients using the Wilcoxon test.
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Table 2. In situ cell and inflammatory markers observed in the lesions of patients presenting localized
cutaneous leishmaniasis.

Marker
SRL %

(Mean + SEM)
(Min–Max)

GRL %
(Mean + SEM)

(Min–Max)

PRL1 %
(Mean + SEM)

(Min–Max)

PRL2 %
(Mean + SEM)

(Min–Max)

CD4
30.59 ± 2.38 29.71 ± 6.02 24.35 ± 4.07 24.39 ± 4.29
(27.18–34.31) (20.21–40.22) (18.00–35.63) (16.95–33.33)

CD8
26.81 ± 2.76 29.46 ± 4.32 28.13 ± 4.69 25.68 ± 5.76
(21.34–33.20) (22.94–36.72) (19.72–35.59) (13.95–40.40)

CD22
13.46 ± 1.87 19.28 ± 4.65 20.70 ± 5.16 20.30 ± 6.40
(12.10–18.75) (12.00–27.14) (13.00–30.88) (7.02–21.28)

CD68
17.00 ± 5.40 26.48 ± 5.20 30.34 ± 6.73 29.90 ± 5.48
(4.89–28.14) (17.67–37.10) (17.06–41.45) (20.79–41.51)

CD163
14.31 ± 6.12 19.21 ± 4.55 23.15 ± 5.08 22.37 ± 5.43
(6.47–23.40) (9.00–28.68) (12.72–30.88) (12.21–30.63)

CD206
16.52 ± 4.29 17.15 ± 4.13 17.90 ± 5.11 17.00 ± 5.52
(9.85–24.53) (5.44–23.44) (8.56–29.82) (7.44–27.66)

CD56
7.76 ± 4.05 19.00 ± 4.92 19.72 ± 7.11 19.77 ± 6.53
(4.31–22.38) (9.38–27.18) (7.23–37.08) (10.00–34.95)

Mast cell
Tryptase

7.44 ± 2.81 8.08 ± 3.08 7.51 ± 3.77 6.88 ± 3.16
(3.33–13.40) (4.00–13.23) (3.00–17.16) (3.00–16.58)

Neutrophil
elastase

19.49 ± 1.13 25.67 ± 3.93 22.32 ± 5.05 21.16 ± 6.16
(10.79–36.19) (19.98–35.14) (13.97–31.94) (10.21–33.95)

Ki-67
8.98 ± 0.03 16.82 ± 6.07 22.38 ± 5.10 21.47 ± 5.03
(4.79–17.15) (8.13–26.29) (14.02–33.59) (11.57–32.49)

FoxP3
12.92 ± 4.52 16.24 ± 4.06 12.83 ± 4.62 10.18 ± 4.11
(7.69–24.75) (10.58–25.18) (3.70–20.06) (2.71–19.61)

CD25
8.03 ± 4.29 16.78 ± 4.05 19.44 ± 5.71 18.16 ± 6.43
(3.41–19.96) (11.17–23.72) (10.00–27.27) (8.79–28.97)

IFN-γ 24.67 ± 4.74 18.86 ± 6.10 12.36 ± 4.15 14.86 ± 4.04
(13.22–32.61) (4.64–32.90) (5.23–16.43) (10.00–23.29)

ST2L
7.12 ± 2.22 14.27 ± 5.22 12.70 ± 4.26 11.31 ± 4.61
(4.00–11.89) (8.00–25.21) (6.00–21.11) (5.33–21.28)

IL-33
16.33 ± 4.70 9.91 ± 4.54 13.05 ± 5.11 11.98 ± 4.27
(4.80–24.16) (4.11–20.32) (4.11–20.32) (4.23–18.48)

Patient samples were grouped as: SRL, spontaneous regression; GRL, responders to the specific treatment; PRL1,
initial lesion of non-responders; and PRL2, relapse lesion of non-responders.

3.3. Distribution of CD4+ and CD8+ T Lymphocytes and CD22+ B Lymphocytes

CD4+ and CD8+ T lymphocytes presented homogenous distribution throughout the
dermis in all groups. PRL had fewer CD4+ T cells than SRL specifically, while GRL was
found to have significantly more CD4+ cells compared with the lesions of the other groups
(p < 0.0001; Figure 1), no statistically significant differences were observed in the groups
regarding CD8+.

CD22+ B lymphocytes were found in small clusters in all lesions with heterogeneous
and sparse distribution throughout the tissue. When all groups were compared, a significant
difference was identified (p < 0.0005), mainly due to more CD22+ cells in PRL when
compared with SRL, as SRL presented the lowest concentration of this cell marker (PRL1,
p = 0.0005; PRL2, p = 0.002; GRL, p = 0.01. Figure 1).
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Figure 1. Percentage of (A) CD4+, (B) CD8+, (C) CD22+, (D) CD56+, (E) Ki-67 and (F) Mast cells. Data
showed as mean and SEM. p value ≤ 0.05 was considered statistically significant. SRL: spontaneous
regression leishmaniasis (n = 14); GRL: responders to the specific treatment (n = 20); PRL1: non-
responders to the specific treatment (initial lesion) (n = 24) and PRL2: non-responders (relapse)
(n = 24). The Dunn’s Test correction was used.

3.4. M2 Macrophages Were Associated with Poor Treatment Response While IFN-γ and NOS2
Expression Were Related to a Better Response and Spontaneous Healing

Macrophages, identified by the pan-macrophage marker CD68, were homogeneously
distributed throughout the infiltrate and were present in all groups, although there was a
significant difference in the amount of CD68+ cells between the groups (p < 0.0001). SRL
presented the lowest amount of CD68+ staining and the highest IFN-γ+ staining (p = 0.0001;
Figure 2) as well as the greatest NOS2+ staining (Table 3). Inversely, a higher amount
of CD68+ staining was observed in PRL1 and PRL2 (Figure 2), but in these groups, the
presence of NOS2+ and IFN-γ+ cells was lower, mainly when compared with GRL.
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Table 3. NOS2 expression in the lesions of patients presenting localized cutaneous leishmaniasis.

Intensity Group
Number of Patients (% within Each Group)

p-Value
*

SRL GRL PRL1 PRL2

1
(discrete) 0 3 (15%) 11 (45.83%) 14 (58.34%)

2
(moderate) 3 (21%) 4 (20%) 9 (37.50%) 6 (25%) 0.0002

3
(intense) 4 (28%) 8 (40%) 3 (12.50%) 2 (8.33%)

4 to 5
(very intense) 7 (50%) 5 (25%) 1 (4.17%) 2 (8.33%)

* p-value calculated by chi-square test. Patient samples were grouped as: SRL, spontaneous regression;
GRL, responders to the specific treatment; PRL1, initial lesion of non-responders; and PRL2, relapse lesion
of non-responders. Intensity: discrete (1 positive site +), moderate (2 positive sites ++), intense (3 positive sites
+++), and very intense (4 to 5 positive sites ++++/+++++).
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Figure 2. Percentage of (A) CD68+, (B) IFN-γ, (C) CD163+, (D) CD206+ and (E) Leishmania spp. Data
showed as mean and SEM. p value ≤ 0.05 was considered statistically significant. SRL: spontaneous
regression leishmaniasis (n = 14; GRL: responders to the specific treatment (n = 20); PRL1: non-
responders to the specific treatment (initial lesion) (n = 24) and PRL2: non-responders (relapse)
(n = 24). The Dunn’s Test correction was used.
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In order to analyze the presence of alternatively activated macrophages, also known as
M2 macrophages, two specific markers were used: CD163 (scavenger receptor) and CD206
(mannose receptor). Both markers were homogenously distributed throughout the tissue of
all lesions and no statistically significant differences were observed in the groups regarding
CD206 (p = 0.895, Table 2 and Figure 2). However, a statistically significant difference was
observed for CD163 (p = 0.0005; Figure 2). This was due to SRL presenting the lowest
percentages of CD163+ cells, while PRL had high CD163+ staining, both in the initial lesion
and in the relapse lesion (SRL × PRL1, p = 0,0007; SRL × PRL2, p = 0.005) (Figure 2).

Double staining of the biopsy sections was performed to observe co-localization of
macrophage markers (CD68 or CD163) with the functional markers, NOS2 and arginase,
which are indicative of M1 and M2 macrophages, respectively. Although quantification
could not be made, M1 and M2 macrophages could be detected in all groups, as shown in
Figure 3.
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Figure 3. Detection of M1 and M2 macrophages in the active lesions of LCL patients. (A) Total
macrophages (CD68 in red, 3-amino-9-ethylcarbazole); arrows point examples of positive cells;
(B,E) Staining for macrophages and arginase (CD68 in red, R-phycoerythrin; arginase in green,
Alexa 488; double staining in orange) indicative of a M2 phenotype; (C,F) Staining for CD68 (red,
R-phycoerythrin) and the scavenger receptor CD163 (green, Alexa 488) with double staining in orange
(M2 phenotype); (D) Staining for CD68 (red, R-phycoerythrin) and NOS2 (green, Alexa 488) with
double staining in orange indicative of an M1 phenotype. Magnification: (A) 40× (scale bar = 25 µm);
(B,C) 10× (scale bar = 50 µm); (D–F) 63× (scale bar = 5 µm).

3.5. Neutrophil Extracellular Traps (NETs) Were Associated with Spontaneous Healing and Good
Treatment Response

Neutrophils were present in all lesions regardless of the group evaluated or the clinical
characteristics of evolution time and number of lesions. Heterogeneous distribution was
observed throughout the tissue. Although the mean values of these cells appeared to be
similar across the groups (Table 2), there was a significant difference in the frequency of
cells positive for neutrophil elastase when all groups were compared (p = 0.009; Figure 4),
with the lowest percentage of staining observed in SRL. NET formation could also be
heterogeneously detected in the tissue, with regards to size and concentration (Figure 4),
being more evident in both SRL and GRL as compared to PRL (p = 0.05, Figure 4 and
Table 4).
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Table 4. Quantification of the presence of Leishmania spp. and neutrophil extracellular traps (NETs)
per mm2 of lesion biopsy sample of LCL patients.

Group Leishmania spp. (mm2)
(Mean) (Min–Max)

p-Value * NETs (mm2)
(Mean) (Min–Max)

p-Value *

SRL 0.08 (0–0.28) 0.37 (0–1.03)

GRL 0.10 (0–0.44) 0.08 0.44 (0–1.92) 0.05

PRL1 0.33 (0–1.18) 0.27 (0–4.29)

PRL2 0.29 (0–0.76) 0.08 (0–0.63)
* p-value calculated by Kruskal–Wallis. Patient samples were grouped as: SRL, spontaneous regression;
GRL, responders to the specific treatment; PRL1, initial lesion of non-responders; and PRL2 relapse lesion
of non-responders. p value ≤ 0.05 was considered significant.
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Figure 4. Detection of neutrophils and neutrophil extracellular traps (NETs) in the active le-
sions of LCL patients. Staining of neutrophil elastase (3-amino-9-ethylcarbazole, AEC) in sec-
tions counterstained with Mayer’s hematoxylin. (A) Preserved neutrophils. Magnification 1000×
(scale bar = 10 µm); (B) NET formation. Magnification 1000× (scale bar = 10 µm). Percentage of (C)
neutrophil and (D) NETs. Data showed as mean and SEM. p value ≤ 0.05 was considered statistically
significant. SRL: spontaneous regression leishmaniasis (n = 14); GRL: responders to the specific
treatment (n = 20); PRL1: non-responders to the specific treatment (initial lesion) (n = 24) and PRL2:
non-responders (relapse) (n = 24). The Dunn’s Test correction was used.

3.6. Evaluation of the Distribution of Mast Cells, CD56+ Natural Killer (NK) Cells, and Cellular
Proliferation Marker (Ki-67)

Mast cells were homogenously distributed throughout the dermis of all lesions. In
general, the staining for mast cells, via mast cell tryptase, was present in small concentra-
tions (around 5 to 8%) in the lesions, with no statistical differences between the groups
(Table 2 and Figure 1).

NK cells, identified by the CD56 marker, were also homogeneously distributed
throughout the tissue of the lesions. A significant difference was identified when the
groups were compared altogether (p < 0.0001, Figure 1), mostly due to a smaller amount of
CD56+ cells in SRL when compared to the other groups (about three times less) (Table 2
and Figure 1).

The Ki-67 marker is used to identify cells in the proliferation stages and could be
observed in all lesions. Table 2 shows that SRL had the lowest proportion of cells in
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proliferation when compared to the other groups, being significantly different (p < 0.0001)
(SRL × GRL, p = 0.02; SRL × PRL1, p < 0.0001; SRL × PRL2, p < 0.0001; GRL × PRL1,
p = 0.04, Figure 1).

3.7. Distribution of FoxP3, CD25, IL-33, and ST2L in LCL Lesions

FoxP3, a marker of T reg cells, was heterogeneously distributed in the lesions of all
groups and the mean proportion of positive cells varied from 10.18% in PRL2 to 16.24% in
GRL (PRL2 × GRL, p < 0.0001; Table 2 and Figure 5).
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Figure 5. Percentage of (A) FoxP3+, (B) CD25+ cells, (C) IL-33 and (D) ST2L. Data showed as
mean and SEM. p value ≤ 0.05 was considered statistically significant. SRL: spontaneous regression
leishmaniasis; GRL: responders to the specific treatment; PRL1: non-responders to the specific
treatment (initial lesion) and PRL2: non-responders (relapse). The Dunn’s Test correction was used.

Concerning the percentage of CD25+ cells, there was significant variation among
the groups, with SRL presenting the lowest mean percentage of positive cells (8.03%).
The other groups showed similar values, about three times higher than that of the SRL
group. Statistically significant differences were observed when SRL was independently
compared to the other groups (SRL × GRL p = 0.001; SRL × PRL1 p < 0.0001; SRL × PRL2
p < 0.0001—Figure 5).

Cells exhibiting CD25 and FoxP3 co-localization could be observed heterogeneously
distributed in all groups (Figure 6).
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Figure 6. Detection of CD25 and FoxP3 in the active lesions of LCL patients. (A) CD25 (green,
Alexa 488); (B) nucleus (blue, DAPI); (C) FoxP3 (red, DyLight 633); (D) overlap of the fluorescence
images (double staining, orange). Magnification 63× (scale bar = 5 µm).

ST2L is a receptor to which IL-33 binds, a cytokine associated with immunomodulation
phenomena. The analysis of the percentages of ST2L+ cells in the lesion biopsies showed
significant differences when the groups were compared altogether (p < 0.0001, Figure 5).
SRL and GRL showed the lowest and the highest percentages of positive cells, respectively
(p < 0.0001) (Table 2 and Figure 5). Interestingly, SRL had the lowest concentration of ST2L,
and these same lesions presented the highest amounts of IL-33 when compared to the other
groups (p = 0.002; Figure 5).

3.8. Leishmania spp. were Detected in Lesions from all Groups with a Tendency to Be More
Concentrated in the Lesions from PRL Patients

Regarding the presence of parasites detected by immunohistochemistry (Table 4), we
observed that the PRL1 presented a higher number of parasites than the lesions of the other
groups, although no statistical difference was identified (p = 0.08).

4. Discussion

In the present study, biopsies of the active lesions from LCL patients were collected
prior to meglumine antimoniate treatment. These patients either healed spontaneously
during the diagnosis process (i.e., did not require treatment intervention—SRL), or were
considered good (GRL) or bad (PRL) responders to the specific treatment. Evaluation of
cell and functional markers, prior to the treatment, within the lesions of these groups,
indicated differences in modulation of the skin immune response. In general, patients
presented clinically similar lesions, but PRL patients showed a greater number of lesions
and it was easier to find parasites using different diagnostic exams. The majority of PRL
patients presented three or more positive tests, while in most patients with spontaneous
resolution, only one exam indicated positivity, this was usually by PCR detection. In LCL,
the relationship a between higher number of lesions and the difficulty in lesion healing
has already been reported in the medical literature [12,56]. When the in situ inflammatory
response was analyzed in comparison to the lesions of the GRL and SRL groups, PRL
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showed more alternatively activated M2 macrophages, (characterized by CD163) with less
staining for IFN-γ and NOS2, as well as a greater presence of CD8+ T cells, CD22+ B cells,
and signs of increase of Ki67+ cells, a marker of cell proliferation. In contrast, lesions of
patients with early spontaneous healing (SRL) without treatment presented the lowest
percentages of CD68+ and M2 macrophages, in addition to a greater presence of IFN-γ+
and NOS2+ cells compared to the other groups. These results point to a more controlled
and efficient in situ immune response leading to better conditions for tissue repair. Thus,
the profile observed in SRL, as opposed to the high parasite detection with higher amounts
of M2 macrophages in PRL, is indirect evidence of an unbalanced inflammatory response
in lesions that respond poorly to treatment.

When the primary lesions of the patients were compared, patients with early sponta-
neous resolution and those with good treatment response had the most balanced immune
responses with a type 1 profile, i.e., a higher proportion of CD4+ T cells and higher IFN-γ
expression, than in the lesions of patients who experienced a therapeutic relapse. It is also
noteworthy that when we compared SRL with GRL, we could see that in spontaneous
healing lesions, there were lower concentration markers of inflammatory activity, such as
the receptor marker for IL-2R (CD25), the Ki-67 proliferative cell marker, as well as markers
for neutrophils, macrophages, NK cells, and CD8 T cells, suggesting that the inflammatory
process was more controlled. This might also be another indirect explanation as to why
these lesions seem to have a smaller number of parasites, as many of these cells are involved
in cytotoxicity processes that are associated with the presence of parasites and involved in
parasite elimination, as already described in murine models. However, they can lead to
tissue destruction when exacerbated, worsening the clinical aspect of the lesions and the
response to treatment [57–59].

When the groups needing specific treatment were compared, those that responded
well presented higher proportions of CD4+ and IFN-γ+ cells than either the initial or
reactivated lesions of the non-responders (PRL1 and PRL2). In CL, CD4+ T cells and
IFN-γ lead to the activation of macrophages toward the destruction of parasites [32].
The expression of the NOS2 enzyme was also more intense in the lesions of treatment
responders than in those who were classified as non-responders. The correlation between
NOS2 and parasite control was also verified in both the murine model [60–62] and in
patients with active lesions [63,64]. The presence of NO, produced by the action of NOS2
on the L-arginine substrate, is considered a determinant factor for the control of parasite
load by macrophages [62]. This becomes more relevant when it was demonstrated that
lesions of non-responders presented the highest proportion of CD68+ macrophages but
had the lowest presence of NOS2 when compared to the other groups. PRL1 and PRL2
also presented the highest proportions of CD163+ macrophages suggesting alternative
activation. Together, these data indirectly suggest that the macrophages in the lesions of
these patients were not completely activated, and therefore, had difficulty in eliminating
the parasites. The need for macrophage activation to eliminate Leishmania spp. has already
been demonstrated in both in vitro and in vivo infection models [65,66], and the inability
of these cells to eliminate infection has been pointed out as one of the factors involved in
the clinical evolution of diffuse CL [67]. Patients with diffuse CL present a failure of the
immune response, being unable to mount a necessary type 1 response; therefore, there is
no adequate infection control resulting in chronic lesions and an inability to respond to
treatment [68].

With regards to neutrophils, another phagocytic cell type, our results showed sim-
ilar infiltration of these cells in the initial lesions of the treatment responders and non-
responders, wherein both groups had higher proportions of this cell type compared to
lesions of early spontaneous resolution. However, the NET formation was more evident
in patients with good evolution towards healing (GRL and SRL). The NET formation is
identified as a mechanism of parasite control in different infectious diseases, including
with extracellular Leishmania spp. [28,37,39,69]. Although several studies support the role
of NET formation in parasite containment, an excess of NETs can be associated with an
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exacerbated immune response and tissue damage, as well as autoimmune diseases [70].
Furthermore, Farrera & Fadeel [71] demonstrated the importance of macrophages in the
fast elimination of NETs, avoiding the immune response against self-DNA or another
component released during this phenomenon, such as histones and myeloperoxidase. The
presence of both NETs and classically activated macrophages was evidenced in the groups
with the evolution toward healing. Further studies should be conducted to clarify all the
roles of NET formation in parasite control and inflammation stimulus in CL.

The importance of a type 1 immune response, characterized by cytotoxicity, with opti-
mal concentrations of IFN-γ and lymphocytes, and macrophages activated towards the elim-
ination of Leishmania spp., is reported to be crucial for infection
control [23,46,72–75]. However, it has also been indicated that once the parasite load
is controlled, the intensity of the immune response must be modulated so that the process
of tissue repair and healing may begin [43]. Thus, cases that evolve towards spontaneous
healing present an immune response that, despite having a Th1 profile, is more controlled
than cases that demand treatment.

Besides a type 1 response, phenomena aimed at regulating the in situ immune re-
sponse are extremely important for the balance between parasite elimination and tissue
preservation. The inflammatory process progresses with both pro-inflammatory and regu-
latory activities. T reg cells can modulate the innate and adaptive immune responses and
have the ability to control excessive or misdirected effects of the immune response. This
modulation involves different mechanisms such as the suppression of T cell proliferation
and cytokine production, the secretion of immunosuppressive cytokines, and the induction
of T cell apoptosis in several diseases including infectious ones [52]. In recent years several
cells and molecules have been described as being involved in immune regulation, including
FoxP3, which together with CD25 is expressed in T reg cells, the IL-33 cytokine and its
ST2L receptor, and mast cells. Mast cells release large concentrations of type 2 cytokines
that can help to control inflammation.

Our results demonstrated a percentage of FoxP3+ cells that varied from 10 to 16% of
the cells in the lesions, with a predominance in the lesions of responders to the specific
treatment. This was more evident when these data were compared to lesions of therapeutic
relapse in non-responder patients (PRL2). T reg cells participate in the resolution of
dermal lesions and thus could be used as markers for immunotherapeutic strategies in
leishmaniasis caused by species of the Vianna subgenus [76]. Asymptomatic individuals
in an L. major-endemic area of Iran presenting positive leishmanin skin test or those with
healed leishmaniasis lesions had similar amounts of CD4+ and FoxP3+ cells in peripheral
blood, suggesting that the modulation of the immune response to maintain protection
against re-infection could involve the participation of regulatory phenomena [77]. On the
other hand, lesions caused by L. braziliensis consistently present a lower proportion of
FoxP3+ cells than lesions caused by other species of the Viannia subgenus, suggesting that
the parasite species may influence the stimulation of immune regulation [52].

It has been demonstrated that the species of the parasite can influence the progress of
infection [24]. However, 90% of our patients inhabited an endemic area of Rio de Janeiro
where L. braziliensis is considered the most exclusive species [78,79]. Six patients indicated
other potential places where they may have acquired the infection (two from Ceará, three
from Amazonas, and one from São Paulo). However, no differences in their clinical or
inflammatory profile could be detected. Our results showed that, in all the cases where the
parasite species could be identified, the causative species was L. braziliensis, including the
two patients from Amazonas and the patient from São Paulo.

IL-33 has been associated with a type 2 immune response [80] and with T reg cell
induction [81]. Other cells can be influenced by IL-33, mainly B cells, dendritic cells,
macrophages, mast cells, and lymphoid cells of the innate immune response [82]. This
interleukin participates in the amplification of the immune response during tissue lesions,
mainly in the innate response. The conflicting reports on the relation of IL-33/ST2L in
some diseases indicate that further analyses are needed before using these as therapeutic
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targets [83]. The protective role of IL-33 when highly expressed together with ST2L in
animal models infected by L. major, Trichuris muris, Nyppostrongylus brasiliensis, and
Toxoplasma gondii was also due to its regulatory action [84]. The authors also noted that the
constitutive expression of IL-33 and ST2L in macrophages has already been demonstrated
in murine models of various diseases, suggesting that this expression could facilitate the
polarization of type 2 immune response with the predominance of M2 macrophages [84]. In
humans, it was suggested that IL-33/ST2L in VL can be considered a potential prognostic
marker for susceptibility to this infection [85]. The literature on ST2L related to CL is scarce
regarding patient evaluation. The present study evidenced that the lesions of LCL patients
with spontaneous healing were those with the highest percentages of IL-33+ cells. Our
results also showed low proportions of ST2L+ cells in the lesions in all groups although
there were some significant differences between them, with the responder lesions having
the highest percentage of positive cells and those of spontaneous regression having the
lowest. It has been suggested that IL-33 could bind not only to ST2L, but also to other
functional molecules [83]. In this context, further studies are needed in order to clarify the
role of IL-33 and/or ST2L during TL clinical evolution.

Our results demonstrated important variations in the dynamics of the inflammatory
process in LCL lesions that had different clinical evolutions. Cases with early sponta-
neous regression seem to have both better controlled infection and immune response,
which would facilitate both parasite load control and stimulate tissue repair. It is nec-
essary to consider that parasite persistence is a well-known phenomenon in leishmani-
asis, and that the clinical healing of lesions does not directly imply complete parasite
elimination [23,43,86]. Therefore, it is not necessary to completely eliminate the parasite to
obtain lesion regression and tissue repair leading to healing. The same reasoning may be
suggested for the lesions with good therapeutic response, where the inflammatory process
was more active, but still with a trend to balance, which may allow infection control. On
the other hand, in cases with poor therapeutic response, our results indicated that the orga-
nization of the inflammatory infiltrate presents characteristics that may suggest a certain
imbalance in the inflammatory response. In these lesions, there was a decrease of CD4+ T
lymphocytes and of IFN-γ expression associated with an increase of proliferative cells and
macrophages, which showed lower intensity of NOS2 expression than in the other groups.
This data indirectly suggests the presence of a type of inflammatory activity that is not
able to control the parasite load, since macrophages are present but not with antiparasitic
activity (NO2 activity). Altogether, these evaluations (summarized in Table 5 and Figure 7),
suggest a differentiated profile of the organization of the inflammatory process for lesions
of different TL evolution.

The control of evolution towards a cure or therapeutic failure is multifactorial. In the
case of SRL, there is self-limitation of the immune response allowing the organization of
tissue healing phenomena; in the lesions of patients with poor response to treatment (PRL),
the inflammatory activity seems insufficient to control the parasite, at least in the initial
stages of the disease. The cases of patients who required treatment but presented a good
therapeutic response (GRL) would be located in the middle of those two extremes, with
evidence of a type 1 immune response and control of parasite load. A better understanding
of the dynamics of the inflammatory process associated with the phenomena of LCL lesions
towards healing may support the development of new treatments, including those based
on immunotherapy, as well as the development of tools for vaccine design leading to better
control of the infection.
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Table 5. Panel of the in situ inflammatory profile according to each group evaluated.

Marker SRL GRL PRL

CD4/CD8 CD4 > CD8 CD4 ≥ CD8 CD8 ≥ CD4

CD22 + ++ ++

CD68 + ++ +++

CD163 + ++ +++

CD206 ++ ++ ++

CD56 + ++ ++

Mast cell tryptase + + +

Neutrophil elastase + ++ ++

Ki-67 + ++ +++

FoxP3 + ++ +

CD25 + ++ ++

IFN-γ +++ ++ +

ST2L + ++ ++

IL-33 +++ + ++

NOS2 +++ ++ +

Predominance of Th1
response with

presence of
a balanced

immune response

High number of
inflammatory cells,
but still presenting

a controlled
Th1-Th2 balance

Predominance of an
unbalanced immune

response with
tendency towards a

Th2 response
Patients were grouped as: SRL, spontaneous regression; GRL, responders to the specific treatment; and PRL,
non-responders to the specific treatment. + Discrete, ++ Moderate, +++ Intense.
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Figure 7. In situ inflammatory reaction in the active lesions of LCL patients. Lesion biopsy sections
were submitted to immunohistochemistry using different cell and functional markers (immunostain-
ing with 3-amino-9-ethylcarbazole, AEC) counterstained with Mayer’s hematoxylin. (A) IL-33, 400×
(scale bar = 25 µm); (B) neutrophils, 1000× (scale bar = 10 µm; (C) CD163, 200× (scale bar = 50 µm);
(D) IFN-γ, 200× (scale bar = 50 µm); (E) NK cells, 400× (scale bar = 25 µm); and (F) Ki67, 1000×
(scale bar = 10 µm). Arrows indicate positive cells. SRL, spontaneous regression leishmaniasis;
GRL, responders to the specific treatment; PRL, non-responders to the specific treatment.



Microorganisms 2023, 11, 1631 17 of 21

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms11071631/s1.

Author Contributions: F.C.-S. conceptualization, methodology, validation, investigation, supervision,
project administration, funding acquisition, writing—original draft, writing—review and editing;
J.L.-S. methodology, formal analysis, investigation, writing—original draft, writing—review and
editing; C.O.-R. methodology, formal analysis, investigation, writing—review and editing; F.N.M.
methodology, formal analysis and writing—review and editing; A.F., L.F.C.M., M.I.F.P., M.R.L.,
C.M.V.-R. and A.O.S. investigation and writing—review and editing. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by PAEF-IOC 008-F10–22-2-49 APQ1 e-26/211-707/2021. J
Leite-Silva is a student from the Biologia Parasitária Program (Oswaldo Cruz Institute-Fiocruz)
with a scholarship from VPEIC/Fiocruz. A. Schubach is a fellow of VPEIC/Fiocruz and Conselho
Nacional de Desenvolvimento Científico e Tecnológico (CNPq). F. Morgado received productivity
fellowships from CNPq (CNPq–308785/2021-5) and Programa Jovem Cientista do Nosso Estado
FAPERJ (FAPERJ–E-26/202.760/2019).

Data Availability Statement: Research data is available in tables and figures from the manuscript
Table 1 (clinical and epidemiological information), Tables 2–4 (in situ staining data) and Table 5 a
summary of data comparison. Information are also kept in our records if necessary.

Acknowledgments: We thank the laboratory of Thymus Research (IOC-Fiocruz) for the use of the
laboratory facilities, and Mirian Cláudia de Souza Pereira and Alanderson da Rocha Nogueira from
the Laboratory of Cellular Ultrastructure (IOC-Fiocruz). We would also like to thank Ricardo Baptista
Schmidt (IOC-Fiocruz) for helping prepare the figures for publication and Roberta Olmo for critical
review of manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. PAHO. Organización Panamericana de la Salud Manual de Procedimientos Para Vigilancia y Control de Las Leishmaniasis En Las Américas;

PAHO: Washington, DC, USA, 2019; ISBN 978-92-75-32063-1.
2. Mattos, M.d.S. Aspectos clínicos, laboratoriais e epidemiológicos da leishmaniose tegumentar americana—Casuística do Hospital

Evandro Chagas/FIOC-RUZ/RJ no período de janeiro de 1987 a dezembro de 1991. Rev. Soc. Bras. Med. Trop. 1993, 26, 261–262.
[CrossRef]

3. Marzochi, M.C.d.A.; Marzochi, K.B.F. Tegumentary and Visceral Leishmaniases in Brazil: Emerging Anthropozoonosis and
Possibilities for Their Control. Cad. Saúde Pública 1994, 10, S359–S375. [CrossRef] [PubMed]

4. de Oliveira Guerra, J.A.; Talhari, S.; Paes, M.G.; Garrido, M.; Talhari, J.M. Aspectos clínicos e diagnósticos da leishmaniose
tegumentar americana em militares simultaneamente expostos à infecção na Amazônia. Rev. Soc. Bras. Med. Trop. 2003, 36,
587–590. [CrossRef]

5. Silveira, F.T.; Lainson, R.; Corbett, C.E. Clinical and Immunopathological Spectrum of American Cutaneous Leishmaniasis with
Special Reference to the Disease in Amazonian Brazil: A Review. Memórias Inst. Oswaldo Cruz 2004, 99, 239–251. [CrossRef]

6. Oliveira-Ribeiro, C.; Pimentel, M.I.F.; Oliveira, R.d.V.C.; Fagundes, A.; Madeira, M.d.F.; Mello, C.X.; Mouta-Confort, E.;
Valete-Rosalino, C.M.; Vasconcellos, E.d.C.F.; Lyra, M.R.; et al. Clinical and Laboratory Profiles of Patients with Early Spontaneous
Healing in Cutaneous Localized Leishmaniasis: A Historical Cohort Study. BMC Infect. Dis. 2017, 17, 559. [CrossRef] [PubMed]

7. Locksley, R.M.; Heinzel, F.P.; Sadick, M.D.; Holaday, B.J.; Gardner, K.D. Murine Cutaneous Leishmaniasis: Susceptibility
Correlates with Differential Expansion of Helper T-Cell Subsets. Ann. De L’institut Pasteur/Immunol. 1987, 138, 744–749. [CrossRef]

8. Heinzel, F.P.; Sadick, M.D.; Holaday, B.J.; Coffmanj, R.L.; Locksley, R.M. Reciprocal Expression of Interferon y or Interleukin 4
during the Resolution or Progression of Murine Leishmaniasis: Evidence for Expansion of Distinct Helper T Cell Subsets. J. Exp.
Med. 1989, 169, 59–72. [CrossRef]

9. Awasthi, A.; Mathur, R.K.; Saha, B. Immune Response to Leishmania Infection. Indian J. Med. Res. 2004, 119, 238–258.
10. Machado, P.; Kanitakis, J.; Almeida, R.; Chalon, A.; Araújo, C.; Caravalho, M.E. Evidence of in Situ Cytotoxicity in American

Cutaneous Leishmaniasis. Eur. J. Dermatol 2002, 12, 449–451.
11. Rojas, R.; Valderama, L.; Valderama, M.; Varona, X.M.; Ouellette, M.; Saravia, G.M. Resistance to Antimony and Treatment Failure

in Human Leishmania (Viannia) Infection. J. Inf. Dis. 2006, 193, 1375–1383. [CrossRef]
12. Rodrigues, A.M.; Hueb, M.; Santos, T.A.R.R.d.; Fontes, C.J.F. Fatores associados ao insucesso do tratamento da leishmaniose

cutânea com antimoniato de meglumina. Rev. Soc. Bras. Med. Trop. 2006, 39, 139–145. [CrossRef]
13. Brahim, L.R.; Valete-Rosalino, C.M.; Antônio, L.d.F.; Pimentel, M.I.F.; Lyra, M.R.; Paes, L.E.d.C.; Costa, A.D.d.; Vieira, I.F.;

Dias, C.M.G.; Duque, M.C.d.O.; et al. Low Dose Systemic or Intralesional Meglumine Antimoniate Treatment for American

https://www.mdpi.com/article/10.3390/microorganisms11071631/s1
https://www.mdpi.com/article/10.3390/microorganisms11071631/s1
https://doi.org/10.1590/S0037-86821993000400013
https://doi.org/10.1590/S0102-311X1994000800014
https://www.ncbi.nlm.nih.gov/pubmed/15042226
https://doi.org/10.1590/S0037-86822003000500008
https://doi.org/10.1590/S0074-02762004000300001
https://doi.org/10.1186/s12879-017-2658-4
https://www.ncbi.nlm.nih.gov/pubmed/28793868
https://doi.org/10.1016/S0769-2625(87)80030-2
https://doi.org/10.1084/jem.169.1.59
https://doi.org/10.1086/503371
https://doi.org/10.1590/S0037-86822006000200001


Microorganisms 2023, 11, 1631 18 of 21

Tegumentary Leishmaniasis Results in Low Lethality, Low Incidence of Relapse, and Low Late Mucosal Involvement in a Referral
Centre in Rio de Janeiro, Brazil (2001–2013). Memórias Inst. Oswaldo Cruz 2017, 112, 838–843. [CrossRef] [PubMed]

14. Carvalho, S.H.; Frézard, F.; Pereira, N.P.; Moura, A.S.; Ramos, L.M.Q.C.; Carvalho, G.B.; Rocha, M.O.C. American Tegumentary
Leishmaniasis in Brazil: A Critical Review of the Current Therapeutic Approach with Systemic Meglumine Antimoniate and
Short-Term Possibilities for an Alternative Treatment. Trop. Med. Int. Health 2019, 24, 380–391. [CrossRef]

15. Rugani, J.N.; Gontijo, C.M.F.; Frézard, F.; Soares, R.P.; Monte-Neto, R.L.d. Antimony Resistance in Leishmania (Viannia) Braziliensis
Clinical Isolates from Atypical Lesions Associates with Increased ARM56/ARM58 Transcripts and Reduced Drug Uptake.
Memórias Inst. Oswaldo Cruz 2019, 114, e190111. [CrossRef]

16. Unger, A.; O’Neal, S.; Machado, P.R.L.; Guimarães, L.H.; Morgan, D.J.; Schriefer, A.; Bacellar, O.; Glesby, M.J.; Carvalho, E.M.
Association of Treatment of American Cutaneous Leishmaniasis Prior to Ulcer Development with High Rate of Failure in
Northeastern Brazil. Am. J. Trop. Med. Hyg. 2009, 80, 574–579. [CrossRef] [PubMed]

17. Andrade, J.; Gonçalves, L.; Liarte, D.; Lima, D.; Guimarães, F.; Resende, D.; Santi, A.; Oliveira, L.; Velloso, J.; Delfino, R.; et al.
Comparative Transcriptomic Analysis of Antimony Resistant and Susceptible Leishmania Infantum Lines. Parasites Vectors 2020,
13, 600. [CrossRef]

18. García-Bustos, M.F.; González-Prieto, G.; Paniz-Mondolfi, A.E.; Parodi, C.; Beckar, J.; Monroig, S.; Ramos, F.; Mora, M.C.;
Delgado-Noguera, L.A.; Hashiguchi, Y.; et al. Risk Factors for Antimony Treatment Failure in American Cutaneous Leishmaniasis
in Northwestern-Argentina. PLoS Negl. Trop. Dis. 2021, 15, e0009003. [CrossRef]

19. Gagini, T.; de Oliveira Schubach, A.; de Fatima Madeira, M.; Maria Valete-Rosalino, C.; Fernandes Pimentel, M.I.;
da Silva Pacheco, R. Genotypic Profiles of Leishmania (Viannia) Braziliensis Strains from Cutaneous Leishmaniasis Pa-
tients and Their Relationship with the Response to Meglumine Antimoniate Treatment: A Pilot Study. Parasite 2017, 24, 34.
[CrossRef] [PubMed]

20. Baptista, C.; Miranda, L.d.F.C.; Madeira, M.d.F.; Leon, L.L.P.; Conceição-Silva, F.; Schubach, A.d.O. In Vitro Sensitivity of Paired
Leishmania (Viannia) Braziliensis Samples Isolated before Meglumine Antimoniate Treatment and after Treatment Failure or
Reactivation of Cutaneous Leishmaniasis. Dis. Markers 2015, 2015, 943236. [CrossRef] [PubMed]

21. Nylén, S.; Eidsmo, L. Tissue Damage and Immunity in Cutaneous Leishmaniasis. Parasite Immunol. 2012, 34, 551–561. [CrossRef]
22. Vieira, É.L.M.; Keesen, T.S.L.; Machado, P.R.; Guimarães, L.H.; Carvalho, E.M.; Dutra, W.O.; Gollob, K.J. Immunoregulatory

Profile of Monocytes from Cutaneous Leishmaniasis Patients and Association with Lesion Size. Parasite Immunol. 2013, 35, 65–72.
[CrossRef]

23. Conceição-Silva, F.; Leite-Silva, J.; Morgado, F.N. The Binomial Parasite-Host Immunity in the Healing Process and in Reactivation
of Human Tegumentary Leishmaniasis. Front. Microbiol. 2018, 9, 1308. [CrossRef] [PubMed]

24. Conceição-Silva, F.; Morgado, F.N. Leishmania Spp-Host Interaction: There Is Always an Onset, but Is There an End? Front. Cell
Infect. Microbiol. 2019, 9, 330. [CrossRef] [PubMed]

25. Belkaid, Y.; Mendez, S.; Lira, R.; Kadambi, N.; Milon, G.; Sacks, D. A Natural Model of Leishmania Major Infection Reveals a
Prolonged “Silent” Phase of Parasite Amplification in the Skin before the Onset of Lesion Formation and Immunity. J. Immunol.
2000, 165, 969–977. [CrossRef] [PubMed]

26. Morgado, F.N.; Schubach, A.; Rosalino, C.M.V.; Quintella, L.P.; Santos, G.; Salgueiro, M.; Conceição-Silva, F. Is the in Situ
Inflammatory Reaction an Important Tool to Understand the Cellular Immune Response in American Tegumentary Leishmaniasis?
Br. J. Dermatol. 2008, 158, 50–58. [CrossRef]

27. Novais, F.O.; Santiago, R.C.; Báfica, A.; Khouri, R.; Afonso, L.; Borges, V.M.; Brodskyn, C.; Barral-Netto, M.; Barral, A.; de Oliveira,
C.I. Neutrophils and Macrophages Cooperate in Host Resistance against Leishmania Braziliensis Infection. J. Immunol. 2009, 183,
8088–8098. [CrossRef]

28. Morgado, F.N.; Nascimento, M.T.C.; Saraiva, E.M.; de Oliveira-Ribeiro, C.; Madeira, M.d.F.; da Costa-Santos, M.; Vasconcellos,
E.C.F.; Pimentel, M.I.F.; Rosandiski Lyra, M.; Schubach, A.d.O.; et al. Are Neutrophil Extracellular Traps Playing a Role in the
Parasite Control in Active American Tegumentary Leishmaniasis Lesions? PLoS ONE 2015, 10, e0133063. [CrossRef]

29. Faria, D.R.; Souza, P.E.A.; Durães, F.V.; Carvalho, E.M.; Gollob, K.J.; Machado, P.R.; Dutra, W.O. Recruitment of CD8+ T Cells
Expressing Granzyme A Is Associated with Lesion Progression in Human Cutaneous Leishmaniasis. Parasite Immunol. 2009, 31,
432–439. [CrossRef]

30. da Silva Santos, C.; Brodskyn, C.I. The Role of CD4 and CD8 T Cells in Human Cutaneous Leishmaniasis. Front. Public Health
2014, 2, 165. [CrossRef]

31. Carvalho, A.M.; Bacellar, O.; Carvalho, E.M. Protection and Pathology in Leishmania Braziliensis Infection. Pathogens 2022,
11, 466. [CrossRef]

32. Kima, P.E.; Soong, L. Interferon Gamma in Leishmaniasis. Front. Immunol. 2013, 4, 156. [CrossRef] [PubMed]
33. Atri, C.; Guerfali, F.Z.; Laouini, D. Role of Human Macrophage Polarization in Inflammation during Infectious Diseases. Int. J.

Mol. Sci. 2018, 19, 1801. [CrossRef]
34. Tomiotto-Pellissier, F.; Bortoleti, B.T.d.S.; Assolini, J.P.; Gonçalves, M.D.; Carloto, A.C.M.; Miranda-Sapla, M.M.; Conchon-Costa, I.;

Bordignon, J.; Pavanelli, W.R. Macrophage Polarization in Leishmaniasis: Broadening Horizons. Front. Immunol. 2018, 9, 2529.
[CrossRef] [PubMed]

https://doi.org/10.1590/0074-02760160478
https://www.ncbi.nlm.nih.gov/pubmed/29211245
https://doi.org/10.1111/tmi.13210
https://doi.org/10.1590/0074-02760190111
https://doi.org/10.4269/ajtmh.2009.80.574
https://www.ncbi.nlm.nih.gov/pubmed/19346378
https://doi.org/10.1186/s13071-020-04486-4
https://doi.org/10.1371/journal.pntd.0009003
https://doi.org/10.1051/parasite/2017035
https://www.ncbi.nlm.nih.gov/pubmed/28959938
https://doi.org/10.1155/2015/943236
https://www.ncbi.nlm.nih.gov/pubmed/25802480
https://doi.org/10.1111/pim.12007
https://doi.org/10.1111/pim.12012
https://doi.org/10.3389/fmicb.2018.01308
https://www.ncbi.nlm.nih.gov/pubmed/29971054
https://doi.org/10.3389/fcimb.2019.00330
https://www.ncbi.nlm.nih.gov/pubmed/31608245
https://doi.org/10.4049/jimmunol.165.2.969
https://www.ncbi.nlm.nih.gov/pubmed/10878373
https://doi.org/10.1111/j.1365-2133.2007.08255.x
https://doi.org/10.4049/jimmunol.0803720
https://doi.org/10.1371/journal.pone.0133063
https://doi.org/10.1111/j.1365-3024.2009.01125.x
https://doi.org/10.3389/fpubh.2014.00165
https://doi.org/10.3390/pathogens11040466
https://doi.org/10.3389/fimmu.2013.00156
https://www.ncbi.nlm.nih.gov/pubmed/23801993
https://doi.org/10.3390/ijms19061801
https://doi.org/10.3389/fimmu.2018.02529
https://www.ncbi.nlm.nih.gov/pubmed/30429856


Microorganisms 2023, 11, 1631 19 of 21

35. Sandoval Pacheco, C.M.; Araujo Flores, G.V.; Gonzalez, K.; de Castro Gomes, C.M.; Passero, L.F.D.; Tomokane, T.Y.;
Sosa-Ochoa, W.; Zúniga, C.; Calzada, J.; Saldaña, A.; et al. Macrophage Polarization in the Skin Lesion Caused by Neotropical
Species of Leishmania sp. J. Immunol. Res. 2021, 2021, 5596876. [CrossRef]

36. Maspi, N.; Abdoli, A.; Ghaffarifar, F. Pro- and Anti-Inflammatory Cytokines in Cutaneous Leishmaniasis: A Review. Pathog. Glob.
Health 2016, 110, 247–260. [CrossRef]

37. Guimarães-Costa, A.B.; Nascimento, M.T.C.; Froment, G.S.; Soares, R.P.P.; Morgado, F.N.; Conceição-Silva, F.; Saraiva, E.M.
Leishmania Amazonensis Promastigotes Induce and Are Killed by Neutrophil Extracellular Traps. Proc. Natl. Acad. Sci. USA
2009, 106, 6748–6753. [CrossRef]

38. Abi Abdallah, D.S.; Denkers, E.Y. Neutrophils Cast Extracellular Traps in Response to Protozoan Parasites. Front. Immunol. 2012,
3, 382. [CrossRef]

39. Conceição-Silva, F.; Reis, C.S.M.; De Luca, P.M.; Leite-Silva, J.; Santiago, M.A.; Morrot, A.; Morgado, F.N. The Immune System
Throws Its Traps: Cells and Their Extracellular Traps in Disease and Protection. Cells 2021, 10, 1891. [CrossRef]

40. Da-Cruz, A.M.; Conceição-Silva, F.; Bertho, A.L.; Coutinho, S.G. Leishmania-Reactive CD4+ and CD8+ T Cells Associated with
Cure of Human Cutaneous Leishmaniasis. Infect. Immun. 1994, 62, 2614–2618. [CrossRef] [PubMed]

41. Maretti-Mira, A.C.; de Oliveira-Neto, M.P.; Da-Cruz, A.M.; de Oliveira, M.P.; Craft, N.; Pirmez, C. Therapeutic Failure in American
Cutaneous Leishmaniasis Is Associated with Gelatinase Activity and Cytokine Expression. Clin. Exp. Immunol. 2011, 163, 207–214.
[CrossRef]

42. Bacellar, O.; Faria, D.; Nascimento, M.; Cardoso, T.M.; Gollob, K.J.; Dutra, W.O.; Scott, P.; Carvalho, E.M. Interleukin 17 Production
among Patients with American Cutaneous Leishmaniasis. J. Infect. Dis. 2009, 200, 75–78. [CrossRef]

43. Morgado, F.N.; Schubach, A.; Vasconcellos, E.; Azeredo-Coutinho, R.B.; Valete-Rosalino, C.M.; Quintella, L.P.; Santos, G.;
Salgueiro, M.; Palmeiro, M.R.; Conceição-Silva, F. Signs of an in Situ Inflammatory Reaction in Scars of Human American
Tegumentary Leishmaniasis. Parasite Immunol. 2010, 32, 285–295. [CrossRef]

44. Rodrigues, K.M.P.; Oliveira, M.P.; Maretti-Mira, A.C.; Oliveira-Neto, M.P.; Mattos, M.S.; Silva, L.; Soares, D.A.; Dolci, E.L.L.;
Perico, R.A.P.N.; Pirmez, C. Influence of the Notch System in the Therapeutic Response of American Tegumentary Leishmaniasis.
Br. J. Dermatol. 2011, 164, 1228–1234. [CrossRef]

45. Amato, V.S.; de Andrade, H.F.; Duarte, M.I.S. Mucosal Leishmaniasis: In Situ Characterization of the Host Inflammatory Response,
before and after Treatment. Acta Trop. 2003, 85, 39–49. [CrossRef]

46. Conceição-Silva, F.; Morgado, F.N.; Costa-Santos, M.d.; Miranda-Nascimento, C.; Schubach, A.O.; Oliveira-Mendes, S. Leishmania
Braziliensis and in Situ Host Immune Response: Dispute or Partnership? Rev. Da Soc. Bras. De Med. Trop. 2010, 43, 64–71.

47. Gomes, A.H.S.; Martines, R.B.; Kanamura, C.T.; Barbo, M.L.P.; Iglezias, S.D.; Lauletta Lindoso, J.A.; Pereira-Chioccola, V.L.
American Cutaneous Leishmaniasis: In Situ Immune Response of Patients with Recent and Late Lesions. Parasite Immunol. 2017,
39, e12423. [CrossRef] [PubMed]

48. Jayasena Kaluarachchi, T.D.; Weerasekera, M.M.; McBain, A.J.; Ranasinghe, S.; Wickremasinghe, R.; Yasawardene, S.; Jayanetti, N.;
Wickremasinghe, R. Diagnosing Cutaneous Leishmaniasis Using Fluorescence in Situ Hybridization: The Sri Lankan Perspective.
Pathog. Glob. Health 2019, 113, 180–190. [CrossRef] [PubMed]

49. Peters, N.; Sacks, D. Immune Privilege in Sites of Chronic Infection: Leishmania and Regulatory T Cells. Immunol. Rev. 2006, 213,
159–179. [CrossRef] [PubMed]

50. Katara, G.K.; Ansari, N.A.; Verma, S.; Ramesh, V.; Salotra, P. Foxp3 and IL-10 Expression Correlates with Parasite Burden in
Lesional Tissues of Post Kala Azar Dermal Leishmaniasis (PKDL) Patients. PLoS Negl. Trop. Dis. 2011, 5, e1171. [CrossRef]

51. Anderson, C.F.; Oukka, M.; Kuchroo, V.J.; Sacks, D. CD4(+)CD25(-)Foxp3(-) Th1 Cells Are the Source of IL-10-Mediated Immune
Suppression in Chronic Cutaneous Leishmaniasis. J. Exp. Med. 2007, 204, 285–297. [CrossRef]

52. Rodrigues, F.M.D.; Coelho Neto, G.T.; Menezes, J.G.P.B.; Gama, M.E.A.; Gonçalves, E.G.; Silva, A.R.; Laurenti, M.D.;
Corbett, C.E.P.; Silveira, F.T.; Gomes, C.M.C. Expression of Foxp3, TGF-β and IL-10 in American Cutaneous Leishmaniasis
Lesions. Arch. Dermatol. Res. 2014, 306, 163–171. [CrossRef]

53. Cataldo, J.I.; Conceição-Silva, F.; Antônio, L.d.F.; Schubach, A.d.O.; Marzochi, M.C.d.A.; Valete-Rosalino, C.M.; Pimentel, M.I.F.;
Lyra, M.R.; Oliveira, R.d.V.C.d.; Barros, J.H.d.S.; et al. Favorable Responses to Treatment with 5 Mg Sbv/Kg/Day Meglumine
Antimoniate in Patients with American Tegumentary Leishmaniasis Acquired in Different Brazilian Regions. Rev. Soc. Bras. Med.
Trop. 2018, 51, 769–780. [CrossRef] [PubMed]

54. Saheki, M.N.; Lyra, M.R.; Bedoya-Pacheco, S.J.; Antônio, L.d.F.; Pimentel, M.I.F.; Salgueiro, M.d.M.; Vasconcellos, É.d.C.F.E.;
Passos, S.R.L.; Santos, G.P.L.d.; Ribeiro, M.N.; et al. Low versus High Dose of Antimony for American Cutaneous Leishmaniasis:
A Randomized Controlled Blind Non-Inferiority Trial in Rio de Janeiro, Brazil. PLoS ONE 2017, 12, e0178592. [CrossRef] [PubMed]

55. Miranda, L.d.F.C.; Pacheco, R.d.S.; Pimentel, M.I.F.; Salgueiro, M.d.M.; Silva, A.F.d.; Mello, C.X.d.; Barros, J.H.d.S.; Valete-
Rosalino, C.M.; Madeira, M.d.F.; Xavier, S.C.d.C.; et al. Geospatial Analysis of Tegumentary Leishmaniasis in Rio de Janeiro State,
Brazil from 2000 to 2015: Species Typing and Flow of Travelers and Migrants with Leishmaniasis. PLoS Negl. Trop. Dis. 2019,
13, e0007748. [CrossRef] [PubMed]

56. Santos, D.O.; Coutinho, C.E.R.; Madeira, M.F.; Bottino, C.G.; Vieira, R.T.; Nascimento, S.B.; Bernardino, A.; Bourguignon, S.C.;
Corte-Real, S.; Pinho, R.T.; et al. Leishmaniasis Treatment–a Challenge That Remains: A Review. Parasitol. Res. 2008, 103, 1–10.
[CrossRef] [PubMed]

https://doi.org/10.1155/2021/5596876
https://doi.org/10.1080/20477724.2016.1232042
https://doi.org/10.1073/pnas.0900226106
https://doi.org/10.3389/fimmu.2012.00382
https://doi.org/10.3390/cells10081891
https://doi.org/10.1128/iai.62.6.2614-2618.1994
https://www.ncbi.nlm.nih.gov/pubmed/7910596
https://doi.org/10.1111/j.1365-2249.2010.04285.x
https://doi.org/10.1086/599380
https://doi.org/10.1111/j.1365-3024.2009.01188.x
https://doi.org/10.1111/j.1365-2133.2011.10240.x
https://doi.org/10.1016/S0001-706X(02)00260-7
https://doi.org/10.1111/pim.12423
https://www.ncbi.nlm.nih.gov/pubmed/28239875
https://doi.org/10.1080/20477724.2019.1650228
https://www.ncbi.nlm.nih.gov/pubmed/31429388
https://doi.org/10.1111/j.1600-065X.2006.00432.x
https://www.ncbi.nlm.nih.gov/pubmed/16972903
https://doi.org/10.1371/journal.pntd.0001171
https://doi.org/10.1084/jem.20061886
https://doi.org/10.1007/s00403-013-1396-8
https://doi.org/10.1590/0037-8682-0464-2017
https://www.ncbi.nlm.nih.gov/pubmed/30517530
https://doi.org/10.1371/journal.pone.0178592
https://www.ncbi.nlm.nih.gov/pubmed/28558061
https://doi.org/10.1371/journal.pntd.0007748
https://www.ncbi.nlm.nih.gov/pubmed/31730650
https://doi.org/10.1007/s00436-008-0943-2
https://www.ncbi.nlm.nih.gov/pubmed/18389282


Microorganisms 2023, 11, 1631 20 of 21

57. Liew, F.Y.; Millott, S.; Parkinson, C.; Palmer, R.M.; Moncada, S. Macrophage Killing of Leishmania Parasite in Vivo Is Mediated by
Nitric Oxide from L-Arginine. J. Immunol. 1990, 144, 4794–4797. [CrossRef]

58. Chagas, A.C.; Oliveira, F.; Debrabant, A.; Valenzuela, J.G.; Ribeiro, J.M.C.; Calvo, E. Lundep, a Sand Fly Salivary Endonuclease
Increases Leishmania Parasite Survival in Neutrophils and Inhibits XIIa Contact Activation in Human Plasma. PLoS Pathog. 2014,
10, e1003923. [CrossRef]

59. Laurenti, M.D.; Gidlund, M.; Ura, D.M.; Sinhorini, I.L.; Corbett, C.E.P.; Goto, H. The Role of Natural Killer Cells in the Early
Period of Infection in Murine Cutaneous Leishmaniasis. Braz. J. Med. Biol. Res. 1999, 32, 323–325. [CrossRef]

60. Wei, X.Q.; Charles, I.G.; Smith, A.; Ure, J.; Feng, G.J.; Huang, F.P.; Xu, D.; Muller, W.; Moncada, S.; Liew, F.Y. Altered Immune
Responses in Mice Lacking Inducible Nitric Oxide Synthase. Nature 1995, 375, 408–411. [CrossRef]

61. Murray, H.W.; Nathan, C.F. Macrophage Microbicidal Mechanisms In Vivo: Reactive Nitrogen versus Oxygen Intermediates in
the Killing of Intracellular Visceral Leishmania Donovani. J. Exp. Med. 1999, 189, 741–746. [CrossRef]

62. Bogdan, C.; Röllinghoff, M.; Diefenbach, A. The Role of Nitric Oxide in Innate Immunity. Immunol. Rev. 2000, 173, 17–26.
[CrossRef] [PubMed]

63. Qadoumi, M.; Becker, I.; Donhauser, N.; Röllinghoff, M.; Bogdan, C. Expression of Inducible Nitric Oxide Synthase in Skin
Lesions of Patients with American Cutaneous Leishmaniasis. Infect. Immun. 2002, 70, 4638–4642. [CrossRef] [PubMed]

64. Palmeiro, M.R.; Morgado, F.N.; Valete-Rosalino, C.M.; Martins, A.C.; Moreira, J.; Quintella, L.P.; de Oliveira Schubach, A.;
Conceição-Silva, F. Comparative Study of the in Situ Immune Response in Oral and Nasal Mucosal Leishmaniasis. Parasite
Immunol. 2012, 34, 23–31. [CrossRef] [PubMed]

65. Farah, F.S.; Samra, S.A.; Nuwayri-Salti, N. The Role of the Macrophage in Cutaneous Leishmaniasis. Immunology 1975, 29, 755–764.
[PubMed]

66. Podinovskaia, M.; Descoteaux, A. Leishmania and the Macrophage: A Multifaceted Interaction. Future Microbiol. 2015, 10,
111–129. [CrossRef] [PubMed]

67. Barral, A.; Costa, J.M.; Bittencourt, A.L.; Barral-Netto, M.; Carvalho, E.M. Polar and Subpolar Diffuse Cutaneous Leishmaniasis in
Brazil: Clinical and Immunopathologic Aspects. Int. J. Dermatol. 1995, 34, 474–479. [CrossRef]

68. Christensen, S.M.; Belew, A.T.; El-Sayed, N.M.; Tafuri, W.L.; Silveira, F.T.; Mosser, D.M. Host and Parasite Responses in Human
Diffuse Cutaneous Leishmaniasis Caused by L. Amazonensis. PLoS Negl. Trop. Dis. 2019, 13, e0007152. [CrossRef]

69. Gabriel, C.; McMaster, W.R.; Girard, D.; Descoteaux, A. Leishmania Donovani Promastigotes Evade the Antimicrobial Activity of
Neutrophil Extracellular Traps. J. Immunol. 2010, 185, 4319–4327. [CrossRef]

70. Saffarzadeh, M.; Preissner, K.T. Fighting against the Dark Side of Neutrophil Extracellular Traps in Disease: Manoeuvres for Host
Protection. Curr. Opin. Hematol. 2013, 20, 3–9. [CrossRef]

71. Farrera, C.; Fadeel, B. Macrophage Clearance of Neutrophil Extracellular Traps Is a Silent Process. J. Immunol. 2013, 191, 2647–2656.
[CrossRef]

72. Mendonça, S.C.; Coutinho, S.G.; Amendoeira, R.R.; Marzochi, M.C.; Pirmez, C. Human American Cutaneous Leishmaniasis
(Leishmania b. Braziliensis) in Brazil: Lymphoproliferative Responses and Influence of Therapy. Clin. Exp. Immunol. 1986, 64,
269–276. [PubMed]

73. Souza, M.A.; Castro, M.C.A.B.; Oliveira, A.P.; Almeida, A.F.; Reis, L.C.; Silva, C.J.; Brito, M.E.F.; Pereira, V.R.A. American
Tegumentary Leishmaniasis: Cytokines and Nitric Oxide in Active Disease and after Clinical Cure, with or without Chemotherapy.
Scand. J. Immunol. 2012, 76, 175–180. [CrossRef] [PubMed]

74. Oliveira, W.N.; Ribeiro, L.E.; Schrieffer, A.; Machado, P.; Carvalho, E.M.; Bacellar, O. The Role of Inflammatory and Anti-
Inflammatory Cytokines in the Pathogenesis of Human Tegumentary Leishmaniasis. Cytokine 2014, 66, 127–132. [CrossRef]

75. Scott, P.; Novais, F.O. Cutaneous Leishmaniasis: Immune Responses in Protection and Pathogenesis. Nat. Rev. Immunol. 2016, 16,
581–592. [CrossRef]

76. Rodriguez-Pinto, D.; Navas, A.; Blanco, V.M.; Ramírez, L.; Garcerant, D.; Cruz, A.; Craft, N.; Saravia, N.G. Regulatory T Cells in
the Pathogenesis and Healing of Chronic Human Dermal Leishmaniasis Caused by Leishmania (Viannia) Species. PLoS Negl.
Trop. Dis. 2012, 6, e1627. [CrossRef]

77. Bahrami, F.; Darabi, H.; Riazi-Rad, F.; Khaze, V.; Ajdary, S.; Alimohammadian, M.H. FOXP3 Expression and Frequency of
Regulatory T Cells in Healed Individuals from Leishmania Major Infection and the Asymptomatic Cases. Hum. Immunol. 2014,
75, 1026–1033. [CrossRef]

78. Oliveira-Neto, M.P.; Mattos, M.; da Silva, C.; de Souza, F.; Fernandes, O.; Pirmez, C. Leishmaniasis Recidiva Cutis in New World
Cutaneous Leishmaniasis. Int. J. Dermatol. 1998, 37, 846–849. [CrossRef]

79. Azeredo-Coutinho, R.B.G.; Conceição-Silva, F.; Schubach, A.; Cupolillo, E.; Quintella, L.P.; Madeira, M.F.; Pacheco, R.S.;
Valete-Rosalino, C.M.; Mendonça, S.C.F. First Report of Diffuse Cutaneous Leishmaniasis and Leishmania Amazonensis Infection
in Rio de Janeiro State, Brazil. Trans. R. Soc. Trop. Med. Hyg. 2007, 101, 735–737. [CrossRef] [PubMed]

80. Kropf, P.; Schopf, L.R.; Chung, C.L.; Xu, D.; Liew, F.Y.; Sypek, J.P.; Müller, I. Expression of Th2 Cytokines and the Stable Th2
Marker ST2L in the Absence of IL-4 during Leishmania Major Infection. Eur. J. Immunol. 1999, 29, 3621–3628. [CrossRef]

81. Hardman, C.; Ogg, G. Interleukin-33, Friend and Foe in Type-2 Immune Responses. Curr. Opin. Immunol. 2016, 42, 16–24.
[CrossRef]

82. Lu, J.; Kang, J.; Zhang, C.; Zhang, X. The Role of IL-33/ST2L Signals in the Immune Cells. Immunol. Lett. 2015, 164, 11–17.
[CrossRef] [PubMed]

https://doi.org/10.4049/jimmunol.144.12.4794
https://doi.org/10.1371/journal.ppat.1003923
https://doi.org/10.1590/S0100-879X1999000300012
https://doi.org/10.1038/375408a0
https://doi.org/10.1084/jem.189.4.741
https://doi.org/10.1034/j.1600-065X.2000.917307.x
https://www.ncbi.nlm.nih.gov/pubmed/10719664
https://doi.org/10.1128/IAI.70.8.4638-4642.2002
https://www.ncbi.nlm.nih.gov/pubmed/12117977
https://doi.org/10.1111/j.1365-3024.2011.01343.x
https://www.ncbi.nlm.nih.gov/pubmed/22098533
https://www.ncbi.nlm.nih.gov/pubmed/1184120
https://doi.org/10.2217/fmb.14.103
https://www.ncbi.nlm.nih.gov/pubmed/25598341
https://doi.org/10.1111/j.1365-4362.1995.tb00613.x
https://doi.org/10.1371/journal.pntd.0007152
https://doi.org/10.4049/jimmunol.1000893
https://doi.org/10.1097/MOH.0b013e32835a0025
https://doi.org/10.4049/jimmunol.1300436
https://www.ncbi.nlm.nih.gov/pubmed/3742876
https://doi.org/10.1111/j.1365-3083.2012.02717.x
https://www.ncbi.nlm.nih.gov/pubmed/22537157
https://doi.org/10.1016/j.cyto.2013.12.016
https://doi.org/10.1038/nri.2016.72
https://doi.org/10.1371/journal.pntd.0001627
https://doi.org/10.1016/j.humimm.2014.08.204
https://doi.org/10.1046/j.1365-4362.1998.00478.x
https://doi.org/10.1016/j.trstmh.2007.01.005
https://www.ncbi.nlm.nih.gov/pubmed/17368698
https://doi.org/10.1002/(SICI)1521-4141(199911)29:11&lt;3621::AID-IMMU3621&gt;3.0.CO;2-Z
https://doi.org/10.1016/j.coi.2016.05.004
https://doi.org/10.1016/j.imlet.2015.01.008
https://www.ncbi.nlm.nih.gov/pubmed/25662624


Microorganisms 2023, 11, 1631 21 of 21

83. Oboki, K.; Ohno, T.; Kajiwara, N.; Saito, H.; Nakae, S. IL-33 and IL-33 Receptors in Host Defense and Diseases. Allergol. Int. 2010,
59, 143–160. [CrossRef] [PubMed]

84. Miller, A.M. Role of IL-33 in Inflammation and Disease. J. Inflamm. 2011, 8, 22. [CrossRef] [PubMed]
85. Rostan, O.; Gangneux, J.-P.; Piquet-Pellorce, C.; Manuel, C.; McKenzie, A.N.J.; Guiguen, C.; Samson, M.; Robert-Gangneux, F. The

IL-33/ST2 Axis Is Associated with Human Visceral Leishmaniasis and Suppresses Th1 Responses in the Livers of BALB/c Mice
Infected with Leishmania Donovani. mBio 2013, 4, e00383-13. [CrossRef] [PubMed]

86. Schubach, A.; Marzochi, M.C.; Cuzzi-Maya, T.; Oliveira, A.V.; Araujo, M.L.; Oliveira, A.L.; Pacheco, R.S.; Momen, H.; Conceicao-
Silva, F.; Coutinho, S.G.; et al. Cutaneous Scars in American Tegumentary Leishmaniasis Patients: A Site of Leishmania (Viannia)
Braziliensis Persistence and Viability Eleven Years after Antimonial Therapy and Clinical Cure. Am. J. Trop. Med. Hyg. 1998, 58,
824–827. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.2332/allergolint.10-RAI-0186
https://www.ncbi.nlm.nih.gov/pubmed/20414050
https://doi.org/10.1186/1476-9255-8-22
https://www.ncbi.nlm.nih.gov/pubmed/21871091
https://doi.org/10.1128/mBio.00383-13
https://www.ncbi.nlm.nih.gov/pubmed/24045639
https://doi.org/10.4269/ajtmh.1998.58.824

	Introduction 
	Materials and Methods 
	Patients 
	Immunohistochemistry 
	Immunofluorescence 
	Statistical Analysis 

	Results 
	PRL Patients Had More Severe Skin Lesions and Showed Greater Positivity in the Parasite Detection Tests 
	Different In Situ Cellular Profiles Are Correlated with Patient Characteristics 
	Distribution of CD4+ and CD8+ T Lymphocytes and CD22+ B Lymphocytes 
	M2 Macrophages Were Associated with Poor Treatment Response While IFN- and NOS2 Expression Were Related to a Better Response and Spontaneous Healing 
	Neutrophil Extracellular Traps (NETs) Were Associated with Spontaneous Healing and Good Treatment Response 
	Evaluation of the Distribution of Mast Cells, CD56+ Natural Killer (NK) Cells, and Cellular Proliferation Marker (Ki-67) 
	Distribution of FoxP3, CD25, IL-33, and ST2L in LCL Lesions 
	Leishmania spp. were Detected in Lesions from all Groups with a Tendency to Be More Concentrated in the Lesions from PRL Patients 

	Discussion 
	References

