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TO THE EDITOR
Cutaneous leishmaniasis (CL) is char-
acterized by an inflammatory response
mainly mediated by CD4þ T cells pro-
ducing IFN-g, which are responsible for
macrophage activation and
intracellular Leishmania braziliensis
parasite killing. We recently showed
the importance of CD8þ T cells in the
pathogenesis of human CL as skin le-
sions from patients with CL present
higher frequencies of CD8þ T cells,
contributing to the inflammatory
response (Cardoso et al., 2015; Santos
et al., 2013). Moreover, lesion size
was found to positively correlate with
the frequency of CD8þ T cells‒
expressing granzyme B. The cytotoxic
response mediated by CD8þ T cells was
not found to be linked to decreased
parasite load in human macrophages
infected in vitro (Cardoso et al., 2015;
Santos et al., 2013).
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Figure 1. Elevated expression of inflammasome platform in CL skin lesions, PBMC, and macrophages and/or CD8 Cocultures. Relative expression of caspases

in skin samples, PBMCs, and macrophages and/or CD8þ cocultures from patients with CL detected by RT-qPCR. Relative gene expression of NLRP3, AIM2,

CASP-1, and CASP-5 in cutaneous lesions from patients with CL. (a) Relative gene expression of CASP-1 and CASP-5 in PBMCs from patients with CL (b) 6 h and

(b) 12 h after stimulation with promastigotes of Leishmania (Viannia) braziliensis. (c) Relative gene expression of NLRP3, AIM2, CASP-1, and CASP-5 in

macrophages and/or CD8þ cocultures from patients with CL 12 h after stimulation with promastigotes of L.(V.) braziliensis. Relative expression assessed by
DDCT using skin samples from HCs. DDCT, comparative CT method; CL, cutaneous leishmaniasis; CT, computed tomography; h, hour; HC, healthy control; Lb,

Leishmania braziliensis; Unst, unstimulated.

TM Cardoso et al.
Inflammasome and CD8þ T cells in CL

210
Recently, some authors have stated
that CD8þ T cells mediate tissue
damage through the activation of
NLRP3, leading to IL-1b secretion in
L. braziliensis‒infected mouse models
and cells obtained from human CL
skin lesions (Novais et al., 2017). Here,
we evaluated the ability of CD8þ T
cells to induce inflammasome expres-
sion and activation in cells from pa-
tients with CL and establish
correlations with healing time. This
study was approved by the Ethics and
Journal of Investigative Dermatology (2021), Volum
Research Committee from the Federal
University of Bahia, Brazil, and the
National Commission of Ethics in
Research (39324114.0.0000.5577).
All individuals were volunteer adults
and provided written informed con-
sent. A detailed description of the
methods is presented in the
Supplementary Materials and
Methods.

Increased expression of NLRP3,
AIM2, and CASP-1/5 was observed by
qPCR in CL skin lesions compared with
e 141
healthy skin samples (Figure 1a).
Increased CASP-1/5 expression was also
observed in PBMCs obtained from pa-
tients with CL stimulated with
L. (Viannia) braziliensis after 6 and 12
hours of culture (Figure 1b). To deter-
mine the role of CD8þ T cells in
increased inflammasome expression,
these cells were cocultured with
L. braziliensis‒infected macrophages.
After 12 hours of coculture, increased
expression of NLRP3, AIM2, and CASP-
1/5 was observed compared with



Figure 2. IL-1b and CASP-1 produced in macrophage and/or CD8D T coculture from patients correlates

with healing time. (a) IL-1b and (b) CASP-1 were measured by ELISA after 72 h of biopsy cultures. (c, e)

IL-1b and (d, f) CASP-1 from macrophage and/or CD8þ or CD4þ T-cell cocultures were measured by

ELISA. CD8þ or CD4þ T cells were purified from PBMCs of patients with CL and cocultured with

uninfected or infected macrophages for (cef). 12 h. (g) Active CASP-1 secretion and (h) intracellular

active CASP-1 (FLICA) measured in autologous cocultures from patients with CL for 12 h after Leishmania

(V.) braziliensis stimulation in the presence of (g, h) granzyme B and/or perforin inhibitors and (h) KCl or

NaCl hyperosmotic medium. Relationship between (i) IL-1b and healing time Pearson’s r ¼ 0.5334 as

well as (j) CASP-1 and time healing Pearson’s r ¼ 0.7267. aGZB, anti-granzyme B; aPerf, anti-perforin;

CL, cutaneous leishmaniasis; h, hour; HC, healthy control; KCl, potassium chloride; NaCl, sodium

chloride; zVAD, carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone.
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uninfected cell cultures (Figure 1c). The
activation of these molecules contrib-
utes to the pathophysiology of several
diseases, including leishmaniasis (Ferraz
et al., 2015; Hyman and Yuan, 2012;
Novais et al., 2015; Santos et al.,
2018). CASP-1 is responsible for con-
verting proinflammatory cytokines, such
as IL-1b and IL-18, into their mature and
active form, thereby favoring cytokine
release and inflammation (Howard
et al., 1997; Place and Kanneganti,
2018). Our results showed elevated
expression of inflammasome compo-
nents NLRP3 and AIM2 in patients with
CL skin lesions, which could explain the
upregulation of inflammatory CASP
genes observed herein. Concurrently,
some reports have described NLR acti-
vation by different species of Leishmania
in vitro and in vivo (Charmoy et al.,
2016; Lima-Junior et al., 2013; Santos
et al., 2018)

To validate our expression data, IL-1b
and CASP-1 levels were measured in
biopsied cell cultures for 12 hours.
Increased production of IL-1b
(Figure 2a) and CASP-1 (Figure 2b) was
seen in the supernatant of CL biopsy
cultures compared with that of healthy
controls. To confirm our results
regarding inflammasome activation by
CD8þ T cells, L. braziliensis‒infected
macrophages were cocultured with
CD8þ T cells from patients with CL for
12 hours, followed by the assessment of
IL-1b and CASP-1 secretion. We found
increased levels of IL-1b and CASP-1 in
autologous cocultures (CD8þ T cells þ
macrophages from patients with CL) in
contrast to cocultured uninfected mac-
rophages (Figures 2ced). In addition,
L. braziliensis‒infected macrophages
alone (Figures 2geh) or those cocul-
tured with CD4þ T cells did not induce
CASP-1 or IL-1b secretion compared
with cocultured uninfected macro-
phages (Figures 2eef).

It is well-known that during the
cytolytic process, CD8þ T cells release
perforin and granzyme-mediating
apoptosis in target cells (Li et al.,
2014). Accordingly, we hypothesized
that perforin released by activated
CD8þ T cells binds to the surface of
target cells, triggering potassium ion
imbalance, thereby leading to inflam-
masome activation. To test this, we
inhibited granzyme B and perforin
during the coculturing of
L. braziliensis‒infected macrophages
and CD8þ T cells or added a hyper-
osmotic medium containing 50 mM
potassium chloride or sodium chloride.
The inhibition of granzyme B and per-
forin reduced active CASP-1 secretion
www.jidonline.org 211
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levels and YVAD-FLICAepositive cells
during infected macrophages and
CD8þ T-cell cocultures (Figures 2geh).
This reduction suggested that CD8þ T
cells may induce potassium efflux and,
consequently, inflammasome activa-
tion. In contrast, in cocultures of CD4þ

T cells and infected macrophages, no
significant differences were found in
CASP-1 and IL-1b production.

In addition, increases in extracellular
potassium ion by potassium chloride
were shown to reduce the activation of
CASP-1 in CD14þ cells (Figure 2h).
These results indirectly suggest that the
cytolytic process in the membranes of
target cells caused by perforin do
indeed induce a potassium ion efflux.
Potassium efflux is a remarkable signal
involved in the activation of the NLRP3
inflammasome and inflammatory cas-
pases (Muñoz-Planillo et al., 2013).

Recent work described the value of
inflammasome platforms in predicting
treatment outcome in CL (Amorim et al.,
2019). To investigate whether CASP-1
and IL-1b production could be related
to poor disease prognosis, we corre-
lated the production of these proteins in
the supernatant of infected macro-
phage and CD8þ T-cell cocultures with
the healing time of each patient. CASP-
1 but not IL-1b production presented a
positive correlation with healing time
(Figures 2i and j). The fact that CASP-1
secretion is linked to healing time
supports the role of CD8þ-dependent
inflammasome activation in worsening
CL outcomes. Indeed, recent work
demonstrates that patients presenting
the higher expression of genes associ-
ated with cytotoxic T cells presented a
poorer response to treatment in the
healing of CL lesions (Amorim et al.,
2019).

This study investigated the role of
CD8þ T cells obtained from patients
with CL in the activation of the
inflammasome pathway. The
increased inflammasome component
expression observed in patients with
CL indicates that this process may be
related to tissue damage (Santos et al.,
2018). Recent reports have high-
lighted the modulation of inflamma-
some activation as a possible target
for treating tissue injury in this disease
(Carvalho et al., 2020). Further studies
will be crucial in determining
methods of modulating the
Journal of Investigative Dermatology (2021), Volum
inflammasome to design therapeutic
targets against CL.
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M. Borges1, Dario S. Zamboni7,
Lucas Pedreira de Carvalho1,2,3, Edgar
M. Carvalho1,2,3, Natalia
e 141
M. Tavares1,5,6 and
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Muñoz-Planillo R, Kuffa P, Martı́nez-Colón G,
Smith BL, Rajendiran TM, Núñez G. Kþ efflux is
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TO THE EDITOR
Although mycosis fungoides (MF) is the
most common cutaneous T-cell lym-
phoma, it still poses a major diagnostic
challenge because of clinical and his-
tological similarities to benign inflam-
matory dermatosis (BID), resulting in
prolonged diagnostic workup
(Scarisbrick et al., 2019). Algorithms
based on clinical, morphological,
immunophenotypical, and molecular
parameters have added to diagnostic
accuracy in early-stage disease
(Pimpinelli et al., 2005). In addition,
TOX, PDCD1, CADM1, BLK, and
genes related to the TNF signaling
pathway have been reported as poten-
tial diagnostic markers (Krejsgaard
et al., 2009; Litvinov et al., 2017;
Tracey et al., 2003; Yuki et al., 2018;
Zhang et al., 2012). Decades of
research have provided considerable
evidence on the interaction between
malignant T cells and benign immune
and stromal cells, inhibiting antitumor
responses while promoting tumor cell
growth through the inflammatory
microenvironment produced by the
neoplastic cells and thereby driving the
stage-related inflammation character-
istic of MF (Krejsgaard et al., 2017).
Only a few studies have investigated
the role of the innate immune cells
(Cioplea et al., 2019). To this end, we
performed gene expression analysis
with emphasis on the innate immune
system on 43 initial diagnostic biopsies
from 36 patients with early-MF (� IIA)
and 47 controls (13 healthy skin, 35
BID) (Supplementary Table S1) using
the NanoString nCounter Human
Myeloid Innate Immunity Panel v2
spiked with 30 customized genes
(Supplementary Materials and
Methods; Supplementary Table S2).
Patients were included using conven-
tional clinical and histopathological
criteria. Patient consent for experiments
was not required because retrospective
studies are exempted according
to Danish laws. Based on the 535
most differentially expressed genes
(s/smax > 0.2), an overall good sepa-
ration of early-stage MF (early-MF),
BID, and healthy skin was observed
(Supplementary Figure S1a), and a
direct comparison of early-MF and BID
(t-test: fold change > 3 and P < 0.01)
identified 45 differentially expressed
genes, of which all except one (SAA1)
were highly expressed in early-MF
compared with BID. Based on these
genes, a semi-unsupervised two-way
hierarchical clustering revealed almost
complete separation of early-MF from
BID (Supplementary Figure S1b). To
build a minimal diagnostic classifier for
early-MF, we tested different combina-
tions of the 45 differentially expressed
genes to identify the combination that
gave the best classifier performance by
10-fold cross-validation. The final clas-
sifier consisted of the two genes TOX
and TRAF1 (Figure 1a) with a classifi-
cation accuracy of 90% (Figure 1c).
This two-gene classifier was evaluated
in an independent validation cohort of
27 patients with early-MF and 17 pa-
tients with BID (Figure 1b), with a
classification accuracy of 80%
(Figure 1d).

Automated digital quantification of
protein expression of TOX and TRAF1
revealed a significant upregulation of
both TOX and TRAF1 proteins in early-
MF compared with controls (P <
0.0001 and P < 0.0001, respectively)
(Figure 2a and b). TOX protein expres-
sion was seen in benign lymphocytes in
controls and MF, as well as neoplastic
lymphocytes in MF located in Pautrier
micro-abscesses and dermis (Figure 2c
and d). Previous studies report putative
diagnostic and prognostic roles for TOX
in MF (Huang et al., 2014; Litvinov
et al., 2017; Zhang et al., 2012); how-
ever, the diagnostic potential has been
questioned as TOX expression is not
restricted to CD4þ cells (Schrader et al.,
www.jidonline.org 213
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SUPPLEMENTARY MATERIALS AND
METHODS
Study subjects and skin samples

Patient enrollment was performed in
epidemic areas in the municipalities of
Corte de Pedra and Jequiriça, located in
the state of Bahia (Brazil). Patients with
cutaneous leishmaniasis (CL) presented
typical ulcerative skin lesions, and di-
agnoses were made on the basis of para-
site detection by culture aspirate
histopathology or the presence of a
typicalCL lesionplus leishmanin skin test
positivity. Blood and tissue specimens
were obtained before patients received
treatment with antimoniate-N-methyl-
glucantime. Biopsieswere obtained from
the borders of skin lesionsof patientswith
CL (n ¼ 10), and skin samples were
collected from healthy subjects (n ¼ 7)
submitted to elective plastic surgery.

PBMCs and monocyte-derived
macrophages

PBMCs were isolated using Ficoll-
Hypaque gradients (GE Healthcare,
Uppsala, Sweden). PBMC fractions were
collected andwashed twicewith 1�PBS
at 300g for 10 minutes. A representative
portion of these cells was labeled with
APC-conjugated mAb a-CD14 (clone
61D3) (Sigma Aldrich, St. Louis, MO).
Flow cytometry was employed to deter-
mine monocyte frequency in each sam-
ple and adjusted to 1� 106 CD14þ cells
per well to obtain differentiated macro-
phages at identical proportions. For
macrophage differentiation, cells were
incubated at 37 �C under 5% carbon di-
oxide for 2 hours to achieve adhesion.
Then, PBMCs were washed to remove
any nonadherent cells andmaintained in
culture with complete RPMI (supple-
mented with 2 mM L-glutamine, 1 mM
sodium pyruvate, 100 U/ml penicillin,
100 mg/ml streptomycin, and 0.1 mM
nonessential amino acids) for 7 days to
induce macrophage differentiation.

Macrophage-infected CD8D and
CD4D T-cell cocultures

Leishmania (Viannia) braziliensis (strain
Ba788) promastigotes were cultured in
Schneider’s Insect medium (Sigma
Aldrich) (supplemented with 10% fetal
bovine serum, 2mML-glutamine, 100U/
ml penicillin, and 100 mg/ml strepto-
mycin). Cultured macrophages from pa-
tients with CL and healthy subjects were
infected with L. braziliensis (1:10
macrophage-to-promastigote ratio).After

2 hours of infection, cellswerewashed to
remove any noninternalized promasti-
gotes, followed by coculturing with
CD8þ and CD4þ T cells (5:1 cell-to-
macrophage ratio) for variable durations
as indicated in figure legends. CD8þ and
CD4þ T-cell isolation was performed in
PBMCs using a magnetic bead system
(Dynabeads Untouched Human CD8þ T
Cells and Untouched Human CD4þ T
Cells Dynabeads) in accordance with
manufacturer’s instructions.

Reagents and culturing protocol

The reagent 3,4-dichloroisocumarin
(Sigma Aldrich) was used as a phar-
macological inhibitor of granzyme B.
The neutralizing antibody (clone dG9)
was used to block perforin. In order to
confirm inflammasome activation
caused by the influx of potassium, a
complete RPMI medium with a high
concentration of potassium chloride
(50 mM) was used for inhibition pur-
poses, with sodium chloride employed
as a negative control.

Real-Time qPCR

Total RNA from skin lesions and cell
culture lysates was extracted using an
miRNeasy Mini Kit (Qiagen, Hilden,
Germany). Reverse transcription was
performed to synthesize cDNA using
0.5 mg of total RNA, M-MLV reverse
transcriptase, and random primers
(Invitrogen, Carlsbad, CA). Relative
qPCR reactions were performed (Ste-
pOnePlus AB, Applied Biosystems,
Foster City, CA) on 96-well microtiter
plates using SYBR Green Master Mix
(Applied Biosystems). Forward and
reverse primer sequences are: for
Caspase 1 forward (50-GCTGAGGT
TGACATCACAGGCA-30) reverse (50-
TGCTGTCAGAGGTCTTGTGCTC-
30); Caspase 5 forward (50-
TGTAAAAC
GACGGCCAGT-30) reverse (50-CAG
GAAACAGCTATGCACC-30); NLRP 3
forward (50-GATCTTCGCTGCGAT
CAACA-30) reverse (50-GGGATTC
GAAACACGTGCATTA-30); AIM2 for-
ward (50-CAACAAGACTTGAACACA
ACGAG-30) reverse (50-CTCTCAAT
GACTGTGCTGGGTA-30); and b-
actin forward (50-CACCATTGGCAAT
GAGCGGTTC-30) reverse (50-AGGT
CTTTGCGGATGTCCACGT-30). All
primers were purchased from
Applied Biosystems. Samples were
amplified in duplicate, and relative

expression was calculated as mean
comparative computer tomography
method for each gene using StepOne
Software v2.0.2 (Applied Bio-
systems). b-actin gene was used as an
internal control. All reagents were
used in accordance with the manu-
facturer’s recommendations.

IL-1b and active CASP1
quantification

To measure cytokine production in co-
cultures, supernatants were collected
after 12 hours of culturing. IL-1b (Hu-
man IL-1b and/or IL-1F2 DuoSet ELISA
Development System; R&D Systems,
Minneapolis, MI) and active CASP-1
(Human CASP-1/ICE Quantikine ELISA
Kit; R&D Systems) concentrations were
determined by ELISA sandwich assays in
accordance with the manufacturer’s in-
structions. IL-1 b and CASP-1 were
measured in the supernatants of patients
with CL biopsy cultures after 72 hours of
incubation, as previously described by
Santos et al. (2018). Briefly, biopsy
samples were cultured in complete
RPMI media without stimuli at 37 �C,
5% carbon dioxide for 72 hours. Su-
pernatants were collected and stored
at �70 �C until the time of analysis by
ELISA (R&D Systems) in accordance
with the manufacturer’s instructions.

Macrophage FAM-FLICA assay

After 12 hours of coculturing, cells were
stainedwith FAM-FLICA FITC reagents in
accordance with manufacturer’s in-
structions to determine CASP-1 activa-
tion in infected MØ (iMØ) and MØ
(FAM-FLICA Caspase-1 Assay Kit,
Immunochemistry Technologies, Bloo-
mington, MN). In addition, cells were
labeled with phycoerythrin anti-human
CD3 mouse antibody (clone SP34-2),
phycoerythrin-Cy5econjugated mAb a-
CD8 (clone RPA-T8), and APC-
conjugated mAb a-CD14 (clone 61D3)
(Sigma Aldrich). A total of 105 gated
events from each sample were acquired
on a FACS Canto II cytometer (BD-
Bioscience Pharmingen, San Jose, CA)
and analyzed using FlowJo TreeStar
software.

Statistical analysis

To analyze relative gene expression in
skin lesions and PBMC cultures and co-
cultures, ManneWhitney U test was
used. The ManneWhitney U test was
also used to assess differences in IL-1b
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and active CASP-1 production by ELISA
in all experiments. Comparison of CASP-
1 and FLICA positive cells of multiple
groups in the presence or absence of
different inhibitors were analyzed by

KruskaleWallis test, followed by Dunn’s
multiple comparisons post-test. Pearson’s
coefficient testing was performed to
assess correlations between patientswith
CL healing time and CASP-1 or IL-1b

production. All statistical analyses were
performed using GraphPad Prism 8.0
software (GraphPad Software, SanDiego,
CA). P-values < 0.05 were considered
significant.
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