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Inflammasome-derived IL-1[3 production induces
nitric oxide—-mediated resistance to Leishmania

Djalma S Lima-Junior!2, Diego L Costa?, Vanessa Carregaro?, Larissa D Cunhal, Alexandre L N Silval,
Tiago W P Mineo?’, Fredy R S Gutierrez>’, Maria Bellio?, Karina R Bortoluci#, Richard A Flavell>®,
Marcelo T Bozza3, Joao S Silva2 & Dario S Zamboni!

Parasites of the Leishmania genus are the causative agents of leishmaniasis in humans, a disease that affects more than

12 million people worldwide. These parasites replicate intracellularly in macrophages, and the primary mechanisms underlying
host resistance involve the production of nitric oxide (NO). In this study we show that the Nirp3 inflammasome is activated in
response to Leishmania infection and is important for the restriction of parasite replication both in macrophages and in vivo as
demonstrated through the infection of inflammasome-deficient mice with Leishmania amazonensis, Leishmania braziliensis and

Leishmania infantum chagasi. Inflammasome-driven interleukin-1p (IL-13) production facilitated host resistance to infection,
as signaling through IL-1 receptor (IL-1R) and MyD88 was necessary and sufficient to trigger inducible nitric oxide synthase
(NOS2)-mediated production of NO. In this manuscript we identify a major signaling platform for host resistance to Leishmania
spp. infection and describe the molecular mechanisms underlying Leishmania-induced NO production.

Leishmaniasis is caused by protozoan parasites of the Leishmania
genus, which includes several species wildly distributed in South
America and Asial. Whereas L. (L.) amazonensis and L. (Viannia)
braziliensis induce the cutaneous and mucocutaneous forms of the
disease, L. (L.) infantum chagasi causes a life-threatening visceral form
of leishmaniasis’2.

Leishmania parasites survive and multiply in macrophages, which
are able to produce leishmanicidal products that contribute effec-
tively to the restriction of parasite proliferation3->. A potent leish-
manicidal factor produced by macrophages is NO produced by the
enzyme NOS2, which is tightly regulated in response to infection by
pathways that are not completely elucidated®-8.

Macrophage activation is crucial for the initiation of protective
immune responses to different diseases, including leishmaniasis.
Activation is achieved when host cell receptors sense microbial com-
ponents or stress signals. Members of the Nod-like receptor (NLR)
family of proteins have emerged as important innate immune sen-
sors of microbes and damage®. Certain NLRs regulate the assembly
of the inflammasome, a multimeric complex that contains active
caspase-1 (reviewed in ref. 10). The Nlrp3 inflammasome requires
the adaptor protein Asc (also called Pycard) and has been extensively
studied because of its association with important chronic inflam-
matory diseases, including gout, Alzheimer’s disease and type 2
diabetes!!. The Nlrp3 inflammasome responds to microbial RNA

and perturbations in the membranes of innate immune cells; this
feature suggests that Nlrp3 is a sensor of damage (reviewed in ref. 10).
Through mechanisms that are not yet elucidated, the assembly of the
canonical Nlrp3 inflammasome requires the efflux of potassium (K)*
and is impaired by inhibitors of K* transporters, lysosomal cathep-
sins and reactive oxygen species!>"1°. Once activated, caspase-1
induces processing and secretion of IL-13, which is transcriptionally
regulated when microbial components are sensed by pattern recogni-
tion receptors!®.

The activation of the inflammasome in response to infection by
intracellular pathogens has been extensively investigated. However,
only a few studies have addressed the role of the inflammasome in
the restriction of infection by these microbes, and the mechanisms
that underlie inflammasome-mediated host resistance are largely
unknown!7-20. In this study we addressed the role of the inflamma-
some in the host response to intracellular protozoan parasites of the
Leishmania genus. We found that the NIrp3 inflammasome is engaged
in response to L. amazonensis infection and that activation of this
molecular platform has a crucial role in the restriction of parasite
replication both in isolated macrophages and in vivo. Notably, we
found that IL-1f is important for host resistance to infection, as IL-1
signaling through IL-1R and MyD88 contributes to induce NOS2-
mediated production of NO, which is a major host defense mecha-
nism against Leishmania spp.
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Figure 1 Caspase-1 is activated in response to L. amazonensis infection. (a) Flow cytometry f g ESZ;?,L{E
analysis of C57BL/6 and Caspl~/- BMDMs infected with L. amazonensis at an MOI of 10 at 6 (green), 300 s00 X
12 (purple), 24 (cyan) and 48 h (blue) of infection. The red-filled histograms indicate BMDMs _ o —~ 400
that were not infected (NI). (b) Quantification of the average percentages of FAM-YVAD* cells in TE 200 e 300
the experiment in a. L.a, L. amazonensis. (c) Percentage of FAM-YVAD* C57BL/6 and Caspl—/~ 2 2
BMDMs infected at an MOl of 1, 5, 10 or 20 for 24 h. (d,e) IL-1B production assessed by ELISA of = 100 o 200
C57BL/6 and Caspl~'- BMDMs stimulated for 6 h with 500 ng mI=! LPS (d) or 10 ng mI~! IFN-y (e) & = 100
and subsequently infected with L. amazonensis for 42 h. (f) IL-1B production assessed by ELISA of o o
C57BL/6 BMDMs pretreated for 6 h with 500 ng mI=1 LPS and left uninfected or treated with live, D 2P0 & P
irradiated, formaldehyde (formald.) fixed or boiled L. amazonensis at an MOl of 10 after 42 h of &6\":0&‘{;0“\ \@a’\ e Q@"
infection. (g) IL-1p production assessed by ELISA of C57BL/6 and CaspI~'- BMDMs stimulated for \/{z;“v'? ™ v

6 h with 500 ng ml~-1 LPS and infected with metacyclic forms of L. amazonensis at an MOI of 1 for 42 h.
One representative of three (a—f) or two (g) independent experiments performed in triplicate is shown. Error bars (b-g), s.d. *P < 0.05 (two-way analysis
of variance (ANOVA) with Bonferroni’s post test (b,c¢) or Student’s ¢ test (d—g)) compared to CaspI~/~ (b-e,g) or NI (f).

RESULTS L. amazonensis infection induced the processing and secretion of the
The inflammasome is activated in response to L. amazonensis caspase-1 subunit p20 and the IL-1f subunit p19 in a Nlrp3-dependent,
Although caspase-1 is activated in macrophages in response to sev-  Asc-dependent and caspase-1-dependent manner (Fig. 2d). The
eral intracellular and extracellular bacterial pathogens, the ability of reduced amount of IL-1f production and caspase-1 cleavage in
parasites from the Leishmania genus to trigger caspase-1 activation L. amazonensis—infected macrophages as compared to cells treated
is unknown. To determine whether macrophages activate caspase-1 ~ with LPS and nigericin supports the hypothesis that L. amazonen-
in response to L. amazonensis infection, we infected bone marrow—  sis may modulate and perhaps inhibit inflammasome activation
derived macrophages (BMDMs) from C57BL/6 mice with station-  in some instances, a feature that will require further investigation.
ary-phase forms of L. amazonensis and directly measured caspase-1 ~ Nonetheless, the inflammasome is engaged in response to Leishmania
activation using a fluorescent dye that stains the active form of cas- infection, and to further evaluate inflammasome assembly in situ,
pase-1 (FAM-YVAD)?0. We found that L. amazonensis infection trig- ~ we transduced BMDMs with a retroviral construct encoding GFP-
gered caspase-1 activation in C57BL/6 but not in caspase-1-deficient tagged Asc (Asc-GFP). We infected the transduced BMDMs with
(Casp1~'-) BMDMs (Fig. 1a—c). The secretion of IL-1pB is depend- L. amazonensis and found formation of Asc foci in the infected cells
ent on active caspase-1. We observed that BMDMs obtained from  at 2 and 6 h after infection with either stationary-phase or metacyclic
C57BL/6 mice, but not those from Caspl~/~ mice, produced signifi- forms of L. amazonensis (Fig. 2e-h), thus indicating the assembly of
cant amounts of IL-1P in response to L. amazonensis infection in  the inflammasome in response to L. amazonensis infection.
cells pretreated with lipopolysaccharide (LPS) or interferon-y (IFN-v) Potassium efflux is crucial for the activation of the Nlrp3 inflam-
(Fig. 1d,e). To further evaluate whether caspase-1 activation is masome!®?l. Moreover, CA-074-ME (a compound that inhibits both
induced in response to live parasites, we infected BMDMs with live  cathepsin B and cathepsin L) and glibenclamide (a drug that inhibits
or nonviable (dead) L. amazonensis parasites and measured IL-13  ATP-sensitive potassium channels) both inhibit activation of the Nlrp3
secretion. Live L. amazonensis effectively induced IL-1P secretion, inflammasome!>?223, To further investigate the role of Nlrp3 in the
whereas nonviable parasites (boiled, inactivated with ultraviolet light  activation of caspase-1 in response to L. amazonensis infection, we
or formaldehyde fixed) did not induce IL-1f secretion (Fig. 1f). We  determined whether glibenclamide, CA-074-ME and extracellular K*
also observed these effects in response to infection with metacyclic  interfere with caspase-1 activation during the macrophage response
forms of the parasite (Fig. 1g). to L. amazonensis infection. FAM-YVAD" staining and IL-1f secre-
To determine which NLR is responsible for caspase-1 activation tion demonstrated that the addition of glibenclamide, CA-074-ME or
in response to L. amazonensis infection, we performed experiments  potassium chloride (KCl), but not sodium chloride (NaCl), impaired
using BMDMs deficient in different inflammasome components. The L. amazonensis-induced caspase-1 activation (Supplementary Fig. 1).
FAM-YVAD assay revealed that BMDMs from Pycard~/=, CaspI~/~  Taken together these results indicate that potassium, cathepsins and
and Nirp3~/~ mice induced neither caspase-1 activation (Fig. 2a,b) nor ~ K* channels are all required for L. amazonensis-induced Nlrp3 inflam-
IL-1P secretion after infection with L. amazonensis (Fig. 2¢). In this  masome activation, thus supporting a key role for this inflammasome
experiment we also used a combination of LPS and nigericin, which  in caspase-1 activation in BMDMs infected with L. amazonensis.
induces activation of the Nlrp3 inflammasome!®17. Moreover, we per-
formed western blot assays with BMDMs treated with nigericin or  Inflammasome facilitates restriction of Leishmania infection
L. amazonensis to further confirm the activation of the Nlrp3 inflam-  To evaluate the role of the inflammasome in the restriction of
masome in response to L. amazonensis infection. We observed that L. amazonensis replication in BMDMs, we measured parasite
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Figure 2 The NIrp3 inflammasome is required for caspase-1 activation in
macrophages infected with L. amazonensis. (a,b) Flow cytometry analysis
of FAM-YVAD staining of C57BL/6, Pycard~"-, Caspl~'~ and Nirp3-/~
BMDMs infected with stationary-phase L. amazonensis at an MOI of

10 for 42 h. (c) IL-1p production from C57BL/6, Pycard~~, Casp1-/~ and
NIrp3~'~ BMDMs stimulated for 6 h with LPS (500 ng mI-1) and infected
with stationary-phase L. amazonensis at an MOl of 10 for 42 h or treated
with 20 uM nigericin (Nig) for 1 h. (d) Immunoblotting for caspase-1 p20
and IL-1B p19 in cell-culture supernatants (SN) and cell lysates (Lys) of
BMDMs stimulated for 6 h with LPS (500 ng mi~!) and infected or not
infected with stationary-phase L. amazonensis at an MOl of 10 for 42 h.
(e-h) Immunofluorescence and quantification of Caspl~'~ BMDMs
transduced with a retroviral construct encoding Asc-GFP and infected with
stationary-phase L. amazonensis at an MOl of 5 (f,g) or with metacyclic
promastigotes at an MOI of 3 (h). (e) Uninfected CaspI~~ BMDMs
expressing Asc-GFP dispersed in the cytoplasm (green). (f) BMDMs
infected with L. amazonensis (red) for 2 h showing the Asc-GFP foci
(green). (g,h) Quantification of the percentage of Asc foci at 2, 6 and 24 h
after infection of the BMDMs. One representative of three experiments
performed in triplicate is shown throughout. Error bars (a—c,g,h), s.d.
*P < 0.05 (Student’s t test (a—c) or one-way ANOVA with Bonferroni’s
post test (g,h)) compared to NI (a,b,g,h) or similarly treated Pycard'"-,
Caspl~'- and Nirp3-- BMDMs (c).

replication in BMDM:s obtained from C57BL/6 or inflammasome-
deficient mice. We also used BMDMs from Nos2~/~ mice because NOS2-
induced NO is essential for the restriction of parasite growth®242>,
Although parasite internalization by the BMDMs was similar after
1 h of infection, the BMDMs from Pycard~'~, Casp1~/~, Nlrp3~/~ and
Nos2~/~ mice had higher percentages of infected cells (Fig. 3a) and
higher numbers of intracellular amastigotes (Fig. 3b,c) after 24, 48,72
and 96 h of infection compared to C57BL/6 BMDMs. We performed
similar experiments using metacyclic forms of L. amazonensis and found
that the parasites replicated more efficiently in cells deficient in the
inflammasome or NOS2 (Fig. 3d). To further evaluate L. amazonensis
replication in BMDMs, we used GFP-expressing L. amazonensis
(La-GFP*) to quantify parasite replication using flow cytometry. To
validate the effectiveness of this method, we infected BMDMs with
different multiplicities of infection (MOIs) of La-GFP* for 3 h and
determined the percentage of GFP* BMDMs using flow cytometry.
We observed a direct correlation between the MOI used for infection,
the percentage of GFP* BMDMs and the integrated mean fluorescence
intensity (iMFI) of the infected BMDMs (Supplementary Fig. 2). We
then used the La-GFP™ parasites to evaluate the role of the inflam-
masome in the restriction of intracellular parasite replication using
flow cytometry. We observed that the parasite loads in the Nlrp3~/-,
Pycard~/~ and Casp1~/~ BMDMs were significantly higher than those
in C57BL/6 BMDMs and were similar to those in Nos2~/~ BMDMs, as
demonstrated by the percentage of GFP* BMDMs at 48 h after infec-
tion (Fig. 3e) and the MFIs of the GFP* BMDMs during a 96-h growth
kinetics analysis (Fig. 3f). We further investigated whether treatment
of the BMDMs with the inhibitors described above affects the restric-
tion of parasite replication. We observed that the C57BL/6 BMDMs
treated with CA-074-ME, glibenclamide or KCI, but not NaCl, were
more susceptible to L. amazonensis replication, as demonstrated by the
percentage of GFP* BMDMs and the iMFIs of the infected BMDMs;
however, these treatments did not alter parasite replication in Pycard~/~
or Caspl~/~ cells (Fig. 3g,h). Taken together, these results indicate that
the activation of the Nlrp3 inflammasome is important for the restric-
tion of L. amazonensis replication in BMDMs.

To evaluate the role of the inflammasome in infection of mice, we
used an ear model of infection?®. We observed a significant increase
in the size of the lesions and skin necroses in the ears of Nlrp3~/-,
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Pycard~'~and Casp1~/~ mice compared to those in the ears of C57BL/6
mice (Fig. 4a,b). Consistent with the increased lesion size, Nlrp3~/-,
Pycard~'~ and Casp1~/~ mice also harbored increased parasite loads
in the ears, lymph nodes and spleen as measured by a limiting dilu-
tion of organ homogenates after 8 weeks of infection (Fig. 4c). We
obtained similar results in mice infected with metacyclic promas-
tigotes of L. amazonensis, the infective forms of the parasite that are
injected through insect bites in natural infections (Fig. 4d-f). We also
performed infections in an A/] mouse background, which is resistant
to L. amazonensis?’, to evaluate whether the observed phenomena
were limited to the mouse background chosen for our experimental
model. Therefore, we generated caspase-1-deficient mice in an
A/] background (A/J-CaspI~'~) by backcrossing mice carrying the
caspase-1-deficient allele with A/J mice for ten generations. The
experiments performed with this mouse strain indicated that the
caspase-1 deficiency in A/J-CaspI~/~ mice increased lesion develop-
ment, skin necrosis and parasite load compared to infected A/J control
mice (Fig. 4g-i). Taken together, these results suggest that regardless
of the mouse background and parasite forms used for infection, the
inflammasome is important for the efficient restriction of parasite
infection in cutaneous leishmaniasis.

To investigate inflammasome activation in infected mice,
we quantified the production of IL-1B in cells obtained from
L. amazonensis—infected mice. We found substantial production of
IL-1B in lymph-node and spleen cells obtained from C57BL/6 mice
infected for 2 or 5 weeks. The production of IL-1 detected in these
ex vivo experiments was dependent on the inflammasome, as we
detected no IL-1P in the supernatants of cultures of cells obtained
from infected Pycard~'~ or Casp1~/~ mice (Supplementary Fig. 3).

Inflammasome triggers NO-mediated resistance to infection

We assessed the role of IL-1B in host resistance to L. amazonensis
infection because the processing of this cytokine in BMDMs is
dependent strictly on the inflammasome and because polymor-
phisms within the human ILIB gene are associated with severity
of disease?®2°. We quantified parasite replication in C57BL/6 and
inflammasome-deficient BMDMs treated with different concentra-
tions of an IL-1R antagonist (IL-1Ra)3C. We observed that inhibiting
endogenous IL-1R signaling resulted in a dose-dependent increase
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Figure 3 L. amazonensis multiplication is increased in macrophages from inflammasome- 90 140
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subsequently incubated with La-GFP+ at an MOl of 10 for 48 h. One representative of
three independent experiments performed in triplicate is shown throughout. Error bars (a-h), s.d. *P < 0.05 (two-way ANOVA with Bonferroni’s
post test (a—d,f) or Student’s t test (e,g,h)) for Pycard='-, Caspl-'-, Nirp3-'- and Nos2-/~ compared to C57BL/6 (a—f) or medium (g,h).

in the susceptibility of C57BL/6 BMDMs to infection; in contrast,
the susceptibility of Pycard~'~, CaspI~/~ and Nos2~/~ BMDMs was
not affected by IL-1Ra treatment (Fig. 5a). To evaluate the role of
IL-1 in the leishmanicidal activity of BMDMs, we treated C57BL/6
BMDMs with recombinant IL-1f or IFN-y and measured parasite
replication. We observed a dose-dependent restriction of parasite
replication in BMDMs treated with either IL-1f or IFN-y (Fig. 5b).
To address whether the leishmanicidal activity induced through
IL-1P required components of the inflammasome, we treated BMDMs
from C57BL/6, Pycard='-, CaspI~'~ and Nos2~/~ mice with exogenous
IL-1B and measured parasite replication. We observed that the addi-
tion of exogenous IL-1 triggered pronounced leishmanicidal activity
in C57BL/6 BMDMs and, to a lesser extent, in BMDMSs obtained from
inflammasome-deficient mice (Fig. 5¢). To determine whether IL-13
contributes to NO production in infected BMDMs, we measured the
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production of nitrite in the supernatants of L. amazonensis—infected
C57BL/6 BMDMs treated with IL-1P or IFN-y. We observed a dose-
dependent production of NO,™ in response to either IFN-y or IL-13
(Fig. 5d). BMDM:s from Pycard~'~ and Casp1~'~ mice, but not Nos2~/~
mice, produced NO in response to IL-1B (Fig. 5¢). Notably, the addi-
tion of exogenous IL-1P only partially restored the leishmanicidal
activity (and NO production) in inflammasome-deficient BMDMs
(Fig. 5¢,e). Thus, we speculate that the inflammasome is involved in
additional processes leading to macrophage resistance.

Because IFN-y is crucial for NO production®'-33, we investigated
the requirement of the inflammasome for IFN-y production in
BMDMs infected with L. amazonensis. We infected BMDMs from
C57BL/6 and Caspl~/~ mice with L. amazonensis and measured the
expression of IFN-y using quantitative RT-PCR. We observed that
caspase-1-deficient BMDMs had impaired expression of Nos2 and

Figure 4 The Nirp3 inflammasome is important
for the in vivo restriction of L. amazonensis
infection. (a—c) Quantification of lesion
development (a), representative images of ear
lesions after 8 weeks of infection (b) and limiting
dilution analysis of parasite burden in the infected
ear, draining lymph node and spleen at 8 weeks of
infection (c) in C57BL/6, Pycard-'-, Casp1~/- and
NIrp3-'= mice in the C57BL/6 genetic background
infected in the ear dermis with 106 stationary-
phase L. amazonensis promastigotes. (d—f) As

in a—c but using infection with 105 metacyclic
promastigotes of L. amazonensis. (g-i) As in a—c
but using A/J and A/J-Casp1~~ mice infected

in the ear dermis with 106 stationary-phase

L. amazonensis promastigotes. One representative
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Ifng, but not Tnfa (tumor necrosis factor-o) RNA, in response to
infection (Fig. 5f). These data indicate that the inflammasome is
required for the efficient production of IFN-yin BMDMs.

Next, we treated BMDMs with IFN-yin combination with IL-1f and
observed that the addition of both cytokines fully complemented
Casp1~'- BMDMs for NO production and restriction of L. amazonensis
infection (Fig. 5g). Accordingly, when we added antibodies specific
to IFN-v to the cultures (that is, blocking the endogenous IFN-y),
IL-1B alone induced similar production of NO and restriction of
L. amazonensis infection in C57BL/6 and Caspl~- BMDMs (Fig. 5g).
To further evaluate the role of NO in leishmanicidal mechanisms
induced through IL-1B and inflammasomes, we used the inhibitors
L-NMMA and aminoguanidine to block the endogenous production
of NO in L. amazonensis-infected BMDMs. We observed that both

drugs affected the leishmanicidal activity of C57BL/6 BMDMs but
did not alter the parasitism of cells deficient in Asc, Caspl or Nos2
(Fig. 5h,i). Collectively these data indicate that the inflammasome is
important for NO-dependent restriction of parasite replication in BMDMs
through mechanisms involving the production of IL-1f3 and IEN-.

The role of the inflammasome in the induction of NO produc-
tion in response to L. amazonensis was also evident ex vivo. Cells
obtained from the lymph nodes and spleens of infected C57BL/6,
but not Pycard~'~ or Casp1~/~, mice induced NOS2 expression and
NO production after stimulation with L. amazonensis antigens
(Supplementary Fig. 4a-d). This process was dependent on the
IFN-y produced in response to the L. amazonensis antigens, as the
ex vivo cultures from Ifng~/~ mice did not produce IL-1B and NO in
response to antigen stimulation (Supplementary Fig. 5).
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To further investigate the role of IL-1 signaling in the restriction
of macrophage infection, we performed experiments with BMDM:s
from mice deficient in IL-1R or MyD88, which are both required for
IL-1 signaling. We observed that the BMDMs obtained from Il1r~/~
and Myd88~/~mice were as susceptible to infection as those obtained
from Pycard~/~ and Casp1~/~ mice (Fig. 6a,b). Accordingly, Il1r~/~
and Myd88~/~ mice were as susceptible to infection as mice deficient
in Asc and Casp1 (Fig. 6¢-e).

We then examined the activation and role of the inflammasome
in response to infection with other species of the Leishmania genus,
namely Leishmania (Leishmania) majot, L. (V.) braziliensis and L. (L.)
infantum chagasi. FAM-Y VAD staining and IL-1f production showed
that the inflammasome is activated in BMDMs infected with L. major,
L. braziliensis or L. amazonensis (Supplementary Fig. 6a,b). However,
we detected no difference in lesion development or parasite burden in
the ears and lymph nodes of C57BL/6 and inflammasome-deficient
mice after intradermal inoculation of L. major (Supplementary
Fig. 7). In contrast, the inflammasome was important for restric-
tion of in vivo infection with L. braziliensis or L. infantum chagasi
(Supplementary Fig. 8). Taken together, these results indicate that
activation of the inflammasome is an important process in host resist-
ance against infection with several species of the Leishmania genus.

DISCUSSION

The generation of an appropriate immune response, which requires
an effective innate immune recognition of parasites, is essential for
human resistance against infectious diseases, including leishmania-
sis. Although MyD88-dependent Toll-like receptor (TLR) signaling
has been reported to be important for parasite recognition3433, the
species of Leishmania are known to be immunologically silent and
bypass recognition by innate immune receptors during infection36-3%.
In this study we identified the inflammasome as a crucial innate
immune platform for the recognition of Leishmania spp. Notably,
the activation of the inflammasome leads to autonomous macro-
phage mechanisms that culminate with the restriction of intracel-
lular parasite replication. These processes involve the regulation of
IFN-v and processing of IL-1f, which facilitates the expression of
NOS2, an enzyme that is required for NO-mediated restriction of
Leishmania replication in macrophages®-8. These data explain recent
reports indicating that IL-1f signaling is crucial for the determination
of the severity of disease in humans?82°. Polymorphisms within the
human ILIB gene are associated with severity of disease, which can
lead to either the development of severe cases of visceral leishmaniasis
in patients infected with L. infantum chagasi or uncontrolled diffuse
forms of cutaneous leishmaniasis in patients infected with Leishmania
mexicana®®?°. In this study we found that macrophages and mice that
were deficient in IL-1R were just as susceptible to infection as those
deficient in Casp1, Asc or Nirp3, which suggests that IL-1 signaling is
important for the inflammasome-dependent restriction of Leishmania
spp. replication.

Although the inflammasome is activated in BMDMs infected
with L. major, it was dispensable for host resistance to infection. It is
important to highlight that the C57BL/6 background is the canonical
restrictive background for L. major infection (reviewed in ref. 40).
Thus, in such a restrictive genetic background, additional resistance
mechanisms may be sufficient to limit parasite replication regardless
of the presence of the inflammasome-IL-1 axis. The dispensable role
of the inflammasome in the restriction of L. major infection corrobo-
rates previous reports indicating that IL-1 signaling is dispensable in
resistance against L. major infection in mice with the C57BL/6 genetic

background*!-43. In this context, future studies will be important to
test the role of the inflammasome and IL-1 signaling in a mouse back-
ground that is susceptible to L. major infection. Nonetheless, regard-
less of genetic background, infections performed with highly virulent
species, which bypass the C57BL/6-mediated natural resistance to
infection, supported an important role of the inflammasome and IL-1
signaling in host resistance to infection. Our data favor a model that
couples molecules and cellular process that are known to be important
in host resistance, including IFN-y, NO, MyD88 and IL-1 signaling.
The identification of this pivotal pathway in host resistance to leish-
maniasis may enable the development of future therapeutic strate-
gies for the modulation of the inflammasome, IL-1 signaling or both
to facilitate the treatment of chronic, life-threatening and neglected
infectious diseases such as leishmaniasis.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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Animals. Six- to 8-week-old-female mice were used for the infection experi-
ments. Pycard”~ and Caspl~/~ mice were previously described and back-
crossed to C57BL/6 mice for nine and eight generations, respectively, to
ensure similar genetic backgrounds445. The NIrp3~/~ mice were generated
in the C57BL/6 background'®. A/J, C57BL/6, Myd88~/, Il1r~/~ and Ifng~/~
mice in the C57BL/6 background were obtained from the animal facilities
of the Faculdade de Medicina de Ribeirdo Preto, FMRP/USP. Caspase-1-
deficient mice in an A/J] background (A/J-Casp1~/~ mice) were constructed by
backcrossing mice carrying the caspase-1-deficient allele with A/J mice for
ten generations. The mice were bred and maintained under specific patho-
gen-free conditions at the animal facilities of the University of Sao Paulo,
FMRP/USP. All of the mice experiments were conducted according to the
guidelines of the institutional committee for animal care at the Comissdo
de Etica em Experimentagio Animal da Faculdade de Medicina de Ribeirdo
Preto, FMRP/USP.

Parasites and infection. The parasite used were L. (L.) amazonensis PH8
strain (IFLA/BR/67/PH8), L. (L.) amazonensis 73M2269 strain (MHOM/BR/
73M2269), which constitutively expresses GFP (La-GFP*), L. (V) braziliensis
M2903 strain (MHOM/BR/75/M2903), L. (L.) major LV39 strain (MRHO/SU/
59/P) and L. (L.) infantum chagasi (HU-USF 8). The parasites were cultured at
26 °C in Schneider’s Drosophila medium (Invitrogen, Carlsbad, CA), pH 7.0,
supplemented with 20% heat-inactivated FCS (GIBCO BRL), 100 U ml~! peni-
cillin G potassium (USB Corporation, Cleveland, OH, USA), 2 mM L-glutamine
and 2% human urine, pH 6.5. After seven culture passages, the parasites were
serially passed in C57BL/6 mice to ensure that their virulence was maintained.
The infective-stage metacyclic promastigotes of L. amazonensis were isolated
from stationary cultures through density-gradient centrifugation as described
previously®®. For the L. amazonensis, L. braziliensis and L. major infections, the
mice were infected with either 1 x 10 stationary-phase or 1 x 10°> metacyclic
promastigotes, which were suspended in 10 pl of PBS, through an intradermal
injection into the left ear. The ear lesions were measured weekly with a dial gauge
caliper and compared to the thickness of the uninfected contralateral ear. For the
L. infantum chagasi infection, the mice were inoculated with 1 x 107 stationary-
phase promastigotes through the intraperitoneal route. The parasite burdens
were determined in the ear, spleen and liver and in retromaxilar lymph nodes
draining from the side of the infection as described previously*”.

BMDM:s and infection. BMDMs were prepared as previously described?®.
Briefly, isolated femurs and tibia were flushed with PBS, and precursor cells
were cultured in RPMI supplemented with 30% L929 cell-conditioned medium
and 20% FBS*8. After 7 d in culture, mature BMDMs were harvested and infected
with stationary-phase promastigotes at an MOI of 10 or with metacyclic pro-
mastigotes at an MOI of 1 (unless otherwise indicated). After 6 h of infection,
the free parasites were washed, and fresh medium was added to the infected
cultures. In some experiments, the free parasites were washed, and fresh medium
was added to the infected cultures after 1 h of infection. The leishmanicidal
activity of the cells was determined at 24, 48, 72 or 96 h after infection by flow
cytometry using a FACSCanto II flow cytometer (BD Biosciences) and count-
ing the Giemsa-stained cytospin preparations under a light microscope with a
x40 objective. The flow cytometric data were analyzed using FlowJo software
(Tree Star). In this analysis, two parameters were considered: the percentage of
infected cells and the iMFI, which reflects the total functional response toward
the infection and is calculated by multiplying the number of infected cells by the
MFI¥. In the analysis of Giemsa staining, the infection rate was determined by
scoring the infected and uninfected cells (100-200 BMDMs) and the number
of intracellular amastigotes per infected BMDM. Where indicated, the BMDMs
were pretreated for 6 h with recombinant mouse IL-1f (eBioscience) or IFN-y
(Invitrogen) in the range of 0.1-1000 ng ml~! or with both cytokines at the
indicated concentrations. For the inhibition of IL-1R, BMDMs were pretreated
with 0.1-100 g ml~! of IL-1Ra* for 3 h before infection for 48 h. For the
inhibition of IFN-y, BMDMs were pretreated with 2 ig ml~! of antibodies to
IFN-y (BioXCell, clone XMG1.2) with or without IL-1f (100 ng ml™!) for 6 h
and subsequently infected with L. amazonensis for 42 h. For the inhibition of
cathepsins and the K* efflux, the BMDMs were primed for 4 h with 500 ng m1~!

ultrapure LPS (InvivoGen, tlrl-peklps), treated with glibenclamide, CA-074-ME,
KCl or NaCl at the indicated concentrations for 2 h and subsequently stimulated
with L. amazonensis for 42 h.

ELISA and nitrite determination. IL-1f and IFN-y production was assessed
using IL-1 (BD Biosciences) and IFN-y (BD Biosciences) ELISA kits. In vitro
IL-1P production was analyzed in supernatants harvested from the BMDM:s that
were prestimulated with 500 ng ml~! of ultrapure LPS (InvivoGen, tlrl-peklps) or
10 ng mI~! of IFN-y (Invitrogen) for 6 h and subsequently infected with stationary-
phase promastigotes at an MOI of 10 or metacyclic promastigotes at an MOI of
1 for 42 h. For the ex vivo analysis of IL-1B and IFN-y production, single-cell
suspensions were prepared from the lymph nodes or spleen of mice infected
for 2 or 5 weeks. The cell concentrations were adjusted to 5 x 10 cells ml~! and
plated at 0.5 ml per well in 48-well tissue-culture plates. The cells were stimulated
with 50 ug ml~! of L. amazonensis particulate antigens. The supernatants were
harvested after 48 h, and the amounts of IL-13 and IFN-y were measured using
ELISA. NO,™ accumulation, as an indicator of NO production, was measured
using Griess reagent®(.

Endogenous caspase-1 staining using FAM-YVAD-fluoromethyl
ketone (FMK). BMDMs were cultured and infected with stationary-phase
L. amazonensis atan MOI of 10. After 6, 12, 24 or 48 h of infection, the BMDMs
were stained for 1 h with FAM-YVAD-FMK (Immunochemistry Technologies)
as recommended by the manufacturer’s instructions. Active caspase-1 was then
measured by flow cytometry. The data were acquired on a FACSCanto II flow
cytometer (BD Biosciences) and analyzed with Flow]Jo software (Tree Star).

Western blot analyses. A total of 5 x 10° BMDMs were seeded per well, primed
with 500 ng ml~! ultrapure LPS (InvivoGen, tlrl-peklps) for 4 h and then infected
with L. amazonensis for 48 h or stimulated with 20 M nigericin (Sigma-Aldrich)
for 40 min in the absence of FBS. The supernatants were collected and pre-
cipitated with 50% trichloroacetic acid and acetone. After their clarification by
centrifugation, the cells were lysed in RIPA buffer (10 mM Tris-HCL, pH 7.4,
1 mM EDTA, 150 mM NaCl, 1% Nonidet P-40, 1% deoxycholate and 0.1% SDS)
in the presence of a protease inhibitor cocktail (Roche). The lysates and superna-
tants were resuspended in Laemmli buffer, boiled, resolved by SDS-PAGE and
transferred (Semidry Transfer Cell, Bio-Rad) to a 0.22-pm nitrocellulose mem-
brane (GE Healthcare). The membranes were blocked in Tris-buffered saline
(TBS) with 0.01% Tween-20 and 5% nonfat dry milk. The rat monoclonal anti-
body to caspase-1 p20 (1:250, Genentech, 4B4), the goat antibody to IL-1f p-17
(1:200, Sigma Aldrich, 13767) and specific horseradish peroxidase-conjugated
antibodies (1:3,000, KPL, 14-16-06 and 14-13-06) were diluted in blocking
buffer for the incubations. The enhanced chemiluminescence luminol reagent
(GE Healthcare) was used for antibody detection.

Retroviral transduction and quantification of Asc foci. Mouse Asc was cloned
into the pPEGFP(N2) vector (Clontech) using Xhol and BamHI restriction sites.
Asc-GFP and GFP were cloned into the pMSCV2.2 mouse-specific retroviral
vector (Clontech). The pCL vector system®! was used for packaging retroviruses
in transfected monolayers of Peak cells (ATCC CRL-2828, maintained in RPMI
1640 with 10% FBS). The supernatant of the Peak cells was collected at 3 d after
transfection, passed through a 0.45-pm filter and used for BMDM transduction.
BMDMs were obtained from the femurs of CaspI~/~ mice and seeded at 5 x 10°
cells per well in differentiation medium (RPMI 1640 medium supplemented
with 30% L929 cell-conditioned medium, 20% FBS, 100 U ml~! penicillin and
100 pg ml-! streptomycin) as previously described®S. After differentiation for
3 d, the BMDMs were harvested and spun down, and the medium was replen-
ished with retroviral-containing Peak cell supernatants complemented with
RPMI 1640 containing 20% FBS and 25% LCCM. The BMDM:s were fed with
differentiation medium and cultured for an additional 4 d. The BMDMs were
seeded at 2.0 x 10° cells in 24-well plates containing 12-mm glass cover slides.
The infection was performed as described above with promastigotes of L. amazo-
nensis (MOI 5) and fixed with 4% paraformaldehyde at 2, 6 or 24 h after infection.
L. amazonensis was stained with in house-generated rabbit polyclonal antibody
to L. amazonensis (1:3,000) and secondary antibody to rabbit IgG conjugated
with Alexa 594 (1:300, Invitrogen, A11012). The cells were counterstained
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with DAPI, mounted using Prolong Gold Antifade Reagent (Invitrogen) and
analyzed under fluorescence using a Leica DMI 4000B inverted microscope
with a x100 oil objective. The images were processed using LAS AF software
(Leica Microsystems), and the number of Asc-GFP foci in the infected cells
was quantified.

Real-time PCR. Total RNA was extracted from 1 x 10° Leishmania-infected
BMDMs (MOI 10) using TRIzol reagent (Invitrogen). Contaminating DNA
was removed with an RNAse-free DNAse set (Promega). cDNA was synthesized
from 1 pug of RNA using the SuperScript II reverse transcriptase (Invitrogen).
Subsequent real-time PCR was performed on an ABI PRISM 7000 sequence
detector (Applied Biosystems) using SYBR Green (Invitrogen). The following
primer sequences were used: Actb forward (5-AGCTGCGTTTTACACCCTTT-
3’), reverse (5-AAGCCATGCCAATGTTGTCT-3"); Nos2 forward (5'-CGAA
ACGCTYCACTTCCAA-3’), reverse (5-TGAGCCTATATTGCTGTGGCT-3");
Ifng forward (5-GCATCTTGGCTTTGCAGCT-3"), reverse (5'-CCTTTTT
CGCCTTGCTGTTG-3"); and Tnfa forward (5-TGTGCTCAGAGCTTTCAA
CAA-3), reverse (5-CTTGATGGTGGTGCATGAGA-3’). The mRNA expres-
sion levels were normalized to B-actin. The adjusted values were calculated using
the following formula: 2-(CT target - CT f-actin)_where CT is the cycle threshold.
The fold change in the expression was calculated as the n-fold difference in
expression in the infected cells compared to the uninfected cells.

Statistical analyses. For comparisons of multiple groups, two-way analysis of
variance (ANOVA) followed by the Bonferroni’s post test were used. The dif-
ferences in values obtained for two different groups were determined using
Student’s ¢ test. Analyses were performed using Prism 5.0 software (GraphPad).
A difference was considered statistically significant when P < 0.05.
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