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Leishmania donovani inhibits inflammasome-dependent
macrophage activation by exploiting the negative
regulatory proteins A20 and UCP2
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ABSTRACT: In visceral leishmaniasis, we found that the antileishmanial drug Amp B produces a higher level of IL-1b

over the infected control. Moreover, administering anti-IL-1b antibody to infected Amp B–treated mice showed
significantly less parasite clearance. Investigation revealed that Leishmania inhibits stimuli-induced expression of a
multiprotein signaling platform, NLRP3 inflammasome, which in turn inhibits caspase-1 activation mediated
maturation of IL-1b from its pro form. Attenuation of NLRP3 and pro-IL-1b in infection was found to result from
decreased NF-kB activity. Transfecting infected cells with constitutively active NF-kB plasmid increased NLRP3
and pro-IL-1b expression but did not increase mature IL-1b, suggesting that IL-1b maturation requires a second
signal, which was found to be reactive oxygen species (ROS). Decreased NF-kB was attributed to increased expression of A20, a negative regulator of NF-kB signaling. Silencing A20 in infected cells restored NLRP3 and
pro-IL-1b expression, but also increased matured IL-1b, implying an NF-kB-independent A20-modulated IL-1b
maturation. Macrophage ROS is primarily regulated by mitochondrial uncoupling protein 2 (UCP2), and UCP2silenced infected cells showed an increased IL-1b level. Short hairpin RNA-mediated knockdown of A20 and UCP2
in infected mice independently documented decreased liver and spleen parasite burden and increased IL-1b
production. These results suggest that Leishmania exploits A20 and UCP2 to impair inflammasome activation for
disease propagation.—Gupta, A. K., Ghosh, K., Palit, S., Barua, J., Das, P. K., Ukil, A. Leishmania donovani inhibits
inflammasome-dependent macrophage activation by exploiting the negative regulatory proteins A20 and UCP2.
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Leishmaniasis, caused by the intracellular protozoan
parasite of the genus Leishmania, affects more than 20 million people worldwide (1). Visceral leishmaniasis (VL),
caused by the parasite Leishmania donovani, is the most
severe form of the disease and is responsible for an estimated 60,000 deaths each year. After entry into the
ABBREVIATIONS: ASC, apoptosis-associated speck-like protein containing

CARD (caspase-associated recruitment domain); Amp B, amphotericin B;
BMDM, bone marrow-derived macrophages; FBS, fetal bovine serum;
GFP, green fluorescent protein; H2DCFDA, 29,79-dihydrodichlorofluoresceindiacetate; LDU, Leishman-Donovan unit; NAC, N-acetylcysteine; NLRP, NOD-like receptors family, pyrin domain containing; NOD,
nucleotide binding and oligomerization domain; ROS, reactive oxygen
species; shRNA, short hairpin; siRNA, small interfering RNA; TRAF, TNF
receptor associated factor; UCP2, uncoupling protein 2; VL, visceral
leishmaniasis
1

These authors contributed equally to this work.
Correspondence: Infectious Diseases and Immunology Division, CSIRIndian Institute of Chemical Biology, 4, Raja S.C. Mullick Rd., Kolkata
700032, India. E-mail: pijushdas@iicb.res.in
3
Correspondence: Department of Biochemistry, University of Calcutta,
35, Ballygunge Circular Rd., Kolkata 700019, India. E-mail: aninditau@
yahoo.com
2

doi: 10.1096/fj.201700407R

0892-6638/17/0031-5087 © FASEB

mammalian host, the parasite survives and proliferates in
the acidified phagolysosomes of macrophages (2). The
protozoan parasite has evolved several strategies to manipulate the host defense mechanism by seizing control of
the important signaling pathways involved in activating
the immune system (3, 4).
One of the key mechanisms by which macrophages
defend against any invading pathogen is by initiating the
inflammatory response through induction of chemokines
and cytokines (5, 6). Activation of the inflammasome has
been reported as a host defense mechanism in several diseases, including those caused by Francisella (7), Salmonella
(8), Listeria (9), and Legionella (10). Among the secreted
cytokines, the most crucial one is the proinflammatory
cytokine IL-1b (11), which triggers the onset of the immune response and helps in resolving infection by inducing the expression of other cytokines and chemokines
(12–15). IL-1b is usually retained in the cytosol in an inactive form known as pro-IL-1b, which in the presence of
stimulus is proteolytically cleaved into IL-1b by caspase-1
(16–18). Caspase-1, like other caspases, is secreted as zymogen and is activated by the multiprotein inflammasome
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complex. This complex is composed of a sensor that is
usually a member of the nucleotide binding and oligomerization domain (NOD)-like receptor family (NLR)
and an adaptor protein apoptosis-associated speck-like
protein containing a C-terminal caspase recruitment
domain, known as ASC (19, 20). Among the caspase-1
activating inflammasomes, the well-characterized and
most critical inflammasome NOD-like receptor family,
pyrin domain containing (NLRP)-3 gets activated in
response to a wide range of stimuli, including bacterial and viral pathogens, microbial components, ATP,
nigericin, silica crystals, and endogenous danger signals (19–23). The activation of the canonical NLRP3
inflammasome requires 2 signals. The first, or priming,
signal facilitates the increased expression of NLR protein and pro-IL-1b, as basal levels of these proteins are
insufficient to trigger inflammasome activation. The
second signal induces the oligomerization and formation of an inflammasome complex for pro-IL-1b processing. The priming signal depends on recognition of
pathogen-associated molecular patterns through the
pattern-recognition receptors, such as TLRs leading to
the transcription of pro-IL-1b and NLRP3 via NF-kB
(24–26). TLR-induced NFkB signaling is negatively
regulated by the cytosolic inducible protein A20, also
known as TNF-a-induced protein 3 (27). It inhibits
NF-kB activation by deubiquitinating TRAF6, an intermediate of the TLR signaling (28). Ubiquitination of
TRAF6 is essential for TAK1 activation and Ik-B degradation by IKK leading to NF-kB activation. We have
recently shown that L. donovani exploits host A20 to
deubiquitinate TNF receptor (TNFR)–associated factor
(TRAF)-6 at the K63 position. Silencing A20 not only
restores the ubiquitination of TRAF6 but also enhances
the levels of the proinflammatory cytokines IL-12 and
TNF-a, resulting in effective parasite clearance (29). A20
has also been implicated in the suppression of NLRP3
inflammasome activity and A20-deficient macrophages
have been shown to activate inflammasomes in the presence of LPS alone (30).
The second activation signal, which involves
inflammasome-dependent maturation of pro-IL-1b, is
derived from generation of reactive oxygen species (ROS),
phagolysosomal damage, mitochondrial destabilization
or damage, and induction of transmembrane ion fluxes
(11, 20, 31). The suppression of mitochondrial ROS by
Leishmania through upregulation of uncoupling protein 2
(UCP2), an inner mitochondrial membrane protein, has
recently been shown by us (32). UCP2-knockdown mice
showed resistance to Leishmania infection (32) and macrophages from UCP22/2 mice showed enhanced ROS
production in response to Toxoplasma gondii (33) compared
to wild-type mice. However, its involvement in inflammasome activation has not been studied extensively. Although the activation of inflammasome in response to a
large number of pathogenic infections has been extensively studied, its role during L. donovani infection is poorly
characterized. Our present study indicates that the parasite is capable of restricting the activation of inflammasome activation by upregulating A20 and UCP2. A20
inhibits the inflammasome-priming step by inhibiting the
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transcription factor NF-kB, whereas UCP2 negatively
regulates ROS generation and impairs the formation of
inflammasome complex during infection.
MATERIALS AND METHODS
Reagents and antibodies
All antibodies were from Santa Cruz Biotechnology (Dallas, TX,
USA) and Cell Signaling Technology (Danvers, MA, USA). All
other chemicals were from Millipore-Sigma (St. Louis, MO, USA)
unless indicated otherwise.
Animals and parasite
L. donovani strain (MHOM/IN/1983/AG83) was maintained in
inbred BALB/c mice by intravenous administration every 6 wk.
L. donovani promastigotes were obtained by allowing isolated
splenic amastigotes to transform in medium M199 (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 10%
fetal bovine serum (FBS) along with penicillin (50 U/ml) and
streptomycin (50 mg/ml; Thermo Fisher Scientific) for 72 h at
22°C. For in vitro culture, the promastigotes were maintained
in M199 supplemented with 10% FBS, along with penicillin
(50 U/ml) and streptomycin (50 mg/ml) at 22°C. Bone
marrow–derived macrophages (BMDMs) were isolated from
the tibia and femurs of euthanized BALB/c mice (34). Splenic
macrophages were also isolated from BALB/c mice (35). The
adherent murine macrophage cell line RAW 264.7 was cultured in RPMI 1640 supplemented with 10% heat-inactivated
FBS, 100 mg/ml streptomycin, and 100 U/ml penicillin and
maintained at 37°C in a humidified incubator containing 5%
CO2. For in vitro infection experiments, macrophages were
infected with L. donovani promastigotes at a ratio of 10 parasites per macrophage and were simultaneously treated with
1 mg/ml LPS for 3 h 30 min, followed by treatment with 20 mM
nigericin for 30 min. Infection was allowed to proceed for 4 h,
nonphagocytosed parasites were removed by washing with
PBS, and the cells were incubated for the indicated periods.
Number of intracellular parasites was determined by Giemsa
staining. For in vivo infection, L. donovani promastigotes were
administered to female BALB/c mice (;20 g) via the tail vein.
Infection was assessed by removal of spleen and liver from
infected mice up to 6 wk. Liver and spleen parasite burdens
were assessed by conventional Leishman–Donovan units
(LDUs), calculated as the number of amastigotes/1000 nucleated cells 3 organ weight (g). The investigation were performed in accordance with the recommendations of the Guide
for the Care and Use of Laboratory Animals (National Institutes of
Health, Bethesda, MD, USA) and with the approval of the
Committee on the Ethics of Animal Experiments of the Indian
Institute of Chemical Biology (147-1999).
Cytokine analysis by ELISA
The levels of IL-1b in the supernatant of single-cell suspension of
spleen cells, BMDMs, or macrophages were measured with
sandwich ELISA kits (BD Biosciences, San Jose, CA, USA; R&D
Systems, Minneapolis, MN, USA), as previously described (36).
Real-time PCR
To quantify the mRNA levels of pro-IL-1b and NLRP3, total
RNA from splenocytes or RAW 264.7 cells was isolated with the
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RNeasy minikit (Qiagen, Valencia, CA, USA) and treated with
DNase 1, per the manufacturer’s instructions. RNA (1 mg) was
then reverse transcribed with the SuperScript first-strand synthesis system for the RT-PCR kit (Thermo Fisher Scientific).
Semiquantitative real-time PCR was performed on ABI 7500 Fast
real-time PCR system (Thermo Fisher Scientific) with the synthesized cDNA used as a template in the SYBR Green method.
The data for each sample were normalized to b-actin mRNA
levels and expressed as the fold change.
Immunoblot analysis
Macrophage cells were lysed with ice-cold lysis buffer (Cell Signaling Technology) supplemented with 3 mM protease inhibitor
cocktail and 2 mM PMSF and the concentration of proteins in the
supernatants was estimated with a Bradford reagent. An equal
amount of protein (40 mg) from each sample was resolved by 10%
SDS-PAGE and then transferred to nitrocellulose membrane
(Millipore-Sigma). The membranes were then blocked with 5%
bovine serum albumin in wash buffer (Tris-buffered saline/0.1%
Tween 20) for 2 h at room temperature and incubated overnight
with appropriate primary antibody at the recommended dilution. The membranes were then washed with wash buffer and
incubated with corresponding alkaline phosphatase secondary
antibody and detected by hydrolysis of 5 bromo-4-chloro-39indolylphosphate, according to the manufacturer’s instructions.
For immunoblot analysis of IL-1b and caspase-1 p10, cell supernatants were collected before cell lysis at various time points
and was concentrated with 72 ml trichloroacetic acid and 15 ml
10% cholic acid per milliliter of the supernatant (37).
Caspase-1 activity
RAW 264.7 cells (2 3 106) after L. donovani infection and after
appropriate treatment were harvested and washed twice with
ice-cold PBS. Caspase-1 activity was then detected using caspase1 assay kit (Abcam, Cambridge, United Kingdom), per the
manufacturer’s instructions.
Measurement of ROS
The formation of intracellular ROS generation was determined with an oxidant-sensitive green fluorescent dye,
29,79-dihydrodichlorofluoresceindiacetate (H2DCFDA) (Thermo
Fisher Scientific). RAW 264.7 cells (106) after infection or appropriate treatment, or both were harvested and suspended in
H2DCFDA (10 mM final concentration) and incubated for 15 min
at 37°C. ROS generation was measured by the fluorescence intensity of at least 10,000 cells using a FACS Canto II cell sorter
(BD Biosciences) with an FITC filter, and the cells were gated on
the basis of their fluorescent property.
Plasmid transfection
Green fluorescent protein (GFP)-RelA was a gift from Dr. Warner
Greene (plasmid 23255; Addgene; Cambridge, MA, USA) (38)
and transfected with Lipofectamine 2000 (Thermo Fisher Scientific), according to the manufacturer’s instructions.
Small interfering RNA transfection
For small interfering RNA (siRNA) transfection, RAW 264.7
cells were transfected with caspase-1 or NLRP3 or A20 or
UCP2 siRNA or control (scrambled) siRNA (Santa Cruz
SUPPRESSION OF INFLAMMASOME ACTIVATION BY LEISHMANIA

Biotechnology) at a final concentration of 15 pmol/100 ml
siRNA transfection medium for 24 h according to the manufacturer’s instructions.
Short hairpin RNA construct
The specific short hairpin RNA (shRNA) cassettes for A20 or
UCP2, driven by the promoter of the small nuclear RNA U6, were
generated by PCR-mediated amplification of positions either
233–254 of the A20 gene (accession no. NM_009397; GenBank;
National Center for Biotechnology Information, Bethesda, MD,
USA; http://www.ncbi.nlm.nih.gov/genbank/) or 936–957 of the
UCP2 gene (NM_003355), and the selection of shRNA target
sequences were based on published guidelines (39). The
shRNA cassettes were then cloned into a self-inactivating
lentiviral vector pCRI.LV, and virus was produced and concentrated by ultracentrifugation as previously described (40).
Virus titer was calculated at 1 3 106 infectious U/ml. GFPspecific shRNAs that carried vector were used as the control
(41). For in vivo knockdown, 50 ml of the 10003 vector concentrate of either A20-specific or UCP2-specific shRNA construct was injected into spleen tissue in anesthetized BALB/c
mice 3 d before infection.
Densitometric analysis
Densitometric analyses for all experiments were performed with
Quantity One software (Bio-Rad Laboratories, Hercules, CA,
USA). Band intensities were quantitated densitometrically, and
the values were normalized to endogenous control (b-actin) and
expressed in arbitrary units. The ratios of particular bands to the
endogenous control were plotted in bar graphs.
Statistical analysis
Data shown are representative of at least 3 experiments and are
represented as means 6 SD. A Student’s t test was used to assess
the statistical significance of differences between pairs of data
sets, with P , 0.05 as an indicator of significance.

RESULTS
L. donovani infection inhibits IL-1b production
necessary for parasite clearance
The protective function of the proinflammatory cytokine
IL-1b has been well documented during infections of a
wide range of intracellular pathogens (7–10). However, its
role in visceral infection is yet to be established. We,
therefore, evaluated the role of IL-1b in disease progression in the BALB/c mouse model of VL. Splenocytes from
control and L. donovani-infected mice were isolated after 2,
4, and 6 wk after infection, and IL-1b level was measured
by ELISA. Both control and infected splenocytes depicted
a very low level of IL-1b, which significantly increased
after treatment with the antileishmanial drug amphotericin B (Amp B; 632.4 6 5.4 in treated mice compared to
162.5 6 14.5 pg/ml in infected control at 4 wk after infection; Fig. 1A). Uninfected Amp B-treated mice also
showed an increased production of IL-1b (Fig. 1A). A
similar trend was reflected in the pro-IL-1b mRNA level
determined by real-time PCR (Fig. 1B). Now, to ascertain
5089
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Figure 1. Impairment of IL-1b production during L. donovani infection. A, B) BALB/c mice were infected with 107 L. donovani
(L.d.) promastigotes per mouse through the tail vein. Infected mice were treated with Amp B (2.5 mg/kg body weight daily for
3 d) after 1 wk of parasite infection. Splenocytes (2 3 106) were isolated from infected and treated groups after the indicated
time periods and incubated with 5 mg soluble Leishmania antigen at 37°C for 48 h. The protein level of IL-1b in the culture
supernatant was measured by ELISA (A) and the level of pro-IL-1b mRNA by real-time quantitative PCR (B). C, D) L. donovaniinfected BALB/c mice were treated with Amp B alone or along with anti-IL-1b (200 mg) after 1 wk of infection. The liver (C ) and
spleen (D) parasite burdens were then determined after the indicated periods and expressed as LDU 6 SD for 6 animals. E, F )
Macrophages were either primed with LPS (1 mg/ml) for 3 h 30 min at 37°C and then treated with 20 mM nigericin for 30 min or
were infected with L. donovani parasites and simultaneously treated with LPS for 3 h 30 min and then treated with nigericin for
30 min. The level of IL-1b in the culture supernatants of RAW 264.7 cells (E ) and BMDMs (F ) were measured by ELISA after the
indicated periods. Results are representative of 3 independent experiments performed in triplicate. Error bars 6 SD. *P , 0.05,
**P , 0.01, ***P , 0.001 (Student’s t test).

whether IL-1b plays any role in establishment of infection,
anti-IL-1b antibody was administered in Amp B-treated
infected mice, and liver and spleen parasite burden were
assessed by Giemsa staining. In comparison to Amp B
treatment, which resulted in almost complete reduction of
liver and spleen parasite burden, marked increase in liver
and spleen parasite burden was observed in anti-IL-1badministered Amp B-treated mice (1792.4 6 155.6 and
485.7 6 51.2 pg/ml LDU of liver and spleen parasite
burden, respectively, at 4 wk after infection; Fig. 1C, D),
thereby implying an important role played by IL-1b in
5090
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attenuation of infection. In the in vitro situation also, IL-1b
level was found to be very low in L. donovani-infected
RAW 264.7 cells and BMDMs, which could be markedly
stimulated by treatment with LPS and nigericin (264.6 6
22.3 and 295.1 6 27.4 vs. 10.5 6 1.3 and 12.6 6 1.1 pg/ml
in uninfected control in RAW and BMDM, respectively,
at 6 h after treatment; P , 0.001, Fig. 1E, F). LPS and
nigericin could significantly stimulate uninfected cells also
for IL-1b production (Fig. 1E, F). All these results suggest
that L. donovani impairs the production of host IL-1b to
establish infection.
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L. donovani inhibits caspase-1 to impair
IL-1b maturation
Because the maturation and eventual release of biologically active IL-1b from its pro form is brought about
by caspase-1 (16, 17), we next measured the expression of
pro-IL-1b, IL-1b, and caspase-1 in infected macrophages
with LPS-nigericin serving as the positive control.

LPS-nigericin treatment significantly upregulated the
expression of all 3 proteins (3.7-, 4.2- and 4.5-fold increase for pro-IL-1b, IL-1b, and caspase-1, respectively, compared with infected control; Fig. 2A). On
the contrary, expression levels were significantly
reduced) when L. donovani and LPS-nigericin were
administered together. A similar profile was obtained
in BMDMs (Fig. 2B). To further ascertain the role

Figure 2. Inhibition of caspase-1 activation by L. donovani (L.d.). A, B) Macrophages were infected with L. donovani promastigotes
(macrophage: parasite = 1:10) and simultaneously treated with 1 mg/ml LPS for 3 h 30 min, followed by treatment with 20 mM
nigericin for 30 min. Expression of the pro-IL-1b, IL-1b, and pro- and active form of caspase-1 was evaluated by immunoblot in
RAW 264.7 cells (A) and BMDMs (B). C ) RAW 264.7 cells were pretreated with caspase-1 inhibitor AcYVad (100 mM for 30 min),
infected with L. donovani, and simultaneously treated with 1 mg/ml LPS for 3 h 30 min, followed by treatment with 20 mM
nigericin for 30 min. The expression of pro-IL-1b and IL-1b was determined by Western blot analysis. D) RAW 264.7 cells were
transfected with caspase-1-speciﬁc siRNA or control siRNA, infected with L. donovani promastigotes and simultaneously treated
with LPS and nigericin. The expression of pro-IL-1b and IL-1b was evaluated by immunoblot analysis. D9) Efﬁcacy of caspase-1
siRNA was evaluated by immunoblot analysis. E, F ) RAW 264.7 cells were infected with L. donovani promastigotes and
simultaneously treated with LPS and nigericin. Caspase-1 activity was measured in the whole-cell extract (E ), and the number of
intracellular parasites was determined by Giemsa staining in caspase-1 siRNA-transfected and infected LPS-nigericin–treated cells
(F ). Densitometries are shown as bar graphs. The data are representative of 3 independent experiments. The results are
expressed as means 6 SD. **P , 0.01, ***P , 0.001 (Student’s t test).
SUPPRESSION OF INFLAMMASOME ACTIVATION BY LEISHMANIA
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of caspase-1 in IL-1b, we pretreated cells with the
caspase-1-specific inhibitor AcYVAD-cmk and evaluated its effect on the production and maturation of
IL-1b by immunoblot analysis. Inhibition of caspase-1
abrogated the maturation of IL-1b in infected macrophages treated with LPS-nigericin, as well as in macrophages treated with LPS-nigericin only, thereby
validating the role of caspase-1 in IL-1b maturation
(Fig. 2C). Similar results were also observed in
caspase-1 siRNA transfected cells (Fig. 2D). The efficiency of siRNA treatment was evaluated by Western
blot analysis, which showed 80.4% reduction of caspase 1 expression as compared with control siRNA
(Fig. 2D9). Caspase-1 activity, which was upregulated
by LPS-nigericin treatment, was significantly reduced
by L. donovani infection (32.4% reduction; Fig. 2E).
However, caspase-1 inhibition did not have any effect
on the expression of pro-IL-1b, which remained unaltered in presence or absence of caspase-1 inhibitor or
siRNA transfection (Fig. 2C, D). Therefore, although
L. donovani inhibits IL-1b maturation by inhibiting
caspase-1, its inhibitory effect on pro-IL-1b is caspase
independent. Effect of diminished IL-1b production in
caspase-1-silenced macrophages was reflected on parasite
survival where the number of intramacrophage parasites was significantly increased in caspase-1-knockdown LPS-nigericin–treated cells (2.1-fold increase
compared to control siRNA transfected LPS-nigericin
treated cells; Fig. 2F). Collectively, these results indicate
that L. donovani survives within the host macrophage
by inhibiting both pro-IL-1b and caspase-1-mediated
maturation of IL-1b leading to suppression of host immune response.
L. donovani inhibits NLRP3-mediated
inflammasome activation
The activation of caspase-1 is triggered by the multiprotein
inflammasome complex containing NLR, among which
NLRP3 is the most well characterized (11, 19, 42). LPSnigericin treatment significantly induced NLRP3 mRNA
expression in RAW 264.7 macrophages (3.2-fold increase vs. infected control) whereas a low level was
observed in Leishmania-infected macrophages (Fig. 3A).
On the contrary, when Leishmania and LPS-nigericin
were administered together, the expression level of
NLRP3 decreased significantly compared with that in
LPS-nigericin–treated cells. Similar results were obtained
in BMDMs (Fig. 3B). These observations suggest
involvement of NLRP3 in infection-induced downregulation of inflammasome signaling. The protein level
of NLRP3 showed a similar pattern where a significant
decrease in expression of NLRP3 was observed in
L. donovani-infected LPS-nigericin–treated cells compared
with only LPS-nigericin–treated cells (Fig. 3C, D). The
level of the adaptor protein ASC remained unchanged in
infected macrophages and in infected macrophages
treated with LPS-nigericin (Fig. 3D). To ascertain the role
of NLRP3 in inhibiting maturation of IL-1b during infection, we silenced NLRP3 by specific siRNA and
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measured the expression of pro- and mature IL-1b. The
efficiency of siRNA treatment was evaluated by immunoblot analysis, which revealed an 81.4% reduction
of NLRP3 expression as compared to control siRNA
(Fig. 3E9). Immunoblot analysis revealed that, although
LPS-nigericin treatment resulted in comparable levels
of pro-IL-1b expression in NLRP3 siRNA or control
siRNA-transfected cells, silencing of NLRP3 significantly reduced the level of mature IL-1b (58.5% reduction compared to control siRNA treated cells; Fig.
3E) which made it almost comparable with the level
obtained in infected LPS-nigericin–treated cells. This
observation further strengthened the hypothesis
that L. donovani infection suppresses NLRP3-dependent
IL-1b production. The importance of NLRP3 in
parasite clearance was further demonstrated when
LPS-nigericin–mediated reduction in intramacrophage
parasite number was found to be partially reversed when
LPS-nigericin–treated cells were subjected to NLRP3
siRNA transfection (2.9-fold increase compared to control
siRNA-treated cells; Fig. 3F). All these results suggest
that L. donovani impedes inflammasome activation in
host macrophages by inhibiting NLRP3, thereby ensuring its survival.
L. donovani-mediated inhibition of NF-kB
activation and ROS generation impair
inflammasome activation
NF-kB plays an important role in the transcriptional
regulation of various genes that regulate innate immunity and inflammation, including NLRP3 and proIL-1b (25, 43). To investigate whether the expression of
pro-IL-1b and NLRP3 is associated with the activation
of NF-kB, we administered NF-kB-specific inhibitor
BAY 11-7085 and checked for the expression of proIL-1b and NLRP3. Pretreatment of macrophages with
BAY 11-7085 (5 mM for 1 h) significantly attenuated the
LPS-nigericin–mediated increase in the expression of
NLRP3 and pro-IL-1b (Fig. 4A). Moreover, the similar
expression profile of NLRP3 and pro-IL-1b obtained
when LPS-nigericin-treated cells were either infected
or pretreated with BAY suggest that infection decreased the expression of NLRP3 and pro-IL-1b by
inhibiting NF-kB activation. LPS-nigericin–induced
nuclear translocation of p65 was also significantly
decreased in the presence of infection (43.8% decrease;
Fig. 4B). To further confirm the role of NF-kB, we
transfected cells with active NF-kB plasmid before
infection and measured the level of pro- and mature
IL-1b. To our surprise, we found that, although the
presence of active NF-kB significantly reversed the
infection-induced decrease in pro-IL-1b and NLRP3
expression, it did not enhance the level of mature IL-1b
(Fig. 4C), confirming that NF-kB alone is not sufficient
for the inflammasome activation, and a second stimulus is necessary (25). Recent studies have reported
that ROS plays a major role in triggering the activation
of the NLRP3 inflammasome (44), and L. donovani has
been reported to suppress the host defense mechanism
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Figure 3. Inhibition of NLRP3-mediated inﬂammasome activation during infection. A–D) Macrophages were infected with
L. donovani (L.d.) promastigotes and treated simultaneously with 1 mg/ml LPS for 3 h, followed by treatment with 20 mM
nigericin for 30 min. The mRNA level of NLRP3 was determined by real-time quantitative PCR in RAW264.7 cells (A) and
BMDMs (B). The protein level of NLRP3 and ASC were determined by immunoblot analysis in RAW264.7 cells (C ) and in
BMDMs (D). E, F ) RAW 264.7 cells were transfected with either NLRP3 siRNA or control siRNA, infected with L. donovani
promastigotes, and treated with LPS-nigericin. The expression of pro-IL-1b and IL-1b was evaluated by Western blot analysis (E ),
and the number of intracellular parasites was determined by Giemsa staining (F ). E 9) The expression of NLRP3 was determined
in siRNA-transfected cells by immunoblot analysis. Bands were analyzed densitometrically, and densitometries are shown as bar
graphs. Results are expressed as means 6 SD (n = 3). **P , 0.01, ***P , 0.001 (Student’s t test).

by suppressing ROS generation (32). We, therefore,
sought to analyze whether ROS is needed for the
maturation of IL-1b by pretreating LPS-nigericin–
treated infected cells with the intracellular ROS scavenger N-acetylcysteine (NAC). Pretreatment of NAC
(5 mM for 1 h) resulted in a decreased maturation of IL1b in LPS-nigericin–treated, parasite-infected macrophages (28.7% decrease as compared to infected cells
treated with LPS-nigericin; Fig. 4D), and the level was
found to be comparable with that in L. donovaniinfected macrophages. H2DCFDA-based flow cytometric assay revealed a decreased production of
intracellular ROS in parasite-infected macrophages
SUPPRESSION OF INFLAMMASOME ACTIVATION BY LEISHMANIA

when compared to cells treated with LPS-nigericin
(78.9% decrease at 4 h after infection). Infected LPSnigericin–treated cells also showed significantly decreased ROS production compared to cells treated
with only LPS-nigericin (36.7% reduction at 4 h after
infection), thereby justifying the reduced level of matured IL-1b in infected cells coadministered LPSnigericin (Fig. 4E). In addition, the decrease in the
proliferation of parasites within the macrophages by
treatment with inflammasome inducer LPS-nigericin
was found to be partially reversed by BAY 11-7085, as
well as by NAC pretreatment (Fig. 4F). Collectively,
these results indicate that L. donovani inhibits the
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Figure 4. L. donovani (L.d.) mediates inhibition of NF-kB activation and ROS generation. A) RAW 264.7 cells were pretreated with
BAY 11-7085 (5 mM for 1 h), infected with L. donovani promastigotes, and simultaneously treated with 1 mg/ml LPS for 3 h
30 min, followed by treatment with 20 mM nigericin for 30 min. Expression of pro-IL-1b, IL-1b, and NLRP3 was determined by
immunoblot analysis. B) RAW 264.7 cells were infected with L. donovani promastigotes and simultaneously treated with LPSnigericin. The nuclear level of p65 was evaluated by immunoblot analysis. C ) RAW 264.7 cells were transfected with GFP-RelA
plasmids and then infected with Leishmania promastigotes and treated with LPS and nigericin. Expression of pro-IL-1b, IL-1b,
and NLRP3 was determined by Western blot analysis. D) RAW 264.7 cells were pretreated with 5 mM NAC for 1 h and infected
with L. donovani promastigotes and/or simultaneously treated with LPS-nigericin. Expression of pro-IL-1b, IL-1b, and NLRP3
was determined by immunoblot analysis. E ) RAW 264.7 cells were infected with Leishmania promastigotes and treated
simultaneously with LPS and nigericin. The cells were then incubated with 20 mM H2DCFDA for 15 min and analyzed for the
generation of ROS by ﬂow cytometry. F) RAW 264.7 cells were pretreated with 5 mM BAY 11-7085, or 5 mM NAC, or both for 1 h.
The cells were then infected with L. donovani promastigotes and simultaneously treated with LPS and nigericin. The number of
intracellular parasites was determined by Giemsa staining. b-Actin and lamin were used as internal control for cytosolic and nuclear
fraction, respectively. Densitometries are shown as bar graphs. Results are representative of 3 independent experiments performed
in triplicate. The results are expressed as means 6 SD (n = 3). **P , 0.01, ***P , 0.001 (Student’s t test).

activation of NF-kB and suppresses the generation of
ROS in the host, thereby impairing NLRP3 inflammasome activation.
L. donovani negatively regulates NF-kB by
upregulating the deubiquitinating
enzyme A20
After demonstrating that L. donovani inhibits both NF-kB
activation and ROS generation to activate inflammasome,
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we wanted to determine the underlying mechanisms responsible for this inhibition. One enzyme that has been
reported to inhibit both NF-kB and NLRP3 inflammasome
activation is A20 (45–47), a potent regulator of ubiquitindependent signaling. We have already shown that
L. donovani subverts host immune response by upregulating A20 (29) with a maximum induction obtained
at 120 min after infection (3.5-fold vs. control; Fig. 5A).
Therefore, to address the role of A20 in L. donovani-mediated inhibition of inflammasome activation, cells were first
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Figure 5. L. donovani negatively regulates NF-kB by upregulating A20. A) RAW 264.7 cells were infected with L. donovani (L.d.)
promastigotes for various periods. Expression of A20 was determined by immunoblot analysis. B, C ) Macrophages were
transfected with A20 siRNA or control siRNA, infected with L. donovani and simultaneously treated with 1 mg/ml LPS for 3 h
30 min, and treated with 20 mM nigericin for 30 min. Expression of the nuclear level of p65 (B) and that of pro-IL-1b, IL-1b, and
NLRP3 (C ) was evaluated by Western blot analysis. B9) Efﬁcacy of A20 siRNA was evaluated by immunoblot analysis. D) RAW
264.7 cells were either transfected with A20 siRNA or control siRNA and then infected with L. donovani promastigotes and
simultaneously treated with LPS and nigericin. The cells were then incubated with 20 mM H2DCFDA for 15 min and analyzed for
the generation of ROS by ﬂow cytometry. E, F ) Macrophages were transfected with either A20 siRNA or control siRNA and
infected with L. donovani and simultaneously with 1 mg/ml LPS. The level of IL-1b was measured by ELISA (E ), and the number
of intracellular parasites was evaluated by Giemsa staining (F ). G, H ) Mice were administered either GFP-encoding control
shRNA or A20-speciﬁc shRNA construct and then infected with 107 L. donovani promastigotes. Parasite burden was determined in
infected mice at various time points, and results are expressed as LDU 6 SD for 5 animals in (G) liver and (H ) spleen. G9) Efﬁcacy
of A20 shRNA was evaluated by Western blot analysis. I ) Mice were administered A20 shRNA and infected with 107 L. donovani
promastigotes, and splenocytes were isolated at 6 wk after infection, treated with LPS and nigericin and expression of pro-IL-1b,
IL-1b, and NLRP3 was evaluated by Western blot. b-Actin and lamin were used as internal controls for cytosolic and nuclear
fraction, respectively. Densitometries are shown as bar graphs. Results are representative of 3 independent experiments
performed in triplicate. Error bars 6 SD. *P , 0.05, **P , 0.01, ***P , 0.001 (Student’s t test).
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transfected with A20 siRNA, and the expressions of NF-kB
p65, NLRP3, and pro- and matured IL-1b were determined after infection and LPS-nigericin treatment.
Immunoblot analysis revealed that nuclear translocation of p65 was significantly increased in A20silenced infected cells (4.1-fold increase vs. infected
control; Fig. 5B). The efficiency of siRNA transfection
was evaluated by Western blot analysis, which
showed 80.7% reduction of A20 expression, as compared with control siRNA (Fig. 5B9). Furthermore,
silencing of A20 also reversed the inhibitory effect of
infection on the LPS-nigericin–induced increase of the
inflammasome markers pro-IL-1b and NLRP3 (Fig.
5C). Silencing of A20 significantly upregulated the
level of matured IL-1b (2.7-fold increase in A20-silenced
cells compared to control siRNA-treated cells; Fig. 5C),
although it had no effect on infection-induced inhibition of ROS (Fig. 5D). To find out whether A20
regulates matured IL-1b production, independent of
the second signal, control and A20 siRNA transfected
cells were treated with only LPS, and IL-1b expression
was determined. It was found that the absence of A20
resulted in an increased level of IL-1b in both LPS- and
infected LPS-treated cells compared with their respective counterparts having functional A20 (2.25- and
2.1-fold increase respectively; Fig. 5E). Therefore,
L. donovani induced A20 to regulate NF-kB dependent
pro-IL-1b production and a ROS-independent A20mediated matured IL-1b production. In addition, we
analyzed the effect of A20 siRNA in altering the parasite
survival in macrophages and observed that the parasites proliferated less in A20 siRNA–transfected macrophages than in infected macrophages (44.5% decrease
in intramacrophage parasites; Fig. 5F). Because our in
vitro experiments suggested that induction of A20 by
L. donovani is one of the strategies used by the parasite to
inhibit the activation of the inflammasome complex and
establish infection, we thought it worthwhile to determine the consequences of inhibition of A20 on the
in vivo levels of inflammasome markers and parasite
burden. For this, lentiviral vector–mediated A20specific or control shRNA was administered into the
spleen tissue of anesthetized BALB/c mice, followed by
L. donovani infection. The efficacy of A20 shRNA
transfection was evaluated by immunoblot analysis,
which showed 81.9% reduction of A20 expression as
compared to control shRNA (Fig. 5G9). Inhibition of
A20 led to a marked reduction in the liver and spleen
parasite burdens at 6 wk after infection (Fig. 5G, H). We
next assessed whether shRNA-mediated silencing of
A20 could modulate the activation of inflammasome.
For this, we checked the levels of inflammasome
markers in splenocytes isolated from infected mice
treated with A20 shRNA. In vivo silencing of A20
resulted in a significant increase in the levels of proIL-1b and NLRP3 when compared to L. donovani-infected splenocytes (Fig. 5I). All these results indicate
that L. donovani upregulates the deubiquitinating
enzyme A20 leading to inhibition of NF-kB and
subsequent suppression of inflammasome complex
formation.
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L. donovani upregulates UCP2 and negatively
regulates the ROS generation
UCPs present in the inner mitochondrial membrane have
been reported to regulate mitochondrial ROS generation
in diverse cellular conditions (48–50). We have recently
shown that L. donovani upregulates UCP2 to negatively
regulate the generation of ROS in its host (32). To assess the
role of UCP2 in parasite-mediated suppression of ROS
generation and inflammasome activation, we first checked
the level of UCP2 in infected macrophages. UCP2 was
found to be markedly upregulated in infected macrophages, with a maximum induction at 120 min after infection (4.2-fold; Fig. 6A). To further analyze the role of
UCP2 in NLRP3 inflammasome activation in VL, we
transfected macrophage cells with UCP2 siRNA, infected
them with parasites, and checked for ROS generation, as
well as for the expression of inflammasome markers. The
efficacy of UCP2 siRNA transfection was evaluated by
immunoblot analysis, which showed a 76.8% reduction of
UCP2 expression as compared to control siRNA (Fig. 6B9).
A significant increase (3.9-fold) in ROS generation was
observed in UCP2-silenced infected macrophages when
compared to the infected control (Fig. 6B). The level of
matured IL-1b in UCP2-silenced infected LPS-nigericin–
treated cells showed an increase compared to cells administered infected LPS-nigericin (2.2-fold; Fig. 6C),
thereby suggesting involvement of UCP2 in negatively
regulating inflammasome activation during L. donovani
infection. We then analyzed the effect of UCP2 siRNA on
intracellular parasite survival and found less proliferation
of parasites within UCP2 siRNA-transfected cells as
compared to L. donovani-infected macrophages (38.5%
reduction in intramacrophage parasite number; Fig. 6D).
Finally, we tried to analyze whether UCP2 is intrinsically
involved in L. donovani-mediated suppression of host immune system. For this, lentiviral vector-mediated UCP2specific shRNA or control shRNA was inserted into the
spleen tissue of L. donovani-infected mice. The efficacy of
UCP2 shRNA was evaluated by Western blot analysis,
which revealed 74.6% reduction of UCP2 expression as
compared to control shRNA (Fig. 6E9). Inhibition of UCP2
led to a significant decrease in liver and spleen parasite
burdens at 6 wk after infection (Fig. 6E, F). In vivo silencing
of UCP2 also resulted in increased levels of IL-1b (3.1-fold)
in splenocytes compared with splenocytes isolated from
parasite-infected mice (Fig. 6G). Collectively, these results
suggest that L. donovani upregulates UCP2, resulting in
suppression of ROS generation and subsequent inhibition
of inflammasome activation.

DISCUSSION
The activation of inflammasome leading to maturation
and release of the proinflammatory cytokine IL-1b has
been suggested to represent an important host defense
mechanism against several intracellular infectious agents
(7–10, 51). IL-1b, a pleiotropic proinflammatory cytokine,
causes a large number of local and systemic biologic effects
(52, 53). Release of the biologically active IL-1b requires the
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Figure 6. Upregulation of UCP2 negatively regulates ROS generation during L. donovani (L.d.) infection. A) RAW 264.7 cells
were infected with L. donovani promastigotes for various periods. Expression of UCP2 was determined by immunoblot analysis. B)
Macrophage cells were transfected with UCP2 siRNA or control siRNA for 24 h followed by L. donovani infection for 4 h. The cells
were then incubated with H2DCFDA for 15 min, and ROS generation was analyzed by ﬂow cytometry. B9) Efﬁcacy of UCP2 siRNA
was evaluated in UCP2 siRNA- and control siRNA-transfected macrophage cells infected with L. donovani by immunoblot analysis.
C ) Macrophage cells were either transfected with UCP2 siRNA or control siRNA, followed by infection with L. donovani and
simultaneous treatment with LPS and nigericin. The expression of pro-IL-1b, IL-1b, and NLRP3 was evaluated by Western blot
analysis. D) RAW 264.7 cells were either transfected with UCP2 siRNA or control siRNA, followed by infection with L. donovani
promastigotes for 4 h, and washed to remove nonphagocytosed parasites. The number of intracellular parasites was evaluated by
Giemsa staining. E, F ) Mice were administered either GFP-encoding shRNA or UCP2-speciﬁc shRNA and then infected with 107
L. donovani promastigotes. Parasite burden was determined in infected mice at various time points as indicated and are expressed
as LDU 6 SD for 5 animals in liver (E ) and in spleen (F ). E9) Efﬁcacy of UCP2 shRNA was evaluated by Western blot analysis. G)
Mice were administered with UCP2 shRNA and then infected with 107 L. donovani promastigotes, and splenocytes were isolated at
6 wk after infection, treated with 1 mg/ml LPS for 3 h 30 min, and treated with 20 mM nigericin for 30 min, and expression of proIL-1b, IL-1b, and NLRP3 was evaluated by immunoblot analysis. b-Actin and porin were used as internal controls for the cytosolic
and mitochondrial fraction, respectively. Densitometries are shown as bar graphs. Results are representative of 3 independent
experiments performed in triplicate. The results are expressed as means 6 SD (n = 3). *P , 0.05, **P , 0.01, ***P , 0.001
(Student’s t test).

expression and activation of inflammasome complex,
among which the most well-documented one is NLRP3.
Activation of the NLRP3 inflammasome complex appears to be dependent on types of cells involved and is
effected by a diverse range of stimuli, including
microbe-derived products (54), environmental factors
(55), and endogenous molecules (56). Reports have indicated that the NLRP3 inflammasome confers protection against L. amazonensis infection in resistant
C57BL/6 mice (57), whereas L. major and L. mexicana
SUPPRESSION OF INFLAMMASOME ACTIVATION BY LEISHMANIA

could significantly inhibit NLRP3 inflammasome
function and IL-1b production (58). We have shown
that L. donovani inhibits production of IL-1b (59),
whereas inhibition of NLRP3 inflammasome activation
was shown to increase resistance to L. major infection in
a susceptible BALB/c genetic background (60). These
controversies may occur primarily because of the use
of different Leishmania species and different genetic
background of the host and demand exact knowledge
regarding the role of inflammasome and IL-1b in VL.
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In the present study, we showed that the antileishmanial drug Amp B increases IL-1b production in
L. donovani-infected mice. IL-1b production has already
been reported to be triggered by Amp B in dendritic
cells and microphages through NLRP3 inflammasomemediated caspase-1 activation (61). Therefore, our observation that administration of IL-1b-antibody in
infected Amp B-treated mice significantly decreased
the parasiticidal effect of the drug suggests a role for
NLRP3-mediated IL-1b production in the therapeutic
effect of Amp B. IL-1b probably exerts its protection
against infection by inducing proinflammatory mediators which facilitate the NO-mediated protection
through induction of iNOS. Active IL-1b is processed
from its pro form through proteolytic cleavage by the
inflammatory caspase, caspase-1 (16–18). L. donovani
infection significantly reduced the level of LPSnigericin–induced caspase-1 maturation, whereas inhibition of caspase-1 in the presence of LPS-nigericin
resulted in higher parasite load, suggesting thereby
that caspase-1 activity is essential for restriction of
L. donovani growth in macrophages. NLRP3 inflammasome activation, another prerequisite for IL-1b activation, has also been found to be down-regulated
during infection. This is in agreement with the report
that NLRP3 inflammasome activation was attenuated
by L. major infection (58). NLRP3 mediated IL-1b secretion plays an important role in several bacterial (62)
and fungal (12) infection models. Enhanced inflammasome activation has been correlated with increased
anti-M. tuberculosis activity in macrophages from patients as well as healthy blood donors (63). The present
study also underscores the importance of NLRP3/
IL-1b signaling in intracellular infections such as
leishmaniasis, in which activation of proinflammatory
pathway is crucial for host protection. Moreover, we
recently documented highly potent antileishmanial
activity of curdlan (59), a naturally occurring b-glucan,
which had also been shown to activate NLRP3
inflammasome-mediated IL-1b production (64). Compounds that can activate the NLRP3 inflammasome
pathway may therefore have the potential as therapeutic agents against intracellular infections.
The expression of NLRP3 and pro-IL-1b is dependent on NF-kB-mediated signaling pathway (25, 43)
and Leishmania infection is associated with inhibition of
NF-kB (29). The present study with LPS- and nigericintreated infected macrophages indicated that L. donovani
inhibited the nuclear translocation of NF-kB, thereby
inhibiting the expression of both NLRP3 and pro-IL-1b.
However, the expression level of ASC, an adaptor
protein of inflammasome complex, remained unaltered
during infection. Using the pharmacologic inhibitor of
NF-kB, we further demonstrated that activation of
NF-kB is essential for priming the inflammasome
pathway. L. donovani-infected cells which were transfected with active NF-kB plasmid showed increased
NLRP3 and pro-IL-1b expression, in agreement with
studies in myxoma virus infection in which infectioninduced decreased NF-kB activity has been shown
to result in reduced inflammasome activation (65).
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Matured IL-1b level did not increase in parallel with its
proform, suggesting the need for a second signal for the
processing of mature IL-1b. ROS plays an essential role
in triggering the activation of the NLRP3 inflammasome (44), and generation of ROS is suppressed by
Leishmania infection (32). Our observation that LPSnigericin–treated cells showed decreased maturation of
IL-1b when pretreated with ROS quencher suggests an
important role of ROS along with NF-kB in inflammasome activation. TLR-induced NF-kB signaling is
known to be inhibited by the deubiquitinating enzyme
A20 (45–47). A20-deficient macrophages exhibit spontaneous NLRP3 activity in response to various stimuli
(47). We have documented that L. donovani infection
upregulates macrophage A20, which plays a major role
in subverting host immune response (29). In the present
study, we evaluated the possible role of A20 in regulating inflammasome signaling, and A20-silenced infected macrophages showed higher NF-kB activity,
along with increased NLRP3 and pro-IL-1b expression.
It is noteworthy that inhibition of A20 also resulted in
an increased level of mature IL-1b without having any
effect on infection-induced inhibition of ROS. Similar
observations obtained in A20-silenced LPS-treated
macrophages hinted at an inhibitory role of A20 in the
maturation of IL-1b, which is independent of its effect
on NF-kB. This observation is in line with the recent
finding (30) in which shRNA-mediated knockdown
of A20 in infected mice resulted in decreased organ
parasite burden associated with increased IL-1b production. Two major sources of intracellular ROS
are mitochondrial electron transport chain complex
and NADPH oxidase at the plasma membrane or
phagosomal membrane. We have demonstrated that
UCP2 negatively regulates mitochondrial ROS production during L. donovani infection, thereby facilitating
its intramacrophage survival (32). Inhibition of UCP2 by
gene silencing resulted in increased level of ROS and
matured IL-1b production during infection, which were
in line with our findings documenting the need of
ROS in inflammasome activation. However, inhibition
of UCP2 did not lead to any reversal of infection-induced
suppression of NLRP3 and pro-IL-1b expression. These
findings seem to indicate that UCP2 induction correlates only with the suppression of IL-1b maturation
by inhibiting the second signal after infection. These
observations were further validated in the in vivo situation, where UCP2-silenced infected mice showed decreased organ parasite burden. Moreover, the effect of
UCP2 silencing was more prominent on matured IL-1b
expression, which further substantiated our hypothesis
that infection-induced UCP2 negatively regulates ROS
production, thereby hampering maturation of IL-1b
production.
Collectively, the findings in the present study
suggest that L. donovani infection impairs the NLRP3
inflammasome-mediated IL-1b production in 2 steps.
On the one hand, it upregulates A20, to inhibit NF-kB
activation, which is the transcription factor for
NLRP3 and pro-IL-1b, and on the other hand, it activates UCP2, which inhibits ROS mediated pro-IL-1b
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Figure 7. Inhibition of inﬂammasome-dependent macrophage activation by exploiting the host regulatory proteins A20 and
UCP2. TLR-mediated macrophage defense triggers the NF-kB pathway, inducing the expression of pro-IL-1b and NLRP3,
primary requisite for inﬂammasome activation. Macrophage defense is also associated with increased generation of
mitochondrial ROS, the second signal necessary for caspase-mediated maturation of pro-IL-1b. To neutralize host protective
IL-1b production, L. donovani upregulates the host regulatory proteins A20 and UCP2. A20 restricts the activation of the NF-kB
pathway hampering the transcription of pro-IL-1b and NLRP3 whereas UCP2 inhibits ROS generation, leading to the
suppression of inﬂammasome activation and IL-1b formation and resulting in parasite survival.

processing, thus shutting down the overall production of IL-1b, the crucial cytokine for host protection (Fig. 7).
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