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Abstract

NLRP3 inflammasome is a protein complex crucial to caspase-1 activation and IL-1f and IL-18
maturation. This receptor participates in innate immune responses to different pathogens,

including the bacteria of genus Brucella. Our group recently demonstrated that Brucella abortus-
induced IL-1p secretion involves NLRP3 inflammasome and it is partially dependent on
mitochondrial ROS production. However, other factors could be involved, such as P2X7-
dependent potassium efflux, membrane destabilization and cathepsin release. Moreover, there is
increasing evidence that nitric oxide acts as a modulator of NLRP3 inflammasome. The aim of this
study was to unravel the mechanism of NLRP3 inflammasome activation induced by B. abortus, as
well as the involvement of bacterial nitric oxide (NO) as a modulator of this inflammasome
pathway. We demonstrated that NO produced by B. abortus can be used by the bacteria to
modulate IL-1p secretion in infected murine macrophages. Additionally, our results suggest that
B. abortus-induced IL-1p secretion depends on a P2X7-independent potassium efflux, lysosomal
acidification, cathepsin release, mechanisms clearly associated to NLRP3 inflammasome. In
summary, our results help to elucidate the molecular mechanisms of NLRP3 activation and
regulation during an intracellular bacterial infection.

Corresponding author Sergio Costa Oliveira, Departamento de Bioguimica e Imunologia, Bloco N4 sala 122, Instituto de Ciéncias
Biolégicas, Universidade Federal de Minas Gerais. Av. Antdnio Carlos 6627, Pampulha, Belo Horizonte, Minas Gerais, Brazil.
31270-901; Tel +55(31) 3409-2666; scozeusl@gmail.com.

AUTHOR CONTRIBUTION

P.C.C. and S.C.O. devised the project and the main conceptual ideas. P.C.C., M.T.R.G., FA.V.M,, E.S.G. and M.G.F.M.L.C. designed
and carried out the experiments. P.C.C. analyzed the data and prepared the figures. P.C.C. and S.C.O. wrote the manuscript with the
input of all authors. S.C.O. provided the funding acquisition, supervised the project, reviewed and submitted the manuscript. All
authors discussed the results and contributed to the final manuscript.

CONFLICT OF INTEREST DISCLOSURE
The authors have no commercial or financial conflicts of interest.



Campos et al. Page 2

Keywords
Brucella abortus, NLRP3 inflammasome; Nitric oxide; Immune evasion; AnarG mutant

INTRODUCTION

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Over the past years, inflammasomes gained attention by their role on defense against
pathogens and in the development of metabolic, neurodegenerative and autoinflammatory
diseases as well as in cancer [1]. Inflammasomes are multiprotein platforms which control
maturation of the proinflammatory cytokines interleukin-1p (IL-1p) and 1L-18 [2]. Several
inflammasomes have been identified, and most of them include either receptors of the NOD-
like receptor family of proteins (e.g. NLRP3, NLRP1 and NLRPC4) or AIM receptors
(AIM2 inflammasome). However, the NLRP3 is by far the most studied inflammasome [3,
4]. NLRP3 pathway requires at least two signals: the first is provided by microbial
molecules or endogenous cytokines and leads to the upregulation of NLRP3 and pro-IL-1f
through the activation of the transcription factor NF-xB; the second signal is provided by
diverse stimuli, such as pathogen or damage-associated molecular patterns (PAMPs or
DAMPs, respectively), triggering the assembly of the NLRP3 inflammasome and
multimerization of the adaptor molecule ASC [5]. However, the molecular interactions that
engage the NLRP3 inflammasome in response to such distinct stimuli are still unclear.
Recently, it has been shown that sodium (Na*) influx and most notably potassium (K*)
efflux via purinergic receptor P2X7 are events related to NLRP3 inflammasome activation
induced by bacterial toxins and particulate matter [6, 7]. A second model proposed that
NLRP3 acts as a cell stress sensor, activated by reactive oxygen species (ROS) generated in
spatial and temporal proximity to the inflammasome [8]. It has been also observed a
correlation between ROS generation and K™ efflux. Several NLRP3 stimuli studied to date
(e.g. ATP and membrane pore-forming proteins) triggered ROS production, frequently
accompanied by K* efflux and although the interplay between these events is not clear, it is
possible that low intracellular [K+] triggers ROS production and vice-versa [9].

Increasing evidence has shown that NLRP3 inflammasome activation is important for host
defense and effective pathogen clearance against microbial infections [10]. Previous reports
have shown that the immune responses against Gram-positive bacteria such as
Staphylococcus aureus or Listeria monocytogenes requires NLRP3 activation, the same is
not true for Salmonella typhimurium or Francisella tularensis (Gram-negative bacteria) [11].
However, some Gram-negative enteropathogens, such as enterohemorrhagic Escherichia coli
(EHEC) and Citrobacter rodentium, induce NLRP3 inflammasome activation in bone
marrow-derived macrophages in a Toll-I1L-1 receptor (TIR)-domain-containing adapter-
inducing interferon-p (TRIF)-dependent pathway [12]. Furthermore, Neisseria gonorrhoeae
induces a cathepsin B-dependent NLRP3 inflammasome activation and cell death [13].
Experiments with macrophages infected with Paracoccidioides brasiliensis also showed that
endosomal-lysosomal acidification is a mechanism involved in NLRP3 inflammasome
activation [14]. Brucella abortus is a facultative intracellular gram-negative cocobacillus,
causative agent of brucellosis in humans and livestock. In humans, it causes undulant fever,
endocarditis, arthritis and osteomyelitis; in livestock, it leads to abortion and infertility,
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resulting in significant economical losses [15, 16]. Our group published recently that IL-1f
secretion in macrophages infected with Brucella abortus was partially dependent on
mitochondrial ROS. Moreover, infected NLRP3 knockout (KO) macrophages secreted lower
levels of IL-1p than wild-type cells and NLRP3 KO mice are more susceptible at four-weeks
after infection when compared to wild-type animals [17]. Our previous study provided
important insights into the role of NLRP3 inflammasome in response fo B. abortus, however,
the exact mechanism underlying the NLRP3-dependent host response needs to be better
understood.

To deal with host immune response, some bacteria have evolved diverse strategies to
manipulate inflammasome activation in host cells [18]. Legionella pneumophila, for
example, controls ASC levels to manipulate inflammasome, apoptosome and NF-xB
pathways, establishing the necessary environment for its replication within human
monocytes [19]. The protein RipA from Francisella tularensis inhibits 1L-1p, IL-18 and
TNF-a secretion in macrophages to evade host immunity; mice infected with mutants for
RipA produced higher levels of inflammatory cytokines when compared to the wild-type
bacteria [20]. It was recently described that nitric oxide (NO) negatively regulates IL-1p
processing, through inhibition of NLRP3 inflammasome assembly in cells infected with
Mycobacterium tuberculosis [21]. In humans, Mycobacterium bacilli reside in granulomas,
structures which may limit the availability of oxygen. Under these conditions, there is an
increased expression of genes involved in denitrification, a energy-yelding metabolic process
which converts nitrate (NO3™) to inert nitrogen gas (N5), with NO as a intermediate
metabolite [22, 23]. However, the hypothesis of IL-1f production being modulated by
Mycobacterium NO has not been tested yet. Recently, genomic analysis has revealed that
members of the genus Brucellaalso possess denitrifying genes in their genomes [24, 25],
and this raises the hypothesis of BrucellaNO as a regulator of NLRP3-dependent IL-18,
since it has been shown that genes involved in denitrification regulate Brucella virulence in
mice [26].

In the present study, we investigated the cellular and molecular mechanisms involved in
NLRP3 activation during B. abortus infection. Most importantly, we demonstrated that NO
produced by B. abortus is a modulator of NLRP3-dependent IL-1p production and acts as an
evasion strategy used by this pathogen to avoid proper host innate immune responses.

The NLRP3-dependent IL-1p secretion in B. abortus-infected BMDMs requires potassium

efflux

The NLRP3 inflammasome can be activated by a variety of stimuli, including extracellular
ATP, microbial toxins (e.g., nigericin), and crystalline particles, all converging on potassium
efflux [27]. Previous studies have reported that potassium efflux is important in caspase-1
activation, IL-1p processing, and cell death and NLRP3 activation is inhibited by high
extracellular [K*] [6, 28]. To test whether potassium efflux is involved in B. abortus-induced
NLRP3 inflammasome activation, two defined inhibitors were used to treat B. abortus-
infected BMDMs, glibenclamide (a selective inhibitor for ATP-dependent potassium
channels) and KCI (since high extracellular concentrations of K* prevent NLRP3 activation).
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Addition of increasing concentrations of glibenclamide and KCI to macrophages prior to
bacterial infection reduced IL-1p secretion in a dose-dependent manner (Fig 1A and 1B)
without significant changes in TNF-a (Figs 1C and 1D), an inflammasome-independent
cytokine. Moreover, Western blot analysis showed that treatment of BMDMs with
glibenclamide and KCI prior to B. abortus infection does not significantly affect pro-IL-1 B
and pro-caspase-1 levels but it results in a decrease in secreted IL-1p and caspase-1 mature
forms (Fig 1E). These results suggest that potassium efflux induces a NLRP3-dependent
caspase-1 activation and IL-1f secretion in B. abortus-infected BMDM.

IL-1B secretion in B. abortus-infected BMDMs does not require the P2X7 receptor

The occurrence of extracellular ATP is considered a signal for the immune system,
particularly during an inflammatory response. It is sensed by P2X receptors, whose
activation by ATP opens a cation-specific channel and alters the ionic environment of the
cell activating several pathways including the inflammasome [29]. Moreover, studies suggest
that P2X7R opening causes a drastic change in K* homeostasis which has an important role
in caspase-1 activation and NLRP3-dependent IL-1p release [30, 31]. Therefore, we
investigate the potential role of P2X7R in the IL-1p secretion induced by B. abortusin
macrophages using two different approaches: first, by preincubating BMDMs with A740003
(a selective P2X7 purinoceptor antagonist) before infecting with B. abortus, and secondly,
by quantifying IL-1p secretion in infected P2X7 knockout cells. As shown in the Fig 2A,
IL-1pB secretion in B. abortus-infected cells was not affected by the presence of the inhibitor,
even when tested at higher concentrations (50 uM). As a control, cells were preincubated
with A740003 at the highest concentration tested and then stimulated with LPS plus ATP. As
expected, the presence of the inhibitor was sufficient to abolish IL-1f secretion. Moreover,
no differences in cytokine secretion were observed between wild-type and P2X7R KO
BMDMs, when infected with the bacteria (Fig 2B). The results suggest that P2X7R does not
play an essential role in B. abortus-induced IL-1p secretion.

IL-1B secretion in infected BMDMs was dependent on lysosomal acidification and
cathepsin B release

Previous studies have shown that NLRP3 inflammasome can be activated by a number of
signaling mechanisms other than potassium efflux, such as lysosomal acidification and
cathepsin B release into the cytosol, resulting in IL-1p secretion [32—34]. The use of
chloroquine, which inhibits endosomal-lysosomal system acidification and the chemical
Ca074Me, which acts as a membrane-permeable inhibitor of the cathepsin B, can result in a
reduction of inflammasome activation [35, 36]. Therefore, we examined whether B. abortus-
induced IL-1p secretion in BMDMs is dependent on lysosomal acidification and cathepsin B
release. Preincubation of BMDMs with increasing concentrations of chloroquine or
Ca074Me resulted in a dose-response decrease of IL-1p secretion, as shown in the Figs 3A
and 3B. TNF-a production, in turn, was unaffected (Figs 3C and 3D), except when cells
were preincubated with the highest concentration of chloroquine used prior to infection with
B. abortus (Fig 3C). Additionally, western blot analysis showed a similar pattern to those
observed in glibenclamide and KCI, in which the treatment of BMDMs with chloroquine
and Ca074Me prior to B. abortus infection does not significantly affect pro-I1L-1  and pro-
Caspase-1 levels but it results in a decrease in secreted IL-1pB and caspase-1 mature forms
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(Fig 3E). Together, these results suggest lysosomal acidification and cathepsin B release are
important mechanisms to the activation of NLRP3 inflammasome and consequently
caspase-1 activation and IL-1p release following B. abortus infection.

NADPH oxidase-derived ROS is dispensable for IL-1B secretion in B. abortus-infected

BMDMs

Several authors have proposed that NLRP3 inflammasome acts as a sensor of cellular stress
when activated by reactive oxygen species (ROS) [9, 37, 38]. ROS generation is triggered by
a plethora of stimuli, such as whole pathogens, pathogen-associated molecular patterns
(PAMPs), ashestos, MSU (monosodium urate) crystals and damage-associated molecular
patterns or DAMPs [9, 39, 40]. We described previously that IL-1p secretion induced by B.
abortus is partially dependent on mitochondrial ROS, based on experiments with BMDMs
preincubated with MitoTEMPO prior to bacterial infection [17]. However, it has been also
proposed that NADPH oxidase-derived ROS could activate NLRP3 inflammasome, based on
studies with chemical inhibitors and knockdown of NADPH subunits [41, 42]. We therefore
investigated whether IL-1p secretion induced by B. abortus infection depends on NADPH
oxidase-derived ROS. To perform this experiment, we infected BMDMs lacking gp91PoX,
defective in phagocyte ROS generation [43]. As observed in the Fig 4, gp91P"°X KO
BMDMs showed no impairment of IL-1p secretion in response to B. abortus or LPS plus
ATP, suggesting that NADPH oxidase-derived ROS does not play a role in NLRP3
inflammasome activation in BMDMs infected with B. abortus.

Nitric oxide inhibits NLRP3 inflammasome activation and IL-1f secretion induced by B.

abortus

The NLRP3 inflammasome activation is a process regulated by several mechanisms in order
to prevent detrimental effects to the host. For instance, it was demonstrated that type | IFNs
negatively regulate caspase-1 activation induced by NLRP3 agonists, but not that induced by
AIM2 or NLRC4 ligands [44]. In addition, /n vitro experiments suggested that an increase in
extracellular osmolarity in macrophages inhibits hypotonicity-induced NLRP3 activation
and IL-1p release [45]. It was also suggested that nitric oxide (NO) prevents IL-1p and
IL-18 release by inhibiting caspase-1 activity, as well as preventing the assembly of the
NLRP3 inflammasome via thiol nitrosylation [21, 46, 47]. Therefore, we assessed the
potential role of NO in inhibiting NLRP3-dependent IL-1f secretion induced by B. abortus
through incubation of BMDMs with L-NAME, (an analog of arginine that inhibits NO
production) or SNAP (a nitrosothiol derivative used as NO donor), prior to infection. The
results shown in the Figs 5A and 5B revealed opposite effects of L-NAME and SNAP, since
the preincubation of cells with L-NAME prior to B. abortus infection increased IL-1p
secretion in approximately 60%, while the preincubation with SNAP resulted in
approximately 77% reduction in IL-1p secretion. NO production was assessed indirectly by
measuring the concentration of nitrite (NO,™) by the Griess reaction. Interestingly, NO
production was not diminished in Brucella-infected BMDMs in the presence of L-NAME
(Fig 5C), although a 50% reduction was observed in cells stimulated with LPS. In addition,
the incubation of BMDMs with SNAP prior to B. abortus infection resulted in a NO
production 2.8 times higher than the infection alone (Fig 5D). Nevertheless, NO production
in infected cells was reduced compared to stimulation with LPS in the presence of SNAP.
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The preincubation of cells with L-NAME or SNAP did not affect invasion or intracellular
bacterial growth, as observed in the Fig 5E. To further investigate the phenomenon of
inhibition of IL-1p secretion mediated by NO, we infected BMDMSs with B. abortus in the
presence or absence of bovine hemoglobin (Hg), a widely known NO scavenger [48-50].
These results strengthen our findings shown in the Fig 5, since the preincubation with Hg
increased IL-1p secretion and strongly reduced NO,™ detection in B. abortus-infected cells
(Supporting Information Figs 1A and 1B), while not compromising intracellular bacterial
replication (Supporting Information Figs 1C). In addition, as shown in Western blot analysis,
the treatment of BMDMs with L-NAME and SNAP prior to B. abortus infection neither
affect pro-1L-1p and pro-caspase-1 levels nor it has influenced NLRP3 expression. On the
other hand, SNAP treatment resulted in a decrease in secreted IL-1 B and caspase-1
activation, a phenomenon not observed in BMDMs pretreated with L-NAME (Fig 5F).

Bacterial nitric oxide modulates NLRP3-dependent IL-1p secretion in B. abortus-infected

BMDMs

The results shown in the Fig. 5 (and Supporting Information Fig 1) led us to further
investigate the role of NO on NLRP3-mediated IL-1p secretion in BMDMs infected with B.
abortus, since infected macrophages preincubated or not with L-NAME produced NO at
similar levels. We then infected wild-type and iNOS KO-derived BMDMs with B. abortus at
the same conditions previously described. Herein, we did not observe significant differences
in IL-1p secretion between both wild-type and iNOS KO cells (Fig 6A). However, although
NO production was lower in iINOS defective cells than in wild-type macrophages (Fig 6B), it
was still detected. This phenomenon was observed only in BMDMs infected with the
bacteria, since iINOS KO cells stimulated with LPS did not produce NO in detectable levels
as expected (Fig 6C). Quantitative real-time PCR analysis confirmed the lack of /NOS
MRNA expression in B. abortus-infected iINOS KO cells (Fig 6D). These results raised the
hypothesis that a NO metabolite produced by B. abortus could also modulate NLRP3-
dependent IL-B secretion. Brucellais a member of the a-proteobacteria class and it is
capable of reduction of nitrate to dinitrogen (N5) through a cascade of different enzymes that
produces intermediate gaseous nitrogen oxide products, including NO [24-26]. Even though
only a few pathogens have been shown to be denitrifiers, recent study suggested an
important role of denitrification genes in host-pathogen interaction [51, 52]. Therefore, to
assess the potential of bacterial NO in modulating NLRP3-dependent IL-1f secretion in
macrophages, we generated bacterial mutants defective in the catalytic subunit a of enzyme
nitrate reductase (narG gene), as described by Haine and coworkers [53]. The nitrate
reductase is responsible for the first step in denitrification reaction, which reduces nitrate to
nitrite, the substrate to the production of NO by nitrite reductase [54, 55]. The integrative
disruption strategy used in this study, as well the genotypic and phenotypic characterization
of B. abortus AnarG mutants are shown in the Supporting information Fig 2.

As shown in the Fig 6E, NO detection was completely abrogated in iNOS KO cells infected
with the AnarG mutant, suggesting that the NO detected in B. abortus-infected cells is, in
part, produced by the bacteria. Moreover, IL-1p secretion was higher in AnarG-infected cells
when compared to WT-infected cells (Fig 6F); although this difference was not observed in
TNF-a production (Fig 6G). In addition, Western blot analysis showed an increase in
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secreted IL-1p and caspase-1 levels in BMDMs infected with the AnarG mutant when
compared to those cells infected with the wild type bacteria (Fig 6H). Surprisingly, there
were no significant differences in bacterial load in BMDMs infected either with AnarG
mutant or the wild-type bacteria (Fig 61), suggesting that B. abortus could trigger additional
mechanisms to ensure its survival inside macrophages.

DISCUSSION

Several studies have shown that NLRP3 inflammasome activation is crucial for recognition
of pathogenic microbes and allows the host to induce appropriate protective innate immune
responses [3, 12, 56]. Our group recently demonstrated the importance of NLRP3
inflammasome for IL-1p secretion and resistance to B. abortus infection [17]; however, the
molecular mechanisms underlying the inflammasome activation and regulation are not fully
understood. The mechanisms of IL-1f secretion following NLRP3 activation were examined
by treating BMDMs with specific inhibitors prior to infection with Brucella. The results
demonstrated that K* efflux, lysosomal-endosomal acidification and cathepsin B release are
critical events to a NLRP3 inflammasome-dependent caspase-1 activation and IL-1
secretion in BMDMs infected with B. abortus. Additionally, recent findings from our group
demonstrate that pyroptosis which is dependent on caspase-11 and GSDMD are central to
potassium efflux and, consequently, to NLRP3 inflammasome activation in response to B.
abortus [57]. In contrast, we show that the purinergic receptor P2X7 is not required to 5.
abortus-induced K* efflux in BMDMs and this could be explained by different ways: i) this
event is dependent on other potassium channels (e.g. pannexin- or a different P2X family
member) or ii) K* efflux in BMDMs is not restricted to the P2X7 receptor. It is important to
emphasize that the reduction in caspase-1 activation and IL-1p secretion observed in
BMDMs pretreated with all inhibitors does not correlate with a decline in cell viability, in
intracellular bacterial load or in NLRP3 protein levels as observed in the Supporting
information Fig 3.

Our previous study showed that IL-1( secretion induced by B. abortus is partially dependent
on mitochondrial ROS. In addition, a recent study by others suggested that both
mitochondrial ROS-dependent and -independent pathways are required for NLRP3
inflammasome activation [58], which raised the possibility of the NLRP3 inflammasome
being also activated by other types of ROS in BMDMs infected with B. abortus. Therefore,
we assessed whether phagocytic NADPH oxidase-derived ROS could also activate the
NLRP3 inflammasome in infected BMDMs. However, the results showed that IL-1
secretion in gp91PNX deficient BMDMSs was not impaired in response to B. abortus
infection. These results are in agreement with a previous report, in which it was suggested
that NADPH oxidase is not required to control B. abortus replication /n vivo [59]. This
finding suggests that the superoxide (O2"") produced by NADPH oxidase does not play a
role in NLRP3 activation and IL-1f secretion, but it cannot rule out the possibility that other
sources of O, could act in NLRP3-mediated immune responses to B. abortus, such as
those produced by xanthine oxidase in peroxisomes [60].

Although the proinflammatory cytokine IL-1 is critical to host defense against many
pathogens, exacerbated expression and secretion of this molecule can lead to tissue damage,
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and dysregulated inflammasome activation is related to the pathogenesis of a variety of
inflammatory diseases [61, 62]. In this regard, NO has been pointed to as an important
molecule produced by host cell to control NLRP3-dependent IL-1p secretion, given that it
specifically inhibits the assembly of the NLRP3 inflammasome via thiol nitrosylation [21,
47]. Surprisingly, our results suggest that IL-1p secretion in B. abortus-infected BMDMs
could be negatively modulated by bacterial NO, since NO production was unchanged by
incubation of macrophages with L-NAME prior to infection but IL-1p secretion was
increased. Moreover, uninfected cells incubated with a NO donor (SNAP) produced higher
amounts of NO when compared to infected cells, and this could be explained by the fact that
the NO donor itself is not able to induce ROS production. This is necessary to generate
peroxynitrite (ONOQ™), a product of the diffusion-controlled reaction of NO and O, and a
highly reactive nitrogen species (RNS), a class of molecules produced in the respiratory
burst [63, 64]. To test this hypothesis of bacterial NO regulating inflammasome activation,
we constructed Brucellamutants for catalytic subunit of the nitrate reductase (AnarG), which
were used to infect wild-type and iNOS KO BMDMs. The results are summarized in the
Fig. 7 and they strongly suggest that NO detected in supernatants of infected cells are
produced mainly by the bacteria, and it can regulate caspase-1 activation and IL-1
secretion. It was also shown that BMDMs infected with AnarG mutants produced similar
amounts of TNF-a as well as their survival inside cells did not differ from that observed for
wild-type bacteria. Our results are in line with those recently reported, showing that control
of B. abortus replication in macrophages does not depend on host cell NO, given that
infection of immortalized macrophages in the presence of NG-monomethyl-L-arginine, a
nitric oxide synthase inhibitor, does not alter intracellular bacterial growth [59]. More
importantly, we demonstrated that B. abortus produces NO as a mechanism of regulation of
IL-1pB secretion in macrophages, possibly via NLRP3 inflammasome, since it was previously
showed that the assembly of this inflammasome is impaired by NO-dependent thiol
nitrosylation [21]. Altogether, these results help to elucidate the molecular mechanisms of
NLRP3 activation and regulation and suggest a potential evasion mechanism used by
bacterial pathogens to modulate host innate immune responses.

MATERIAL AND METHODS

Reagents

Adenosine-5’-triphosphate disodium salt (ATP) and Escherichia coli ultrapure LPS were
purchased from Invivogen (San Diego, CA, USA). DMEM, Fetal bovine serum (FBS),
Penicillin/Streptomycin, Phosphate-Buffered Saline (PBS), Hepes, M-PER® Mammalian
Protein Extraction Reagent and Bicinchoninic acid (BCA) protein assay kit was purchased
from were purchased from Gibco/Thermo Fisher Scientific (Waltham, MA, USA).
Potassium chloride (KCI) was purchased from Synth (Diadema, SP, Brazil). Sodium nitrate
(NaNO3) and sodium nitrite (NaNO5) were purchased from Merck (Darmstadt, Germany).
Nigericin sodium salt, Chloroquine diphosphate, Glibenclamide, A-740003, Ca074Me
(methyl ester), S-Nitroso-N-acetyl-DL-penicillamine (SNAP), Nw-Nitro-L-arginine methyl
ester hydrochloride (L-NAME), hemoglobin from bovine blood, Sulfanilamide, N-1-
napthylethylenediamine dihydrochloride and protease inhibitor cocktail were purchased
from Sigma/Aldrich (St. Louis, MO, USA). Mouse monoclonal anti-NLRP3
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(AG-20B-0014-C100) and anti-Caspase-1 (AG-20B-0042-C100) antibodies were purchased
from Adipogen (San Diego, CA, USA). Mouse monoclonal anti IL-1p (12242S), rabbit
monoclonal anti-p-actin (4970S) and secondary HRP-linked anti-mouse 1gG (7076S) and
anti-rabbit 1gG (7074S) antibodies were purchased from Cell Signaling Technology
(Danvers, MA, USA). Clarity™ Western ECL Substrate was purchased from Bio-Rad
(Philadelphia, PA, USA).

Ethics statement

Mice

Bacteria

All experiments involving animals were conducted in accordance with the Brazilian Federal
Law number 11.794, which regulates the scientific use of animals in Brazil, the Institutional
Animal Care and Use Committees (IACUC) guidelines and the Animal Welfare Act and
Regulations guidelines established by the American Veterinary Medical Association Panel
on Euthanasia. Animals were fed, housed and handled in strict agreement with these
recommendations. All protocols were approved by the Committee for Ethics in Animal
Experimentation (CETEA) at Universidade Federal de Minas Gerais UFMG under permit
#128/2014.

The following strains were used in this work: C57BL/6 (wild type strain, obtained from the
Federal University of Minas Gerais-UFMG, Brazil), gp91P"°% and iNOS KO (kindly
provided by Dra. Leda Quércia Vieira, Department of Biochemistry and Immunology,
Institute of Biological Sciences, UFMG, Brazil), P2X7 KO (kindly provided by Dr. José
Carlos Alves Filho, Department of Pharmacology, Ribeirao Preto Medical School,
University of Sao Paulo, Brazil). Genetically deficient and control mice were maintained at
our facilities and used at 6 to 8 weeks of age. Mice were housed in filter-top cages and
provided with sterile water and food ad /ibitum.

Brucella abortus smooth virulent strain 2308 was obtained from our laboratory collection.
Frozen stocks were prepared from isolated colonies previously grown in Brucella broth
medium (BB) + 1.5% agar for 3 days. One day prior to infection, B. abortus was grown in
liquid BB (when necessary, 10 ug/mL kanamycin was added) and the optical density was
measured in a spectrophotometer. In all experiments performed in this work 1 ODggg = 3 X
10° CFU/mL.

Generation of B. abortus AnarG mutants

We generated mutants for the catalytic subunit a of nitrate reductase (narG) using an
integrative disruption strategy, as previously reported [53, 65]. Plasmid pSKoriT:narGKanR,
bearing a kanamycin resistance gene (Kan) containing a internal fragment of the B.
melitensis narG gene, was kindly provided by Dr. Xavier de Bolle (University of Namur,
Namur, Belgium) and used to transform B. abortus, since alignment analysis revealed that a
99.7% identity between B. abortusand B. melitensis narG gene. All DNA manipulations
performed to generate the plasmid are described elsewhere [53]. Two micrograms of the
plasmid were introduced into B. abortus by electroporation, using the following parameters:
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2.5 kV, 25 pF and 400 Q and time constants of 10s. Electroporated bacteria were incubated
in liquid BB for 6h without antibiotics. Integrative mutants were selected on BB agar 1.5%
with 10 pg/mL kanamycin for 4-5 days. Disrupted mutants were selected by PCR, using the
following primers: NarG Forward (5’-CTGCTCGTGGAAGATCTATGTC-3"), and NarG
Reverse (5’-CTTGTAGCGGGCTTCAGTATAG-3’) (amplicon 649 pb), KanR Forward (5°-
GGTATAAATGGGCTCGCGATAA-3’) and KanR Reverse (5’-
CGACTGAATCCGGTGAGAATG-3") (amplicon 507 pb). PCR was performed in a 20 uL
reaction with 20 ng of genomic DNA, 0.5 uM each primer, 250 uM dNTPs, 2 mM MgCly,
0.5 U GoTaq Flexi DNA polymerase (Promega, USA) and 5 pL of 5x colorless GoTaq Flexi
Buffer. PCR cycling parameters were: initial DNA denaturation at 95 °C for 3 min and then
cycled 35 times at 95 °C for 1 min, 54 °C for 1 min, and 72 °C for 1 min. We performed a
final extension step of 7 min at 72 °C. The reaction products were detected by
electrophoresis on 1% agarose gel and visualized with UV transilluminator after staining
with Blue Green Loading dye | (LGC Biotecnologia, Brazil) to determine the size of
amplified products.

Generation of bone marrow-derived macrophages (BMDMs)

Bone marrow cells were obtained from femur and tibiae of KO and wild type mice, and they
were differentiated into BMDMSs using a previously described protocol, with some
modifications [66]. Briefly, cells were seeded on 24-well plates at 5 x 10° cell/mL (day 0)
and maintained in DMEM medium containing 10% fetal bovine serum (FBS), 100 U/ml
penicillin, 100 ug/ml streptomycin, and 20% LCCM (L929-conditioned medium), at 37°C in
a 5% CO, atmosphere for 7 days. On day 4 of incubation, the medium was fully replaced.
Four hours before stimulation or infection, BMDMs were maintained only in DMEM
medium containing 1% FBS.

In vitro stimulation of BMDMs

In all experiments, BMDMs were maintained in DMEM medium containing 1% FBS. Cells
were infected at a multiplicity of infection (MOI) of 100 in 0.5 mL DMEM plus 1% FBS,
previously incubated with indicated concentrations of glibenclamide, KCI, A740003,
chloroquine or Ca074Me for 1 hour, where applicable. Preincubation with L-NAME (2
mM), SNAP (0.5 mM) or hemoglobin (150 pM) was performed for 30 min before infection.
As a control for nitrite production, cells were stimulated with ultrapure LPS (1 pg/ml) for 17
hours. As a control for IL-1 secretion, cells were primed with ultrapure LPS (1 ug/ml) for 4
h and stimulated with nigericin (20uM) or ATP (5 mM) for 30 min. Supernatants were
collected at indicated times. Cells were then washed with PBS at room temperature, lysed
with 25 pl/well M-PER® plus 10 mM NaF, 1 mM sodium orthovanadate, and 1:100 protease
inhibitor cocktail and collected in 1.5 ml tubes. Both supernatants and cell lysates were
stored at —80°C until use.

Western blot analysis

Protein concentrations from cell lysates were determined by BCA assay. Equal amounts of
protein (15 pug) or 25 pl of supernatants collected from infected macrophages were were
loaded onto 15% SDS-polyacrylamide gels and then transferred to nitrocellulose
membranes, according to standard techniques. Membranes were blocked 1 h at room
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temperature with blocking buffer [TBS-T (TBS containing 0.1% Tween-20) plus 5% nonfat
dry milk)] before incubation with anti-B-actin (1:4000), anti-IL-1p (1:1000), anti-caspase-1
(1:1000) or anti-NLRP3 (1:1000), overnight at 4°C. Subsequently, membranes were washed
three times with TBS-T and incubated with a 1:1000 dilution of HRP-conjugated anti-mouse
or anti-rabbit 1gG antibody (1.5 h at room temperature). Blots were washed three times with
TBS-T and developed with an ECL system according to the manufacturer’s protocols.

RNA isolation from BMDMs and quantitative real-time PCR

Total RNA from infected BMDMs was isolated using the TRIzol® reagent, accordingly to
manufacturer instructions. Reverse transcription of 1 pg from total RNA was performed
using illustra™ Ready-To-Go RT-PCR Beads (GE Healthcare, UK), following instructions
of the manufacturer. Quantitative real-time PCR was conducted in a final volume of 10 pL
containing the following: SYBR® Green PCR Master Mix (Thermo Fisher Scientific, USA),
oligo-dT cDNA as the PCR template and 5 pM of primers. The PCR reaction was performed
with QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific, USA), using the
following cycling parameters: 60°C for 10 min, 95°C for 10 min, 40 cycles of 95°C for 15
sec and 60°C for 1 min, and a dissociation stage of 95°C for 15 sec, 60°C for 1 min, 95°C
for 15 sec, 60°C for 15 sec. Primers were used to amplify a specific 100-120 base pairs
fragment corresponding to specific gene targets as follows: iNOS Forward (5'-
CAGCTGGGCTGTACAAACCTT-3") and iNOS Reverse (5'-
CATTGGAAGTGAAGCGTTTCG-3"); 18S Forward (5'-
CGTTCCACCAACTAAGAACG-3") and 18S Reverse (5'-
CTCAACACGGGAAACCTCAC-3"). Data were analyzed using the threshold cycle (44C7)
method and they were presented as relative expression units after normalization to the 78S
gene. PCR measurements were conducted in triplicate.

Nitrite measurement by Griess reagent

The nitric oxide assay was performed as described previously [67]. The concentration of
nitrite (NO57), a stable metabolite of NO, was measured using Griess reagent (1%
sulfanilamide and 0.1% naphthylethylenediamine dihydrochloride in 2.5% phosphoric acid).
Briefly, 50 pL of cell culture supernatants was mixed with 50 pL of Griess reagent.
Subsequently, the mixture was incubated protected from light at room temperature for 5 min
and the absorbance at 550 nm was measured in a microplate reader. Fresh culture medium
(DMEM + 1% FBS) was used as a blank in every experiment. The quantity of nitrite was
determined from a sodium nitrite (NaNO,) standard curve.

Infection of BMDMs with B. abortus and determination of intracellular bacterial survival

BMDMs (5 x 10° cells/well) were infected with B. abortus (wild type and AnarG mutant) at
a MOl of 100:1 in 0.5 mL DMEM plus 1% FBS. Bacteria were centrifuged onto
macrophages at 400 x g for 10 min at 4°C then incubating the cells for 30 min at 37°C under
5% CO». Cells were washed 3 times with PBS to remove extracellular bacteria and
incubated for an additional 90 min in medium supplemented with 100 pg/mL gentamicin to
kill extracellular bacteria. Thereafter, the antibiotic concentration was decreased to 10
ug/mL. Twenty-four hours post infection, cells were again with PBS and lysed with 0.1%
(vol/vol) Triton X-100 in H,O and serial dilutions of lysates were rapidly plated onto BB +
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1.5% agar. Three days after a incubation at 37°C, the number of colony forming units (CFU)
was determined.

Determination of IL-1p and TNF-a in supernatants by enzyme-linked immunosorbent assay
(ELISA)

Collected supernatants of stimulated BMDMs were thawed on the day of the assay and used
for determination of IL-1p and TNF-a concentrations using Mouse DuoSet ELISA (R&D
Systems), according to the manufacturer’s specifications.

Cell viability determination by MTS

BMDM s (5 x 10° cells/well) were seeded into 96-well plates and incubated with chemicals
as previously indicated. The medium was completely removed and wells were filled with
100 pL DMEM medium containing 1% FBS + 20 uL 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt [MTS] (from CellTiter
96® AQyeous One Solution Cell Proliferation Assay, Promega, USA). The plate was
protected from exposure to light with aluminum foil and incubated at 37°C for 2 hours.
Absorbance was recorded at 492 nm and the percentage of viable cells was determined in
comparison to untreated cells.

Statistical analysis

All experiments were repeated at least three times with similar results. Graphs and data
analysis were performed using GraphPad Prism 6 (GraphPad Software), using one-way
ANOVA (Bonferroni post-hoc test) or student’s t test (Tukey’s post-hoc test).
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Refer to Web version on PubMed Central for supplementary material.
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ROS reactive oxygen species
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ATP adenosine triphosphate
NO3- nitrate
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NO»- nitrite
gp91Phox phagocyte NADPH oxidase, glycosylated subunit 91
NADPH Nicotinamide adenine dinucleotide phosphate
iNOS Inducible nitric oxide synthase
narG nitrate reductase 1, alpha subunit
Kan kanamycin
MOl multiplicity of infection
Glib glibenclamide
Chl chloroquine
L-NAME N(w)-nitro-L-arginine methyl ester
SNAP S-Nitroso-N-Acetyl-D,L-Penicillamine
Hg hemoglobin
Nig nigericin
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Figure 1.

The effect of glibenclamide and KCI on IL-1p and TNF-a release in BMDMs infected with
B. abortus. Cells were preincubated with glibenclamide (Glib) or KCI for 1h before infection
with B. abortus strain 2308 (MOI of 100:1) and supernatants were harvested 17h after
infection. IL-1B (A, B) and TNF-a (C, D) secretion were determined by ELISA. The graphs
show results from a single experiment performed in triplicate, representative of three
independent experiments with similar results and data are presented as mean + SD. (E)
Western blot analysis of lysates and supernatants of BMDMs infected with B. abortus,
preincubated or not with glibenclamide (80 uM) or KCI (40 mM). Abbreviations: NI (non-
infected), Ctrl (control), Glib (glibenclamide), KCI (potassium chloride), CL (cell lysate),
SN (supernatant). Image is representative of two independent experiments. Significant
differences between infected cells in the presence or absence of the inhibitor are denoted by
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one, two or three asterisks (for p<0.05, p<0.01 and p<0.001, respectively; one-way ANOVA
+ Bonferroni post-hoc test).
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Figure 2.
The role of P2X7 receptor on IL-1p release in BMDMs infected with B. abortus. (A)

BMDMs were preincubated with the P2X7 inhibitor A740003 for 30 min before stimulation
with ATP (5 mM) or infection with B. abortus strain 2308 (MOI of 100:1). Ultrapure LPS (1
pg/mL) was added 4h before stimulation with 5 mM ATP. Supernatants were harvested 30
min after stimulation with ATP or 17h after infection with B. abortus. (B) wild type and
P2X7R KO cells were infected with B. abortus strain S2308 (MOI of 100:1) or stimulated
with LPS + ATP (as in A) and the supernatants collected 17h after infection. IL-1p secretion
was determined by ELISA. C symbol denotes control, non-infected cells. The graphs show
results from a single experiment performed in triplicate, representative of three independent
experiments with similar results and data are presented as mean + SD. Significant
differences are denoted by three asterisks (for p<0.001; one-way ANOVA + Bonferroni post-
hoc test).
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Figure 3.
The effect of chloroquine and Ca074Me on inflammasome activation in BMDM s infected

with B. abortus. Cells were preincubated with Chloroquine (Chl) or Ca074Me for 1h before
infection with B. abortus strain 2308 (MOI of 100:1) and supernatants were harvested 17h
after infection. IL-1B (A, B) and TNF-a (C, D) secretion were determined by ELISA. The
graphs show results from a single experiment performed in triplicate, representative of three
independent experiments with similar results and data are presented as mean £ SD. (E)
Western blot analysis of lysates and supernatants of BMDMs infected with B. abortus,
preincubated or not with chloroquine (80 uM) or Ca074Me (12 uM). Abbreviations: NI
(non-infected), Ctrl (control), Chl (chloroquine), Ca (Ca074Me), CL (cell lysate), SN
(supernatant). Image is representative of two independent experiments. Significant
differences between infected cells in the presence or absence of the inhibitor are denoted by
three asterisks (for p<0.001, one-way ANOVA + Bonferroni post-hoc test).
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The role of NADPH oxidase on IL-1p release in BMDMs infected with B. abortus. (A) cells
were infected with B. abortus strain 2308 (MOI of 100:1) and supernatants were harvested
17h after infection. As a control, cells were primed with ultrapure LPS (1 pg/mL) for 4
hours before stimulation with 5 mM ATP and supernatants were harvested 30 min after
stimulation, as shown in (B). IL-1p secretion was determined by ELISA. The graphs show
results from a single experiment performed in triplicate, representative of three independent
experiments with similar results and data are presented as mean + SD. Significant
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differences are denoted by three asterisks (for p<0.001, one-way ANOVA + Bonferroni post-
hoc test).
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Figure5.

The effect of L-NAME and SNAP on IL-1, nitrite production and bacterial replication in
BMDMs infected with B. abortus. Cells were preincubated with L-NAME (2 mM) or SNAP
(0.5 mM) for 30 min before infection with B. abortus strain 2308 (MOI of 100:1) or
stimulation with ultrapure LPS (1 pg/mL) or nigericin (Nig, 20 uM). Prior to stimulation
with nigericin, cells were primed with ultrapure LPS for 4 hours. Supernatants were
harvested 17h after stimulation, except for LPS/Nig-stimulated cells, whose supernatants
were harvested 30 min after stimulation. IL-1p (A and B) was determined by ELISA and
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nitrite (NO,™, C and D) by Griess reaction. The graphs show results from a single
experiment representative of four independent experiments performed in triplicate, with
similar results and data are presented as mean + SD. (E) BMDMs were infected with B.
abortus (MOI 100:1) and CFU counting were determined 2 and 24 hours post infection
(hpi). The graph shows results from a single experiment representative of three independent
experiments performed in quadruplicate, with similar results and data are presented as mean
+ SD. (F) Western blot analysis of lysates and supernatants of BMDMs infected with B.
abortus, preincubated or not with L-NAME (2 mM) or SNAP (0.5 mM). Abbreviations: NI
(non-infected), Ctrl (control), LN (L-NAME), SN (SNAP), CL (cell lysate), SN
(supernatant). Image is representative of two independent experiments. Significant
differences between infected cells in the presence or absence of L-NAME or SNAP are
denoted by two or three asterisks (for p<0.01 and p<0.001, respectively; one-way ANOVA +
Bonferroni post-hoc test).
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The modulatory effect of bacterial NO in NLRP3-dependent IL-1p secretion in BMDMs
infected with B. abortus. Cells were infected with B. abortus strain 2308 (MOI of 100:1) and
supernatants were harvested 17h after infection. IL-1f secretion and NO production in
BMDMs infected with B. abortus strain 2308 (MOI of 100:1) are shown in A and B,
respectively. As a control, cells were stimulated with ultrapure LPS (1 pg/mL) for 17 hours
(C). (D) Determination of /NOS mRNA expression in B. abortus-infected cells, normalized
to Z8SmRNA. Cells were also infected with B. abortus wild type (w?) or AnarG mutant and
supernatants were harvested 17h after infection. The levels of NO production, IL-1p and
TNF-a are shown in E, F and G, respectively. Cytokine secretion was determined by ELISA
and NO production by Griess reagent. The graphs show results from a single experiment
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representative of four independent experiments performed in triplicate, with similar results
and data are presented as mean * SD. (H) Western blot analysis of lysates and supernatants
of BMDMs infected with B. abortus (wild type or AnarG mutant). Image is representative of
two independent experiments. (I) BMDMs were infected with B. abortus wild type (wi) or
AnarG mutant (MOI 100:1) and CFU counting were determined 24 hours post infection. The
graph shows results from a single experiment representative of three independent
experiments performed in triplicate, with similar results and data are presented as mean +
SD. Abbreviations: NI (non-infected), wt (wild type bacteria), AnarG (nitrate reductase
deficient bacteria), CL (cell lysate), SN (supernatant). Significant differences are denoted by
three asterisks (for p<0.001, one-way ANOVA + Bonferroni post-hoc test).
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Figure7.

Mechanisms of activation of NLRP3 inflammasome and its regulation by nitric oxide in
BMDMs infected with B. abortus. B. abortus infection induces lysosomal acidification,
cathepsin B release and potassium (K*) efflux and leads to Caspase-1 activation and IL-1f
secretion. These events can be inhibited by chloroquine, Ca074Me and Glibenclamide/KClI,
respectively, without significant changes in pro-caspase-1 and pro-1L-1p expression. The
NLRP3-dependent IL-1f production is also impaired by NO, produced either by
macrophage iNOS or as an intermediate metabolite of the bacterial denitrification process.
Chl: chloroquine; Glib: glibenclamide; ROS: reactive oxygen species.

Eur J Immunol. Author manuscript; available in PMC 2020 September 11.



	Abstract
	INTRODUCTION
	RESULTS
	The NLRP3-dependent IL-1β secretion in B. abortus-infected BMDMs requires potassium efflux
	IL-1β secretion in B. abortus-infected BMDMs does not require the P2X7 receptor
	IL-1β secretion in infected BMDMs was dependent on lysosomal acidification and cathepsin B release
	NADPH oxidase-derived ROS is dispensable for IL-1β secretion in B. abortus-infected BMDMs
	Nitric oxide inhibits NLRP3 inflammasome activation and IL-1β secretion induced by B. abortus
	Bacterial nitric oxide modulates NLRP3-dependent IL-1β secretion in B. abortus-infected BMDMs

	DISCUSSION
	MATERIAL AND METHODS
	Reagents
	Ethics statement
	Mice
	Bacteria
	Generation of B. abortus ΔnarG mutants
	Generation of bone marrow-derived macrophages (BMDMs)
	In vitro stimulation of BMDMs
	Western blot analysis
	RNA isolation from BMDMs and quantitative real-time PCR
	Nitrite measurement by Griess reagent
	Infection of BMDMs with B. abortus and determination of intracellular bacterial survival
	Determination of IL-1β and TNF-α in supernatants by enzyme-linked immunosorbent assay (ELISA)
	Cell viability determination by MTS
	Statistical analysis

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.

