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Francisella tularensis (F. tularensis) is a Gram-negative, intracellular bacterium and the 
causative agent of a fatal human disease known as tularemia. The CDC has classified 
F. tularensis as a Tier 1 Category A select agent based on its ease of aerosolization, low 
infectious dose, past use as a bioweapon, and the potential to be used as a bioterror 
agent. Francisella has a unique replication cycle. Upon its uptake, Francisella remains in 
the phagosomes for a short period and then escapes into the cytosol, where the replication 
occurs. Francisella is recognized by cytosolic pattern recognition receptors, Absent In 
Melanoma 2 (Aim2) and Nacht LRR and PYD domains containing Protein 3 (Nlrp3). The 
recognition of Francisella ligands by Aim2 and Nlrp3 triggers the assembly and activation 
of the inflammasome. The mechanism of activation of Aim2 is well established; however, 
how Nlrp3 inflammasome is activated in response to F. tularensis infection is not known. 
Unlike Aim2, the protective role of Nlrp3 against Francisella infection is not fully established. 
This study investigated the role of Nlrp3 and the potential mechanisms through which 
Nlrp3 exerts its detrimental effects on the host in response to F. tularensis infection. The 
results from in vitro studies demonstrate that Nlrp3 dampens NF-κB and MAPK signaling, 
and pro-inflammatory cytokine production, which allows replication of F. tularensis in 
infected macrophages. In vivo, Nlrp3 deficiency results in differential expression of several 
genes required to induce a protective immune response against respiratory tularemia. 
Nlrp3-deficient mice mount a stronger innate immune response, clear bacteria efficiently 
with minimal organ damage, and are more resistant to Francisella infection than their 
wild-type counterparts. Together, these results demonstrate that Nlrp3 enhances the 
host’s susceptibility to F. tularensis by modulating the protective innate immune responses. 
Collectively, this study advances our understanding of the detrimental role of Nlrp3  in 
tularemia pathogenesis.
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INTRODUCTION

Francisella tularensis (F. tularensis) is a Gram-negative, intracellular bacterium and the causative 
agent of a fatal human disease known as tularemia. Francisella tularensis strains classified 
under subsp. tularensis (Type A) and holarctica (Type B) are virulent, while those classified 
under subsp. novicida (F. novicida) and mediasiatica do not cause disease in immunocompetent 
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humans (Mörner et  al., 1993). Except for F. mediasiatica, the 
other three Francisella subspecies are highly virulent in mice 
and cause an acute respiratory infection upon intranasal (i.n.) 
challenge that recapitulates symptoms of human tularemia. 
Francisella tularensis was used in bioweapon programs of several 
countries in the past and is now considered a potential bioterror 
agent (Altman, 2002; Hirschmann, 2018). Based on its bioweapon 
and bioterror potential, the CDC has classified F. tularensis 
as a tier 1 category A select agent. The live vaccine strain 
(LVS) was developed in the former Soviet Union in the 1950s 
from type B F. tularensis subspecies holarctica. Francisella 
tularensis LVS is attenuated for virulence in humans, and this 
attenuation was achieved by multiple in vivo and in vitro 
passages (Eigelsbach and Downs, 1961). Francisella tularensis 
LVS shows a high degree of sequence homology, a very similar 
replication cycle to F. tularensis Type A strains and can 
be  handled in Biosafety level 2 (BSL2) laboratories. Therefore, 
F. tularensis LVS is used as a surrogate to highly virulent type 
A strains in the research laboratories to study Francisella 
virulence factors and pathogenesis (Jones et  al., 2014).

Francisella is an intracellular pathogen and can infect several 
cell types, including phagocytic cells such as macrophages, 
neutrophils, and dendritic cells (Hall et  al., 2007; Craven et  al., 
2008a). However, infection of macrophages initiates the infection. 
Francisella has a unique intracellular life cycle. Francisella is 
taken up by the phagocytic cells by endocytosis or receptor-
mediated uptake. Francisella stays in the phagosomes for a short 
period, prevents phagosomal maturation, and then escapes into 
the cytosol by rupturing the phagosomal wall (Santic et  al., 
2006). Since the replication occurs in the cytosol, the cytosolic 
pattern recognition receptors assume great significance in the 
induction of effective innate immune responses against Francisella.

An interferon gamma-inducible HIN-200 family member 
known as absent in Melanoma 2 (Aim2) activates the 
inflammasome by recognizing cytosolic DNA. Francisella novicida 
and F. tularensis are recognized primarily by the Aim2 
inflammasome. Recognition of Francisella DNA by Aim2 results 
in recruitment of adaptor protein ASC and pro-caspase1 to 
form a multiprotein complex known as inflammasome. Activation 
of Aim2 inflammasome cleaves pro-caspase1 into active caspase1, 
which in turn cleaves pro-forms of IL-1β and pro-IL-18 into 
their active forms IL-1β and IL-18. Caspase1 also cleaves 
gasdermin D (GSDMD) into N- and C-terminal domains 
(Banerjee et  al., 2018). The N-terminal fragment of GSDMD 
forms pores in the cell membrane, which allows secretion of 
IL-1β and IL-18, potassium efflux, and pyroptotic cell death. 
Studies conducted with F. novicida have demonstrated that 
ASC or caspase-1 deficient mice exhibit increased morbidity, 
mortality, and higher bacterial burden. Furthermore, Aim2-
deficiency and the neutralization of IL-1β and IL-18 enhance 
susceptibility to F. novicida infection (Mariathasan et  al., 2006; 
Jones et  al., 2010; Belhocine and Monack, 2012). Collectively, 
these studies have established a significant role of Aim2  in 
protective innate immune responses against Francisella, 
particularly F. novicida.

The NLR family proteins can detect bacterial pathogen-
associated molecular patterns and danger-associated molecular 

patterns in the cytoplasm (Harton et  al., 2002; Inohara and 
Nuñez, 2003; Inohara et  al., 2005). Upon activation, the NLR 
proteins NLRP1 (or NALP1), cryopyrin or NALP3 (NLRP3), 
or the NLRC4 (IPAF) assemble with ASC and procaspase-1 
to form an inflammasome. Nlrp3 is the most studied NLR 
family protein. Nlrp3 is activated in response to pathogenic 
microorganisms, ATP, particulate matters such as asbestos, 
silica, uric acid crystals, potassium efflux, and lysosomal 
damage associated with cathepsin B release (Mariathasan et al., 
2006; Martinon et  al., 2006; Pétrilli et  al., 2007; Cassel et  al., 
2008; Dostert et  al., 2008, 2009; Pedra et  al., 2009). All these 
stimuli generate reactive oxygen species (ROS), which in turn 
triggers Nlrp3-inflammasome activating signals such as PI3K 
and thioredoxin interacting protein (TXNIP; Zhou et  al., 
2010). Studies have shown that Nlrp3 is activated in a ligand-
receptor independent but ROS-dependent manner following 
infection with many pathogens (Dostert et  al., 2009; Joly 
et  al., 2009; Thomas et  al., 2009; Jin and Flavell, 2010; Saïd-
Sadier et  al., 2010). Francisella is also detected by Nlrp3. 
However, the mechanism of activation of Nlrp3 inflammasome 
in response to F. tularensis infection is not known. An initial 
study reported that in response to F. novicida infection, both 
NLRP3 and AIM2 inflammasomes are activated in human 
cells. However, only Aim2 inflammasome-dependent IL-1β 
production was observed in mouse macrophages (Periasamy 
et  al., 2016). Later studies demonstrated that both Nlrp3 and 
Aim2 are required for IL-1β production in murine macrophages 
infected with F. tularensis LVS and the virulent type A SchuS4 
strain (Duffy et  al., 2016; Periasamy et  al., 2016). Nlrp3 also 
contributes to the IgA response vital for protection against 
F. tularensis LVS challenge in immunized mice (Duffy et  al., 
2016). However, the activation of Aim2 and Nlrp3-
inflammasomes are repressed in macrophages infected with 
F. tularensis LVS, and both are dispensable for vaccine-induced 
immunity against pulmonary tularemia (Atianand et al., 2011; 
Dotson et al., 2013; Wallet et al., 2016; Alqahtani et al., 2021). 
It has been reported that Nlrp3 exacerbates the symptoms 
of pulmonary tularemia primarily by causing excessive 
infiltration of immature neutrophils in the lungs of mice 
infected with F. tularensis, indicating a pathogenic role for 
Nlrp3 (Periasamy et  al., 2016). This study investigated the 
role of Nlrp3 and the potential mechanisms through which 
Nlrp3 exerts its detrimental effects on the host in response 
to F. tularensis infection.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
Francisella tularensis Live Vaccine Strain (F. tularensis LVS) 
and Salmonella Typhimurium strains were obtained from BEI 
Resources Manassas, VA. The Francisella cultures were grown 
on Mueller-Hinton (MH) chocolate agar plates (BD Biosciences, 
San Jose, CA) supplemented with IsoVitaleX at 37°C with 5% 
CO2 or in MH broth (BD Biosciences, San Jose, CA) supplemented 
with ferric pyrophosphate and IsoVitaleX (BD Biosciences, San 
Jose, CA) at 37°C with shaking (160 rpm). Luria-Bertani broth 
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or McConkeys agar was used for culturing S. Typhimurium. 
All bacterial culture stocks grown to the mid-log phase were 
stored at −80°C and aliquots were thawed for use in experiments. 
All bacteria were handled in a Bio-Safety Level-2 cabinet.

Mice and Cell Lines
Six-to-eight-week-old wild-type and Nlrp3−/− mice of either 
sex on a C57BL/6 background were purchased from Jackson 
Laboratory (Bar Harbor, ME). All mice were maintained in a 
specific pathogen-free environment in the Animal Resource 
Facility of New  York Medical College. All animal work was 
conducted in accordance with the protocols approved by 
New  York Medical College’s Institutional Animal Care and 
Use Committee.

Immortalized bone marrow-derived macrophages (BMDMs) 
from wild type, caspase1, Asc, Nlrp3, and Aim2 deficient mice 
on a C57BL/6 background were a kind gift from Dr. Katherine 
Fitzgerald, UMass Worcester, MA. These immortalized cell lines 
were generated using gene trap insertions and have been used 
in our previous studies (Dotson et  al., 2013). Primary murine 
BMDMs were isolated from 6- to 8-week-old wild-type and 
Nlrp3−/− mice on a C57BL/6 background purchased from Jackson 
Laboratory (Bar Harbor, ME) as previously described (Mahawar 
et  al., 2012). These were differentiated into macrophages by 
culturing in Dulbecco’s Modified Eagle Medium (DMEM) 
supplemented with 10% heat-inactivated Fetal Bovine Serum 
(FBS), 2% l-glutamine, 1% sodium pyruvate, 1% HEPES, and 
20% medium conditioned by L929 cells.

Cell Culture Assays
Bacterial replication in infected wild type, Asc−/−, Caspase1−/−, 
and Nlrp3−/− macrophages was quantified by performing 
gentamicin protection assays as previously described (Rabadi 
et  al., 2016; Alqahtani et  al., 2018; Alharbi et  al., 2019). The 
macrophages were infected with F. tularensis LVS at a multiplicity 
of infection (MOI) of 100:1 (Bacteria/cell ratio). In a similar 
experiment, wild-type and Nlrp3−/− macrophages were infected 
with S. Typhimurium. Cells were lysed and intracellular bacteria 
were enumerated at 4 and 24 h post-infection. Bacterial numbers 
were expressed as Log10 CFU/ml.

For macrophage assays using MCC950, prior to treating 
primary BMDMs with MCC950, the metabolic state of the 
BMDMs was synchronized by starving the cells. To achieve 
this, the existing media was removed and replaced with 1 ml 
of pre-warmed serum-free DMEM supplemented with 1 μl of 
10 μM MCC950 dissolved in DMSO or 1 μl of DMSO for 
vehicle control. BMDMs were incubated in this starvation 
media for 1 h at 37°C, 5% CO2. One hour post-incubation, 
the DMEM was replaced with complete BMDM media 
supplemented with DMSO or MCC950, and the gentamycin 
protection assays were performed as described above.

Western Blotting
Western blotting analyses to detect levels of IκBα, ERK1/2, 
caspase1, and IL-1β were carried out as described previously 
(Mahawar et al., 2012; Dotson et al., 2013; Rabadi et al., 2016). 

Wild type, Aim2−/−, or Nlrp3−/− macrophages were infected 
with F. tularensis LVS at an MOI of 100 for 24 h. Cells were 
lysed at this time and protein concentrations were normalized. 
Equal amounts of cell lysate were then resolved on 10% 
SDS-PAGE gels and transferred to polyvinylidene fluoride 
membranes and probed using antibodies specific to total and 
bio-active IκBα, ERK1/2, caspase 1, and IL-1β. The blots were 
developed and resulting bands quantified as previously described 
using Bio-rad Lab™ software (Dotson et  al., 2013). Blots were 
then stripped and re-probed for β-actin to confirm the accuracy 
of protein loading.

Mice Infection, Histopathology, 
and Cytokine Measurement
Wild-type and Nlrp3−/− mice were deeply anesthetized and 
infected intranasally (i.n.) with 0.6 × 104 CFU (sub-lethal dose), 
1 × 104 CFU, or 1 × 105 CFU of F. tularensis LVS. Mice were 
observed for morbidity by weighing periodically and mortality 
for 21 days. The results were expressed as Kaplan-Meier survival 
curves and statistical significance was established by the Log-rank 
test. To study bacterial clearance, wild-type and Nlrp3−/− mice 
were infected i.n. with 1 × 104 CFU of F. tularensis LVS and 
killed on days three and seven post-infection. For studying 
in vivo role of MCC950, wild-type mice were injected IP with 
200 μl of MCC950 at a concentration of 10 mg/kg body weight 
for 7 days and were then challenged with 1.5 × 104 CFUs of F. 
tularensis LVS intranasally. Lungs, livers, and spleens were 
isolated aseptically and homogenized using sterile zirconia 
beads, serially diluted, and plated onto MH chocolate agar 
plates to quantify bacterial burdens in these organs. Small 
portions of the organs were also fixed in 10% formalin, embedded 
in paraffin, sectioned, and stained with hematoxylin and eosin 
for histopathological evaluation and scoring as previously 
described (Bakshi et  al., 2008). The resulting colonies were 
counted and bacterial burden was represented as Log10 CFU/
ml. Lung homogenates collected from wild-type and Nlrp3−/− 
mice on days three and seven post-infection with 1 × 104 CFU 
of F. tularensis LVS were clarified by centrifugation and assayed 
for a panel of 23 cytokines using “Bio-plex Pro mouse cytokine 
23-plex assay” (Biorad). Cytokine levels were expressed as 
picograms/ml (pg/ml).

Immunofluorescence Microscopy
The subcellular localization of p65 subunit of NF-κB was 
determined by immunofluorescence microscopy as previously 
described (Mahawar et  al., 2012; Rabadi et  al., 2016). Wild-
type and Nlrp3−/− macrophages were infected for 2 h and 
processed for staining. At least 100 cells were counted at random 
to quantify the nuclear or cytosolic localization of p65.

RNA Extraction and Sequencing
Wild-type and Nlrp3−/− mice infected with 1 × 104 F. tularensis 
LVS were sacrificed on days 3 and 7 post-infection. Lungs, 
livers, and spleens were harvested aseptically from these mice 
and placed in excess of trizol. Organs were snap-frozen in 
liquid nitrogen and stored at −80°C until required. When 
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ready, the organs frozen in trizol were thawed on ice and 
homogenized in 2 ml of fresh trizol using a tissue-tearor. The 
homogenate was centrifuged at 15,000 × g for 15 min at 4°C 
to pellet the tissue debris and limit RNA degradation from 
tissue-resident nucleases. Total RNA was extracted from the 
clarified supernatants using the “Purelink RNA mini kit” 
(Invitrogen) following the manufacturer’s instructions. DNA 
was eliminated from the samples by DNAse treatment using 
“RNAse-Free DNAse” (Qiagen). Purified RNA was eluted in 
water and stored at −80°C.

Prior to RNA sequencing, total RNA extracted from mice 
had to be assayed for quantity and quality. RNA was quantified 
using Qubit RNA HS Assay kit on a Qubit fluorometer 
(Thermo Fisher). The quality of the RNA samples was measured 
in terms of RNA Integrity Number (RIN), which is a measure 
of sample degradation and strand breakage. RIN for samples 
was calculated using the 4200 Tapestation (Agilent) and samples 
with RIN > 7 were considered intact and used for further 
RNA sequencing. Sequencing libraries were generated using 
TruSeq Stranded mRNA kit and murine RNA sequencing 
was performed on a Next Seq  550 (Illumina) and data were 
represented as transcripts per million (TPM). Transcript levels 
from wild-type mice were and Nlrp3−/− mice were quantified 
and compared on days 3 and 7 post-infection using Salmon 
software (Patro et al., 2017). Salmon was also used to compare 
the change in transcript levels within the groups from day 
3 to day 7 post-infection. Significance was established using 
the Wald log test and differences were considered significant 
at a q value <0.05. Functional annotation and clustering of 
genes were performed using DAVID Bioinformatics Resources 
6.8 (Huang et  al., 2009a,b).

Statistical Analysis
All results were expressed as means ± SD or mean ± SEM. 
Statistical comparisons between the groups were made using 
unpaired t-tests or ANOVA with the Tukey-Kramer test. Survival 
results were plotted as Kaplan-Meier survival curves, and 
significance was calculated using the Log-rank test. Differences 
between the experimental groups were considered statistically 
significant at a p < 0.05 level.

RESULTS

Nlrp3 Deficiency Results in Higher Levels 
of Pro-inflammatory Cytokines
Activation of Aim2 and Nlrp3 inflammasomes results in the 
activation of caspase1 and cleavage of pro-IL-1β into its 
secreted mature form IL-1β. The cleaved bioactive forms of 
both caspase1 and IL-1β can be  detected by western blotting. 
We  first investigated the state of inflammasome activation in 
the wild type, Aim2−/− and Nlrp3−/− macrophages infected 
with F. tularensis LVS. Wild type, Aim2−/− and Nlrp3−/− 
macrophages were infected with 100 MOI of F. tularensis 
LVS (1 × 107 CFUs of bacteria:1 × 105 macrophages in a 12 
well-plate). The infection was allowed to progress for 2 h, 

and then the cells were treated with gentamicin for 1 h to 
kill all extracellular and adherent bacteria. After 24 h post-
infection, the cell lysates were analyzed for bioactive levels 
of capsase1 and IL-1β by western blot analysis. In F. tularensis 
LVS-infected wild-type macrophages, consistent with previous 
reports (Dotson et  al., 2013), we  observed very low levels 
of bioactive caspase1 and IL-1β. The activation of both caspase1 
and IL-1β was reduced significantly in the Aim2−/− compared 
to the wild-type macrophages infected with F. tularensis LVS. 
However, significantly higher levels of bioactive caspase1 and 
IL-1β were observed in the Nlrp3−/− compared to the wild-
type and Aim2−/− macrophages (Figures  1A,B and 
Supplementary Figure S1). We  next investigated the levels 
of secreted IL-1β in the culture supernatants from the wild-
type and Nlrp3−/− macrophages infected with a varying 
multiplicity of F. tularensis LVS and treated with gentamicin 
to kill all the extracellular bacteria. The cell culture supernatants 
were collected 24 h post-infection to determine the levels of 
IL-1β and TNF-α exclusively in response to the intracellular 
bacteria. A dose-dependent increase in the levels of both 
IL-1β and TNF-α were observed in the Nlrp3−/− macrophages. 
These levels were significantly higher than those observed in 
culture supernatants from the wild-type macrophages 
(Figures  1C,D). These results indicate that activation of 
caspase1 and IL-1β in macrophages infected with F. tularensis 
LVS is partially dependent on Aim2. However, Nlrp3 is 
dispensable. Its loss, on the contrary, is associated with 
increased levels of bioactive forms of both the Caspase1 and 
IL-1β, and pro-inflammatory cytokines IL-1β and TNF-α in 
macrophages infected with F. tularensis LVS.

Nlrp3 Deficiency Results in Enhanced 
Activation of NF-κB and MAPK Signaling
NF-κB and MAPK play important roles in the production of 
pro-inflammatory cytokines, especially TNF-α and pro-IL-1β. 
We  next investigated if the elevated levels of both the IL-1β 
and TNF-α observed in the Nlrp3−/− macrophages were due 
to enhanced activation of NF-κB and MAPK signaling. The 
wild-type and the Nlrp3−/− macrophages were infected with 
100 MOI of F. tularensis LVS and treated with gentamycin to 
determine the response to intracellular bacteria. The cell lysates 
were analyzed by western blotting for the total and phosphorylated 
levels of IκBα and ERK1/2 after 1, 2, and 3 h of infection as 
a measure of NF-κB and MAPK activation. No differences in 
the phosphorylated-IκB (p-IκB) levels were observed between 
the wild-type and the Nlrp3−/− macrophages after 1 h of infection 
with F. tularensis LVS. However, the levels of p-IκB were 
significantly higher in the Nlrp3−/− than those in the wild-type 
macrophages 2 and 3 h post-infection. The ratio of p-IκBα to 
total IκBα was also higher in F. tularensis LVS-infected Nlrp3−/− 
macrophages (Figures 2A,B). A similar trend was also observed 
for pERK1/2, with significantly elevated levels being observed 
at 2 and 3 h post-infection in the Nlrp3−/− compared to the 
F. tularensis LVS-infected wild-type macrophages (Figures 2C,D). 
We  further confirmed the activation of NF-κB signaling by 
immunofluorescence microscopy to determine the translocation 
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of p65 subunit of NF-κB to the nucleus in the wild-type and 
Nlrp3−/− macrophages infected with F. tularensis LVS. Ninety-
five percent of uninfected wild type or the Nlrp3−/− macrophages 
revealed cytosolic localization of p65 subunit of NF-κB. About 
35% of wild-type macrophages infected with the F. tularensis 
LVS had p65 localized to their nuclei 2 h post-infection. 

Contrarily, in 90% of the Nlrp3−/− macrophages infected with 
F. tularensis LVS, p65 was found to be  localized to the cell 
nuclei (Figures  2E,F). Collectively, these results demonstrate 
that loss of Nlrp3 results in enhanced activation of NF-κβ 
and MAPK, which might, in turn, result in elevated levels of 
pro-inflammatory cytokines TNF-α and IL-1β.

A B

C D

FIGURE 1 | Nlrp3 dampens pro-inflammatory cytokine response. (A) Wild type, Aim2−/− and Nlrp3−/− macrophages were infected with Francisella tularensis (Ft) 
live vaccine strain (LVS) at an multiplicity of infection (MOI) of 100. The cell lysates were prepared 24 h post-infection and western blot analysis was performed to 
determine levels of bioactive caspase1 and IL-1β. The western blot images are representative of three independent experiments. β-actin was used as a loading 
control. The uncropped version of (A) is shown in Supplementary Figure S1. (B) The quantification of the bands (n = 3 blots) is shown and expressed as relative 
intensity units (RIU). (C,D) The wild-type and the Nlrp3−/− macrophages were infected with the indicated MOI of Ft LVS and treated with gentamicin to kill 
extracellular and adherent bacteria after 2 h of infection and the infection with intracellular bacteria was allowed to proceed for 22 h. The IL-1β (C) and TNF-α 
(D) levels were measured in the culture supernatants after 24 h post-infection. The results are representative of three independent experiments. The data in B–D 
were analyzed by ANOVA with the Tukey-Kramer test, and a p-value of 0.05 or less was considered significant. *p < 0.05; **p < 0.01; ***p < 0.001.
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A

B

C

D

F

E

FIGURE 2 | Loss of Nlrp3 results in enhanced activation of NF-κβ and MAPK signaling. The wild-type and the Nlrp3−/− macrophages were infected with 100 MOI of 
F. tularensis (Ft) LVS for the indicated times, lysed and separated by SDS-PAGE, and immunoblotted with phosphorylated (p) and total IκBα- (A) and ERK1/2 
(C) antibodies. β-actin was used as a loading control. Quantitation of IκBα, p-IκBα (B), ERK, and p-ERK bands (D) (n = 2 blots). Uninfected macrophages were used 
as controls. The inset in B shows pIκBα/IκBα ratios. The data were analyzed by one-way ANOVA, and a p-value of 0.05 or less was considered significant. *p < 0.05;  
**p < 0.01; ***p < 0.001. (E) Immunofluorescence staining was performed to detect cellular localization of the p65 subunit of NF-κβ in the wild type or the Nlrp3−/− 
macrophages infected with 100 MOI of Ft LVS (magnification 63×, red, p65; blue, nucleus). (F) Quantification of subcellular localization of p65 subunit of NF-κβ. At 
least 100 cells were counted manually in randomly selected fields. The results are expressed as percent macrophages showing cytosolic or the nuclear p65 
localization. The data shown are representative of two independent experiments, each conducted with three biological replicates.

October 2021 | Volume 12 | Article 725572

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Suresh et al. Immunopathogenesis of Tularemia

Frontiers in Microbiology | www.frontiersin.org 7 

F. tularensis LVS Fails to Replicate in 
Nlrp3−/− Macrophages
We next investigated if the elevated levels of pro-inflammatory 
cytokines TNF-α and IL-1β in the Nlrp3−/− macrophages infected 
with F. tularensis also result in an enhanced bacterial clearance. 
The ability of F. tularensis to survive and replicate in Nlrp3−/− 
macrophages was determined by gentamicin protection assay. 
Wild-type and Nlrp3−/− macrophages were infected with 100 
MOI (bacteria:cell ratio) of F. tularensis LVS, and intracellular 
bacterial numbers were quantitated at 4- and 24-h post-infection. 
Nearly equal numbers of bacteria were recovered from wild-
type and Nlrp3−/− macrophages at 4 h post-infection, indicating 
similar numbers of bacteria entered the cells. After 24 h, the 
bacterial numbers in the Nlrp3−/− macrophages did not increase 
from those observed at 4 h post-infection. However, in the 
wild-type macrophages, the bacteria replicated and nearly 
100-fold more bacteria were recovered than those from the 
Nlrp3−/− macrophages (Figure  3A). We  next performed LDH 
release assays to confirm that failure of F. tularensis LVS to 
replicate in the Nlrp3−/− macrophages was not on account of 
enhanced cell death of the Nlrp3−/− macrophages following 
infection. The extent of cell death did not differ between the 
wild-type and the Nlrp3−/− macrophages infected with F. tularensis 
LVS when observed at 12 and 24 h post-infection (Figure  3B). 
Wild-type and Nlrp3−/− macrophages were infected with 100 
MOI of Gram-negative intracellular pathogen, Salmonella 
Typhimurium, to confirm that the Nlrp3−/− macrophages are 
not defective and are capable of supporting bacterial replication. 
S. Typhimurium replicated to near equal levels in both the 
wild-type and the Nlrp3−/− macrophages (Figure 3C), indicating 
Nlrp3−/− macrophages are capable of supporting bacterial 
replication. A similar assay was performed next using the wild 
type, Asc−/−, and Caspase1−/− macrophages to determine if these 
inflammasome components like Nlrp3 also impair the clearance 
of F. tularensis LVS. The numbers of bacteria recovered from 
Asc−/− and Caspase1−/− macrophages were significantly higher 
than those from the wild-type macrophages, indicating that, 
unlike Nlrp3, deficiency of both Asc and Caspase1 facilitate 
bacterial replication (Figure  3D). Like the macrophage cell 
lines (Figure  3A), F. tularensis LVS also failed to replicate in 
the primary BMDMs isolated from Nlrp3−/− mice as compared 
to their wild-type counterparts (Figure  3E). Collectively, these 
results demonstrate that Nlrp3 specifically impairs the clearance 
of F. tularensis LVS, and Nlrp3-deficiency is associated with 
an enhanced bacterial clearance from the infected macrophages.

Nlrp3−/− Mice Infected With F. tularensis 
LVS Exhibit an Enhanced Production of 
Cytokines and Chemokines as Compared 
to the Wild-Type Mice
Our preceding in vitro assays demonstrated that Nlrp3-deficiency 
results in elevated levels of pro-inflammatory cytokines and 
enhanced bacterial clearance. We  corroborated our in vitro 
findings by performing in vivo experiments in wild-type and 
Nlrp3−/− mice. C57BL/6 wild-type and Nlrp3−/− mice were 
infected intranasally with 1 × 104 CFU of F. tularensis LVS 

(1 × LD100). The cytokine levels were determined in the lung 
homogenates on days 3 and 7 post-infection. The lung 
homogenates from Nlrp3−/− mice showed significantly higher 
levels of IL-1β, IL-6, IL-10, IL-12p70, G-CSF, GM-CSF, TNF-α, 
and RANTES than the wild-type mice on day 3 post-infection. 
The levels of IL-2, G-CSF, IFN-γ, and RANTES were significantly 
higher in the Nlrp3−/− mice than the wild-type mice on day 
7 post-infection (Figure 4). Levels of IL-1α, IL-4, IL-17, MCP-1, 
MIP-1α, or Eotaxin did not differ between wild-type and 
Nlrp3−/− mice, while IL-3 and IL-5 remained below detection 
limits (data not shown). These results demonstrate that Nlrp3−/− 
mice induce a potent cytokine response compared to the wild-
type mice following F. tularensis infection, corroborating the 
results observed with Nlrp3−/− macrophages.

Nlrp3−/− Mice Infected With F. tularensis 
LVS Harbor Fewer Bacteria and Exhibit 
Less Severe Histopathological Lesions 
Than the Wild-Type Mice
The results thus far demonstrated that Nlrp3−/− macrophages 
clear bacteria more efficiently than their wild-type counterparts 
and that the levels of pro-inflammatory cytokines are higher 
in both Nlrp3−/− macrophages and mice following infection 
with F. tularensis LVS. Wild-type and Nlrp3−/− mice were 
infected intranasally with 1 × 104 CFU of F. tularensis LVS. The 
infected mice were sacrificed on days 3 and 7 post-infection 
to determine the kinetics of bacterial clearance and evaluation 
of the histopathological lesions in the lungs, liver, and spleen. 
On day 3 post-infection, wild-type and Nlrp3−/− mice had 
similar bacterial burdens in their lungs, livers, while the Nlrp3−/− 
mice harbored significantly fewer bacteria in their spleens 
(Figure 5A). On day 7 post-infection, significantly fewer bacteria 
were recovered from the lungs and livers of the Nlrp3−/− 
compared to the wild-type mice. These results corroborated 
findings from in vitro studies where Nlrp3−/− macrophages 
cleared F. tularensis LVS better than their wild-type counterparts.

We next quantified histopathological lesions in these mice 
to determine the severity of tissue damage. Sections of the 
organs harvested from wild-type and Nlrp3−/− mice infected 
with 1 × 104 CFU of F. tularensis LVS were stained with H&E 
and scored for histopathological lesions at 100× magnification 
in a blinded fashion. We  observed that wild-type mice had 
significantly more inflammatory infiltrates, necrotic lesions, and 
consolidation of airspaces. In contrast, Nlrp3−/− mice exhibited 
intact alveolar spaces (Figure  5B). In the livers of wild-type 
mice, numerous large necrotic granulomas were observed. On 
the contrary, the livers of Nlrp3−/− mice displayed much smaller 
granulomas, evidenced by significantly lower histopathological 
scores (Figures  6B,C). In the spleen of wild-type mice, mild 
disruption of germinal centers and peri-lymphoid infiltration 
of red pulp was observed. The spleens of Nlrp3−/− mice exhibited 
similar red pulp infiltration, but the germinal centers remained 
largely conserved (Figure  5B). Overall, the lesions in the lung, 
liver, and spleens of the Nlrp3−/− mice were significantly less 
severe than wild-type mice (Figure  5C). These results suggest 
that Nlrp3−/− mice clear bacteria more efficiently than the 
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wild-type controls and exhibit less severe histopathological 
lesions in the lungs, liver, and spleen.

Nlrp3−/− Mice Are Better Protected Than 
the Wild-Type Mice Against Intranasal 
Challenge With F. tularensis LVS
We corroborated our in vitro findings by performing in vivo 
experiments in C57BL/6 wild-type and Nlrp3−/− mice. 

Mice  were infected i.n. with 0.6 × 104, 1 × 104, and 1 × 105 
CFUs of F. tularensis and monitored for morbidity by measuring 
the body weights and for mortality by observing survival 
for 21 days. One hundred percent of Nlrp3−/− mice survived 
the infection dose of 0.6 × 104 CFUs, while only 33% (2/6 
mice) wild-type mice survived this infection dose (Figure 6A). 
At a higher infection dose of 1 × 104 CFUs, all wild-type 
mice succumbed to infection by day 9 post-infection; however, 

A

D E

B C

FIGURE 3 | Francisella tularensis (Ft) LVS fails to replicate in Nlrp3−/− macrophages. Wild-type and Nlrp3−/− macrophages (A,B) were infected with 100 MOI of Ft 
LVS or (C) with 100 MOI of Salmonella Typhimurium. (A,C) The macrophages were lysed after 4 and 24 h of infection, diluted 10-fold and plated on MH-chocolate 
agar plates for the enumeration of bacterial numbers. (B) Percent cell death was determined by LDH release assay 12 and 24 h post-infection. (D) Wild type, Asc−/− 
or the Caspase1−/− macrophages were infected with 100 MOI of Ft LVS and bacteria were quantitated at 4 and 24 h post-infection. (E) Wild-type and Nlrp3−/− 
primary bone marrow-derived macrophages (BMDMs) isolated from C57BL/6 mice were infected with 10 MOI of Ft LVS and bacteria were quantitated at 4 and 24 h 
post-infection. The data are representative of two–three independent experiments each conducted with three biological replicates. The data were analyzed by 
ANOVA with the Tukey-Kramer test, and a value of p of 0.05 or less was considered significant. ***p < 0.001; ****p < 0.0001.
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25% (2/8) of the Nlrp3−/− mice survived this infection dose 
with an enhanced median survival time (MST) of 13 days 
compared to 9 days for the wild-type mice (Figure  6B). One 
hundred percent of both the wild-type and Nlrp3−/− mice 
infected with 1 × 105 CFUs of the F. tularensis LVS succumbed 
to infection. However, Nlrp3−/− mice exhibited a significantly 
extended MST of 12 days compared to 9 days for the wild-
type mice (Figure  6C). The infected Nlrp3−/− mice lost body 

weight for up to 6 days post-infection, and those that survived 
regained their initial body weight. A similar trend was also 
observed for the wild-type mice that survived the infection 
(Figures  6D–F). Collectively, these results demonstrate that 
at all infection doses of F. tularensis LVS tested, the Nlrp3−/− 
mice survived better than the wild-type mice, further cementing 
the notion that Nlrp3 enhances the susceptibility to 
F.  tularensis infection.

FIGURE 4 | Nlrp3−/− mice exhibit enhanced production of cytokines and chemokines as compared to the wild type mice. C57BL/6 wild-type and Nlrp3−/− mice 
infected intranasally with 1 × 104 CFUs of F. tularensis LVS were euthanized on days 3 and 7 post-infection and their lungs were homogenized. The clarified 
homogenates were used for quantitation of cytokines and chemokines using multiplex cytokine bead array. The cytokine levels are expressed as picogram/ml and 
are cumulative of two independent experiments, each conducted with n = 3 mice/group/time point (Total n = 6/group/time point). The data were analyzed by unpaired 
t-test and a value of p of 0.05 or less was considered significant. *p < 0.05; **p < 0.01; ***p < 0.001.
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FIGURE 5 | Nlrp3 deficiency results in enhanced bacterial clearance and less severe histopathological lesions in mice infected with F. tularensis LVS. C57BL/6 
wild-type and Nlrp3−/− mice-infected intranasally with 1 × 104 CFUs of F. tularensis LVS. (A) The mice were euthanized on days 3 and 7 post-infection and bacterial 
burdens were quantified in their lung, liver, and spleen. The data shown are cumulative results from three independent experiments (n = 3–4 mice each/experiment, 
11 total/time point). The data were analyzed by ANOVA with the Tukey-Kramer test, and a value of p of 0.05 or less was considered significant. **p < 0.01; 
***p < 0.001. (B) The lung, liver, and spleens were fixed in 10% formalin, paraffin-embedded, sliced into 5 μM sections, and stained with Hematoxyline and Eosin. 
Stained sections from mice infected with F. tularensis LVS on day 7 post-infection were observed for histopathological lesions under a light microscope 
(Magnification 100×). The green circles compare the extent of the lesions between wild-type and Nlrp3−/− mice. (C) The histopathological damage in the lung, liver, 
and spleen was quantitated in a blinded fashion by scoring one field of view at a time. Data shown are cumulative scores from three mice and were analyzed by 
unpaired t-test. *p > 0.05; **p > 0.01; ***p > 0.001.
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The Detrimental Role of Nlrp3 Is 
Independent of Its Role as an 
Inflammasome Activator
We next investigated if the detrimental effect of Nlrp3  in 
response to primary infection with F. tularensis is dependent 
on its role as an inflammasome activator. We  used a small 
molecule inhibitor, MCC950, to selectively disrupt the Nlrp3 
inflammasome without affecting its inflammasome-independent 
functions (Coll et  al., 2019). Primary BMDMs isolated from 
C57BL/6 wild-type mice were seeded in DMEM containing 
10 μM MCC950 or an equal volume of DMSO as controls. 
The BMDMs were infected with 10 MOI of F. tularensis LVS 

and were lysed at 4 and 24 h post-infection to count intracellular 
bacteria. No significant differences were observed in bacterial 
numbers recovered at 24 h post-infection from MCC950 treated 
(7.28 ± 0.88 Log10 CFU/ml), vehicle control (6.94 ± 0.73 Log10 
CFU/ml), or untreated (7.64 ± 0.17 Log10 CFU/ml) macrophages 
(Figure  7A). These results show that, unlike Nlrp3-deficient 
macrophages, the inhibition of Nlrp3 inflammasome in the 
wild-type macrophages does not affect bacterial clearance.

We next investigated if similar results could be  replicated 
in vivo. Six-to-eight-week-old C57BL/6 mice were injected 
intraperitoneally with 10 mg/kg of MCC950 for six consecutive 
days. These mice were then infected i.n. with 1.5 × 104 CFU of 

A D
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C F

FIGURE 6 | Nlrp3 deficiency results in enhanced survival of F. tularensis LVS-infected mice. (A–C) Survival graph of C57BL/6 wild-type and Nlrp3−/− mice (n = 6–8 
mice/group) infected intranasally with indicated doses of F. tularensis LVS. The mice were observed for mortality for 21 days. The data were analyzed by the Log-
rank test and values of p were calculated. (D–F) The infected mice were weighed at the indicated times to monitor morbidity. *p < 0.05; **p < 0.01.
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F. tularensis LVS on day 2 of the treatment. Mice injected 
with DMSO were used as vehicle controls and observed for 
morbidity and mortality. Both the MCC950 treated and control 
mice succumbed to the infection by day 11 post-infection. 
There were no differences in body weight loss patterns between 
the two groups of mice (Figures  7B,C). Collectively, these 
results demonstrate that the detrimental effects of Nlrp3  in 
response to F. tularensis LVS infection are independent of 
inflammasome-related functions.

Genes Known to Enhance the Host’s 
Susceptibility to F. tularensis Infection Are 
Downregulated in Nlrp3−/− Mice
Results from our preceding studies demonstrate a detrimental 
inflammasome-independent role of Nlrp3  in response to 
F.  tularensis infection. Recent reports have suggested that in 
addition to the inflammasome-dependent function, Nlrp3 also 

serves as a transcriptional regulator (Bruchard et  al., 2015; 
Wang et  al., 2016a). We  next investigated if the detrimental 
effects of Nlrp3 are due to its impact on the expression of 
various genes in mice infected with F. tularensis LVS. 
RNA-sequencing was performed to determine the transcript 
levels of genes using total RNA extracted from lungs of wild-
type C57BL/6 and Nlrp3−/− mice infected with 1 × 104 CFU 
of F. tularensis LVS on days 3 and 7 post-infection. Pairwise 
analysis of transcripts from C57BL/6 wild-type and Nlrp3−/− 
mice on days 3 and 7 post-infection was performed to 
determine differentially expressed genes between these strains 
of mice.

A total of 10,512 gene transcripts were detected in wild-
type and Nlrp3−/− mice. A total of 1,426 transcripts were 
differentially expressed between wild-type and Nlrp3−/− mice 
when analyzed based on two or more Log2 Fold-change on 
days 3 and 7 post-infection (Figure  8A). Salmon analysis 
followed by Wald Test to establish the statistical significance 

A

B C

FIGURE 7 | The detrimental role of Nlrp3 is independent of its role as an inflammasome activator. (A) Primary BMDMs isolated from C57BL/6 mice were either left 
untreated or treated with 10 μM of MCC950 or an equal volume of DMSO as vehicle control. The BMDMs were infected with F. tularensis LVS at an MOI of 10 and 
bacterial numbers were quantitated 4 and 24 h post-infection. The results are expressed as Log10 CFU/ml and are cumulative of two independent experiments each 
conducted with 2–3 biological replicates (n = 5 total). C57BL/6 mice (n = 10) were injected intraperitoneally (i.p.) with MCC950 (10 mg/kg body weight) for six 
consecutive days. The control mice (n = 10) were injected i.p. with an equal volume of DMSO as vehicle controls. All mice were infected i.n. with 1.5 × 104 CFU of 
F. tularensis LVS and were observed for survival and weight loss. Survival results are plotted as Kaplan-Meir survival curves (B) and the body weights are 
represented as percent initial body weight (C).
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(q < 0.05) revealed that seven genes were upregulated in wild-
type mice on day 3 post-infection, compared to Nlrp3−/− mice. 
On the other hand, 12 genes were significantly upregulated 
in the Nlrp3−/− mice compared to wild-type mice. On day 7 
post-infection, 42 genes were significantly upregulated in the 
wild-type mice, while 12 genes were found to be  upregulated 
in the Nlrp3−/− mice (Figure  8B). Of the 19 differentially 
expressed genes on day 3, only five remained significantly 
differentially expressed on day 7 post-infection. These included 
Nlrp3 and Pttg1 in wild-type mice and three pseudogenes in 
Nlrp3−/− mice.

We further analyzed the 42 genes that were significantly 
upregulated in the wild-type mice on day 7 post-infection 
using DAVID for functional clustering. The software correctly 
identified 39 of the 42 genes belonging to Mus musculus, while 
three genes were identified as pseudogenes. We  constructed a 
functional annotation chart to ascribe broad functional categories 
to these 39 genes. The analysis was performed using a threshold 
count of 2 and 0.1 EASE to determine statistical significance. 
Thirty-three genes clustered into 19 functional annotation 
clusters, while six genes (Gypa, Mcmdc2, Gm4956, Gm15772, 
Smim4, and Slc25a34) could not be  assigned to any functional 
cluster at the set level of stringency.

Based on UniProt Keywords, 13 genes (33.3%) fell into the 
cluster of signaling-related genes. Of these, 7 (54%) play a 
deleterious role in response to Francisella infection either by 
conferring anti-inflammatory phenotypes, preventing immune 
cell activation, or facilitating a silent entry of bacteria (Figure 8C). 
Nine genes clustered into the functional category of secreted 
proteins, and of these, four have been reported to have a 
deleterious role following infection with Francisella (Figure 8C). 
Based on the “Gene Ontology-cellular compartment-direct” 
(GO_CC_DIRECT) analysis, 19 genes fell into the cytosolic 
functional cluster, constituting 48.7% of the input genes. Among 
these, seven genes have detrimental outcomes to Francisella 
infection (Figure  8C). Cumulatively, these results indicate that 
Nlrp3 alone or in conjunction with unknown protein(s) affect 
the transcription of various genes in mice infected with 
F.  tularensis LVS, which are known to enhance the 
host’s susceptibility.

Genes Involved in the Enhancement 
of Innate Immune Responses Against 
F. tularensis Are Upregulated in Nlrp3−/− 
Mice
Next, we analyzed the significantly upregulated genes in Nlrp3−/− 
mice compared to wild-type mice. Twelve genes were found 
to be  significantly upregulated in the Nlrp3−/− mice on day 7 
post-infection. When analyzed by DAVID, six of these were 
pseudogenes, and the DAVID database could not assign those 
to any functional clusters. The remaining six genes grouped 
into 12 functional clusters by a threshold count of 2 and an 
EASE of 0.1 (same as used for wild type mice). The remaining 
six genes were grouped together in the signaling cluster. Of 
these, four appear to have a beneficial role during F. tularensis 
infection, either by enhancing the innate immune signaling 

or by engaging in tissue remodeling to limit tissue damage 
in the lungs. These genes are implicated in positively affecting 
the JAK-STAT signaling and regulating IFN-γ production 
(Figure  8D). Thus, analysis of genes with increased transcript 
levels in Nlrp3−/− mice reveals an increase in host-protective 
innate immune responses against F. tularensis. These results 
further establish the notion that Nlrp3 dampens the generation 
of a protective immune response during F. tularensis 
LVS infection.

The Key Innate Immune Pathway Genes 
Are Differentially Expressed in Nlrp3−/− 
Mice Infected With F. tularensis LVS
Using the RNASeq data, we  next determined the expression 
levels of C-type lectin receptors (Clrs), toll-like receptors (Tlrs), 
Nlrs, DNA sensors, and components of NF-κβ and MAPK-
signaling pathways in wild-type and Nlrp3−/− mice infected 
with 1 × 104 CFUs of F. tularensis LVS on days 3 and 7 post-
infection. The transcript levels of Clr, DEC-205 were significantly 
higher in the Nlrp3−/− compared to the wild-type mice on 
day 7 post-infection. However, the reverse was true for mannose 
receptor 1, with significantly elevated transcript levels were 
observed in the wild type than Nlrp3−/− mice on day 7 post-
infection (Figure  9A). The transcripts of Tlr1, Tlr5, Tlr11, and 
Nod2, Nlrp1a, Naip2, and Nlrc4 were significantly higher in 
the Nlrp3−/− than wild-type mice on day 7 post-infection 
(Figures  9B,C). The transcript levels of DNA sensors Aim2, 
cGas, and Sting were also significantly elevated in the Nlrp3−/− 
mice on day 7 post-infection than those observed for F. tularensis 
LVS-infected wild-type mice (Figure 9D). A similarly significantly 
elevated transcript levels were also observed for CD40L, Rasgrp1, 
PI3cKG, the components of NF-κβ and MAPK-signaling 
pathways, respectively (Figure  9E). Collectively, these results 
indicate that the loss of Nlrp3 is associated with significant 
upregulation of several innate immune components following 
F. tularensis infection, which in turn allows the generation of 
a strong protective immune response in the Nlrp3−/− mice 
than those observed for the wild-type mice.

DISCUSSION

The NLR family proteins are important for surveillance of the 
cytosolic compartment and serve as PRRs for cellular damage 
as well as infectious agents. The NLRs, NOD1, and NOD2 
induce the production of pro-inflammatory cytokines by 
activating MAPK and NF-κB signaling (Kanneganti, 2010), 
while the NLRP1, NLRP3, and NLRC4 activate inflammatory 
caspases by assembling multiprotein inflammasome complex. 
In addition to these NLRs, a HIN-200 family protein Aim2 
results in the assembly and activation of Caspase1 (Fernandes-
Alnemri et  al., 2010). Aim2, in particular, is important for 
innate immunity against infection with F. novicida (Weiss et al., 
2007; Fernandes-Alnemri et  al., 2010; Ulland et al., 2010; Peng 
et  al., 2011). However, the contribution of Nlrp3  in innate 
immune responses against F. tularensis remains understudied. 
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FIGURE 8 | Genes known to enhance the host’s susceptibility to F. tularensis infection are downregulated in Nlrp3−/− mice. Wild-type and Nlrp3−/− mice were 
infected intranasally with 1 × 104 CFU of F. tularensis LVS. Total RNA was isolated from lungs of infected mice on days 3 and 7 post-infection and sequenced to 
determine the expression of various genes in the mouse by RNA-sequencing. The genes were aligned and their expression profile over time has been 
represented as a heat map of the Log2Fold change. (A) Expression profile of genes that were significantly differentially expressed (q < 0.05) in wild-type and 
Nlrp3−/− mice. (B) Pie chart representing significantly expressed genes between wild-type and Nlrp3−/− mice. The inner ring represents the expression profile of 
the indicated mouse strain on day 3, while the outer ring represents the expression profile on day 7 post-infection. The numbers of differentially expressed genes 
are shown in the parenthesis. (C) DAVID genomics and clusters based on functional annotation of genes in F. tularensis LVS-infected wild-type and Nlrp3−/− mice 
on day 3 and 7 post-infection. (D) Differential expression of genes in Nlrp3−/− mice known to have a protective role against F. tularensis infection. The expression 
profile is presented as heat maps alongside corresponding q values. Genes in red font are known to enhance the susceptibility of the host to F. tularensis, while 
those in green have a protective role. Data shown are cumulative of transcript levels using RNA isolated from lungs of F. tularensis-infected mice (n = 3/time 
point/group) on days 3 and 7 post-infection.
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Nlrp3 can sense F. tularensis LVS and F. novicida in human 
macrophages and leads to assembly and activation of caspase1 
with the resultant production of IL-1β (Atianand et  al., 2011). 
The production of IL-18 depends entirely on Aim2  in mice 
infected with F. novicida. The IL-1β response against F. tularensis 

SchuS4 strictly requires Nlrp3, but the requirement for Aim2 
is only partial. Francisella tularensis LVS requires both Aim2 
and Nlrp3 for IL-1β response. However, IL-18 response 
requires  both Aim2 and Nlrp3 following F. tularensis LVS as 
well as F. tularensis SchuS4 infections (Atianand et  al., 2011; 
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FIGURE 9 | The key innate immune pathway genes are differentially expressed in Nlrp3−/− infected with F. tularensis LVS. Expression levels of C-type lectin 
receptors (Clrs) (A), Tlrs (B), Nlrs (C), DNA sensors (D), and components of NF-κβ and MAPK-signaling pathways (E) in wild-type and Nlrp3−/− mice infected with 
1 × 104 CFUs of F. tularensis LVS on days 3 and 7 post-infection. Data shown are cumulative of transcript levels using RNA isolated from lungs of F. tularensis-
infected mice (n = 3/time point/group) on days 3 and 7 post-infection. The data are presented as transcripts per million (TPM) and analyzed using unpaired t-test and 
a p-value of 0.05 or less was considered significant. *p > 0.05; **p > 0.01; ***p > 0.001.
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Periasamy  et  al., 2016). The reasons for selective utilization 
of Aim2 or Nlrp3 by different Francisella strains remain unknown. 
The objective of this study was to investigate how Nlrp3 
contributes to the host’s susceptibility to F. tularensis infection.

The results demonstrate that loss of the Nlrp3 is associated 
with significantly higher levels of bioactive caspase1 and IL-1β. 
Further, the elevated levels of bioactive IL-1β are also associated 
with elevated levels of IL-1β and TNF-α, indicating that Nlrp3 
dampens macrophage inflammatory response following 
F.  tularensis infection. Findings that Nlrp3 deficiency results 
in significantly higher levels of phospho-IκB, phospho-ERK1/2, 
and translocation of p65 subunit of NF-κB following infection 
with F. tularensis LVS substantiated the notion that Nlrp3 
dampens macrophage response by regulating the NF-κB and 
MAPK signaling pathways. The Nlrp3−/− macrophages were 
better at controlling the growth of F. tularensis LVS than the 
wild type macrophages. Moreover, this feature was specific to 
Francisella and did not extend to S. Typhimurium, an unrelated 
intracellular bacterial pathogen as the Nlrp3−/− macrophages 
supported the growth of S. Typhimurium similar to the wild-
type macrophages. Furthermore, the ability to clear Francisella 
was specific to Nlrp3−/− macrophages as F. tularensis LVS 
replicated at a higher rate in Asc−/− and Caspase-1−/− than the 
wild-type macrophages. In agreement with the in vitro results, 
the Nlrp3−/− mice were better at clearing bacteria from the 
lungs, liver, and spleen. The lower bacterial numbers were also 
reflected in less severe histopathological lesions. Furthermore, 
the Nlrp3−/− mice were less susceptible to a lethal challenge 
with F. tularensis LVS. Similar findings have been reported 
for NLRP6 and NLRP12 to play a pathogenic role during 
infection with Brucella abortus, S. Typhimurium, and Plasmodium 
chaubadi (Anand et  al., 2012; Zaki et  al., 2014). Collectively, 
these results demonstrated that Nlrp3 interferes with the clearance 
of F. tularensis by altering the innate immune environment of 
the infected macrophages and mice.

For clearance of F. tularensis, an early pro-inflammatory 
cytokine response that gears the adaptive immune response 
toward a Th1 pathway is needed (Chiavolini et  al., 2008; 
Mahawar et  al., 2013). Nlrp3−/− mice infected with F. tularensis 
LVS had significantly higher levels of IL-1β, IL-6, IL-12p40, 
G-CSF, GM-CSF, TNF-α, and RANTES as compared to the 
wild-type mice on day 3 post-infection. These pro-inflammatory 
cytokines play a crucial role in defense against F. tularensis 
(Roberts et al., 2014). Significantly higher levels of IL-2, IFN-γ, 
and RANTES were observed in Nlrp3−/− mice on day 7 post-
infection. These cytokines are required for the development 
of the adaptive immune response against F. tularensis. Moreover, 
elevated levels of chemokines MIP-1β, KC, and RANTES 
observed in the lungs of Nlrp3−/− mice are responsible for 
attracting T-cells, dendritic cells, NK cells, and neutrophils to 
sites of infection. Nlrp3−/− mice also had significantly higher 
anti-inflammatory cytokine IL-10  in the lungs, especially on 
day 3 post-infection. The cytokine profile observed in mice 
suggests that Nlrp3 prevents the development of an innate 
immune environment in the lungs essential for the rapid 
clearance of Francisella and, therefore, enhances the host’s 
susceptibility to F. tularensis infection. An earlier study has 

reported that Nlrp3 prevents/delays recruitment of mature 
neutrophils to the lungs of F. tularensis-infected mice (Periasamy 
et al., 2016). Our results further this observation and demonstrate 
that Nlrp3 prevents the recruitment of mature neutrophils by 
dampening the pro-inflammatory cytokine response during 
Francisella infection.

The results from this study ruled out that the inflammasome-
mediated function of Nlrp3 is not responsible for its detrimental 
role in tularemia pathogenesis. This prompted us to explore 
the inflammasome-independent role of Nlrp3  in response to 
Francisella infection. The detrimental role of an exaggerated 
TH2-biased response in the context of F. tularensis infection 
has been well documented (Kirimanjeswara et al., 2007; Woolard 
et  al., 2007). Previous observations that Nlrp3 drives Th2 
polarization by regulating transcription (Bruchard et  al., 2015; 
Ting and Harton, 2015) led us to investigate differences in 
gene expression profiles between wild-type and Nlrp3−/− mice 
in response to F. tularensis LVS infection. Clustering of 
differentially expressed genes between F. tularensis-infected 
wild-type and Nlrp3−/− mice grouped them in the signaling, 
secreted, and cytosolic categories. Among the signaling cluster, 
significantly enhanced expression of Cd200, Camp, Chia1, Ctla2a, 
Dpep1, Mrc1, and Serpina1b was observed in the wild-type 
mice on day 7 post-infection. Specifically, the CD200 gene 
product dampens the activation of macrophages and promotes 
a TH2-biased immune response (Snelgrove et al., 2008; Goulding 
et al., 2011; Ting and Harton, 2015), which is further amplified 
by Chia1 and Dpep1 gene products (Zhu, 2004; Chung et  al., 
2014). The Ctla2a gene product causes T cells to mature into 
regulatory T cells and thus favors the replication of F. tularensis 
(Sugita et  al., 2009; Periasamy et  al., 2011). Mrc1 encodes the 
mannose receptor, which facilitates silent entry of F. tularensis. 
Serpina1b gene products break down neutrophil elastase, while 
Camp encode cathelicidin (Zhang et  al., 2005; Schulert, 2006; 
Barel et al., 2008; Amer et al., 2010). Cathelicidin is bactericidal 
for F. novicida. However, its role against F. tularensis is not 
known (Vonkavaara et  al., 2013; Kaushal et  al., 2016). Camp, 
Chia1, Ctla2a, and Serpina1b were also clustered in secreted 
proteins category, indicating these gene products exert their 
effects within the cells as well as on the bystander cells. In 
the cytosolic genes cluster, in addition to Camp and Chia1, 
Tsc22d3, Rgs5, Hsd11b1, Tppp, and Ndrg2 gene products are 
all potentially deleterious to the host. Tsc22d3, Rgs5, Hsd11b1, 
and Ndrg2 genes have anti-inflammatory effects, whereas Rgs5 
and Ndrg2 inhibit NF-κB, p38, MAPK, and STAT signaling, 
which are all critical for effective clearance of F. tularensis 
(Park et  al., 2007; Kim et  al., 2009; Guo et  al., 2013; Wang 
et  al., 2016b). Furthermore, the Tsc22d3 and Hsd11b1 genes 
are negative mediators of pro-inflammatory cytokines IL-1β, 
IL-6, TNF-α, and IFN-γ (Elenkov, 2004). The Hsd11b1 gene 
product leads to the generation of cortisol, which is deleterious 
to the host during F. tularensis infections. Furthermore, Tppp 
promotes tubulin polymerization, which is known to promote 
F. tularensis entry and uptake (Craven et  al., 2008b). Having 
identified genes with deleterious effects, which were all 
downregulated in the Nlrp3−/− mice, we  also looked at genes 
that were upregulated in the Nlrp3−/− mice. Overall, very few 
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genes were significantly upregulated and intriguingly, all these 
genes predicted by DAVID positively regulate JAK-STAT signaling 
and IFN-γ production. Of these, Plau, Lif, Il12rb2, and Havcr2 
are pro-inflammatory, increase STAT3 signaling, increase the 
production of acute-phase proteins production and enhance 
TH1 over TH2 responses. These genes have been implicated 
in protection against Mycobacterium tuberculosis and Listeria 
monocytogenes (Schooltink et al., 1992; Qiu et al., 2012; Quinton 
et  al., 2012; Gorman et  al., 2014). Thus, in the presence of 
Nlrp3, the expression profile is predominated by genes promoting 
anti-inflammatory TH2 type of immune response. The gene 
expression profile in the Nlrp3−/− mice indicates the development 
of a strong pro-inflammatory TH1-type response. Collectively, 
the RNA-seq results suggest that Nlrp3 drastically reduces TH1 
immune responses and promotes TH2 responses in F. tularensis-
infected mice, which impacts bacterial clearance and 
their survival.

The gene expression profile of the Nlrp3−/− mice also 
showed upregulated expression of genes of the innate immune 
system. The notable ones were surface receptors Dec-205, 
Tlr1, Tlr5, Tlr11, the cytosolic receptors Nod2, Nlrp1a, Naip2, 
the DNA-sensing pathway components cGas, Sting, Aim2, 
and the components of NF-κβ and MAPK-signaling pathway 
genes CD40l, Rsagrp1 and pik3cg. The transcript levels of 
all these genes were upregulated in the Nlrp3−/− mice on 
day 7 post-infection. Significantly lower levels of Mannose-1 
receptor required for the entry of Francisella into the cells 
in Nlrp3−/− mice indicate that Nlrp3 allows the silent bacterial 
entry into the cells that may also enhance the host’s 
susceptibility to infection. This differential regulation of genes 
could be  due to a compensatory mechanism occurring in 
the Nlrp3−/− mice as a result of the loss of Nlrp3 or may 
be  due to the role of Nlrp3 as a transcriptional regulator. 
Evidence is emerging in favor of an immunomodulatory role 
for Nlrp3. In an ocular infection model of Herpes-Simplex 
Virus-1, it has been shown that loss of Nlrp3 is associated 
with increased levels of pro-inflammatory cytokines including 
IL-1β and TNF-α, increased infiltration of neutrophils, and 
enhanced Th1 and Th17 cell responses (Gimenez et al., 2016). 
Although an enhanced inflammatory response in Nlrp3−/− 
mice contributes to the severity of the ocular lesions caused 
by HSV-1 infection, these findings point to the fact that 
Nlrp3 plays a prominent role in dampening pro-inflammatory 
responses. Furthermore, in an experimental allergic airway 
inflammation model, it has been reported that Nlrp3−/− mice 
fail to control eosinophilic infiltration of airways as well as 
Th2 cytokine and chemokines demonstrating a role of Nlrp3 in 
the regulation of Th2 responses during allergic lung 
inflammation (Madouri et  al., 2015). It has been proposed 
that cytoplasmic localization of Nlrp3 promotes inflammasome 
assembly while its nuclear localization is an indicator of its 
role as a transcriptional regulator, specifically in Th2 
polarization of CD4+ T cells. These immunomodulatory roles 
of Nlrp3 are in concurrence with similar roles described 
for Nlrp6 and Nlrp12  in response to intracellular bacterial 
infections (Anand et  al., 2012; Lupfer and Kanneganti, 2013; 
Zaki et  al., 2014). As proposed previously, the NLRs can 

be  grouped into two classes based on their functionality. 
One class consisting of NLRs, such as NOD1, NOD2, and 
NLRC4, acts by serving as cytosolic sensors that activate 
pro-inflammatory signaling and clear bacterial pathogens. 
On the other hand, the other group of NLRs consisting of 
Nlrp6 and Nlrp12 by serving as molecular switches that 
silence the TLR-induced inflammatory responses induced 
consequent to the recognition of bacterial ligands (Lupfer 
and Kanneganti, 2013). The results from the present study 
suggest the inclusion of Nlrp3 to the latter group of NLRs 
that primarily serve to dampen the inflammatory response 
to minimize tissue damage during F. tularensis infection. 
However, in the process of doing so, it increases the host’s 
susceptibility to Francisella.

To conclude, the present study reports that Nlrp3 suppresses 
pro-inflammatory responses during Francisella infection. The 
loss of Nlrp3 is associated with enhanced activation of NF-κB 
and ERK signaling, elevated levels of IL-1β and TNF-α in F. 
tularensis-infected macrophages, and several pro-inflammatory 
cytokines and chemokines in mice. Moreover, the Nlrp3−/− 
macrophages and mice clear Francisella more effectively than 
their corresponding wild-type counterparts and Nlrp3−/− mice 
are less susceptible to respiratory tularemia following intranasal 
infection. This study advances our understanding of the 
detrimental role of Nlrp3 and demonstrates that Nlrp3 could 
be a potential target for the development of effective therapeutics 
for the treatment of tularemia.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and 
accession number(s) can be  found at: https://www.ncbi.nlm.
nih.gov/, GSE183003.

ETHICS STATEMENT

The animal study was reviewed and approved by Institutional 
Animal Care and Use Committee (IACUC) of New York Medical 
College, Valhalla, New  York.

AUTHOR CONTRIBUTIONS

RS, EB, MH, VR, MA, and WH: experimental performing 
and analysis. CB and MM: experimental design and funding. 
RS, CB, and MM: manuscript preparation. All authors contributed 
to the article and approved the submitted version.

FUNDING

This work was supported, in whole or part, by National Institutes 
of Health Grants R56AI101109, R21AI51277 (CB), and 
R15AI107698 (MM).

October 2021 | Volume 12 | Article 725572

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/


Suresh et al. Immunopathogenesis of Tularemia

Frontiers in Microbiology | www.frontiersin.org 18 

ACKNOWLEDGMENTS

The authors thank Katherine Fitzgerald, UMass Worcester, MA 
for kindly providing caspase1, Asc, Nlrp3, and Aim2 knockout 
macrophage cell lines.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be  found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.725572/ 
full#supplementary-material

 

REFERENCES

Alharbi, A., Rabadi, S. M., Alqahtani, M., Marghani, D., Worden, M., Ma, Z., 
et al. (2019). Role of peroxiredoxin of the AhpC/TSA family in antioxidant 
defense mechanisms of Francisella tularensis. PLoS One 14:e0213699. doi: 
10.1371/journal.pone.0213699

Alqahtani, M., Ma, Z., Fantone, K., Malik, M., and Bakshi, C. S. (2021). Aim2 
and Nlrp3 are dispensable for vaccine-induced immunity against Francisella 
tularensis live vaccine strain. Infect. Immun. 89:e0013421. doi: 10.1128/
IAI.00134-21

Alqahtani, M., Ma, Z., Ketkar, H., Suresh, R. V., Malik, M., and Bakshi, C. S. 
(2018). Characterization of a unique outer membrane protein required for 
oxidative stress resistance and virulence of Francisella tularensis. J. Bacteriol. 
200:e00693-17. doi: 10.1128/JB.00693-17

Altman, G. B. (2002). Tularemia. A pathogen in nature and a biological weapon. 
AAOHN J. 50, 373–377. doi: 10.1177/216507990205000810

Amer, L. S., Bishop, B. M., and van Hoek, M. L. (2010). Antimicrobial and 
antibiofilm activity of cathelicidins and short, synthetic peptides against 
Francisella. Biochem. Biophys. Res. Commun. 396, 246–251. doi: 10.1016/j.
bbrc.2010.04.073

Anand, P. K., Malireddi, R. K. S., Lukens, J. R., Vogel, P., Bertin, J., Lamkanfi, M., 
et al. (2012). NLRP6 negatively regulates innate immunity and host defence 
against bacterial pathogens. Nature 488, 389–393. doi: 10.1038/nature11250

Atianand, M. K., Duffy, E. B., Shah, A., Kar, S., Malik, M., and Harton, J. A. 
(2011). Francisella tularensis reveals a disparity between human and mouse 
NLRP3 inflammasome activation. J. Biol. Chem. 286, 39033–39042. doi: 
10.1074/jbc.M111.244079

Bakshi, C. S., Malik, M., Mahawar, M., Kirimanjeswara, G. S., Hazlett, K. R. 
O., Palmer, L. E., et al. (2008). An improved vaccine for prevention of 
respiratory tularemia caused by Francisella tularensis SchuS4 strain. Vaccine 
26, 5276–5288. doi: 10.1016/j.vaccine.2008.07.051

Banerjee, I., Behl, B., Mendonca, M., Shrivastava, G., Russo, A. J., Menoret, A., 
et al. (2018). Gasdermin D restrains type I  interferon response to cytosolic 
DNA by disrupting ionic homeostasis. Immunity 49, 413.e5–426.e5. doi: 
10.1016/j.immuni.2018.07.006

Barel, M., Hovanessian, A. G., Meibom, K., Briand, J.-P., Dupuis, M., and Charbit, A. 
(2008). A novel receptor – ligand pathway for entry of Francisella tularensis 
in monocyte-like THP-1 cells: interaction between surface nucleolin and bacterial 
elongation factor Tu. BMC Microbiol. 8:145. doi: 10.1186/1471-2180-8-145

Belhocine, K., and Monack, D. M. (2012). Francisella infection triggers activation 
of the AIM2 inflammasome in murine dendritic cells. Cell. Microbiol. 14, 
71–80. doi: 10.1111/j.1462-5822.2011.01700.x

Bruchard, M., Rebe, C., Derangere, V., Togbe, D., Ryffel, B., Boidot, R., et al. 
(2015). The receptor NLRP3 is a transcriptional regulator of TH2 differentiation. 
Nat. Immunol. 16, 859–870. doi: 10.1038/ni.3202

Cassel, S. L., Eisenbarth, S. C., Iyer, S. S., Sadler, J. J., Colegio, O. R., Tephly, L. A., 
et al. (2008). The Nalp3 inflammasome is essential for the development of 
silicosis. Proc. Natl. Acad. Sci. U. S. A. 105, 9035–9040. doi: 10.1073/pnas. 
0803933105

Chiavolini, D., Alroy, J., King, C. A., Jorth, P., Weir, S., Madico, G., et al. 
(2008). Identification of immunologic and pathologic parameters of death 
versus survival in respiratory tularemia. Infect. Immun. 76, 486–496. doi: 
10.1128/IAI.00862-07

Chung, M. C., Dean, S., Marakasova, E. S., Nwabueze, A. O., and Van Hoek, M. L. 
(2014). Chitinases are negative regulators of Francisella novicida biofilms. 
PLoS One 9:e93119. doi: 10.1371/journal.pone.0093119

Coll, R. C., Hill, J. R., Day, C. J., Zamoshnikova, A., Boucher, D., Massey, N. L., 
et al. (2019). MCC950 directly targets the NLRP3 ATP-hydrolysis motif for 
inflammasome inhibition. Nat. Chem. Biol. 15, 556–559. doi: 10.1038/
s41589-019-0277-7

Craven, R. R., Hall, J. D., Fuller, J. R., Taft-Benz, S., and Kawula, T. H. (2008b). 
Francisella tularensis invasion of lung epithelial cells. Infect. Immun. 76, 
2833–2842. doi: 10.1128/IAI.00043-08

Craven, R. R., Taft-Benz, S., Frelinger, J. A., Gunn, B. M., Woolard, M. D., 
Hall, J. D., et al. (2008a). Infected-host-cell repertoire and cellular response 
in the lung following inhalation of Francisella tularensis Schu S4, LVS, or 
U112. Infect. Immun. 76, 5843–5852. doi: 10.1128/iai.01176-08

Dostert, C., Guarda, G., Romero, J. F., Menu, P., Gross, O., Tardivel, A., et al. 
(2009). Malarial hemozoin is a Nalp3 inflammasome activating danger signal. 
PLoS One 4:e6510. doi: 10.1371/journal.pone.0006510

Dostert, C., Petrilli, V., Van Bruggen, R., Steele, C., Mossman, B. T., and 
Tschopp, J. (2008). Innate immune activation through Nalp3 inflammasome 
sensing of asbestos and silica. Science 320, 674–677. doi: 10.1126/
science.1156995

Dotson, R. J., Rabadi, S. M., Westcott, E. L., Bradley, S., Catlett, S. V., Banik, S., 
et al. (2013). Repression of inflammasome by Francisella tularensis during 
early stages of infection. J. Biol. Chem. 288, 23844–23857. doi: 10.1074/jbc.
M113.490086

Duffy, E. B., Periasamy, S., Hunt, D., Drake, J. R., and Harton, J. A. (2016). 
FcγR mediates TLR2- and Syk-dependent NLRP3 inflammasome activation 
by inactivated Francisella tularensis LVS immune complexes. J. Leukoc. Biol. 
100, 1335–1347. doi: 10.1189/jlb.2A1215-555RR

Eigelsbach, H. T., and Downs, C. M. (1961). Prophylactic effectiveness of live 
and killed tularemia vaccines. I. Production of vaccine and evaluation in 
the white mouse and Guinea pig. J. Immunol. 87, 415–425.

Elenkov, I. J. (2004). Glucocorticoids and the Th1/Th2 balance. Ann. N. Y. 
Acad. Sci. 1024, 138–146. doi: 10.1196/annals.1321.010

Fernandes-Alnemri, T., Yu, J.-W., Juliana, C., Solorzano, L., Kang, S., Wu, J., 
et al. (2010). The AIM2 inflammasome is critical for innate immunity to 
Francisella tularensis. Nat. Immunol. 11, 385–393. doi: 10.1038/ni.1859

Gimenez, F., Bhela, S., Dogra, P., Harvey, L., Varanasi, S. K., Jaggi, U., et al. 
(2016). The inflammasome NLRP3 plays a protective role against a viral 
immunopathological lesion. J. Leukoc. Biol. 99, 647–657. doi: 10.1189/
jlb.3HI0715-321R

Gorman, J. V., Starbeck-Miller, G., Pham, N.-L. L., Traver, G. L., Rothman, P. B., 
Harty, J. T., et al. (2014). Tim-3 directly enhances CD8 T cell responses 
to acute Listeria monocytogenes infection. J. Immunol. 192, 3133–3142. doi: 
10.4049/jimmunol.1302290

Goulding, J., Godlee, A., Vekaria, S., Hilty, M., Snelgrove, R., and Hussell, T. 
(2011). Lowering the threshold of lung innate immune cell activation alters 
susceptibility to secondary bacterial superinfection. J. Infect. Dis. 204, 
1086–1094. doi: 10.1093/infdis/jir467

Guo, Y., Ma, J., Wu, L., Wang, Q., Li, X., Li, X., et al. (2013). Hyperthermia-
induced NDRG2 upregulation inhibits the invasion of human hepatocellular 
carcinoma via suppressing ERK1/2 signaling pathway. PLoS One 8:e61079. 
doi: 10.1371/journal.pone.0061079

Hall, J. D., Craven, R. R., Fuller, J. R., Pickles, R. J., and Kawula, T. H. (2007). 
Francisella tularensis replicates within alveolar type II epithelial cells in vitro 
and in vivo following inhalation. Infect. Immun. 75, 1034–1039. doi: 10.1128/
IAI.01254-06

Harton, J. A., Linhoff, M. W., Zhang, J., and Ting, J. P.-Y. (2002). Cutting 
edge: caterpiller: a large family of mammalian genes containing CARD, 
pyrin, nucleotide-binding, and leucine-rich repeat domains. J. Immunol. 169, 
4088–4093. doi: 10.4049/jimmunol.169.8.4088

Hirschmann, J. V. (2018). From squirrels to biological weapons: the early 
history of tularemia. Am. J. Med. Sci. 356, 319–328. doi: 10.1016/j.
amjms.2018.06.006

Huang, D. W., Sherman, B. T., and Lempicki, R. A. (2009a). Bioinformatics 
enrichment tools: paths toward the comprehensive functional analysis of 
large gene lists. Nucleic Acids Res. 37, 1–13. doi: 10.1093/nar/gkn923

October 2021 | Volume 12 | Article 725572

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.frontiersin.org/articles/10.3389/fmicb.2021.725572/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.725572/full#supplementary-material
https://doi.org/10.1371/journal.pone.0213699
https://doi.org/10.1128/IAI.00134-21
https://doi.org/10.1128/IAI.00134-21
https://doi.org/10.1128/JB.00693-17
https://doi.org/10.1177/216507990205000810
https://doi.org/10.1016/j.bbrc.2010.04.073
https://doi.org/10.1016/j.bbrc.2010.04.073
https://doi.org/10.1038/nature11250
https://doi.org/10.1074/jbc.M111.244079
https://doi.org/10.1016/j.vaccine.2008.07.051
https://doi.org/10.1016/j.immuni.2018.07.006
https://doi.org/10.1186/1471-2180-8-145
https://doi.org/10.1111/j.1462-5822.2011.01700.x
https://doi.org/10.1038/ni.3202
https://doi.org/10.1073/pnas.0803933105
https://doi.org/10.1073/pnas.0803933105
https://doi.org/10.1128/IAI.00862-07
https://doi.org/10.1371/journal.pone.0093119
https://doi.org/10.1038/s41589-019-0277-7
https://doi.org/10.1038/s41589-019-0277-7
https://doi.org/10.1128/IAI.00043-08
https://doi.org/10.1128/iai.01176-08
https://doi.org/10.1371/journal.pone.0006510
https://doi.org/10.1126/science.1156995
https://doi.org/10.1126/science.1156995
https://doi.org/10.1074/jbc.M113.490086
https://doi.org/10.1074/jbc.M113.490086
https://doi.org/10.1189/jlb.2A1215-555RR
https://doi.org/10.1196/annals.1321.010
https://doi.org/10.1038/ni.1859
https://doi.org/10.1189/jlb.3HI0715-321R
https://doi.org/10.1189/jlb.3HI0715-321R
https://doi.org/10.4049/jimmunol.1302290
https://doi.org/10.1093/infdis/jir467
https://doi.org/10.1371/journal.pone.0061079
https://doi.org/10.1128/IAI.01254-06
https://doi.org/10.1128/IAI.01254-06
https://doi.org/10.4049/jimmunol.169.8.4088
https://doi.org/10.1016/j.amjms.2018.06.006
https://doi.org/10.1016/j.amjms.2018.06.006
https://doi.org/10.1093/nar/gkn923


Suresh et al. Immunopathogenesis of Tularemia

Frontiers in Microbiology | www.frontiersin.org 19 

Huang, D. W., Sherman, B. T., and Lempicki, R. A. (2009b). Systematic and 
integrative analysis of large gene lists using DAVID bioinformatics resources. 
Nat. Protoc. 4, 44–57. doi: 10.1038/nprot.2008.211

Inohara, N., Chamaillard, M., McDonald, C., and Nuñez, G. (2005). NOD-LRR 
PROTEINS: role in host-microbial interactions and inflammatory disease. 
Annu. Rev. Biochem. 74, 355–383. doi: 10.1146/annurev.biochem.74. 
082803.133347

Inohara, N., and Nuñez, G. (2003). NODs: intracellular proteins involved in 
inflammation and apoptosis. Nat. Rev. Immunol. 3, 371–382. doi: 10.1038/
nri1086

Jin, C., and Flavell, R. A. (2010). The missing link: how the inflammasome 
senses oxidative stress. Immunol. Cell Biol. 88, 510–512. doi: 10.1038/icb.2010.56

Joly, S., Ma, N., Sadler, J. J., Soll, D. R., Cassel, S. L., and Sutterwala, F. S. 
(2009). Cutting edge: Candida albicans hyphae formation triggers activation 
of the Nlrp3 inflammasome. J. Immunol. 183, 3578–3581. doi: 10.4049/
jimmunol.0901323

Jones, B. D., Faron, M., Rasmussen, J. A., and Fletcher, J. R. (2014). Uncovering 
the components of the Francisella tularensis virulence stealth strategy. Front. 
Cell. Infect. Microbiol. 4:32. doi: 10.3389/fcimb.2014.00032

Jones, J. W., Kayagaki, N., Broz, P., Henry, T., Newton, K., O’Rourke, K., et al. 
(2010). Absent in melanoma 2 is required for innate immune recognition 
of Francisella tularensis. Proc. Natl. Acad. Sci. U. S. A. 107, 9771–9776. doi: 
10.1073/pnas.1003738107

Kanneganti, T.-D. (2010). Central roles of NLRs and inflammasomes in viral 
infection. Nat. Rev. Immunol. 10, 688–698. doi: 10.1038/nri2851

Kaushal, A., Gupta, K., Shah, R., and van Hoek, M. L. (2016). Antimicrobial 
activity of mosquito cecropin peptides against Francisella. Dev. Comp. Immunol. 
63, 171–180. doi: 10.1016/j.dci.2016.05.018

Kim, A., Kim, M.-J., Yang, Y., Kim, J. W., Yeom, Y. I., and Lim, J.-S. (2009). 
Suppression of NF-B activity by NDRG2 expression attenuates the invasive 
potential of highly malignant tumor cells. Carcinogenesis 30, 927–936. doi: 
10.1093/carcin/bgp072

Kirimanjeswara, G. S., Golden, J. M., Bakshi, C. S., and Metzger, D. W. (2007). 
Prophylactic and therapeutic use of antibodies for protection against respiratory 
infection with Francisella tularensis. J. Immunol. 179, 532–539. doi: 10.4049/
jimmunol.179.1.532

Lupfer, C., and Kanneganti, T.-D. (2013). Unsolved mysteries in NLR biology. 
Front. Immunol. 4:285. doi: 10.3389/fimmu.2013.00285

Madouri, F., Guillou, N., Fauconnier, L., Marchiol, T., Rouxel, N., Chenuet, P., 
et al. (2015). Caspase-1 activation by NLRP3 inflammasome dampens IL-33-
dependent house dust mite-induced allergic lung inflammation. J. Mol. Cell 
Biol. 7, 351–365. doi: 10.1093/jmcb/mjv012

Mahawar, M., Atianand, M. K., Dotson, R. J., Mora, V., Rabadi, S. M., 
Metzger, D. W., et al. (2012). Identification of a novel Francisella tularensis 
factor required for intramacrophage survival and subversion of innate immune 
response. J. Biol. Chem. 287, 25216–25229. doi: 10.1074/jbc.M112.367672

Mahawar, M., Rabadi, S. M., Banik, S., Catlett, S. V., Metzger, D. W., Malik, M., 
et al. (2013). Identification of a live attenuated vaccine candidate for tularemia 
prophylaxis. PLoS One 8:e61539. doi: 10.1371/journal.pone.0061539

Mariathasan, S., Weiss, D. S., Newton, K., McBride, J., O’Rourke, K., 
Roose-Girma, M., et al. (2006). Cryopyrin activates the inflammasome 
in response to toxins and ATP. Nature 440, 228–232. doi: 10.1038/
nature04515

Martinon, F., Pétrilli, V., Mayor, A., Tardivel, A., and Tschopp, J. (2006). Gout-
associated uric acid crystals activate the NALP3 inflammasome. Nature 440, 
237–241. doi: 10.1038/nature04516

Mörner, T., Mattsson, R., Forsman, M., Johansson, K.-E., and Sandström, G. 
(1993). Identification and classification of different isolates of Francisella tularensis. 
Zentralbl. Veterinarmed. B. 40, 613–620. doi: 10.1111/j.1439-0450.1993.tb00184.x

Park, Y., Shon, S.-K., Kim, A., Kim, K. I., Yang, Y., Cho, D. H., et al. (2007). 
SOCS1 induced by NDRG2 expression negatively regulates STAT3 activation 
in breast cancer cells. Biochem. Biophys. Res. Commun. 363, 361–367. doi: 
10.1016/j.bbrc.2007.08.195

Patro, R., Duggal, G., Love, M. I., Irizarry, R. A., and Kingsford, C. (2017). 
Salmon provides fast and bias-aware quantification of transcript expression. 
Nat. Methods 14, 417–419. doi: 10.1038/nmeth.4197

Pedra, J. H., Cassel, S. L., and Sutterwala, F. S. (2009). Sensing pathogens and 
danger signals by the inflammasome. Curr. Opin. Immunol. 21, 10–16. doi: 
10.1016/j.coi.2009.01.006

Peng, K., Broz, P., Jones, J., Joubert, L.-M., and Monack, D. (2011). Elevated 
AIM2-mediated pyroptosis triggered by hypercytotoxic Francisella mutant 
strains is attributed to increased intracellular bacteriolysis. Cell. Microbiol. 
13, 1586–1600. doi: 10.1111/j.1462-5822.2011.01643.x

Periasamy, S., Le, H. T., Duffy, E. B., Chin, H., and Harton, J. A. (2016). 
Inflammasome-independent NLRP3 restriction of a protective early neutrophil 
response to pulmonary tularemia. PLoS Pathog. 12:e1006059. doi: 10.1371/
journal.ppat.1006059

Periasamy, S., Singh, A., Sahay, B., Rahman, T., Feustel, P. J., Pham, G. H., 
et al. (2011). Development of tolerogenic dendritic cells and regulatory T 
cells favors exponential bacterial growth and survival during early respiratory 
tularemia. J. Leukoc. Biol. 90, 493–507. doi: 10.1189/jlb.0411197

Pétrilli, V., Papin, S., Dostert, C., Mayor, A., Martinon, F., and Tschopp, J. 
(2007). Activation of the NALP3 inflammasome is triggered by low intracellular 
potassium concentration. Cell Death Differ. 14, 1583–1589. doi: 10.1038/
sj.cdd.4402195

Qiu, Y., Chen, J., Liao, H., Zhang, Y., Wang, H., Li, S., et al. (2012). Tim-3-
expressing CD4+ and CD8+ T cells in human tuberculosis (TB) exhibit 
polarized effector memory phenotypes and stronger anti-TB effector functions. 
PLoS Pathog. 8:e1002984. doi: 10.1371/journal.ppat.1002984

Quinton, L. J., Mizgerd, J. P., Hilliard, K. L., Jones, M. R., Kwon, C. Y., and 
Allen, E. (2012). Leukemia inhibitory factor signaling is required for lung 
protection during pneumonia. J. Immunol. 188, 6300–6308. doi: 10.4049/
jimmunol.1200256

Rabadi, S. M., Sanchez, B. C., Varanat, M., Ma, Z., Catlett, S. V., Melendez, J. A., 
et al. (2016). Antioxidant defenses of Francisella tularensis modulate macrophage 
function and production of proinflammatory cytokines. J. Biol. Chem. 291, 
5009–5021. doi: 10.1074/jbc.M115.681478

Roberts, L. M., Tuladhar, S., Steele, S. P., Riebe, K. J., Chen, C.-J., Cumming, R. I., 
et al. (2014). Identification of early interactions between Francisella and the 
host. Infect. Immun. 82, 2504–2510. doi: 10.1128/IAI.01654-13

Saïd-Sadier, N., Padilla, E., Langsley, G., and Ojcius, D. M. (2010). Aspergillus 
fumigatus stimulates the NLRP3 inflammasome through a pathway requiring 
ROS production and the Syk tyrosine kinase. PLoS One 5:e10008. doi: 
10.1371/journal.pone.0010008

Santic, M., Molmeret, M., Klose, K. E., and Abu Kwaik, Y. (2006). Francisella 
tularensis travels a novel, twisted road within macrophages. Trends Microbiol. 
14, 37–44. doi: 10.1016/j.tim.2005.11.008

Schooltink, H., Stoyan, T., Roeb, E., Heinrich, P. C., and Rose-John, S. (1992). 
Ciliary neurotrophic factor induces acute-phase protein expression in 
hepatocytes. FEBS Lett. 314, 280–284. doi: 10.1016/0014-5793(92)81489-9

Schulert, G. S. (2006). Differential infection of mononuclear phagocytes by 
Francisella tularensis: role of the macrophage mannose receptor. J. Leukoc. 
Biol. 80, 563–571. doi: 10.1189/jlb.0306219

Snelgrove, R. J., Goulding, J., Didierlaurent, A. M., Lyonga, D., Vekaria, S., 
Edwards, L., et al. (2008). A critical function for CD200  in lung immune 
homeostasis and the severity of influenza infection. Nat. Immunol. 9, 
1074–1083. doi: 10.1038/ni.1637

Sugita, S., Horie, S., Nakamura, O., Maruyama, K., Takase, H., Usui, Y., et al. 
(2009). Acquisition of T regulatory function in cathepsin L-inhibited T 
cells by eye-derived CTLA-2α during inflammatory conditions. J. Immunol. 
183, 5013–5022. doi: 10.4049/jimmunol.0901623

Thomas, P. G., Dash, P., Aldridge, J. R., Ellebedy, A. H., Reynolds, C., Funk, A. J., 
et al. (2009). The intracellular sensor NLRP3 mediates key innate and healing 
responses to influenza A virus via the regulation of caspase-1. Immunity 
30, 566–575. doi: 10.1016/j.immuni.2009.02.006

Ting, J. P. Y., and Harton, J. A. (2015). NLRP3 moonlights in TH2 polarization. 
Nat. Immunol. 16, 794–796. doi: 10.1038/ni.3223

Ulland, T. K., Buchan, B. W., Ketterer, M. R., Fernandes-Alnemri, T., 
Meyerholz, D. K., Apicella, M. A., et al. (2010). Cutting edge: mutation of 
Francisella tularensis mviN leads to increased macrophage absent in melanoma 
2 inflammasome activation and a loss of virulence. J. Immunol. 185, 2670–2674. 
doi: 10.4049/jimmunol.1001610

Vonkavaara, M., Pavel, S. T. I., Hölzl, K., Nordfelth, R., Sjöstedt, A., and 
Stöven, S. (2013). Francisella is sensitive to insect antimicrobial peptides. 
J. Innate Immun. 5, 50–59. doi: 10.1159/000342468

Wallet, P., Lagrange, B., and Henry, T. (2016). Francisella inflammasomes: 
integrated responses to a cytosolic stealth bacterium. Curr. Top. Microbiol. 
Immunol. 397, 229–256. doi: 10.1007/978-3-319-41171-2_12

October 2021 | Volume 12 | Article 725572

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1146/annurev.biochem.74.082803.133347
https://doi.org/10.1146/annurev.biochem.74.082803.133347
https://doi.org/10.1038/nri1086
https://doi.org/10.1038/nri1086
https://doi.org/10.1038/icb.2010.56
https://doi.org/10.4049/jimmunol.0901323
https://doi.org/10.4049/jimmunol.0901323
https://doi.org/10.3389/fcimb.2014.00032
https://doi.org/10.1073/pnas.1003738107
https://doi.org/10.1038/nri2851
https://doi.org/10.1016/j.dci.2016.05.018
https://doi.org/10.1093/carcin/bgp072
https://doi.org/10.4049/jimmunol.179.1.532
https://doi.org/10.4049/jimmunol.179.1.532
https://doi.org/10.3389/fimmu.2013.00285
https://doi.org/10.1093/jmcb/mjv012
https://doi.org/10.1074/jbc.M112.367672
https://doi.org/10.1371/journal.pone.0061539
https://doi.org/10.1038/nature04515
https://doi.org/10.1038/nature04515
https://doi.org/10.1038/nature04516
https://doi.org/10.1111/j.1439-0450.1993.tb00184.x
https://doi.org/10.1016/j.bbrc.2007.08.195
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.1016/j.coi.2009.01.006
https://doi.org/10.1111/j.1462-5822.2011.01643.x
https://doi.org/10.1371/journal.ppat.1006059
https://doi.org/10.1371/journal.ppat.1006059
https://doi.org/10.1189/jlb.0411197
https://doi.org/10.1038/sj.cdd.4402195
https://doi.org/10.1038/sj.cdd.4402195
https://doi.org/10.1371/journal.ppat.1002984
https://doi.org/10.4049/jimmunol.1200256
https://doi.org/10.4049/jimmunol.1200256
https://doi.org/10.1074/jbc.M115.681478
https://doi.org/10.1128/IAI.01654-13
https://doi.org/10.1371/journal.pone.0010008
https://doi.org/10.1016/j.tim.2005.11.008
https://doi.org/10.1016/0014-5793(92)81489-9
https://doi.org/10.1189/jlb.0306219
https://doi.org/10.1038/ni.1637
https://doi.org/10.4049/jimmunol.0901623
https://doi.org/10.1016/j.immuni.2009.02.006
https://doi.org/10.1038/ni.3223
https://doi.org/10.4049/jimmunol.1001610
https://doi.org/10.1159/000342468
https://doi.org/10.1007/978-3-319-41171-2_12


Suresh et al. Immunopathogenesis of Tularemia

Frontiers in Microbiology | www.frontiersin.org 20 

Wang, Z., Huang, H., He, W., Kong, B., Hu, H., Fan, Y., et al. (2016b). Regulator 
of G-protein signaling 5 protects cardiomyocytes against apoptosis during 
in  vitro cardiac ischemia-reperfusion in mice by inhibiting both JNK1/2 
and P38 signaling pathways. Biochem. Biophys. Res. Commun. 473, 551–557. 
doi: 10.1016/j.bbrc.2016.03.114

Wang, H., Wang, Y., Du, Q., Lu, P., Fan, H., Lu, J., et al. (2016a). Inflammasome-
independent NLRP3 is required for epithelial-mesenchymal transition in 
colon cancer cells. Exp. Cell Res. 342, 184–192. doi: 10.1016/j.yexcr.2016.03.009

Weiss, D. S., Henry, T., and Monack, D. M. (2007). Francisella Tularensis: 
activation of the inflammasome. Ann. N. Y. Acad. Sci. 1105, 219–237. 
doi: 10.1196/annals.1409.005

Woolard, M. D., Wilson, J. E., Hensley, L. L., Jania, L. A., Kawula, T. H., 
Drake, J. R., et al. (2007). Francisella tularensis – infected macrophages 
release prostaglandin E 2 that blocks T cell proliferation and promotes a 
Th2-like response. J. Immunol. 178, 2065–2074. doi: 10.4049/
jimmunol.178.4.2065

Zaki, M. H., Man, S. M., Vogel, P., Lamkanfi, M., and Kanneganti, T.-D. 
(2014). Salmonella exploits NLRP12-dependent innate immune signaling to 
suppress host defenses during infection. Proc. Natl. Acad. Sci. U. S. A. 111, 
385–390. doi: 10.1073/pnas.1317643111

Zhang, J., Tachado, S. D., Patel, N., Zhu, J., Imrich, A., Manfruelli, P., et al. 
(2005). Negative regulatory role of mannose receptors on human alveolar 
macrophage proinflammatory cytokine release in  vitro. J. Leukoc. Biol. 78, 
665–674. doi: 10.1189/jlb.1204699

Zhou, R., Tardivel, A., Thorens, B., Choi, I., and Tschopp, J. (2010). Thioredoxin-
interacting protein links oxidative stress to inflammasome activation. Nat. 
Immunol. 11, 136–140. doi: 10.1038/ni.1831

Zhu, Z. (2004). Acidic mammalian chitinase in asthmatic Th2 inflammation 
and IL-13 pathway activation. Science 304, 1678–1682. doi: 10.1126/
science.1095336

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2021 Suresh, Bradley, Higgs, Russo, Alqahtani, Huang, Bakshi and 
Malik. This is an open-access article distributed under the terms of the Creative 
Commons Attribution License (CC BY). The use, distribution or reproduction in 
other forums is permitted, provided the original author(s) and the copyright owner(s) 
are credited and that the original publication in this journal is cited, in accordance 
with accepted academic practice. No use, distribution or reproduction is permitted 
which does not comply with these terms.

October 2021 | Volume 12 | Article 725572

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1016/j.bbrc.2016.03.114
https://doi.org/10.1016/j.yexcr.2016.03.009
https://doi.org/10.1196/annals.1409.005
https://doi.org/10.4049/jimmunol.178.4.2065
https://doi.org/10.4049/jimmunol.178.4.2065
https://doi.org/10.1073/pnas.1317643111
https://doi.org/10.1189/jlb.1204699
https://doi.org/10.1038/ni.1831
https://doi.org/10.1126/science.1095336
https://doi.org/10.1126/science.1095336
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Nlrp3 Increases the Host’s Susceptibility to Tularemia
	Introduction
	Materials and Methods
	Bacterial Strains and Culture Conditions
	Mice and Cell Lines
	Cell Culture Assays
	Western Blotting
	Mice Infection, Histopathology, and Cytokine Measurement
	Immunofluorescence Microscopy
	RNA Extraction and Sequencing
	Statistical Analysis

	Results
	Nlrp3 Deficiency Results in Higher Levels of Pro-inflammatory Cytokines
	Nlrp3 Deficiency Results in Enhanced Activation of NF-κB and MAPK Signaling
	 F. tularensis LVS Fails to Replicate in Nlrp3 −/− Macrophages
	 Nlrp3 −/− Mice Infected With F. tularensis LVS Exhibit an Enhanced Production of Cytokines and Chemokines as Compared to the Wild-Type Mice
	 Nlrp3 −/− Mice Infected With F. tularensis LVS Harbor Fewer Bacteria and Exhibit Less Severe Histopathological Lesions Than the Wild-Type Mice
	 Nlrp3 −/− Mice Are Better Protected Than the Wild-Type Mice Against Intranasal Challenge With F. tularensis LVS
	The Detrimental Role of Nlrp3 Is Independent of Its Role as an Inflammasome Activator
	Genes Known to Enhance the Host’s Susceptibility to F. tularensis Infection Are Downregulated in Nlrp3 −/− Mice
	Genes Involved in the Enhancement of Innate Immune Responses Against F. tularensis Are Upregulated in Nlrp3 −/− Mice
	The Key Innate Immune Pathway Genes Are Differentially Expressed in Nlrp3 −/− Mice Infected With F. tularensis LVS

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Supplementary Material

	References



