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Francisella tularensis is a remarkably infectious facultative intracellular bacterium of macro-
phages that causes tularemia. Early evasion of host immune responses contributes to 
the success of F. tularensis as a pathogen. F. tularensis entry into human monocytes 
and macrophages is mediated by the major phagocytic receptor, complement receptor 
3 (CR3, CD11b/CD18). We recently determined that despite a significant increase in 
macrophage uptake following C3 opsonization of the virulent Type A F. tularensis spp. 
tularensis Schu S4, this phagocytic pathway results in limited pro-inflammatory cytokine 
production. Notably, MAP kinase/ERK activation is suppressed immediately during 
C3-opsonized Schu S4-CR3 phagocytosis. A mathematical model of CR3-TLR2 cross-
talk predicted early involvement of Ras GTPase-activating protein (RasGAP) in immune 
suppression by CR3. Here, we link CR3-mediated uptake of opsonized Schu S4 by 
human monocytes and macrophages with inhibition of early signal 1 inflammasome 
activation, evidenced by limited caspase-1 cleavage and IL-18 release. This inhibition 
is due to increased RasGAP activity, leading to a reduction in the Ras-ERK signaling 
cascade upstream of the early inflammasome activation event. Thus, our data uncover 
a novel signaling pathway mediated by CR3 following engagement of opsonized virulent 
F. tularensis to limit inflammasome activation in human phagocytic cells, thereby contri-
buting to evasion of the host innate immune system.

Keywords: Francisella, immune suppression, ras gTPase-activating protein, inflammasome, complement 
receptor, caspase-1

inTrODUcTiOn

Francisella tularensis is a facultative intracellular bacterium that causes tularemia, a zoonotic disease 
that is transmitted through aerosol or arthropod vectors (1–4). The pneumonic form of the highly 
virulent Type A F. tularensis Schu S4 strain can lead to a fatal disease if left untreated even with an 
inoculum of less than 10 colony-forming units (1). Francisella infects several cell types; however, the 
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primary target of F. tularensis is the macrophage, particularly the 
alveolar macrophage during airborne infection (5). Compared to 
the nonpathogenic subspecies [e.g., Francisella novicida (Fn)], the 
Schu S4 strain leads to significantly reduced pro-inflammatory 
cytokine production (6–9). This reduced response during the 
early stage of infection is critical for establishment of infection in 
human macrophages.

The host has evolved multiple strategies to recognize pathogen-
associated molecular patterns (PAMPs) by membrane-bound and 
cytosolic germline-encoded pattern recognition receptors (PRRs) 
(10–12). PRR engagement leads to the expression and production 
of various anti-microbial components and cytokines through the 
nuclear factor κB (NF-κB) signaling pathway (13). Cytoplasmic 
PRRs consist of the nucleotide-binding oligomerization domain 
receptors (NOD)-like receptors (NLRs), TLR-7, 8, and 9, retinoic-
acid inducible gene-I-like helicase, AIM2, and the PYRIN protein 
families. Activation of NLRs, AIM2, and the PYRIN protein 
families initiates assembly of a cytoplasmic complex known as 
the inflammasome that serves as an activation platform for the 
mammalian cysteine protease caspase-1 (10). Caspase-1 activation 
induces the proteolytic cleavage of pro-inflammatory cytokines 
IL-1β and IL-18 (13). As a member of the NOD-like receptor fam-
ily, the most widely studied NLRP3 inflammasome responds to a 
variety of structurally and chemically diverse molecules (12, 13), 
and TLR signaling and inflammasome activation often crosstalk 
during microbial infection (14–17). Activation of the NLRP3 
inflammasome in monocytes, macrophages, dendritic cells, and 
microglial cells requires two steps: the first priming step is mediated 
by PAMPs-PRRs and the second step mediated by various bacte-
rial toxins or ATP, and potassium efflux, leads to inflammasome 
assembly and activation (18–21). Importantly, de novo synthesis of 
pro-IL-18 and upregulation of NLRP3 are not necessary for NLRP3 
inflammasome activation in response to TLR-induced priming by 
LPS (17, 22, 23). Recent studies demonstrate that NLRP3 inflam-
masome priming by LPS is dependent on MAP kinase (MAPK)/
ERK activation (24) and proteasome function (16, 24).

Macrophages combat F. tularensis infection primarily by gen-
erating TLR2-dependent pro-inflammatory cytokines [e.g., TNF, 
IL-1β, Ref. (14, 25–27)] and inflammasome activation (5, 14, 26, 
28–31). Inflammasome activation by Francisella requires two 
distinct signals: a priming signal and an NLR-dependent sensing 
step. In mice, the NLR component is mainly due to the activa-
tion of AIM2 (14, 32, 33). However, in human monocytes and 
monocyte-derived macrophages (MDM) the key NLRs appear to 
be NLRP3 and pyrin (34–39). Nevertheless, regardless of the NLR 
component involved, there is mounting evidence that inflamma-
some priming is an independent required event in caspase-1 
activation that happens rapidly, triggered by PAMPs, within min 
of pathogen contact and does not require new gene transcription 
(16, 17, 22, 23). This priming step is dependent in part on ERK 
signaling and proteasome function (16). In human monocytes 
infected by Francisella, inflammasome priming is TLR2 and ERK 
signaling dependent (40).

Complement receptor 3 (CR3; CD11b/CD18) belongs to the 
β2-integrin family primarily expressed in phagocytic cells. It pro-
vides a highly effective and safe mode of entry for many pathogens 
(41–43) by enabling subversion of host immune responses and 

evasion of intracellular killing (42, 44–48). Complement factor C3 
opsonization of Schu S4 is critical for uptake by human macro-
phages in a CR3-dependent manner, which leads to immunosup-
pression and increased bacterial survival (49–51). CR3’s function 
is dependent on activation of outside-in and inside-out two-way 
signals (52). Signaling crosstalk between CRs and TLRs occurs 
(53). Our previous study (54) showed that outside-in signaling 
through engagement of CR3 by C3-opsonized Schu S4 inhibits 
the TLR2 signaling cascade, resulting in a relatively silent mode 
of entry. CR3-mediated signaling activates Lyn kinase and AKT 
which leads to an increased expression of MKP-1, downregulating 
MAPK activity over 30 min. This allows for increased phagocytosis 
simultaneously with a dampened host immune response (54). By 
contrast, in the absence of serum, PAMPs (e.g., lipoproteins) are 
primarily recognized by TLR2 which activates MAPK (ERK1/2 
and p38) and NF-κB signaling pathways, leading to robust 
pro-inflammatory responses despite limited phagocytosis (54). 
Although Lyn kinase and MKP-1 are essential components of 
the CR3 pathway that limits TLR2 activity, additional upstream 
signaling components that act upon receptor engagement remain 
unknown and may be linked to inflammasome priming.

A mathematical model of CR3/TLR2 crosstalk in the context of 
F. tularensis infection (55) predicted that phagocytosis-associated 
changes in cell membrane composition, primarily by CR3, can 
inhibit ERK activation via p120 Ras GTPase-activating protein 
(RasGAP). More specifically, non-opsonized Schu S4 primar-
ily activates TLR2 which leads to the sequential activation of 
RasGTPase, Raf, and ERK. By contrast, ligation of C3-opsonized 
Schu S4 by CR3 results in the activation of Lyn kinase which the 
model predicts recruits RasGAP, a negative regulator Ras. Thus, 
we experimentally sought to test whether inhibition of ERK by 
C3-opsonized Schu S4 is mediated by increased RasGAP activity. 
Herein, we show that opsonized Schu S4 uptake by CR3 inhibits 
step 1 inflammasome priming evidenced by limited caspase activ-
ity and IL-18 release. This inhibition is, in part, due to increased 
RasGAP activity, which leads to a reduction in Ras-ERK activa-
tion. Thus, our data uncover a novel signaling pathway initiated 
by CR3 following engagement of opsonized virulent Schu S4 that 
results in evasion of the host innate immune system. Together 
with prior work, CR3-mediated phagocytosis of Francisella 
represents an important bacterial survival mechanism activating 
multiple checkpoints to limit early pro-inflammatory responses.

MaTerials anD MeThODs

Bacterial strains and growth conditions
The F. tularensis subspecies tularensis Schu S4 strain (Ft) was a 
generous gift from Dr. Rick Lyons at Colorado State University 
and F. novicida U112 (Fn) was purchased from ATCC. Bacterial 
strains were cultured on chocolate agar II pates (Becton Dickinson, 
Sparks, MD, USA) for 48 h (Ft) or 24 h (Fn) at 37°C (54).

human Monocyte and Monocyte-Derived 
Macrophage (hMDM) Preparation
Human peripheral blood was obtained from healthy donors (with 
no known exposure to Francisella) via venipuncture following 
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a protocol approved by the Ohio State University Institutional 
Review Board. Peripheral mononuclear cells (PBMCs) were 
isolated from heparinized blood as previously described (54) 
over a Ficoll cushion (GE Healthcare Bio-Science, Piscataway, 
NJ, USA). The PBMCs were then washed with RPMI 1640 plus 
l-glutamine (Gibco-Life Technologies, Grand Island, NY, USA). 
Monocytes were separated from PBMCs using positive selection 
with anti-CD14 coated magnetic beads, following the manufac-
turer’s instructions (Miltenyi Biotiec San Diego, CA, USA) and 
were maintained in RHH [RPMI 1640 with l-glutamine, 10 mM 
HEPES, and 0.25% human serum albumin (HSA)] as described 
(56). For hMDMs, PBMCs were cultured in Teflon wells with 
RPMI 1640 plus l-glutamine containing 20% autologous serum 
at 37°C for 5 days (54). Cells were recovered from Teflon wells 
and plated in the presence of 10% autologous serum in 6-well 
or 24-well tissue culture plates for 2–3 h at 37°C. Lymphocytes 
were then washed away leaving hMDM monolayers (~2.0 × 105 
cells/well for 24-well plates and ~1  ×  106  cells/well for 6-well 
plates, 99% pure) for Francisella infection. Autologous sera were 
isolated from healthy human blood with no known exposure to 
Francisella via venipuncture. Sera were prepared and stored as 
previously described (57) to preserve complement activity.

reagents and antibodies (abs)
Antibodies against phospho-ERK1/2 and total ERK1/2 were 
purchased from Cell Signaling (Boston, MA, USA). Caspase-1 
Ab (anti-human rabbit polyclonal antisera) was described in a 
previous study (16). Abs against β-actin and RasGAP were from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Phospho-
Dok-1 (pTyr362) was from Acris Antibodies, Inc. (San Diego, 
CA, USA). Ab specific to phospho-Lyn (Y396) and mouse mAb 
against F. tularensis LPS (FB11) were from Abcam (Cambridge, 
MA, USA). Rat monoclonal Ab (M1/70) and mouse mAb (H5A4) 
against CD11b were from the Developmental Studies Hybridoma 
Bank (University of Iowa, Iowa City, IA, USA). ATP was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Secondary 
Abs conjugated with AF-488, AF-549 (anti-rabbit), and AF-647 
(anti-mouse) were from Life Technology (Invitrogen, Carlsbad, 
CA, USA). Human C3-depleted serum and human purified 
C3 were purchased from Comptech (Tyler, TX, USA). C3 was 
repleted at 1  mg/ml in C3-depleted serum. Control scrambled 
small interfering RNA (siRNA) and pre-siGenome smartpool tar-
geting CD11b or RasGAP were obtained from Thermo Scientific 
Dharmacon RNA Technologies (Lafayette, CO, USA).

Monocyte sirna Transfection
Peripheral mononuclear cells were transfected with scrambled 
siRNA or gene-specific siRNAs by electroporation using the 
human Monocyte Nucleofector Kit (VPA-1007, Lonza) following 
the manufacturer’s protocol with the following modifications. 
Briefly, 1.0 ×  107 PBMCs were transfected with 200 nM of the 
targeting siRNA (CD11b or RasGAP) or a non-targeting scram-
bled siRNA. Transfected PBMCs were re-suspended in 2 ml of 
RPMI plus Glutamax supplemented with 20% autologous serum 
and monocytes were plated onto tissue culture plates for 3–4 h at 
37°C in 5% CO2. Lymphocytes were removed by washing three 
times, leaving the monocyte monolayer at ~1.0 × 106 cells/well 

for Francisella infection. Gene knockdown was confirmed by 
Western blot for target proteins.

Bacterial Opsonization, Monocyte and 
hMDM infection, and cell lysis
Schu S4 and Fn were harvested, washed with PBS and adjusted to 
an OD at 600 nm (OD600) of 0.4, equivalent to 3 × 109 CFU/ml. 
Bacteria were then pre-opsonized with 10% autologous serum, 
heat inactivated (HI) autologous serum, C3-depleted serum, or 
C3-repleted serum in RHH (RPMI 1640 with l-glutamine, 10 mM 
HEPES, and 0.25% HSA) at 37°C while shaking (54). After 30 min 
incubation, the opsonized bacteria were washed three times and 
re-suspended in RHH to the desired bacterial concentrations. 
Non-opsonized bacteria were incubated with RHH instead of 
serum and prepared side by side with pre-opsonized bacteria.

Francisella infection of hMDM monolayers was performed as 
described (54). Briefly, day 5 hMDM monolayers were washed 
extensively and non-opsonized or pre-opsonized bacteria were 
added to the hMDM monolayers at an MOI of 100 in 1 ml RHH. 
The infection was synchronized by centrifugation at 250 × g for 
10 min at 4°C followed by incubation at 37°C in 5% CO2. At the 
indicated time points, cells were washed with ice cold PBS and 
lysed with TN-1 lysis buffer [50 mM Tris (pH 8.0), 10 mM EDTA, 
10 mM Na4P2O7, 10 mM NaF, 1% Triton X-100, 125 mM NaCl, 
10 mM Na3VO4, and 10 µg/ml each of aprotinin and leupeptin] 
while on ice for 5 min (54). The lysates were then passed through 
a 27 G needle and filtered using a 0.22 µm cellulose acetate mem-
brane (Costa, Corning, NY, USA) by centrifugation at 16,000 × g 
at 4°C for 5 min. Protein concentrations of the cell lysates were 
measured using the Pierce BCA-protein assay kit (Thermo 
Scientific, Rockford, IL, USA). Samples were used for examina-
tion of active RasGAP or subjected to separation by SDS-PAGE 
and analyzed by Western blot for the proteins of interest.

assay of inflammasome Priming
Examination of inflammasome priming by Francisella was per-
formed with monocytes either in suspension (1.5 ml microcen-
trifuge tube) or adhered to a 6-well tissue culture plate (~106cells/
treatment). Non-opsonized or pre-opsonized Francisella (MOI of 
100) was added in 1 ml RHH, and infection was synchronized 
by centrifugation at 250 × g for 10 min at 4°C (for monolayer 
experiments) followed by incubation at 37°C. After 30 min, ATP 
was added (5 mM) for 30 min. The supernatants were collected in 
1.5 ml microfuge tubes and centrifuged for 5 min at 4°C at 250 × g 
to remove floating cells. Supernatants were examined for IL-18 by 
ELISA and active caspase-1 by Western blot.

Western Blotting and il-18 elisa
Protein matched cell lysates were resolved by SDS-PAGE and 
transferred onto a nitrocellulose membrane (BioRad, CA, USA), 
probed with the Abs of interest, followed by HRP-conjugated 
second Ab and developed by ECL (GE Healthcare, NY, USA) 
using autoradiography.

Mature IL-18 in the supernatants was quantified by sandwich 
ELISA using MBL Abs as described (58) with the following modi-
fications. Anti-human IL-18 (MBL International, mouse IgG2A 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


4

Hoang et al. RasGAP Inhibits Francisella Inflammasome Priming

Frontiers in Immunology | www.frontiersin.org March 2018 | Volume 9 | Article 561

mAb) was coated onto a 96-well Costar plate (Fischer Scientific 
Inc., Rockford, IL, USA) overnight at 4°C. Plates were washed three 
times with PBS + 0.5% Tween 20, blocked with 5% BSA in PBS 
for 1 h at 37°C, and then incubated with samples or recombinant 
IL-18 standard (MBL International). Biotin-labeled anti-human 
IL-18, 1:1,000 (MBL International, rat IgG2A mAb) was then 
added for 2 h at 37°C, washed four times with PBS + 0.5% Tween 
20 and Streptavidin-HRP (eBiosciences) added for 1 h. The plate 
was developed using TMB Peroxidase Substrate and Peroxidase 
Substrate Solution B (BD Sciences, Sparks, MD, USA). After 
10 min, 0.2 N H2SO4 was added to stop the reaction. Plates were 
read on a Perkin Elmer 2030 Victor X3 Multilabel Reader, measur-
ing absorbance at 450 nm after subtracting background 630 nm 
absorbance. This ELISA is highly specific for mature IL-18 (16).

assay of rasgaP activity
Activation status of the guanosine triphosphate (GTP)-binding 
protein Ras is dictated by the relative intensities of two oppos-
ing reactions: (1) formation of active Ras–GTP complexes, 
stimulated by guanine-nucleotide exchange factors (GEFs) and 
(2) Ras conversion to the inactive form Ras–GDP as a result of 
the deactivating action of GTPase-activating proteins (GAPs) 
(59). We assayed for RasGAP activity indirectly by determina-
tion of Ras–GTP levels using an activated Ras interaction assay 
as described (60) following the manufacture’s protocol (Thermo 
Fisher Scientific Inc., Rockford, IL, USA). Briefly, 80 µg of GST-
Raf1-RBD protein was mixed with 500 µg of cell lysate protein 
in the presence of glutathione resin agarose beads. The reaction 
mixture was incubated at 4°C for 1 h with gentle rocking. After 
removing unbound proteins by washing with buffer, the samples 
were collected by adding reducing sample buffer. The collected 
proteins were subjected to SDS-PAGE and Western blotting 
with anti-Ras Ab followed by HRP-conjugated second Ab and 
developed by ECL (BioRad, CA, USA) using autoradiography. 
Densitometry was evaluated using ImageJ software.

immunofluorescence Microscopy
Monocyte or hMDM monolayers were prepared on coverslips 
in a 24 well tissue culture plate. Phagocytosis of non-opsonized 
or pre-opsonized Francisella (MOI of 50) was synchronized 
at 4°C followed by incubation for 5  min at 37°C. Monolayers 
were washed to remove unbound bacteria and fixed with 4% 
paraformaldehyde followed by staining with Abs of interest  
(54, 61). In brief, cells were permeabilized with ice cold methanol 
for 10 s, blocked with 5% goat serum and 0.5% BSA in PBS for 
2 h at room temperature (RT), incubated with the primary Abs 
(anti-CD11b, -RasGAP, -Ft, or -Dok-1 Abs) for 1 h at RT, washed, 
and then incubated with the appropriate fluorescence secondary 
Abs for 1 h at RT. Control experiments verified that the Abs do 
not bind directly to bacteria. Host nucleic acid was stained with 
4′,6′-diamidino-2-phenylindole at RT for 5 min. Coverslips were 
mounted on glass slides and viewed on an Olympus FluoView 
1000 confocal microscope.

statistical analysis
Experiments were repeated at least three times with three different 
donors. Absolute results varied among donors but the patterns 

were the same relative to internal controls in each experiment. 
Statistical analysis was performed using GraphPad Prism 5. Data 
are presented as mean ± SD and p-values were calculated using 
one-way ANOVA for multiple comparisons and adjusted with 
Bonferroni’s correction. A p-value <0.05 was considered signifi-
cant (*p < 0.05; **p < 0.001; ***p < 0.0001; NS, not significant).

resUlTs

serum Opsonization Mediates inhibition  
of inflammasome Priming by Francisella  
in human Monocytes
Inflammasome activation involves a required priming step upon 
recognition of an invading microbe followed by inflammasome 
protein assembly resulting in caspase-1 activation and cleavage 
of pro-IL-1β and pro-IL-18 to generate biologically active forms 
of IL-1β and IL-18, respectively (12). Priming can be induced 
by TLR agonists (e.g., LPS) but full inflammasome activation 
requires a second signal such as a short burst of high dose ATP. 
Under these conditions caspase-1 activation leads to maturation 
of IL-18, which occurs independently of new protein synthesis 
(16, 40, 62). Importantly, de novo synthesis of pro-IL-18 is not 
necessary for NLRP3 inflammasome activation in response to 
TLR-induced priming (LPS) (17, 22, 23). Thus, IL-18 process-
ing when studied early after infection can serve as a marker for 
inflammasome priming, defined as signaling events independent 
of new protein synthesis (16). In this context, inflammasome 
priming is dependent on ERK signaling (16), and we have previo-
usly found that serum opsonization of Schu S4 downregulates 
ERK activation within 5 min of Francisella phagocytosis (54).

Monocytes and hMDMs both highly express CR3 (54, 63). 
We first verified our previous finding with hMDMs (54) by 
demonstrating that serum pre-opsonized Francisella limits ERK 
activation in human monocytes at early time points and this 
limitation is significantly stronger for Schu S4 than Fn (Figure S1 
in Supplementary Material). Next, we determined whether serum 
pre-opsonized Francisella (Schu S4 and Fn) inhibits inflamma-
some priming in human monocytes by examining caspase-1 
activity and mature IL-18 release in the culture supernatants. As 
shown in Figure 1A (and Figure S2 in Supplementary Material), 
Schu S4 infection leads to minimal caspase-1 activation follow-
ing ATP addition, whereas Fn infection leads to robust caspase-1 
activation. Both types of pre-opsonized bacteria induce less IL-18 
release than non-opsonized bacteria, although the finding is 
more pronounced for the virulent Schu S4 strain (Figures 1B,C). 
Together, these data provide evidence that serum opsonization 
limits inflammasome priming during Francisella infection of 
human monocytes.

complement c3 Opsonization of 
Francisella Mediates limited 
inflammasome Priming During  
infection of human Monocytes
Complement C3 in serum is a major opsonin for Francisella (50) 
and can reduce bacterial-induced pro-inflammatory responses 
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FigUre 1 | Serum opsonization of Schu S4 results in inhibition of inflammasome priming by human monocytes. Human monocytes (1 × 106) were infected with 
either non-opsonized (Non) or autologous serum pre-opsonized (Op) Schu S4 or Francisella novicida (Fn) (MOI = 100). After 30 min incubation, ATP was added 
(5 mM) followed by incubation for an additional 30 min. The supernatants were collected and activated caspase-1 (p20) was examined by Western blot and 
densitometry using anti- caspase-1 antibody (a). Quantification of IL-18 release was measured by ELISA (B). Data are the representative of three independent 
experiments (mean ± SD). Cumulative data from three experiments for IL-18 reduction from pre-opsonized bacterial infection is presented as percentage relative to 
non-opsonized bacterial infection (c). p-Values were calculated using one-way ANOVA for multiple comparisons. *p < 0.05; **p < 0.01; ***p < 0.001; ND, not 
detected.
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(54). Since serum opsonization limits inflammasome priming, 
we determined the specific role of C3 in this process. We infected 
human monocytes with Schu S4 that had been pre-opsonized 
in fresh autologous serum (SR), heat inactivated (HI) serum, 
complement C3-depleted serum (C3-Dpl), or complement 
C3-repleted serum (C3-Rpl), and measured caspase-1 activation 
and IL-18 release by Western blot and ELISA, respectively. As 
shown in Figures 2A,B (Figure S3 in Supplementary Material), 
caspase-1 activation was reduced during incubation with SR 
bacteria; by contrast, incubation with HI bacteria (heat inacti-
vation abolishes complement activity) or C3-Dpl bacteria led 
to increased caspase-1 cleavage. Importantly, incubation with 
C3-Rpl bacteria restored the limited caspase-1 activation, which 
demonstrates the importance of C3 opsonization in this process. 
Similar to the caspase-1 activation results, incubation with SR or 
C3-Rpl Schu S4 led to limited IL-18 release whereas incubation 
with HI bacteria, C3-Dpl bacteria, or non-opsonized bacteria led 
to robust IL-18 release (Figure 2B).

Since activation of MAPK/ERK has been linked to inflam-
masome priming (16) and serum opsonization of Schu S4 
downregulates ERK activation on hMDMs (54), we determined 
the level of ERK activation in monocyte cell lysates that were 
left uninfected or infected with Schu S4 that had been pre-
opsonized with fresh serum (SR), HI serum, C3-Dpl serum, 
or C3-Rpl serum. Our results show that ERK activation is 

significantly reduced in fresh serum (SR) and C3-Rpl serum, 
confirming the important role of C3 opsonization in limiting 
ERK activation in human monocytes (Figures  2C,D). Taken 
together, our data demonstrate that inflammasome priming, 
indicated by early caspase-1 activation and IL-18 release during 
virulent Schu S4 infection is tightly controlled by complement 
C3 opsonization.

cr3/cD11b engagement limits 
inflammasome Priming During schu  
s4 infection
Although Francisella interacts with different host receptors dur-
ing infection, dependent on the bacterial strain and mammalian 
species of macrophage used (5, 64), CR3 is a major phagocytic 
receptor, especially for primary human cells (54, 65). In addi-
tion, TLR2 plays a major role in generating pro-inflammatory 
responses during infection, mediated by the activation of MAPK 
and NF-κB signaling (14, 66–70). In this regard, inflammasome 
activation by Francisella has been associated with TLR2 on the 
host cells (14, 40) as well as ERK-mediated signaling (16, 40). 
C3 pre-opsonized Schu S4 uses CR3 to gain access into mac-
rophages while at the same time inhibits TLR2-mediated host 
immune responses, as demonstrated by a reduction in activated 
ERK activation and pro-inflammatory cytokine production (54). 
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FigUre 2 | Complement protein 3 is required for Schu S4-mediated inhibition of inflammasome priming. Human monocytes (1 × 106) were infected with Schu S4 
that had been pre-opsonized in fresh autologous serum (SR), heat inactivated (HI) serum, complement C3-depleted serum (C3-Dpl), complement C3-repleted 
serum (C3-Rpl), or non-opsonized (MOI = 100) at 37°C. After 30 min, ATP was added (5 mM) for 30 min. Supernatants were collected and then subjected to 
caspase-1 Western blotting and densitometry (a) for p20 and IL-18 release by ELISA (B). Cell lysates were subjected to Western blotting using anti-phospho-ERK 
Ab (c) and densitometry (D). Data are representative of three independent experiments performed in duplicate (mean ± SD). ***p < 0.001; NS, not significant.
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Since C3 opsonization of Schu S4 significantly reduces inflam-
masome priming, we next sought to determine the role of CR3 in 
this process. We transfected human monocytes with scrambled 
siRNA (control) or siRNA targeting the CD11b component 
of CR3. CD11b knockdown effectiveness was determined by 
Western blot with approximately 65% reduction (Figures 3A,B). 
First, we confirmed our previous results with hMDMs (54) that 
Schu S4 attachment and uptake are markedly reduced in CD11b 
knockdown human monocytes compared to control siRNA 
(data not shown). Next, we infected CD11b siRNA transfected 
monocytes with serum-opsonized or non-opsonized Schu S4 
and determined the levels of caspase-1 activation and IL-18 
release. As expected, caspase-1 activation was decreased for 
serum-opsonized bacteria compared to non-opsonized bac-
teria and the scrambled siRNA control condition (Figure 3C). 
CD11b knockdown increased caspase-1 activation compared 
to scrambled siRNA control during serum-opsonized Schu S4 
infection (Figure 3C). Consistent with this finding, IL-18 release 
was significantly increased in CD11b knockdown cells compared 
to scramble siRNA transfected cells (Figure 3D). Since MAPK/
ERK activation is required for inflammasome priming, we 
examined the level of ERK activation under the above condi-
tions. As expected, CD11b knockdown leads to a consistent 
increase in ERK activation during infection of serum-opsonized 
Schu S4 (Figures 3E,F). Taken together these data provide strong 
evidence that CR3, through its engagement of C3-opsonized 

bacteria, plays a critical role in inhibition of inflammasome 
priming by human monocytes.

Uptake of serum-Opsonized Francisella 
by Monocytes and hMDMs leads to 
increased rasgaP activity
We next sought to understand the mechanism(s) underlying inhi-
bition of inflammasome priming by CR3 engagement of serum-
opsonized Schu S4. The GAPs are implicated in downregulating the 
Ras superfamily of GTP-binding proteins, which activate MAPK 
signaling molecules (71). Thus, we examined the level of RasGAP 
activity in our infection model by measuring the level of GTP-
bound Ras by immunoprecipitation (IP) followed by Western blot. 
Given the amount of protein necessary for the IP, we used hMDMs 
for this experiment. Our results (Figures 4A,B) show that the level 
of GTP-bound Ras is significantly reduced during infection with 
serum-opsonized Schu S4. These data indicate that uptake of serum 
pre-opsonized Schu S4 leads to increased RasGAP activity.

inhibition of inflammasome Priming by 
serum Pre-Opsonized schu s4 is 
Dependent on rasgaP
To determine the role of RasGAP in limiting inflammasome 
priming mediated by serum-opsonized Schu S4, we transfected 
human monocytes with scrambled siRNA (control) or siRNA 
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FigUre 3 | Inhibition of inflammasome priming by serum-pre-opsonized Schu S4 is mediated by complement receptor 3 (CR3). Monocytes were transfected with 
scrambled small interfering RNA (siRNA) or siRNA targeting CD11b, and 48 h later, transfected monocytes were infected with non-opsonized or serum pre-
opsonized Francisella at an MOI of 100. Infection was synchronized by centrifugation at 250 × g for 10 min at 4°C for 5 min and then incubation at 37°C. After 
30 min, ATP was added (5 mM) for an additional 30 min. CD11b knockdown effectiveness was determined by Western blot using CD11b specific Ab (a) and 
densitometry (B). Supernatants were subjected to Western blot for caspase-1 cleavage (c), IL-18 ELISA (D), or to ERK activation (e,F) [relative ratio of pERK to 
total ERK from (e)]. Data are representative of three independent experiments performed in duplicate (mean ± SD) (***p < 0.001).
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targeting RasGAP and subsequently infected cells with opsonized 
or non-opsonized Schu S4. RasGAP was effectively knocked 
down in human monocytes with ~80% reduction in RasGAP 
protein (Figure 5A). In control scrambled siRNA-treated cells, 
caspase-1 cleavage (Figure  5B; Figure S4 in Supplementary 
Material) and IL-18 release (Figures  5C,D) were increased 
using non-opsonized bacteria compared to opsonized bacteria 
as predicted. Most significantly, the inhibitory effect on inflam-
masome priming by serum-opsonized bacteria was reversed by 
RasGAP knockdown. Consistent with these data, ERK activation 
was increased by RasGAP inhibition during infection of serum-
opsonized Schu S4 (Figure 5E). These data provide a causal link 
between increased RasGAP activity and inhibition of inflamma-
some priming following uptake of serum-opsonized Schu S4.

serum-Opsonized schu s4 activates 
Dok-1 Which Binds to rasgaP
Adaptor protein Dok-1 belongs to the Dok protein family (Dok-1–
Dok-7), which shares structural similarities characterized by a  

NH2-terminal pleckstrin homology (PH) domain and phospho-
tyrosine-binding (PTB) domain as well as an SH2 target motif 
in the COOH-terminal moiety’s tyrosine. Phosphorylation of 
Dok-1 by Src family kinases contributes to its inhibitory effects 
on the Ras-ERK signaling cascade directly or indirectly through 
RasGAP (72, 73). In this regard, we have previously shown that 
serum opsonization of Schu S4 increases Lyn kinase phosphoryla-
tion in human macrophages (54). We therefore simultaneously 
examined the phosphorylation of Lyn and Dok-1 in hMDMs. 
Consistent with our previous findings, Lyn phosphorylation 
was increased during infection of serum-opsonized bacteria 
compared to non-opsonized bacteria over a 10 min time course 
of study (Figures 6A,D). Increased Dok-1 phosphorylation was 
observed consistently between 1 and 5 min following infection 
with pre-opsonized bacteria, depending on the donor. Since 
phosphorylated Dok-1 serves as a docking site for RasGAP to 
potentiate GAP activity, we next determined whether activated 
Dok-1 binds to RasGAP using IP followed by Western blot. 
hMDMs were used to obtain sufficient protein for the IP. The 
results shown in Figures  6B,D indicate that activated Dok-1 
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FigUre 4 | Serum opsonization of Schu S4 enhances Ras GTPase-activating protein (RasGAP) activity by human monocyte and monocyte-derived macrophages. 
Monocyte-derived macrophages monolayers were infected with non-opsonized or pre-opsonized bacteria at an MOI of 100. Non-infected control (R) was included. 
Infection was synchronized by centrifugation at 250 × g for 10 min at 4°C followed by incubation at 37°C. At the indicated time points, cell lysates were collected 
and subjected to a RasGAP pull down assay and Western blot (a). Densitometry from three experiments is presented as percentage reduction of opsonized 
bacteria compared to non-opsonized bacteria (B). Data are representative of three independent experiments. p-Values were calculated using one-way ANOVA for 
multiple comparisons and adjusted with Bonferroni’s correction (*p < 0.05).
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binds to RasGAP during infection of opsonized Schu S4, par-
ticularly apparent at 1 and 2 min, suggesting that Dok-1’s ability 
to inhibit Raf/MEK-mediated ERK activation is at least in part 
via its binding to RasGAP. Consistent with the IP experiment, 
RasGAP co-localization with Dok-1 was increased during infec-
tion of serum pre-opsonized Schu S4 (Figure 6C). These results 
provide evidence for involvement of Dok-1 in the CR3-Ras-ERK 
signaling cascade mediated by serum pre-opsonized Schu S4.

DiscUssiOn

The high virulence of F. tularensis in pneumonic tularemia is at 
least in part due to the ability of the bacterium to subvert and sup-
press host immune responses (6, 74–77). Virulent Schu S4 infec-
tion induces limited production of pro-inflammatory cytokines 
and antagonizes subsequent stimulation by TLR agonists  
(6, 77–81). CR3 is a major phagocytic receptor for this bacterium, 
particularly on human monocytes and macrophages (54, 65) and 
provides a safe entry for many intracellular bacterial pathogens 
including F. tularensis (41, 43, 54, 82–84). Our previous study 
showed that ligation of CR3 with serum pre-opsonized Francisella 
results in dampening TLR2-mediated ERK activation (54). While 
inhibition of ERK1/2 occurred as early as 5 min postinfection, the 
inhibition of p38 and the level of MKP-1 were not maximal until 
30 min (54). The question remained as to what is the signaling 
cascade(s) immediately downstream of CR3 that leads to early 
inhibition of ERK1/2.

In response to bacterial infection, Ras can be activated 
through direct association with TLR2 (85), the primary receptor 
by which Francisella activates MAPK and NF-κB that leads to 
inflammasome priming and production of pro-inflammatory 
cytokines (14, 40, 66, 67, 70). Ras is a GTP-binding protein of 
the Ras superfamily involved in a wide range of important cel-
lular processes via participation in the receptor tyrosine kinase 
(RTK)/Ras GTPase/MAPK signal transduction pathway (86, 87). 
Ras cycles between an inactive GDP-bound form and an active 
GTP-bound form. GTPase activity of Ras is tightly regulated. In 

resting cells, GTPase is maintained in its inactive GDP-bound 
state by its slow intrinsic rate of guanosine nucleotide dissocia-
tion. Upon stimulation, GTPase is either activated by GEFs via 
accelerating the dissociation of GDP, or deactivated by GAPs 
that catalyze the reaction (71). Our previous study showed that 
CR3-TLR2 crosstalk mediates immune suppression by limiting 
ERK activation in response to serum pre-opsonized Schu S4 (54) 
and that activation of inflammasome priming is dependent on 
ERK signaling (16). A subsequent mathematical model of CR3/
TLR2 crosstalk in the context of F. tularensis infection predicted 
the involvement of RasGAP-mediated immune suppression by 
serum-opsonized Schu S4 (55).

Herein, we experimentally tested this model and provide 
evidence for a pathway that links CR3-mediated phagocytosis 
for Ft Schu S4 with immune suppression that involves early 
activation of RasGAP. We determined that ligation of CR3 on the 
phagocytic cells by pre-opsonized Schu S4 recruits RasGAP to 
the phagocytic site and increases RasGAP activity, which leads 
to inhibition of the Ras-ERK signaling cascade and suppression 
of inflammasome activation, as evidenced by increased inhibi-
tion of ERK1/2, limited caspase-1 cleavage, and IL-18 release. 
Importantly, to isolate inflammasome priming events (signal 1 
in inflammasome activation) from the NLR recognition phase 
(signal 2) we used a 30 min priming window. At this time point, 
no IL-1β is synthesized, cleaved, or released. However, pro-IL-18 
is constitutively expressed in monocytes and MDMs, allowing it 
to serve as an ideal substrate read out for early inflammasome 
activation events. We have therefore intentionally excluded IL-1β 
from our analyses. We propose that this focus on IL-18 thus 
allows for a careful dissection of this early signal 1 inflammasome 
activation time point.

Following phagocytosis, Francisella resides in a Francisella-
containing phagosome and subsequently escapes into the cytosol 
where it rapidly multiplies and induces inflammasome activa-
tion (step 2) and pyroptosis as evidenced by mature caspase-1, 
IL-1β, and IL-18 release (5, 14, 26, 29–31). Phagosomal escape, 
TLR2-dependent expression of pro-inflammatory cytokines 
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FigUre 5 | Ras GTPase-activating protein (RasGAP) regulates Sch S4-mediated inhibition of inflammasome priming. Human monocytes were transfected with 
scrambled small interfering RNA (siRNA) or siRNAs targeting RasGAP. RasGAP knockdown effectiveness was examined by Western blot using RasGAP Ab (a). 
After 48 h transfected, monocytes were infected with non-opsonized or serum pre-opsonized bacteria (MOI of 100). Infection was synchronized at 4°C followed by 
incubation at 37°C for 30 min. ATP was added (5 mM) for an additional 30 min. Supernatants were collected and subjected to caspase-1 Western blotting (B) and 
IL-18 ELISA (c). Cumulative data are shown for percentage IL-18 reduction, comparing pre-opsonized bacteria to non-opsonized bacteria (D). Cell lysates were 
subjected to Western blotting using anti-phospho-ERK Ab (e). Data are representative of three independent experiments performed in duplicate (mean ± SD). 
**p < 0.01; ***p < 0.001; NS, not significant.
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(e.g., pro-IL-1β), and bacterial DNA release are required for inflam-
masome activation mediated by host AIM2 (14, 32, 33), pyrin 
(34, 36), and NLRP3 (35, 38). Macrophages and dendritic cells 
infected with virulent Schu S4 secrete limited levels of the inflam-
masome-dependent cytokines IL-18 and IL-1β accompanied by 
weak caspase-1 activation compared to avirulent strains LVS and 
Fn (38, 88).

Inflammasome priming can be triggered by TLR agonists 
within minutes of stimulation (16, 17, 22, 23) and is dependent on 
ERK signaling and proteasome function (16). Our recent study 
showed that Francisella can prime inflammasome activation in 
human monocytes which express a constitutive level of pro-IL-18, 
an event dependent on TLR2-ERK signaling (40). In that study, 
we concluded that ERK activation and inflammasome priming 
are similar for virulent and avirulent species of Francisella and 
independent of MOI (40). However, it is important to highlight 

the difference to current study. The prior priming studies were 
conducted under different culture conditions (e.g., use of HI 
bovine serum) and did not study opsonization status. Our pre-
vious opsonization studies (38, 54, 89) and others (6, 27) have 
demonstrated that infection with virulent strain Schu S4 induces 
less TLR2-dependent immune responses than that of avirulent 
strain Fn, including activated ERK (54) and that ligation of CR3 
with serum pre-opsonized Francisella resulted in dampening 
TLR2-mediated ERK activation in human cells (54). By contrast, 
complement-opsonized Schu S4 induced robust ERK activation 
in mouse macrophages (54) and CR3 has a protective role in 
systemic F. tularensis LVS infection in mice (90).

TLR2-induced ERK activation occurs through a previously 
characterized MyD88-independent pathway in which GTPase 
proteins Rac and Ras associate with the cytoplasmic domain 
of TLR2 and undergo rapid activation in response to bacterial 
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FigUre 6 | Dok-1 is phosphorylated during infection with serum-opsonized Schu S4 and co-localizes with Ras GTPase-activating protein (RasGAP). Monocyte-
derived macrophage monolayers were infected with non-opsonized or pre-opsonized bacteria (MOI of 100). Infection was synchronized at 4°C followed by 
incubation at 37°C. At the indicated time points, cell lysates were collected and subjected to Western blot for phosphorylated Lyn and Dok-1 (a). Phosphorylated 
Dok-1/actin band intensity ratio at different time points from (a) is shown in (D). Association of RasGAP with phosphorylated Dok-1 was examined by 
immunoprecipitation using anti-RasGAP Ab (B). Phosphorylated Dok-1/RasGAP band intensity ratio at different time points from (B) is shown in (D). Data  from (a) 
and (B) are representative of 3 independent experiments. Co-localization of RasGAP with Dok-1 was examined at the 5 min time point by confocal microscopy (c). 
Data are representative photomicrographs from three independent experiments.
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stimuli (85, 91). The Raf-MEK-ERK pathway is a key downstream 
effector of Ras. It is well documented that RasGAP is a potent 
negative regulator of the Ras-MAPK signaling pathway (92, 93) 
and that membrane immobilization of Ras and RasGAP is impor-
tant for this negative regulation (94–96). The molecular structure 
of RasGAP includes an amino-terminal region containing a Src 
homology 3 (SH3) domain flanked by two SH2 domains that 
associate with several phosphorylated tyrosine kinase receptors, 
the non-RTK v-Src, and Dok adaptor family proteins. There is 
a PH domain that binds phosphatidylinositol lipids (PIP2 and 
PIP3) within biological membranes, a calcium-dependent 
phospholipid-binding domain (C2), and the catalytic GAP 
domain located in the C-terminal region (93, 97, 98). We found 
that RasGAP activity increases upon infection by pre-opsonized 
Schu S4 compared to non-opsonized bacteria evidenced by 
a reduction in Ras-GTP level (Figures  4A,B). This increase in 
RasGAP activity is responsible for limiting the activation of ERK 
and inflammasome priming since knockdown RasGAP by siRNA 

abolished the effects (Figure  5). These data provide evidence 
that pre-opsonized Ft Schu S4 suppresses immune responses 
through CR3 at an early proximal step that involves recruitment 
of RasGAP to the membrane.

The activity of RasGAP requires adaptor proteins Dok-1 (p62) 
and Dok-2 for the negative regulation of Ras-ERK signaling 
(99), and TNF and nitric oxide production upon LPS treatment 
of macrophages, a step that is independent of TLR2 (99, 100). 
The Dok protein family has seven members (Dok-1–Dok-7) 
which share structural similarities characterized by N-terminal 
PH and PTB domains followed by SH2 target motifs in the 
C-terminal that serve as binding sites for the SH2 domains of 
RasGAP (99). Phosphorylation of tyrosine 295 and 361 of Dok-1 
provides docking sites for the SH2-domain of RasGAP; however, 
phosphorylation of tyrosines 336 and 340 mediated by the non-
RTK Src family members, Lyn or Fyn kinase, is essential for the 
negative regulation of Ras-ERK signaling (73, 101). In addition, 
Lyn/PI3K negatively regulates TLR2 and TLR4 signaling (102). 
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Consistent with our previous publication (54), activation of Lyn 
kinase increased as early as 1 min upon ligation of CR3 by pre-
opsonized Schu S4 (Figure 6A) as did Tyr361 phosphorylation of 
Dok-1 (Figure 6A), a docking site for RasGAP (73). Association 
of RasGAP with Dok-1 was increased upon infection by pre-
opsonized Schu S4 compared to that of non-opsonized bacteria 
(Figure 6C). These data provide evidence for the involvement of 
Dok-1 in the CR3-RasGAP-MAPK signaling pathway in response 
to Schu S4 infection.

Complement receptor 3 is a major receptor for intracellular 
bacterial pathogens (45, 103–105) and immunosuppressive 
signaling events associated with CR3 have been examined in 
several studies (84, 106, 107). For example, ligation of CR3 by the 
surface virulent factor BAD1 of Blastomycetes dermatitidis results 
in TNF suppression and immune invasion (84), and infection of 
murine macrophages with Mycobacterium avium in C3-depleted 
medium resulted in a significantly higher level of TNF produc-
tion (108). Therefore, it will be interesting to investigate whether 
these pathogens also employ similar signaling mechanisms 
related to CR3 in order to evade the immune system to enhance 
their survival during infection.

In summary, our studies have identified a new signaling 
mechanism that links CR3 with inhibition of inflammasome 
priming during serum-opsonized Schu S4 infection of human 
monocytes and macrophages. This involves early recruitment 
and activation of RasGAP, which reduces ERK activation and 
downstream signaling. CR3-mediated immune suppression is 
an important strategy used by F. tularensis for its pathogenic-
ity in humans. These results have broader implications for the 
pathogenesis of other intracellular pathogens that utilize CR3 for 
phagocytosis.
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FigUre s1 | Serum mediates immune suppression of human monocytes by 
Francisella. Approximately 106 monocytes were infected with either non-
opsonized (N) or autologous serum pre-opsonized (Op) F. tularensis (Ft) or  
F. novicida (Fn) (MOI = 100). At the indicated time points, cells were collected, 
lysed, and subjected to Western blot using phosphor ERK and total ERK 
Antibodies. Data are representative of three independent experiments.

FigUre s2 | Full blot of caspase-1 for Figure 1a.

FigUre s3 | Full blot of caspase-1 for Figure 2a.

FigUre s4 | Full blot of caspase-1 for Figure 5B.

reFerences

1. Staples JE, Kubota KA, Chalcraft LG, Mead PS, Petersen JM. Epidemiologic and 
molecular analysis of human tularemia, United States, 1964–2004. Emerg Infect 
Dis (2006) 12(7):1113–8. doi:10.3201/eid1207.051504 

2. Oyston PC. Francisella tularensis: unravelling the secrets of an intracellular 
pathogen. J Med Microbiol (2008) 57(Pt 8):921–30. doi:10.1099/jmm.0.2008/ 
000653-0 

3. Kugeler KJ, Mead PS, Janusz AM, Staples JE, Kubota KA, Chalcraft LG, et al. 
Molecular epidemiology of Francisella tularensis in the United States. Clin Infect 
Dis (2009) 48(7):863–70. doi:10.1086/597261 

4. Thomas LD, Schaffner W. Tularemia pneumonia. Infect Dis Clin North Am 
(2010) 24(1):43–55. doi:10.1016/j.idc.2009.10.012 

5. Jones CL, Napier BA, Sampson TR, Llewellyn AC, Schroeder MR, Weiss DS. 
Subversion of host recognition and defense systems by Francisella spp. Microbiol 
Mol Biol Rev (2012) 76(2):383–404. doi:10.1128/MMBR.05027-11 

6. Bosio CM, Bielefeldt-Ohmann H, Belisle JT. Active suppression of the pulmo-
nary immune response by Francisella tularensis Schu4. J Immunol (2007) 
178(7):4538–47. doi:10.4049/jimmunol.178.7.4538 

7. Butchar JP, Cremer TJ, Clay CD, Gavrilin MA, Wewers MD, Marsh CB,  
et  al. Microarray analysis of human monocytes infected with Francisella 
tularensis identifies new targets of host response subversion. PLoS One (2008) 
3(8):e2924. doi:10.1371/journal.pone.0002924 

8. Cremer TJ, Butchar JP, Tridandapani S. Francisella subverts innate immune 
signaling: focus On PI3K/Akt. Front Microbiol (2011) 5:13. doi:10.3389/fmicb. 
2011.00013 

9. Gillette DD, Curry HM, Cremer T, Ravneberg D, Fatehchand K, Shah PA, 
et al. Virulent type A Francisella tularensis actively suppresses cytokine responses 
in human monocytes. Front Cell Infect Microbiol (2014) 4:45. doi:10.3389/fcimb. 
2014.00045 

10. Schroder K, Tschopp J. The inflammasomes. Cell (2010) 140(6):821–32. 
doi:10.1016/j.cell.2010.01.040 

11. Franchi L, Munoz-Planillo R, Nunez G. Sensing and reacting to microbes 
through the inflammasomes. Nat Immunol (2012) 13(4):325–32. doi:10.1038/
ni.2231 

12. Guo H, Callaway JB, Ting JP. Inflammasomes: mechanism of action, role in 
disease, and therapeutics. Nat Med (2015) 21(7):677–87. doi:10.1038/nm.3893 

13. Broz P, Monack DM. Molecular mechanisms of inflammasome activa-
tion during microbial infections. Immunol Rev (2011) 243(1):174–90. 
doi:10.1111/j.1600-065X.2011.01041.x 

14. Jones CL, Weiss DS. TLR2 signaling contributes to rapid inflammasome acti-
vation during F. novicida infection. PLoS One (2011) 6(6):e20609. doi:10.1371/
journal.pone.0020609 

15. Hanamsagar R, Hanke ML, Kielian T. Toll-like receptor (TLR) and inflam-
masome actions in the central nervous system. Trends Immunol (2012) 
33(7):333–42. doi:10.1016/j.it.2012.03.001 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://www.frontiersin.org/articles/10.3389/fimmu.2018.00561/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2018.00561/full#supplementary-material
https://doi.org/10.3201/eid1207.051504
https://doi.org/10.1099/jmm.0.2008/
000653-0
https://doi.org/10.1099/jmm.0.2008/
000653-0
https://doi.org/10.1086/597261
https://doi.org/10.1016/j.idc.2009.10.012
https://doi.org/10.1128/MMBR.05027-11
https://doi.org/10.4049/jimmunol.178.7.4538
https://doi.org/10.1371/journal.pone.0002924
https://doi.org/10.3389/fmicb.
2011.00013
https://doi.org/10.3389/fmicb.
2011.00013
https://doi.org/10.3389/fcimb.
2014.00045
https://doi.org/10.3389/fcimb.
2014.00045
https://doi.org/10.1016/j.cell.2010.01.040
https://doi.org/10.1038/ni.2231
https://doi.org/10.1038/ni.2231
https://doi.org/10.1038/nm.3893
https://doi.org/10.1111/j.1600-065X.2011.01041.x
https://doi.org/10.1371/journal.pone.0020609
https://doi.org/10.1371/journal.pone.0020609
https://doi.org/10.1016/j.it.2012.03.001


12

Hoang et al. RasGAP Inhibits Francisella Inflammasome Priming

Frontiers in Immunology | www.frontiersin.org March 2018 | Volume 9 | Article 561

16. Ghonime MG, Shamaa OR, Das S, Eldomany RA, Fernandes-Alnemri T,  
Alnemri ES, et  al. Inflammasome priming by lipopolysaccharide is dependent 
upon ERK signaling and proteasome function. J Immunol (2014) 192(8): 
3881–8. doi:10.4049/jimmunol.1301974 

17. Lin KM, Hu W, Troutman TD, Jennings M, Brewer T, Li XX, et al. IRAK-1 
bypasses priming and directly links TLRs to rapid NLRP3 inflammasome 
activation (vol 111, pg 775, 2013). Proc Natl Acad Sci U S A (2014) 111(8):3195. 
doi:10.1073/pnas.1401725111 

18. Perregaux D, Gabel CA. Interleukin-1 beta maturation and release in response 
to ATP and nigericin. Evidence that potassium depletion mediated by these 
agents is a necessary and common feature of their activity. J Biol Chem (1994) 
269(21):15195–203. 

19. Ferrari D, Chiozzi P, Falzoni S, Dal Susino M, Melchiorri L, Baricordi OR, et al. 
Extracellular ATP triggers IL-1 beta release by activating the purinergic P2Z 
receptor of human macrophages. J Immunol (1997) 159(3):1451–8. 

20. Kahlenberg JM, Lundberg KC, Kertesy SB, Qu Y, Dubyak GR. Potentiation 
of caspase-1 activation by the P2X7 receptor is dependent on TLR signals 
and requires NF-kappaB-driven protein synthesis. J Immunol (2005) 
175(11):7611–22. doi:10.4049/jimmunol.175.11.7611 

21. Munoz-Planillo R, Kuffa P, Martinez-Colon G, Smith BL, Rajendiran TM, 
Nunez G. K+ efflux is the common trigger of NLRP3 inflammasome activation 
by bacterial Toxins and particulate matter. Immunity (2013) 38(6):1142–53. 
doi:10.1016/j.immuni.2013.05.016 

22. Juliana C, Fernandes-Alnemri T, Kang S, Farias A, Qin F, Alnemri ES. 
Non-transcriptional priming and deubiquitination regulate NLRP3 inflam-
masome activation. J Biol Chem (2012) 287(43):36617–22. doi:10.1074/jbc.
M112.407130 

23. Fernandes-Alnemri T, Kang S, Anderson C, Sagara J, Fitzgerald KA, Alnemri ES.  
Cutting edge: TLR signaling licenses IRAK1 for rapid activation of the NLRP3 
inflammasome. J Immunol (2013) 191(8):3995–9. doi:10.4049/jimmunol. 
1301681 

24. Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, MacDonald K, Speert D, 
et al. Cutting edge: NF-kappa B activating pattern recognition and cytokine 
receptors license NLRP3 inflammasome activation by regulating NLRP3 
expression. J Immunol (2009) 183(2):787–91. doi:10.4049/jimmunol.0901363 

25. Golovliov I, Sandstrom G, Ericsson M, Sjostedt A, Tarnvik A. Cytokine 
expression in the liver during the early phase of murine tularemia. Infect 
Immun (1995) 63(2):534–8. 

26. Mariathasan S, Weiss DS, Dixit VM, Monack DM. Innate immunity against 
Francisella tularensis is dependent on the ASC/caspase-1 axis. J Exp Med 
(2005) 202(8):1043–9. doi:10.1084/jem.20050977 

27. Metzger DW, Bakshi CS, Kirimanjeswara G. Mucosal immunopathogenesis 
of Francisella tularensis. Ann N Y Acad Sci (2007) 1105:266–83. doi:10.1196/
annals.1409.007 

28. Gavrilin MA, Bouakl IJ, Knatz NL, Duncan MD, Hall MW, Gunn JS, et al. 
Internalization and phagosome escape required for Francisella to induce 
human monocyte IL-1beta processing and release. Proc Natl Acad Sci U S A 
(2006) 103(1):141–6. doi:10.1073/pnas.0504271103 

29. Henry T, Monack DM. Activation of the inflammasome upon Francisella tula
rensis infection: interplay of innate immune pathways and virulence factors. 
Cell Microbiol (2007) 9(11):2543–51. doi:10.1111/j.1462-5822.2007.01022.x 

30. Weiss DS, Henry T, Monack DM. Francisella tularensis: activation of the 
inflammasome. Ann N Y Acad Sci (2007) 1105:219–37. doi:10.1196/annals. 
1409.005 

31. Jones JW, Broz P, Monack DM. Innate immune recognition of Francisella tula
rensis: activation of type-I interferons and the inflammasome. Front Microbiol 
(2011) 2:16. doi:10.3389/fmicb.2011.00016 

32. Fernandes-Alnemri T, Yu JW, Juliana C, Solorzano L, Kang S, Wu JH, et al. The 
AIM2 inflammasome is critical for innate immunity to Francisella tularensis. 
Nat Immunol (2010) 11(5):385–94. doi:10.1038/ni.1859 

33. Jones JW, Kayagaki N, Broz P, Henry T, Newton K, O’Rourke K, et al. Absent 
in melanoma 2 is required for innate immune recognition of Francisella 
tularensis. Proc Natl Acad Sci U S A (2010) 107(21):9771–6. doi:10.1073/pnas. 
1003738107 

34. Gavrilin MA, Mitra S, Seshadri S, Nateri J, Berhe F, Hall MW, et  al. Pyrin 
critical to macrophage IL-1beta response to Francisella challenge. J Immunol 
(2009) 182(12):7982–9. doi:10.4049/jimmunol.0803073 

35. Atianand MK, Duffy EB, Shah A, Kar S, Malik M, Harton JA. Francisella tula
rensis reveals a disparity between human and mouse NLRP3 inflammasome 

activation. J Biol Chem (2011) 286(45):39033–42. doi:10.1074/jbc.M111. 
244079 

36. Gavrilin MA, Wewers MD. Francisella recognition by inflammasomes: 
differences between mice and men. Front Microbiol (2011) 2:11. doi:10.3389/
fmicb.2011.00011 

37. Postic G, Dubail I, Frapy E, Dupuis M, Dieppedale J, Charbit A, et  al. 
Identification of a novel small RNA modulating Francisella tularensis patho-
genicity. PLoS One (2012) 7(7):e41999. doi:10.1371/journal.pone.0041999 

38. Dotson RJ, Rabadi SM, Westcott EL, Bradley S, Catlett SV, Banik S, et  al. 
Repression of inflammasome by Francisella tularensis during early stages 
of infection. J Biol Chem (2013) 288(33):23844–57. doi:10.1074/jbc.M113. 
490086 

39. Lagrange B, Benaoudia S, Wallet P, Magnotti F, Provost A, Michal F, et  al. 
Human caspase-4 detects tetra-acylated LPS and cytosolic Francisella and 
functions differently from murine caspase-11. Nat Commun (2018) 9(1):242. 
doi:10.1038/s41467-017-02682-y 

40. Ghonime MG, Mitra S, Eldomany RA, Wewers MD, Gavrilin MA. 
Inflammasome priming is similar for Francisella species that differentially induce 
inflammasome activation. PLoS One (2015) 10(5):e0127278. doi:10.1371/ 
journal.pone.0127278 

41. Wright SD, Silverstein SC. Receptors for C3b and C3bi promote phagocytosis 
but not the release of toxic oxygen from human phagocytes. J Exp Med (1983) 
158(6):2016–23. doi:10.1084/jem.158.6.2016 

42. Schlesinger LS, Horwitz MA. Phagocytosis of leprosy bacilli is mediated by 
complement receptors Cr-1 and Cr3 on human monocytes and complement 
component-C3 in serum. J Clin Invest (1990) 85(4):1304–14. doi:10.1172/
Jci114568 

43. Geier H, Celli J. Phagocytic receptors dictate phagosomal escape and intracel-
lular proliferation of Francisella tularensis. Infect Immun (2011) 79(6):2204–14. 
doi:10.1128/Iai.01382-10 

44. Schlesinger LS, Horwitz MA. Phagocytosis of Leprosy bacilli by human- 
monocytes is mediated by complement receptors Cr-1 and Cr3. Clin Res 
(1988) 36(3):A582. 

45. Schlesinger LS, Bellingerkawahara CG, Payne NR, Horwitz MA. Phagocytosis 
of Mycobacterium tuberculosis is mediated by human monocyte complement 
receptors and complement component-C3. J Immunol (1990) 144(7):2771–80. 

46. Edwards JL, Brown EJ, Uk-Nham S, Cannon JG, Blake MS, Apicella MA. 
A co-operative interaction between Neisseria gonorrhoeae and complement 
receptor 3 mediates infection of primary cervical epithelial cells. Cell Microbiol 
(2002) 4(9):571–84. doi:10.1046/j.1462-5822.2002.t01-1-00215.x 

47. Wang M, Shakhatreh MA, James D, Liang S, Nishiyama S, Yoshimura F, et al. 
Fimbrial proteins of Porphyromonas gingivalis mediate in vivo virulence and 
exploit TLR2 and complement receptor 3 to persist in macrophages. J Immunol 
(2007) 179(4):2349–58. doi:10.4049/jimmunol.179.4.2349 

48. Carter CR, Whitcomb JP, Campbell JA, Mukbel RM, McDowell MA. 
Complement receptor 3 deficiency influences lesion progression during 
Leishmania major infection in BALB/c mice. Infect Immun (2009) 77(12): 
5668–75. doi:10.1128/IAI.00802-08 

49. Clemens DL, Lee BY, Horwitz MA. Francisella tularensis enters macro-
phages via a novel process involving pseudopod loops. Infect Immun (2005) 
73(9):5892–902. doi:10.1128/IAI.73.9.5892-5902.2005 

50. Clay CD, Soni S, Gunn JS, Schlesinger LS. Evasion of complement-mediated 
lysis and complement C3 deposition are regulated by Francisella tularensis 
lipopolysaccharide O antigen. J Immunol (2008) 181(8):5568–78. doi:10.4049/
jimmunol.181.8.5568 

51. Gurcan S. Epidemiology of tularemia. Balkan Med J (2014) 31(1):3–10. 
doi:10.5152/balkanmedj.2014.13117 

52. Abram CL, Lowell CA. The ins and outs of leukocyte integrin signaling. Annu 
Rev Immunol (2009) 27:339–62. doi:10.1146/annurev.immunol.021908.132554 

53. Hajishengallis G, Lambris JD. Crosstalk pathways between toll-like recep-
tors and the complement system. Trends Immunol (2010) 31(4):154–63. 
doi:10.1016/j.it.2010.01.002 

54. Dai S, Rajaram MV, Curry HM, Leander R, Schlesinger LS. Fine tuning 
inflammation at the front door: macrophage complement receptor 3-mediates 
phagocytosis and immune suppression for Francisella tularensis. PLoS Pathog 
(2013) 9(1):e1003114. doi:10.1371/journal.ppat.1003114 

55. Leander R, Dai S, Schlesinger LS, Friedman A. A mathematical model of CR3/
TLR2 crosstalk in the context of Francisella tularensis infection. PLoS Comput 
Biol (2012) 8(11):e1002757. doi:10.1371/journal.pcbi.1002757 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.4049/jimmunol.1301974
https://doi.org/10.1073/pnas.1401725111
https://doi.org/10.4049/jimmunol.175.11.7611
https://doi.org/10.1016/j.immuni.2013.05.016
https://doi.org/10.1074/jbc.M112.407130
https://doi.org/10.1074/jbc.M112.407130
https://doi.org/10.4049/jimmunol.
1301681
https://doi.org/10.4049/jimmunol.
1301681
https://doi.org/10.4049/jimmunol.0901363
https://doi.org/10.1084/jem.20050977
https://doi.org/10.1196/annals.1409.007
https://doi.org/10.1196/annals.1409.007
https://doi.org/10.1073/pnas.0504271103
https://doi.org/10.1111/j.1462-5822.2007.01022.x
https://doi.org/10.1196/annals.
1409.005
https://doi.org/10.1196/annals.
1409.005
https://doi.org/10.3389/fmicb.2011.00016
https://doi.org/10.1038/ni.1859
https://doi.org/10.1073/pnas.
1003738107
https://doi.org/10.1073/pnas.
1003738107
https://doi.org/10.4049/jimmunol.0803073
https://doi.org/10.1074/jbc.M111.
244079
https://doi.org/10.1074/jbc.M111.
244079
https://doi.org/10.3389/fmicb.2011.00011
https://doi.org/10.3389/fmicb.2011.00011
https://doi.org/10.1371/journal.pone.0041999
https://doi.org/10.1074/jbc.M113.
490086
https://doi.org/10.1074/jbc.M113.
490086
https://doi.org/10.1038/s41467-017-02682-y
https://doi.org/10.1371/
journal.pone.0127278
https://doi.org/10.1371/
journal.pone.0127278
https://doi.org/10.1084/jem.158.6.2016
https://doi.org/10.1172/Jci114568
https://doi.org/10.1172/Jci114568
https://doi.org/10.1128/Iai.01382-10
https://doi.org/10.1046/j.1462-5822.2002.t01-1-00215.x
https://doi.org/10.4049/jimmunol.179.4.2349
https://doi.org/10.1128/IAI.00802-08
https://doi.org/10.1128/IAI.73.9.5892-5902.2005
https://doi.org/10.4049/jimmunol.181.8.5568
https://doi.org/10.4049/jimmunol.181.8.5568
https://doi.org/10.5152/balkanmedj.2014.13117
https://doi.org/10.1146/annurev.immunol.021908.132554
https://doi.org/10.1016/j.it.2010.01.002
https://doi.org/10.1371/journal.ppat.1003114
https://doi.org/10.1371/journal.pcbi.1002757


13

Hoang et al. RasGAP Inhibits Francisella Inflammasome Priming

Frontiers in Immunology | www.frontiersin.org March 2018 | Volume 9 | Article 561

56. Sot B, Behrmann E, Raunser S, Wittinghofer A. Ras GTPase activating 
(RasGAP) activity of the dual specificity GAP protein Rasal requires colocal-
ization and C2 domain binding to lipid membranes. Proc Natl Acad Sci U S A 
(2013) 110(1):111–6. doi:10.1073/pnas.1201658110 

57. Balagopal A, MacFarlane AS, Mohapatra N, Soni S, Gunn JS, Schlesinger LS. 
Characterization of the receptor-ligand pathways important for entry and 
survival of Francisella tularensis in human macrophages. Infect Immun (2006) 
74(9):5114–25. doi:10.1128/Iai.00795-06 

58. Shamaa OR, Mitra S, Gavrilin MA, Wewers MD. Monocyte caspase-1 is 
released in a stable, active high molecular weight complex distinct from the 
unstable cell lysate-activated caspase-1. PLoS One (2015) 10(11):e0142203. 
doi:10.1371/journal.pone.0142203 

59. Bos JL, Rehmann H, Wittinghofer A. GEFs and GAPs: critical elements in 
the control of small G proteins. Cell (2007) 129(5):865–77. doi:10.1016/ 
j.cell.2007.05.018 

60. Taylor SJ, Resnick RJ, Shalloway D. Nonradioactive determination of Ras-
GTP levels using activated Ras interaction assay. Methods Enzymol (2001) 
333:333–42. doi:10.1016/S0076-6879(01)33067-7 

61. Dai SP, Mohapatra NP, Schlesinger LS, Gunn JS. The acid phosphatase AcpA is 
secreted in vitro and in macrophages by Francisella spp. Infect Immun (2012) 
80(3):1088–97. doi:10.1128/Iai.06245-11 

62. Mehta VB, Hart J, Wewers MD. ATP-stimulated release of interleukin (IL)-
1beta and IL-18 requires priming by lipopolysaccharide and is independent 
of caspase-1 cleavage. J Biol Chem (2001) 276(6):3820–6. doi:10.1074/jbc.
M006814200 

63. Thieblemont N, Haeffner-Cavaillon N, Ledur A, L’Age-Stehr J, Ziegler-
Heitbrock HW, Kazatchkine MD. CR1 (CD35) and CR3 (CD11b/CD18) 
mediate infection of human monocytes and monocytic cell lines with  
complement-opsonized HIV independently of CD4. Clin Exp Immunol (1993) 
92(1):106–13. doi:10.1111/j.1365-2249.1993.tb05955.x 

64. Moreau GB, Mann BJ. Adherence and uptake of Francisella into host cells. 
Virulence (2013) 4(8):826–32. doi:10.4161/viru.25629 

65. Bina XR, Lavine CL, Miller MA, Bina JE. The AcrAB RND efflux system 
from the live vaccine strain of Francisella tularensis is a multiple drug efflux 
system that is required for virulence in mice. FEMS Microbiol Lett (2008) 
279(2):226–33. doi:10.1111/j.1574-6968.2007.01033.x 

66. Katz J, Zhang P, Martin M, Vogel SN, Michalek SM. Toll-like receptor 2 is 
required for inflammatory responses to Francisella tularensis LVS. Infect 
Immun (2006) 74(5):2809–16. doi:10.1128/Iai.75.5.2809-2816.2006 

67. Malik M, Bakshi CS, Sahay B, Shah A, Lotz SA, Sellati TJ. Toll-like receptor 2 is 
required for control of pulmonary infection with Francisella tularensis. Infect 
Immun (2006) 74(6):3657–62. doi:10.1128/Iai.02030-05 

68. Cole LE, Shirey KA, Barry E, Santiago A, Rallabhandi P, Elkins KL, et  al. 
Toll-like receptor 2-mediated signaling requirements for Francisella tularensis 
live vaccine strain infection of murine macrophages. Infect Immun (2007) 
75(8):4127–37. doi:10.1128/IAI.01868-06 

69. Hong KJ, Wickstrum JR, Yeh HW, Parmely MJ. Toll-like receptor 2 controls 
the gamma interferon response to Francisella tularensis by mouse liver 
lymphocytes. Infect Immun (2007) 75(11):5338–45. doi:10.1128/IAI.00561-07 

70. Abplanalp AL, Morris IR, Parida BK, Teale JM, Berton MT. TLR-dependent 
control of Francisella tularensis infection and host inflammatory responses. 
PLoS One (2009) 4(11):e7920. doi:10.1371/journal.pone.0007920 

71. Takai Y, Sasaki T, Matozaki T. Small GTP-binding proteins. Physiol Rev (2001) 
81(1):153–208. doi:10.1152/physrev.2001.81.1.153 

72. Yamanashi Y, Baltimore D. Identification of the abl- and rasGAP-associated 62 
kDa protein as a docking protein, dok. Cell (1997) 88(2):205–11. doi:10.1016/
S0092-8674(00)81841-3 

73. Shinohara H, Yasuda T, Yamanashi Y. Dok-1 tyrosine residues at 336 and 
340 are essential for the negative regulation of Ras-Erk signalling, but dis-
pensable for rasGAP-binding. Genes Cells (2004) 9(6):601–7. doi:10.1111/j. 
1365-2443.2004.00748.x 

74. Gunn JS, Ernst RK. The structure and function of Francisella lipopolysaccha-
ride. Ann N Y Acad Sci (2007) 1105:202–18. doi:10.1196/annals.1409.006 

75. Mares CA, Ojeda SS, Morris EG, Li Q, Teale JM. Initial delay in the immune 
response to Francisella tularensis is followed by hypercytokinemia char-
acteristic of severe sepsis and correlating with upregulation and release of 
damage-associated molecular patterns. Infect Immun (2008) 76(7):3001–10. 
doi:10.1128/Iai.00215-08 

76. Huang MT, Mortensen BL, Taxman DJ, Craven RR, Taft-Benz S, Kijek TM, 
et al. Deletion of ripA alleviates suppression of the inflammasome and MAPK 
by Francisella tularensis. J Immunol (2010) 185(9):5476–85. doi:10.4049/
jimmunol.1002154 

77. Walters KA, Olsufka R, Kuestner RE, Wu X, Wang K, Skerrett SJ, et al. Prior 
infection with type A Francisella tularensis antagonizes the pulmonary 
transcriptional response to an aerosolized toll-like receptor 4 agonist. BMC 
Genomics (2015) 16(1):874. doi:10.1186/s12864-015-2022-2 

78. Telepnev M, Golovliov I, Grundstrom T, Tarnvik A, Sjostedt A. Francisella 
tularensis inhibits toll-like receptor-mediated activation of intracellular sig-
nalling and secretion of TNF-alpha and IL-1 from murine macrophages. Cell 
Microbiol (2003) 5(1):41–51. doi:10.1046/j.1462-5822.2003.00251.x 

79. Bosio CM, Dow SW. Francisella tularensis induces aberrant activation of 
pulmonary dendritic cells. J Immunol (2005) 175(10):6792–801. doi:10.4049/
jimmunol.175.10.6792 

80. Telepnev M, Golovliov I, Sjostedt A. Francisella tularensis LVS initially activates  
but subsequently down-regulates intracellular signaling and cytokine secre-
tion in mouse monocytic and human peripheral blood mononuclear cells. 
Microb Pathog (2005) 38(5–6):239–47. doi:10.1016/j.micpath.2005.02.003 

81. Chase JC, Celli J, Bosio CM. Direct and indirect impairment of human den-
dritic cell function by virulent Francisella tularensis Schu S4. Infect Immun 
(2009) 77(1):180–95. doi:10.1128/IAI.00879-08 

82. Aderem AA, Wright SD, Silverstein SC, Cohn ZA. Ligated complement 
receptors do not activate the arachidonic-acid cascade in resident peritone-
al-macrophages. J Exp Med (1985) 161(3):617–22. doi:10.1084/jem.161.3.617 

83. Stein M, Gordon S. Regulation of tumor necrosis factor (TNF) release 
by murine peritoneal macrophages: role of cell stimulation and specific 
phagocytic plasma membrane receptors. Eur J Immunol (1991) 21(2):431–7. 
doi:10.1002/eji.1830210227 

84. Brandhorst TT, Wuthrich M, Finkel-Jimenez B, Warner T, Klein BS. Exploiting 
type 3 complement receptor for TNF-alpha suppression, immune evasion, and 
progressive pulmonary fungal infection. J Immunol (2004) 173(12):7444–53. 
doi:10.4049/jimmunol.173.12.7444 

85. Arbibe L, Mira JP, Teusch N, Kline L, Guha M, Mackman N, et al. Toll-like 
receptor 2-mediated NF-kappa B activation requires a Rac1-dependent 
pathway. Nat Immunol (2000) 1(6):533–40. doi:10.1038/82797 

86. Colicelli J. Human RAS superfamily proteins and related GTPases. Sci STKE 
(2004) 2004(250):RE13. doi:10.1126/stke.2502004re13 

87. Sundaram MV. RTK/Ras/MAPK signaling. WormBook (2006):1–19. 
doi:10.1895/wormbook.1.80.1 

88. Wickstrum JR, Bokhari SM, Fischer JL, Pinson DM, Yeh HW, Horvat RT, et al. 
Francisella tularensis induces extensive caspase-3 activation and apoptotic cell 
death in the tissues of infected mice. Infect Immun (2009) 77(11):4827–36. 
doi:10.1128/IAI.00246-09 

89. Cremer TJ, Ravneberg DH, Clay CD, Piper-Hunter MG, Marsh CB, Elton TS, 
et al. MiR-155 induction by F. novicida but not the virulent F. tularensis results 
in SHIP down-regulation and enhanced pro-inflammatory cytokine response. 
PLoS One (2009) 4(12):e8508. doi:10.1371/journal.pone.0008508 

90. Conlan JW, North RJ. Early pathogenesis of infection in the liver with the 
facultative intracellular bacteria Listeria monocytogenes, Francisella tularensis, 
and Salmonella typhimurium involves lysis of infected hepatocytes by leuko-
cytes. Infect Immun (1992) 60(12):5164–71. 

91. Pathak SK, Bhattacharyya A, Pathak S, Basak C, Mandal D, Kundu M, et al. 
Toll-like receptor 2 and mitogen- and stress-activated kinase 1 are effectors of 
Mycobacterium avium-induced cyclooxygenase-2 expression in macrophages. 
J Biol Chem (2004) 279(53):55127–36. doi:10.1074/jbc.M409885200 

92. Iwashita S, Song SY. RasGAPs: a crucial regulator of extracellular stimuli for 
homeostasis of cellular functions. Mol Biosyst (2008) 4(3):213–22. doi:10.1039/
b716357f 

93. Grewal T, Koese M, Tebar F, Enrich C. Differential regulation of RasGAPs 
in cancer. Genes Cancer (2011) 2(3):288–97. doi:10.1177/1947601911407330 

94. Murakoshi H, Iino R, Kobayashi T, Fujiwara T, Ohshima C, Yoshimura A, 
et al. Single-molecule imaging analysis of Ras activation in living cells. Proc 
Natl Acad Sci U S A (2004) 101(19):7317–22. doi:10.1073/pnas.0401354101 

95. Hibino K, Shibata T, Yanagida T, Sako Y. Activation kinetics of RAF protein 
in the ternary complex of RAF, RAS-GTP, and kinase on the plasma mem-
brane of living cells: single-molecule imaging analysis. J Biol Chem (2011) 
286(42):36460–8. doi:10.1074/jbc.M111.262675 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1073/pnas.1201658110
https://doi.org/10.1128/Iai.00795-06
https://doi.org/10.1371/journal.pone.0142203
https://doi.org/10.1016/
j.cell.2007.05.018
https://doi.org/10.1016/
j.cell.2007.05.018
https://doi.org/10.1016/S0076-6879(01)33067-7
https://doi.org/10.1128/Iai.06245-11
https://doi.org/10.1074/jbc.M006814200
https://doi.org/10.1074/jbc.M006814200
https://doi.org/10.1111/j.1365-2249.1993.tb05955.x
https://doi.org/10.4161/viru.25629
https://doi.org/10.1111/j.1574-6968.2007.01033.x
https://doi.org/10.1128/Iai.75.5.2809-2816.2006
https://doi.org/10.1128/Iai.02030-05
https://doi.org/10.1128/IAI.01868-06
https://doi.org/10.1128/IAI.00561-07
https://doi.org/10.1371/journal.pone.0007920
https://doi.org/10.1152/physrev.2001.81.1.153
https://doi.org/10.1016/S0092-8674(00)81841-3
https://doi.org/10.1016/S0092-8674(00)81841-3
https://doi.org/10.1111/j.
1365-2443.2004.00748.x
https://doi.org/10.1111/j.
1365-2443.2004.00748.x
https://doi.org/10.1196/annals.1409.006
https://doi.org/10.1128/Iai.00215-08
https://doi.org/10.4049/jimmunol.1002154
https://doi.org/10.4049/jimmunol.1002154
https://doi.org/10.1186/s12864-015-2022-2
https://doi.org/10.1046/j.1462-5822.2003.00251.x
https://doi.org/10.4049/jimmunol.175.10.6792
https://doi.org/10.4049/jimmunol.175.10.6792
https://doi.org/10.1016/j.micpath.2005.02.003
https://doi.org/10.1128/IAI.00879-08
https://doi.org/10.1084/jem.161.3.617
https://doi.org/10.1002/eji.1830210227
https://doi.org/10.4049/jimmunol.173.12.7444
https://doi.org/10.1038/82797
https://doi.org/10.1126/stke.2502004re13
https://doi.org/10.1895/wormbook.1.80.1
https://doi.org/10.1128/IAI.00246-09
https://doi.org/10.1371/journal.pone.0008508
https://doi.org/10.1074/jbc.M409885200
https://doi.org/10.1039/b716357f
https://doi.org/10.1039/b716357f
https://doi.org/10.1177/1947601911407330
https://doi.org/10.1073/pnas.0401354101
https://doi.org/10.1074/jbc.M111.262675


14

Hoang et al. RasGAP Inhibits Francisella Inflammasome Priming

Frontiers in Immunology | www.frontiersin.org March 2018 | Volume 9 | Article 561

96. Nan X, Collisson EA, Lewis S, Huang J, Tamguney TM, Liphardt JT, et al. 
Single-molecule superresolution imaging allows quantitative analysis of 
RAF multimer formation and signaling. Proc Natl Acad Sci U S A (2013) 
110(46):18519–24. doi:10.1073/pnas.1318188110 

97. Pamonsinlapatham P, Hadj-Slimane R, Lepelletier Y, Allain B, Toccafondi 
M, Garbay C, et al. p120-Ras GTPase activating protein (RasGAP): a multi- 
interacting protein in downstream signaling. Biochimie (2009) 91(3):320–8. 
doi:10.1016/j.biochi.2008.10.010 

98. King PD, Lubeck BA, Lapinski PE. Nonredundant functions for Ras GTPase-
activating proteins in tissue homeostasis. Sci Signal (2013) 6(264):re1. 
doi:10.1126/scisignal.2003669 

99. Mashima R, Hishida Y, Tezuka T, Yamanashi Y. The roles of Dok family 
adapters in immunoreceptor signaling. Immunol Rev (2009) 232(1):273–85. 
doi:10.1111/j.1600-065X.2009.00844.x 

100. Shinohara H, Inoue A, Toyama-Sorimachi N, Nagai Y, Yasuda T, Suzuki H, 
et al. Dok-1 and Dok-2 are negative regulators of lipopolysaccharide-induced 
signaling. J Exp Med (2005) 201(3):333–9. doi:10.1084/jem.20041817 

101. Liang X, Wisniewski D, Strife A, Shivakrupa, Clarkson B, Resh MD. 
Phosphatidylinositol 3-kinase and Src family kinases are required for phos-
phorylation and membrane recruitment of Dok-1 in c-Kit signaling. J Biol 
Chem (2002) 277(16):13732–8. doi:10.1074/jbc.M200277200 

102. Keck S, Freudenberg M, Huber M. Activation of murine macrophages 
via TLR2 and TLR4 is negatively regulated by a Lyn/PI3K module and 
promoted by SHIP1. J Immunol (2010) 184(10):5809–18. doi:10.4049/
jimmunol.0901423 

103. Mosser DM, Vlassara H, Edelson PJ, Cerami A. Leishmania promastigotes are 
recognized by the macrophage receptor for advanced glycosylation endprod-
ucts. J Exp Med (1987) 165(1):140–5. doi:10.1084/jem.165.1.140 

104. Payne NR, Horwitz MA. Phagocytosis of Legionella pneumophila is medi-
ated by human monocyte complement receptors. J Exp Med (1987) 166(5): 
1377–89. doi:10.1084/jem.166.5.1377 

105. Wilson ME, Pearson RD. Roles of CR3 and mannose receptors in the 
attachment and ingestion of Leishmania donovani by human mononuclear 
phagocytes. Infect Immun (1988) 56(2):363–9. 

106. Behrens EM, Sriram U, Shivers DK, Gallucci M, Ma ZY, Finkel TH, et  al. 
Complement receptor 3 ligation of dendritic cells suppresses their stimulatory 
capacity. J Immunol (2007) 178(10):6268–79. doi:10.4049/jimmunol.178.10.6268 

107. Ricklin D, Hajishengallis G, Yang K, Lambris JD. Complement: a key system 
for immune surveillance and homeostasis. Nat Immunol (2010) 11(9):785–97. 
doi:10.1038/ni.1923 

108. Irani VR, Maslow JN. Induction of murine macrophage TNF-alpha synthesis 
by Mycobacterium avium is modulated through complement-dependent 
interaction via complement receptors 3 and 4 in relation to M. avium 
glycopeptidolipid. FEMS Microbiol Lett (2005) 246(2):221–8. doi:10.1016/j.
femsle.2005.04.008 

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

Copyright © 2018 Hoang, Rajaram, Curry, Gavrilin, Wewers and Schlesinger. This is 
an openaccess article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is permitted, pro
vided the original author(s) and the copyright owner 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.

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1073/pnas.1318188110
https://doi.org/10.1016/j.biochi.2008.10.010
https://doi.org/10.1126/scisignal.2003669
https://doi.org/10.1111/j.1600-065X.2009.00844.x
https://doi.org/10.1084/jem.20041817
https://doi.org/10.1074/jbc.M200277200
https://doi.org/10.4049/jimmunol.0901423
https://doi.org/10.4049/jimmunol.0901423
https://doi.org/10.1084/jem.165.1.140
https://doi.org/10.1084/jem.166.5.1377
https://doi.org/10.4049/jimmunol.178.10.6268
https://doi.org/10.1038/ni.1923
https://doi.org/10.1016/j.femsle.2005.04.008
https://doi.org/10.1016/j.femsle.2005.04.008
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Complement Receptor 3-Mediated Inhibition of Inflammasome Priming by Ras GTPase-Activating Protein During Francisella tularensis Phagocytosis by Human Mononuclear Phagocytes
	Introduction
	Materials and Methods
	Bacterial Strains and Growth Conditions
	Human Monocyte and Monocyte-Derived Macrophage (hMDM) Preparation
	Reagents and Antibodies (Abs)
	Monocyte siRNA Transfection
	Bacterial Opsonization, Monocyte and hMDM Infection, and Cell Lysis
	Assay of Inflammasome Priming
	Western Blotting and IL-18 ELISA
	Assay of RasGAP Activity
	Immunofluorescence Microscopy
	Statistical Analysis

	Results
	Serum Opsonization Mediates Inhibition 
of Inflammasome Priming by Francisella 
in Human Monocytes
	Complement C3 Opsonization of Francisella Mediates Limited Inflammasome Priming During 
Infection of Human Monocytes
	CR3/CD11b Engagement Limits Inflammasome Priming During Schu 
S4 Infection
	Uptake of Serum-Opsonized Francisella by Monocytes and hMDMs Leads to Increased RasGAP Activity
	Inhibition of Inflammasome Priming by Serum Pre-Opsonized Schu S4 Is Dependent on RasGAP
	Serum-Opsonized Schu S4 Activates Dok-1 Which Binds to RasGAP

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


