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Flagellar Motility Is a Key Determinant of the Magnitude of the
Inflammasome Response to Pseudomonas aeruginosa
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We previously demonstrated that bacterial flagellar motility is a fundamental mechanism by which host phagocytes bind and
ingest bacteria. Correspondingly, loss of bacterial motility, consistently observed in clinical isolates from chronic Pseudomonas
aeruginosa infections, enables bacteria to evade association and ingestion of P. aeruginosa by phagocytes both in vitro and in
vivo. Since bacterial interactions with the phagocyte cell surface are required for type three secretion system-dependent NLRC4
inflammasome activation by P. aeruginosa, we hypothesized that reduced bacterial association with phagocytes due to loss of
bacterial motility, independent of flagellar expression, will lead to reduced inflammasome activation. Here we report that in-
flammasome activation is reduced in response to nonmotile P. aeruginosa. Nonmotile P. aeruginosa elicits reduced IL-1§3 pro-
duction as well as caspase-1 activation by peritoneal macrophages and bone marrow-derived dendritic cells in vitro. Impor-
tantly, nonmotile P. aeruginosa also elicits reduced IL-1p levels in vivo in comparison to those elicited by wild-type P.
aeruginosa. This is the first demonstration that loss of bacterial motility results in reduced inflammasome activation and anti-
bacterial IL-1f3 host response. These results provide a critical insight into how the innate immune system responds to bacterial

motility and, correspondingly, how pathogens have evolved mechanisms to evade the innate immune system.

Pseudomonas aeruginosa is a Gram-negative bacterium that
causes acute and chronic infections in immunocompromised
humans. P. aeruginosa is well characterized to cause chronic pul-
monary infections in cystic fibrosis (CF) patients which lead to
inflammation and progressive pulmonary damage, with proin-
flammatory cytokines, including interleukin1 (IL-1B), elevated
in the bronchoalveolar lavage fluid and the sputum (1). IL-13
leads to inflammatory cell recruitment and amplification of pro-
inflammatory cytokines that result in bactericidal responses to P.
aeruginosa. Correspondingly, eradication of P. aeruginosa leads to
a decrease in the levels of IL-18 (1).

The potent IL-1 response to P. aeruginosa is triggered by the
NLRC4 (nucleotide-binding domain, leucine-rich repeat-con-
taining family, caspase-associated recruitment domain 4) inflam-
masome (2—4). The NLRC4 inflammasome is a multiprotein
complex comprised of the proteins NLRC4, ASC (apoptosis-asso-
ciated speck-like protein containing a caspase recruitment do-
main), and procaspase-1 (5, 6). Inflammasome activation leads to
the cleavage of procaspase-1 to activated caspase-1 that induces
the processing of pro-IL-1B and pro-IL-18, which are released as
mature IL-18 and IL-18 (6). NLRC4 inflammasome activation
also leads to an inflammatory cell death known as pyroptosis.
Although NLRC4-dependent cytokine processing in response to
P. aeruginosa is dependent on ASC, pyroptosis is independent of
ASC (2, 3).

Many Gram-negative pathogens encode a molecular syringe-
like complex called the type three secretion system (T3SS), used
for injecting effector proteins into the host cell cytosol to promote
virulence (7, 8). The T3SS genes of P. aeruginosa are induced upon
contact with host cells (9, 10), and the NLRC4 inflammasome
subsequently responds to T3SS-dependent injection of FliC, the
monomeric subunit of the flagellum, and Pscl, the T3SS basal
body rod component, into the host cell (24, 11). Pilin, a major
component of the type IV bacterial pilus, has also been proposed
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to lead to inflammasome activation via the T3SS (12). Since T3SS-
dependent activation of the NLRC4 inflammasome relies upon
bacterial apposition with the macrophage cell surface, we hypoth-
esized that mechanisms which would reduce bacterial association
with macrophages would lead to reduced activation of the inflam-
masome.

Loss of flagellar motility by either downregulation or loss of
genes required for flagellar motility leads to persistence of P.
aeruginosa in chronically infected patients (13, 14). We recently
demonstrated that loss of flagellar motility, independent of loss of
flagellar structure, enables bacteria to evade cell surface interac-
tions and subsequent phagocytosis by macrophages (15). In this
work, we report that loss of flagellar motility by P. aeruginosa leads
to reduced IL-1B production, caspase-1 activation, and cell death.
We show that inflammasome activation is dependent on bacterial
contact with host cells, and cytokine processing is independent of
bacterial phagocytosis. We further show that loss of flagellar mo-
tility leads to reduced caspase-1 activation in peritoneal macro-
phages. Using a peritonitis model, we demonstrate that nonmotile
P. aeruginosa elicits a reduced IL-1[ response in vivo in compari-
son to that induced by wild-type (WT) motile P. aeruginosa. Our
data provide new insights into the role of flagellar motility in the
modulation of inflammatory responses and, specifically, in induc-
tion of inflammasome activation.
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MATERIALS AND METHODS

Mice. Six- to 8-week-old mice on the C57BL/6 background were used for
all experiments. C57BL/6 WT mice were obtained from the National Can-
cer Institute (Bethesda, MD). ASC™/~ mice have been described previ-
ously (16) and were obtained from V. Dixit (Genentech, CA). Caspase-
17/~ mice have been described previously (17). This study was carried out
in strict accordance with the recommendations in the Guide for the Care
and Use of Laboratory Animals of the National Research Council (18). The
protocol was approved by the Dartmouth IACUC.

Materials. The DuoSet enzyme-linked immunosorbent assay (ELISA)
kit for mouse IL-1[, which contains antibodies raised against recombi-
nant IL-1[, was purchased from R&D Systems (Minneapolis, MN). Lipo-
polysaccharide (LPS), ATP disodium salt hydrate (ATP), cytochalasin D,
and 4',6-diamidino-2-phenylindole dihydrochloride (DAPI) were pur-
chased from Sigma-Aldrich (St. Louis, MO). FAM-YVAD-FMK FLICA
caspase-1 stain was purchased from ImmunoChemistry Technologies
(Bloomington, MN). Propidium iodide was purchased from MP Bio-
medicals (Solon, OH). Allophycocyanin (APC)-conjugated anti-mouse
CD45 antibody (clone 30-F11) was purchased from eBioscience (San Di-
ego, CA). Phycoerythrin (PE)-conjugated anti-mouse Ly6G antibody
(clone 1A8), APC-conjugated anti-mouse F4/80 antibody (clone BMS),
and anti-B-actin antibody (clone 2F1-1) were purchased from BioLegend
(San Diego, CA). Polyclonal anti-mouse IL-13 (AF-401-NA) was pur-
chased from R&D Systems, and polyclonal anti-mouse caspase-1 (SC-
514) was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). Fetal bovine serum was purchased from Atlanta Biologicals (Law-
renceville, GA).

Cells. Bone marrow-derived dendritic cells (BMDC) were cultured
using a modification of the protocol of Inaba et al. (19) as previously
described (20). For isolation of murine macrophages, naive C57BL/6 mice
were intraperitoneally injected with 1 ml of 4% thioglycolate solution.
Mice were sacrificed 3 to 4 days later, and macrophages were harvested by
peritoneal lavage. The lavage fluid was centrifuged, and cells were resus-
pended in ammonium chloride and potassium lysis buffer to lyse red
blood cells. Cells were washed twice using phosphate-buffered saline
(PBS), and pelleted cells were resuspended in antibiotic-free RPMI 1640
supplemented with 10% fetal bovine serum.

Bacteria. P. aeruginosa strains on the PA14 background were provided
by G. O’Toole and D. Hogan (Dartmouth Medical School, Hanover, NH).
PA14 motAB motCD and fliC mutants have been described previously (21,
22). The construct used for the generation of the P. aeruginosa PAO1 popB
mutant has been described previously (23) and was cloned into P. aerugi-
nosa strain PA14. P. aeruginosa strains on the PAK background were pro-
vided by B. Kazmierczak (Yale University, New Haven, CT) and R.
Ramphal and J. Jyot (University of Florida, Gainesville, FL). The PAK
motAB motCD mutant has previously been described (24). Bacteria were
cultured overnight and subsequently subcultured for 3 h for in vitro bac-
terial infection. For in vivo infection, bacteria either were grown for 12 to
14 h, washed twice, and resuspended in PBS for infection or were subcul-
tured for 3 h after overnight culture and subsequently washed and used for
infection.

In vitro bacterial infection. Six- or 7-day-old BMDC were harvested
and washed twice. A total of 2.5 X 10° cells were seeded per well in a
24-well plate for 4 h at 37°C. Subcultured and washed bacteria were added
at the multiplicity of infection (MOI) as indicated. Bacteria were coincu-
bated for 3 h at 37°C. For experiments in which macrophages were used
for cytokine expression analysis, cells were harvested as described above
and, where indicated, ATP was added at a final concentration of 5 mM at
the time of bacterial coincubation. Cell-free supernatants were collected
and analyzed by ELISA. For phagocytosis experiments, BMDC were
treated with either 10 uM cytochalasin D suspended in dimethyl sulfoxide
(DMSO) or DMSO control for 10 min prior to infection with bacteria. For
inducing forced contact, after the addition of bacteria to BMDC, plates
were centrifuged at 500 X g for 5 min and coincubated for 3 h at 37°C.
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Cell-free supernatants were collected as described above and analyzed by
ELISA.

Active caspase-1 assay and immunofluorescence microscopy. A total
0f2.5 X 10° BMDC were seeded per well in a 24-well plate for 4 h at 37°C.
Subcultured and washed bacteria were added at an MOI of 50. Bacteria
were coincubated for 3 h, and FAM-YVAD-FMK FLICA caspase-1 stain
was added 1 h before collection. Cells were washed and treated as per the
manufacturer’s instructions. In some experiments, BMDC were further
stained with APC-conjugated anti-mouse CD45 antibody after Fc recep-
tor block with monoclonal antibody 2.4G2.

For microscopy, thioglycolate-stimulated peritoneal macrophages
were washed twice after harvesting using serum free Hanks balanced salt
solution (HBSS) without ACK lysis and seeded at 2 X 10 cells/coverslip
for 1 h at 37°C on 18-mm? coverslips in a 12-well plate. Nonadherent cells
were aspirated and adherent macrophages were infected with the indi-
cated genotype of live subcultured PA14 at an MOI of 50. At 1 h postin-
fection, the culture medium and extracellular bacteria were aspirated and
cells were stained with YVAD-FMK FLICA caspase-1 stain for 1 h at 37°C.
Cells were washed twice using PBS and fixed using 4% paraformaldehyde
in PBS for 15 min at 37°C. Cells were washed thrice using PBS and treated
with 10 mM Tris at neutral pH in PBS for 5 min at room temperature.
Cells were again washed with PBS, stained with DAPI for 5 min at room
temperature, washed with PBS, and mounted for microscopy. Images
were acquired at magnifications of X20 and X 63 using Axio Observer.Z1
(Carl Zeiss, Inc.). Immunofluorescence data are representative of at least
two independent experiments.

PI staining assay. A total of 2.5 X 10° BMDC were seeded per well in
a 24-well plate or 1.5-ml microcentrifuge tubes for 4 h at 37°C. Subcul-
tured and washed bacteria were added at the MOl indicated below. At 3 h
postinfection, cells were harvested and washed twice with PBS. Cells were
stained with 1:200 propidium iodide (PI) diluted in PBS for 5 min on ice
and analyzed by flow cytometry.

Immunoblotting. A total of 1 X 10° BMDC (for IL-18) or 5 X 10°
BMDC (for caspase-1) were seeded per well in a 12-well plate for 4 h at
37°C. Subcultured and washed bacteria were added at an MOI of 50. As a
positive control, BMDC were prestimulated for 4 h with LPS at 50 ng/ml,
followed by the addition of ATP at a final concentration of 5 mM at the
time of bacterial coincubation. At 3 h postinfection, cell-free supernatants
were collected and each sample was precipitated with methanol. Cell ly-
sates were collected using Laemmli buffer for B-actin analysis. Proteins
were separated by electrophoresis on a 15% polyacrylamide gel. Data us-
ing C57BL/6 BMDC are representative of at least two (caspase-1) or three
(IL-1B) independent experiments.

In vivo bacterial infection. WT mice were injected intraperitoneally
(i.p.) with 3 X 10° CFU of the indicated genotype of PA14. Mice were
sacrificed 4 h postinfection, and peritoneal lavage fluid was collected.
Blood samples were collected by cardiac puncture or from the inferior
vena cava. Both peritoneal lavage and blood samples were centrifuged for
10 min at 14,000 rpm, and supernatants were collected. Serum and peri-
toneal lavage supernatant samples were analyzed by ELISA. For analysis of
infiltrating cells, peritoneal lavage fluid was collected and cells were
counted by hemocytometry. The cells were further stained with PE-con-
jugated anti-mouse Ly6G antibody and APC-conjugated anti-mouse
F4/80 antibody after Fc receptor block with monoclonal antibody 2.4G2.
Recovered CFU from the peritoneal lavage fluid were determined by plat-
ing bacteria and normalizing the recovered CFU to the input CFU.

Statistical analyses. Means and standard deviations are shown for
each graph. These are derived from multiple independent experiments
performed with technical duplicates or triplicates per condition. Un-
paired Student’s ¢ test with Welch’s correction was performed to analyze
statistical significance within the different groups using Prism 4.0a
(GraphPad Software, Inc.). Statistical significance is represented in figures
by asterisks.
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FIG 1 Motile P. aeruginosa leads to more robust inflammasome activation. Peritoneal macrophages (A) and BMDC (B) from C57BL/6 mice and BMDC from
ASC™/~ mice (C) were infected with P. aeruginosa strains PA14 and PAK, as indicated, at an MOI of 5. Macrophages were infected in the presence of 5 mM ATP
(A), whereas BMDC were not (B and C). Culture supernatants were collected 3 h postinfection and analyzed by ELISA for IL-1f production. (D) BMDC from
C57BL/6 mice were infected with PA14 at the indicated MOI, and cells and culture supernatants were collected 3 h postinfection. IL-13 was analyzed by ELISA,
and cellular cytotoxicity was analyzed by propidium iodide staining followed by flow cytometric analyses. Bacteria were gated out based on scatter controls.
Results are representative of at least three (B, # = 9) and two (A and C, n = 6; D, n = 5) independent experiments and expressed as means = standard deviations.

w0 P =0.001; %%, P = 0.01; %, P = 0.05; ns, not significant.

RESULTS

Loss of P. aeruginosa flagellar motility leads to reduced IL-1(3
production. We previously reported that bacterial flagellar motil-
ity is a fundamental mechanism by which host phagocytes bind
and ingest bacteria (15). Since loss of bacterial motility leads to
reduced association with phagocytes, we tested the hypothesis that
loss of bacterial motility leads to reduced inflammasome activa-
tion due to the reduced association with host cells. P. aeruginosa
strains PA14 and PAK were used for testing this hypothesis. Ge-
netic deletion of the MotAB and MotCD flagellar stator complexes
in P. aeruginosa leads to the assembly of an intact flagellum but
loss of flagellar rotation and swimming motility (21). When the
motAB motCD mutant was compared to the swimming-compe-
tent wild-type PA14, we found that loss of flagellar motility leads
to reduced IL-1B production in response to P. aeruginosa in both
peritoneal macrophages and BMDC (Fig. 1A and B). The PA14
motAB motCD mutant elicits IL-1 production comparable to
that elicited by the fliC mutant, which is deficient for flagellin
synthesis and flagellar assembly. Therefore, loss of bacterial mo-
tility, regardless of flagellar assembly, leads to reduced activation
of the inflammasome and IL-1B production (Fig. 1A and B). The
popB mutant, which fails to form the bacterial T3SS translocon
pore complex, was used as a negative control. Consistent with
previous reports, the popB mutant elicited reduced inflam-
masome activation (Fig. 1A and B). These results were indepen-
dently confirmed with the P. aeruginosa PAK strain, which also
leads to reduced IL-1@ production elicited by the respective
motAB motCD mutant in comparison to its WT motile counter-
part (Fig. 1A and B). As a control for specificity, we utilized ASC
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knockout (ASC™'7) cells, since loss of ASC abrogates the inflam-
masome-dependent IL-1f response to P. aeruginosa (2, 3). As
expected, ASC™'~ BMDC displayed a marked reduction in IL-18
production in response to P. aeruginosa (Fig. 1C). Thus, we show
that loss of motility in P. aeruginosa specifically leads to reduced
IL-1B production. Interestingly, we observed a dose-dependent
increase in secreted IL-1B in response to P. aeruginosa that was
maximal at an MOI of 20 to 50 and subsequently decreased at an
MOI of 100 (Fig. 1D). Since P. aeruginosa is known to induce both
pyroptotic and nonpyroptotic cell death (10), we suspected that at
high MOIs the cells were dying prior to the IL-1{ response. To test
this, we infected BMDC at titrated MOIs from 1 to 100 (results for
MOIs of 5 and 100 are shown) and analyzed cell death. We found
that an MOI of 100 leads to increased cell death (Fig. 1D), and this
corresponds with reduced IL-1B production, likely due to cell
death preceding cytokine processing. Based on these analyses, an
MOI of 5 to 50 was used for our experiments.

Enhanced cell surface contact, but not phagocytosis, in-
creases inflammasome activation elicited by P. aeruginosa.
Phagocytosis has been reported to play a role in the activation of
alternative inflammasomes, including NLRP3 (25). We have pre-
viously shown that flagellar motility by P. aeruginosa facilitates
both cell surface interactions with macrophages and subsequent
phagocytosis (15). Therefore, to test whether phagocytosis plays a
role in inflammasome activation, BMDC were treated with cy-
tochalasin D, an inhibitor of actin polymerization and phagocy-
tosis, and subsequently infected with wild-type PA14. We found
that cytochalasin D treatment of the cells did not alter the IL-13
response to P. aeruginosa (Fig. 2A), from which we infer that
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FIG 2 IL-1B production in response to P. aeruginosa is independent of phagocytosis and increases with induction of bacterium-BMDC contact. (A) BMDC from
C57BL/6 mice were infected with PA14 (WT) at an MOI of 50 in the presence of either 10 WM cytochalasin D or a vehicle control. Culture supernatants were
collected 3 h postinfection and analyzed by ELISA for IL-1{ production. (B and C) BMDC from C57BL/6 mice were infected with the indicated WT or isogenic
mutant strain of P. aeruginosa at an MOI of 5. Bacteria were either centrifuged at 500 X g for 5 min to force contact with BMDC (denoted by “s”) or not
centrifuged as controls (unmarked). Culture supernatants were collected 3 h postinfection and analyzed by ELISA for IL-1f production. The ratio of IL-1
production after centrifugation to IL-18 production without centrifugation (B) and the raw values of elicited IL-1p (C) are shown. Data are representative of two
independent experiments (A, n = 5; C, n = 6) and expressed as means * standard deviations.

phagocytic uptake of P. aeruginosa was not necessary and that
activation of the inflammasome was sufficiently triggered by
translocation of effectors during cell surface contact between the
bacteria and the host cells.

Since cell surface contact sufficed to elicit an IL-1 response,
we hypothesized that promotion of association between host cells
and bacteria would lead to increased inflammasome activation
regardless of motility. To test this, we forced contact between the
BMDC and bacteria by centrifugation of the bacteria onto the
cells. The nonmotile motAB motCD and fliC mutants induced
substantially higher IL-1 responses upon forced contact (Fig. 2B
and C), in support of our hypothesis that association with host
cellsis required for inducing IL- 13 release in response to P. aerugi-
nosa. Moreover, this shows that the nonmotile bacteria are capa-
ble of eliciting an IL-1@ response if association with host cells is
artificially enabled. Thus, phagocytosis is not essential for activa-
tion of the inflammasome in response to P. aeruginosa, whereas
association of bacteria on the host cell surface leads to increased
inflammasome activation.

In vitro caspase-1 activation is reduced in response to non-
motile P. aeruginosa. Since IL-1f3 responses to nonmotile P.
aeruginosa were reduced, we hypothesized that inflammasome-
dependent responses would be reflective of, and could be vali-
dated by, correspondingly reduced caspase-1 activity. To test if
nonmotile P. aeruginosa leads to reduced caspase-1 activation in
comparison to the motile wild-type strain, we employed a fluores-
cent caspase-1-specific probe, FAM-YVAD-FMK, which binds to
the active site of caspase-1. For flow cytometric analyses, bacteria
were gated out and only the BMDC populations were used for
further analyses. Caspase-1 was activated at higher levels in re-
sponse to motile P. aeruginosa strain PA14, whereas it was acti-
vated at reduced levels in response to the motAB motCD and popB
mutants (Fig. 3A and B). Caspase-1 activation levels were also
significantly reduced in response to the PAK #motAB motCD mu-
tant in comparison to its wild-type counterpart. In parallel, we
added ATP to these incubations since ATP is commonly used to
potentiate the inflammasome response (26). Addition of ATP
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elicited greater overall inflammasome activation; however, signif-
icantly higher caspase-1 activation was still observed in response
to motile P. aeruginosa compared to the motAB motCD and popB
mutants (Fig. 3C). Thus, caspase-1 activation is reduced in re-
sponse to nonmotile P. aeruginosa in BMDC.

To confirm the flow cytometric analyses, we performed
immunofluorescence microscopy with the use of primary murine
macrophages infected with wild-type PA14 or the motAB motCD
and popB mutants and stained for caspase-1 activation. As ob-
served with the BMDC, macrophages infected with wild-type
PA14 led to higher caspase-1 activation than that obtained with
the motAB motCD and popB mutants (Fig. 3D). Active caspase-1
staining was observed around nuclei and toward the periphery of
the cytoplasm in activated macrophages infected with WT PA14,
whereas this staining was diminished in the motAB motCD and
popB mutant-infected macrophages. These data confirm that loss
of motility leads to reduced caspase-1 activation levels in BMDC
and macrophages in vitro.

Nonmotile P. aeruginosa elicits reduced cell death, and
cleavage of caspase-1 and IL-1f3, in comparison to motile P.
aeruginosa. Loss of flagellar motility decreases both cell surface
association with and retention of P. aeruginosa to phagocytes (15),
and nonmotile P. aeruginosa elicits lesser T3SS-dependent inflam-
masome responses (Fig. 1 and 3). Therefore, we hypothesized that
nonmotile bacteria would be less efficient at induction of host cell
death through reduced induction of the T3SS (9, 10), engagement
with the phagocyte, and delivery of cytotoxic molecules. Cytotox-
icity was measured using propidium iodide staining (27), bacteria
were gated out, and the percentage of PI" cells was assessed. At an
MOI of 5, there was no significant difference between cytotoxicity
induced by wild-type PA14 and the motAB motCD mutant
(Fig. 4A). This indicated that the differential IL-13 response elic-
ited by BMDC at this MOI was not due to differential cytotoxicity
by the WT and the m0tAB motCD mutant. However, at an MOI of
50, wild-type PA14 led to >2-fold-larger amounts of cell death in
comparison to the motAB motCD mutant, and wild-type PAK led
to 2-fold-larger amounts of cell death in comparison to its respec-
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FIG 3 Loss of flagellar motility causes reduced caspase-1 activation. BMDC from C57BL/6 mice were infected with the indicated genotype of P. aeruginosa at an
MOI of 50. Bacteria were gated out based on scatter controls, and the percentage of active caspase-1" cells was determined. (A) Representative flow cytometry
BMDC infected with wild-type PA14 (ii) or the motAB motCD (iii) or popB (iv) mutant. (B and C) Quantitative analysis of the percentage of caspase-1" cells
following infection of BMDC with the indicated wild-type or isogenic mutant strains of P. aeruginosa in the absence (B) or presence (C) of ATP. Data are
representative of at least two independent experiments (B and C, n = 5) and expressed as means = standard deviations. ***, P < 0.001. (D) Macrophages were
uninfected (i) or infected with wild-type PA14 (ii and v) or the motABmotCD (iii and vi) or popB (iv) mutant at an MOI of 50 for 2 h. Cells were stained for active
caspase-1 (with FAM-YVAD-FLICA) and DNA (with DAPI). Images were acquired at magnifications of X20 (i to iv) and X63 (v and vi). Images are

representative of at least two independent experiments.

tive motAB motCD mutant (Fig. 4B and C). PA14 motAB motCD
led to cell death at levels comparable to the PA14 fliC mutant.
Cytotoxicity, however, was triggered at higher levels in response to
PA14 fliC and PA14 motAB motCD in comparison to the PA14
popB mutant, which is known to activate the inflammasome at
much reduced levels (2). These observations support our guid-
ing hypothesis that P. aeruginosa motility enables a cell surface
engagement that leads to inflammation and, in this case, cyto-
toxicity.

Since the wild-type and the motAB motCD mutant of P. aerugi-
nosa induced differential cytotoxicity at the higher MOI (Fig. 4B
and C), we wanted to verify that the IL-1( released was the
cleaved, active form. To do so, we performed Western analyses for
active IL-1B and caspase-1 released in the supernatant following
infection. In confirmation of our observations depicted in Fig. 1 to
3, nonmotile P. aeruginosa led to both reduced IL-1B and
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caspase-1 maturation and release into the supernatant at an MOI
of 50 (Fig. 5). This demonstrates that following infection with
equal numbers of motile and nonmotile P. aeruginosa organisms,
and with equal numbers of phagocytes, the nonmotile P. aerugi-
nosa elicits a reduced caspase-1 response (consistent with Fig. 3)
and, accordingly, a reduced release of mature, active IL-1p3.

Loss of P. aeruginosa motility leads to reduced IL-1f3 re-
sponses in vivo. In order to test the relevance of our findings in
vivo and to analyze whether loss of bacterial motility leads to re-
duced IL-1B production in vivo, we employed an established P.
aeruginosa peritonitis model (2). C57BL/6 mice were injected in-
traperitoneally with the indicated genotype of live PA14, and peri-
toneal lavage and blood serum samples were collected 4 h postin-
fection and analyzed for IL-1P release (Fig. 6A and B). Wild-type
PA14 elicited significantly greater IL-10 in the peritoneal exudates
than elicited by the motAB motCD and popB mutants (Fig. 6A).
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FIG 4 Motility-deficient P. aeruginosa is less efficient at induction of cell death. (A) BMDC from C57BL/6 mice were infected with wild-type PA14 or the motAB
motCD mutant at an MOI of 5. Bacteria were gated out, and the percentage of PI" cells was determined. (B and C) Gated PI" cells upon infection with WT or
the indicated deletion mutant of P. aeruginosa atan MOI of 50. (B) Representative histograms of data represented in panel C showing gated PI" cells when BMDC
were not infected (filled gray) or were infected with wild-type PA14 (solid black line) or motAB motCD bacteria (dashed line) at an MOI of 50. Data are
representative of at least two independent experiments (n = 4) and expressed as means = standard deviations. ***, P < 0.001; **, P =< 0.01; ¥, P =< 0.05.

masome in response to P. aeruginosa and whereby the bacteria
could exploit host-selective pressure to evade the potent IL-13
inflammatory response.

The amount of IL-18 produced in the peritoneum in response to

the motAB motCD strain was comparable to that produced in

response to the popB strain. This trend for IL-18 production was

observed distally in the blood sera as well, although statistical sig-

nificance was lost. However, it should be noted that the trend of
higher IL-1 levels released in response to WT PA14 and progres-

sively lesser IL-1f released in response to the motAB motCD and
popB strains, respectively, was preserved (Fig. 6B). There was no
significant difference between recovered CFU from the peritoneal
lavage fluid of mice infected with wild-type PA14 or the motAB
motCD mutant (Fig. 6C). Fluorescence-activated cell sorter
(FACS) analyses of the number of total leukocytes in the perito-
neum upon infection with wild-type PA14 or the motAB motCD
mutant were also found to be similar (Fig. 6D). FACS analyses of
the cellular populations by the neutrophil and macrophage mark-
ers Ly6-G and F4/80, respectively, indicated that the increase in
total leukocytes could be due to neutrophil influx (Fig. 6E and F).
Although not statistically significant, the total percentages of F4/
807 peritoneal macrophages were similar in mice infected with
WT and nonmotile Pseudomonas (Fig. 6F). Thus, loss of bacterial
swimming motility leads to a reduced IL-1f response to an in vivo
P. aeruginosa infection. These data support a model in which loss

DISCUSSION

Loss of bacterial flagellar motility has been consistently described
for a variety of systems and diseases to be required for bacterial
persistence within the host. One pertinent example of this is the
temporal loss of P. aeruginosa flagellar motility observed during
chronic infections of patients with CF (13, 14). It is unclear
whether the observed progressive loss of motility is due to selective
pressure or to bacterial responses to the host environment, such as
the bacterial flagellar hook protein being cleaved by neutrophil
elastase (28), though these are not mutually exclusive. However, it
is evident that decreases in motility contribute to the bacterial
evasion of the host innate immune response, and we have previ-
ously demonstrated that even minor decreases in flagellar motility
result in measurable phagocytic resistance. Loss of flagellar motil-
ity has previously been demonstrated to alter the host inflamma-
tory response: in the burned-mouse model, an established acute
infection model for systemic sepsis, and in a heterologous ze-
brafish system, flagellar motility was shown to be required for full

of flagellar motility leads to reduced activation of the inflam-

virulence of P. aeruginosa (24, 29).
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FIG 5 Loss of flagellar motility leads to reduced release of active IL-1B and caspase-1. BMDC from C57BL/6 mice and, where indicated, caspase-1~'~ BMDC
were infected with wild-type or the indicated mutant of PA14 at an MOI of 50. The uncleaved pro- and biologically active cleaved forms of IL-1B (A) and
caspase-1 (B) were analyzed in the supernatants by Western analyses. Cell lysates for the corresponding samples were analyzed for B-actin. BMDC treated with

LPS and ATP were included as a positive control.
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FIG 6 Nonmotile P. aeruginosa elicits reduced IL-1f responses in vivo. (A and B) C57BL/6 mice were injected intraperitoneally with 3 X 10° CFU of the indicated
isogenic strain of PA14 (WT, n = 22; motAB motCD mutant, n = 10; popB mutant, n = 8; PBS control, n = 6). Mice were sacrificed 4 h postinfection, and
peritoneal lavage and blood samples were collected. Peritoneal lavage (A) and blood serum (B) samples were analyzed by ELISA for IL-1B production. (C) The
peritoneal lavage fluid at this time point was analyzed for the total number of recovered CFU, normalized to CFU of input bacteria (WT, n = 9; motAB motCD
mutant, n = 9; PBS control, n = 3). (D) Total number of leukocytes in the peritoneal lavage fluid 4 h postinfection (WT, n = 4; motAB motCD mutant, n = 4;
PBS control, n = 3). (E and F) Percentages of Ly6G " (E) and F4/80™ (F) cells out of total leukocytes shown in panel D are shown. Data are expressed as means

standard deviations. ***, P < 0.001; **, P < 0.01; ¥, P < 0.05.

We have previously shown that flagellar motility, independent
of the presence of the flagella, is required for binding and phago-
cytosis of P. aeruginosa by innate immune cells of the host. Based
on this observation and the previously reported differential in-
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flammation in response to nonmotile bacteria, we hypothesized
that inflammatory responses that were dependent upon bacterial
interactions with the cell surfaces of macrophages and other host
cells may be modulated by bacterial motility. Here we provide the
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first report of the role bacterial motility plays in subsequent acti-
vation of the inflammasome.

There has been considerable interest in the activation of the
inflammasome by P. aeruginosa and its role in pathogenesis (30).
Although flagellin itself leads to the activation of the inflam-
masome, flagellin-independent inflammasome activation has
been reported (2, 31). We extended the inquiry of the role of the
flagellum with the use of motility mutants that lack the two stator
complexes required to generate flagellar torque. With the use of
this bacterial mutant deficient in flagellar motility, we have shown
that loss of flagellar motility leads to reduced activation of the
inflammasome in response to P. aeruginosa. This is supported by
reduced caspase-1 activation and IL-1B production in vitro, as
well as reduced IL-1 production in vivo. The simplest mechanis-
tic explanation for this outcome is that loss of motility diminishes
cell surface interactions between the bacteria and the host cells, as
demonstrated by induction of IL-1@ upon forced contact (Fig. 2).
Microarray analysis has shown that the lack of these stator pro-
teins does not lead to significantly altered expression of known
immunogenic effectors of P. aeruginosa (15), and the motAB
motCD mutant encodes inflammasome-activating ligands as well
as the T3SS.

Intriguingly, previous reports have not identified bacterial mo-
tility as a key factor for inflammasome activation (24, 31). A key
aspect that could lead to the difference between these studies and
ours is the experimental methodology as well as the bacteria used.
Miao and colleagues used Salmonella enterica serovar Typhimu-
rium, an intracellular pathogen, for their studies (31). In addition,
for some of their experiments, bone marrow-derived macro-
phages (BMM) were prestimulated with LPS or bacteria were cen-
trifuged onto the BMM to promote contact between phagocytes
and bacteria. S. Typhimurium is an intracellular pathogen, and
the mechanism for inflammasome activation has been shown to
be different for intracellular and extracellular bacteria depending
on the requirement of the P2X7 receptor (26). Similarly, studies
by the Nufez and Flavell labs often used stimulation of macro-
phages with LPS prior to infection and centrifugation of P. aerugi-
nosa onto the macrophages to promote infection (2, 3). Since we
did not employ LPS prestimulation to induce the production of
pro-IL-1P for our experiments, this could be the reason for the
discrepancy observed between our studies. Since centrifugation
promotes contact between phagocytes and bacteria, prolonged
contact between them can lead to the induction of the bacterial
T3SS (9) and the injection of effector proteins. In another study of
IL-1f responses to P. aeruginosa, macrophages were stimulated
with LPS to induce pro-IL-1f3 (4). Although cellular activation in
response to the flgK mutant, which lacks both a full structural
flagellum and flagellar motility due to the loss of the flagellar
hook-associated protein FIgK, was observed, it should be borne in
mind that the flgK mutant can secrete monomeric flagellin and
could lead to caspase-1 activation. In this respect, we have ob-
served that prestimulation with purified LPS leads to lesser differ-
ence in IL-1[ processing between the nonmotile strains and mo-
tile strains than does stimulation by bacteria alone (Y. R. Patankar
and B. Berwin, unpublished data). Regardless of the bacterial li-
gand leading to inflammasome activation in these studies (2—4), it
was shown that the T3SS was crucial for the activation of the
inflammasome in P. aeruginosa via secreted effector proteins (2—
4). Likewise, we observed higher IL-1f production by BMDC
upon forced contact of nonmotile bacteria and cells (Fig. 2B and
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C), which is consistent with the aforementioned reports. These
observations reconcile the discrepancies in the field on the role of
FliC, motility, and the T3SS in inflammasome activation. In ac-
cordance with the reduced activation of caspase-1 and IL-1f3 pro-
duction in response to nonmotile P. aeruginosa, cell death was
reduced in comparison to that elicited by the wild-type motile P.
aeruginosa (Fig. 4A and B). Caspase-1 and IL-18 maturation and
host cell death are distinctive features of inflammasome activa-
tion. Additionally, IL-13 production was significantly reduced in
the peritoneum of mice infected with flagellar motility mutants as
opposed to those infected with wild-type bacteria, which was in-
dependent of differential bacterial clearance from the peritoneum
(Fig. 6A and C). Although the difference was more pronounced in
the peritoneum, we observed that serum IL-1f levels showed a
similar trend, with lower IL-1 production in mice infected with
swimming-deficient P. aeruginosa (Fig. 6B). Although there was
no difference in the number of total leukocytes in the peritoneum
4 h postinfection (Fig. 6D), there was a trend, albeit not statisti-
cally significant, that fewer Ly6G™ neutrophils were recruited in
response to nonmotile PA14 at this time point (Fig. 6E; P =
0.0766). We speculate that over longer periods of infection, this
may emerge as a significant difference and, if so, that this may
reflect the differential IL-1B production which is subsequently
integral to neutrophil recruitment.

Since loss of motility leads to reduced activation of the inflam-
masome, we propose that the loss-of-motility phenotype could be
used by P. aeruginosa for selective resistance and persistence in the
host by evasion of proinflammatory, bactericidal cytokine re-
sponses. CF patients with chronic lung infection by P. aeruginosa
have increased levels of proinflammatory cytokines in the lung,
including IL-1B (1). However, these levels likely reflect sufficient
inflammation to chronically damage the lung while, in concert
with other reported innate immunodeficiencies observed during
CF disease (1, 32-35), being insufficient to clear the bacterial in-
fection and leaving the host prone to temporary exacerbation of
IL-1 levels as a result of endotoxin release from bacteria or by
coinfection with other microbes.

A recent concept that is an extension of the pathogen-associ-
ated molecular pattern (PAMP) theory is termed patterns of
pathogenesis, and it postulates that the immune system responds
to conserved molecular features of pathogens in the context of
their presentation to host cells (36). Bacterial flagellar motility is
shared among a variety of Gram-negative bacteria, is a trait unlike
any present in healthy host cells and is therefore a candidate for
pattern-like recognition, and is lost during effective chronic infec-
tions, which suggests a benefit to the residual bacteria. However,
precisely how motility confers association with phagocytes is un-
clear. Our previously published data, supported by the data pre-
sented here, indicate that bacterial motility confers greater associ-
ation and retention on the surfaces of phagocytes (15). Another
possibility, that is not mutually exclusive, is that flagellar motility
could trigger an unidentified mechanosensory receptor, leading to
host-promoted association of bacteria on the cell surface and
eventual phagocytosis (15). Alternatively, motility may enable re-
ceptor clustering on the host cell surface, which could amplify the
downstream signals and eventually lead to a phagocytic event and
subsequent inflammatory cytokine production. Regardless of the
signaling mechanisms, motility could be considered a pattern of
pathogenesis, since it is an essential virulence factor for many
pathogens (37-40) and serves as a trigger for the immune system
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to recognize the presence of bacteria and lead to activation of the
appropriate innate immune defenses.

In conclusion, we demonstrate that loss of flagellar motility
in two strains of P. aeruginosa leads to reduced IL-1p produc-
tion as well as caspase-1 activation by dendritic cells and mac-
rophages. Inflammasome activation is independent of phago-
cytosis of bacteria and is increased upon promotion of contact
with host cells. Consistent with the differential bacterial and
T3SS engagement of motile and nonmotile bacteria with the
phagocytes, loss of flagellar motility leads to reduced host cell
death. Loss of bacterial motility further leads to reduced IL-1j3
production in mice. These data provide novel insights into the
contribution of P. aeruginosa motility to innate immune re-
sponses, and why loss of motility confers a benefit to the bac-
teria during chronic infection.
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