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The opportunistic pathogen Pseudomonas aeruginosa is capable of establishing severe and persistent infections in various eu-
karyotic hosts. It encodes a wide array of virulence factors and employs several strategies to evade immune detection. In the pres-
ent study, we screened the Harvard Medical School transposon mutant library of P. aeruginosa PA14 for bacterial factors that
modulate interleukin-8 responses in A549 human airway epithelial cells. We found that in addition to the previously identified
alkaline protease AprA, the elastase LasB is capable of degrading exogenous flagellin under calcium-replete conditions and pre-
vents flagellin-mediated immune recognition. Our results indicate that the production of two proteases with anti-flagellin activ-
ity provides a failsafe mechanism for P. aeruginosa to ensure the maintenance of protease-dependent immune-modulating
functions.

Pathogenic bacteria possess an extensive arsenal of virulence
factors that allow them to survive in the host and cause dis-

ease. Among such virulence factors are secreted extracellular pro-
teases. They are known to facilitate bacterial colonization by in-
ducing damage to host tissue and actively subverting immune
responses (1). Pseudomonas aeruginosa produces several extracel-
lular proteases that function for this purpose. Two of these, the
50-kDa alkaline protease AprA and the 33-kDa elastase LasB, of-
ten are implicated in P. aeruginosa infections. They can be de-
tected under in vitro culture conditions and in vivo at various sites
of infection (2–5). Both AprA and LasB are zinc metalloproteases
that require calcium ions for stability (6, 7). They have been dem-
onstrated to possess proteolytic activity against several different
types of substrates (8) and to combat host immune responses. For
instance, LasB has been reported to degrade mucins and surfac-
tant proteins which collectively function to promote bacterial
clearance (9–11). Similarly, AprA also has been shown to impede
bacterial clearance by degrading the C2 component of the
complement system, thereby preventing complement-mediated
phagocytosis (12). In addition to acting against responding host
factors, the immune-modulating capabilities of AprA also include
the ability to degrade flagellin, a known activator of proinflamma-
tory responses via toll-like receptor 5 (TLR5) recognition (13, 14).

In the context of host-pathogen interactions, the importance
of flagella, their constituents, and the motility they confer have
been well established (15–19). Flagellin in particular has become a
major focus of study due to its ability to elicit robust responses
from both the innate and adaptive arms of the defense systems in
eukaryotes (20–22). It is interesting that, despite this, flagellin re-
mains conserved across several bacterial species. This indicates a
functional significance that outweighs its immunogenic conse-
quences. Interestingly, as a countermeasure, many bacteria em-
ploy various strategies to compromise or even prevent flagellin-
mediated recognition. For instance, Campylobacter jejuni,
Helicobacter pylori, and Bartonella bacilliformis have been demon-
strated to be capable of producing altered flagellin that cannot be

recognized by TLR5 (23). Modification of flagellin by glycosyla-
tion also has been observed in bacteria, although its implications
in the context of host immune recognition are less clear (24, 25).
In P. aeruginosa, in addition to the above-mentioned flagellin deg-
radation by AprA, a more widely known mechanism involves the
repression of flagellar biosynthesis in response to environmental
cues as part of a global response observed in chronic infections
(26–28).

Both flagellin and extracellular proteases are considered indi-
cators of virulence, which in P. aeruginosa is largely regulated by
quorum sensing (QS). In QS, cells communicate in a cell popula-
tion-dependent manner via the production and detection of dif-
fusible signal molecules, ultimately prompting necessary changes
in the execution of various cell functions (29). QS also is impli-
cated in the formation of biofilms which are frequently associated
with persistent Pseudomonas infections. Three major QS circuits
exist in P. aeruginosa, the Las, Rhl, and PQS systems. The Las
system governs the production of the extracellular proteases AprA
and LasB.

In this study, we investigated the contributions of P. aeruginosa
proteases in immune evasion and demonstrate that in addition to
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the previously identified alkaline protease AprA, the elastase LasB
is capable of degrading exogenous flagellin under calcium-replete
conditions and therefore ensures effective immune evasion. By
degrading free flagellin as the ligand for immune receptors, the
pathogen retains its motility phenotype but escapes flagellin-de-
pendent immune recognition.

MATERIALS AND METHODS
Bacterial strains and plasmids. All bacterial strains, plasmids, and prim-
ers used in this study are listed in Table 1. Bacteria were grown in broth or
plate cultures in either Luria-Bertani (LB) or brain heart infusion (BHI)
medium at 37°C under aerobic conditions. DNA manipulations were car-
ried out in accordance with standard molecular biology procedures or by
following the kit manufacturer’s protocols whenever applicable. In-frame
deletion mutants were constructed by following protocols previously de-
scribed by Shi et al. (30). Using overlap extension PCR (31), upstream and
downstream regions of the gene of interest first were separately replicated
and, following a second round of PCR, allowed to anneal to generate
fragments in which only the first and last 30 bp of the target gene are
retained. The resulting fragment was ligated into the pEX18Ap vector and
transformed into Escherichia coli WM3064, which then was used to chro-
mosomally integrate the mutagenesis construct into P. aeruginosa via con-
jugation. Transconjugants carrying the construct were isolated by the use
of carbenicillin as a selecting agent, and resulting clones were plated si-
multaneously onto LB supplemented with either 400 �g/ml carbenicillin
or 10% sucrose. Clones demonstrating a carbenicillin-resistant sucrose-
susceptible phenotype then were grown in LB liquid medium for approx-

imately 20 passages and replated onto LB medium with 10% sucrose.
Mutants were selected by picking clones displaying a sucrose-resistant
carbenicillin-susceptible phenotype and were verified via PCR and se-
quencing.

Collection of cell-free supernatant samples. Cell-free supernatant
samples were collected from bacterial cultures grown for 18 h in either
LB or BHI, with or without the addition of 1 mM CaCl2. Cells were
pelleted via centrifugation at 4,000 rpm for 20 min, after which super-
natants were passed through 0.2-�m membrane filters to exclude any
remaining bacteria. Supernatant aliquots were stored at �20°C until
use, and proteolytic activity was assessed semiqualitatively via skim
milk agar assays.

Eukaryotic cell cultures. For all in vitro infection assays, we used
A549-Gluc cells that previously were generated from the A549 human
alveolar adenocarcinoma cell line via lentiviral transduction to possess
a Gaussia luciferase viability reporter (32, 33). Cells were maintained
in Dulbecco’s modified Eagle medium (DMEM) supplemented with
10% fetal bovine serum, 100 U/ml penicillin streptomycin (Life Tech-
nologies), 1� MEM nonessential amino acids (Life Technologies), and
2 mM L-glutamine (here referred to as DC medium). DC medium
additionally was supplemented with 10 �g/ml blasticidin for the main-
tenance of A549-Gluc cells (DC-Bla). Cell cultures were grown and
maintained at 37°C in the presence of 5% CO2. Host cell viability was
monitored during live bacterial infections and flagellin incubation as-
says and were performed directly on collected A549-Gluc cell super-
natants as previously described (34, 35). Percent viability was calcu-
lated as the relative light unit (RLU) ratio between infected and

TABLE 1 Bacterial strains, plasmids, and primers used in this study

Strain, plasmid, or primer Relevant feature(s) or sequencea Reference or source

Strains
E. coli

DH5� Strain used for standard cloning experiments 55
WM3064 Donor strain for conjugation 56

P. aeruginosa
PA14 WT WT reference strain 39
PA14 aprA::Tn aprA transposon mutant from the PA14 transposon mutant library, Gmr 39
PA14 �aprA aprA mutant of PA14 WT This study
PA14 �lasB lasB mutant of PA14 WT This study
PA14 �lasR lasR mutant of PA14 WT S. Brouwer, unpublished
PA14 �aprA �lasB aprA and lasB double mutant of PA14 WT This study

P. putida
KT2440 WT WT reference strain 57
KT2440 fleQ::Tn fleQ transposon mutant of KT2440 WT, Kmr 58

Plasmid
pEX18Ap oriT� sacB�, gene replacement vector with MCS from pUC18, Apr 59

Primers
AprAUF CCCAAGCTTCGAACTTCGTTTCCGGCGAG
AprAUR CGCCTGGCCACCTTTCAATGCAAGAGAATTGC
AprADF TTGAAAGGTACCCAGGCCGACATCGTC
AprADR GCTCTAGACGTGAGGCAGGCGGTATCG
LasBUF CCCAAGCTTGAAGCTGGTGCTGAAAAGCG
LasBUR CACGCCGACCAACAGGTCAAGCGTAGAAACC
LasBDF GACCTGTTGGTCGGCGTGACCTGCC
LasBDR GCTCTAGATGGACCCCGGCGACC
AprA_F GTGTCAGTTTGGACTTCGGCC
AprA_R CTTCGCTCCTGTGGAAGACAC
LasR_F AACGTGCCGGATATCGGGTG
LasR_R CGAGAACCTGCCCTTCCCTA

a Apr, ampicillin resistance; Cbr, carbenicillin resistance; Gmr, gentamicin resistance; Kmr, kanamycin resistance; Tcr, tetracycline resistance; MCS, multiple cloning site. Primer
sequences are oriented 5= to 3=.
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uninfected controls. Samples with viability readouts falling below the
range set by the PA14 wild-type (WT) controls for each assay were
excluded from data analysis.

Flagellin isolation and Western blot analysis. Monomeric flagellin
was isolated from PA14 WT by following a protocol modified from Bar-
doel et al. (13). PA14 WT was grown in LB for 6 h, and cells were collected
by centrifugation at 4,000 rpm for 30 min. Cell pellets were resuspended in
PBS and sheared by vortexing with 5-mm glass beads for 5 min. The
sheared cell suspension was centrifuged at 4,000 rpm for 20 min, filtered
to eliminate cells and debris, and then centrifuged at 25,000 rpm for 1 h.
The resulting pellet containing flagella was resuspended in PBS and heated
at 70°C for 20 min to obtain monomeric flagellin. The flagellin concen-
tration was determined by Bradford assay, and the purity of flagellin prep-
arations was assessed by SDS-PAGE. The specific detection of flagellin was
achieved by immunoblotting using a polyclonal rabbit antibody against P.
aeruginosa type b flagellin (kindly provided by L. Wiehlmann, Hannover
Medical School). Following SDS-PAGE, proteins were transferred to an
Immobilon-P membrane (Merck Millipore), blocked for 1 h with 10%
skim milk in Tris-buffered saline with 0.05% Tween 20 (TBST), incubated
with anti-FliC antibody for 1 h, washed, and subsequently incubated with
horseradish peroxidase (HRP)-linked goat anti-rabbit IgG for 1 h (Cell
Signaling Technology). Bands were visualized using the ECL Western
blotting detection system (GE Healthcare Life Sciences).

Bacterial infection assays. Bacterial inocula were prepared from liq-
uid cultures that had been grown in LB or BHI for 6 h. Cell suspensions
were prepared in DC medium without penicillin streptomycin (DC-P)
and adjusted to a multiplicity of infection (MOI) of 10. A549-Gluc cells
were grown in 96-well plates to 80 to 100% confluence. Cells were washed
once with PBS prior to the addition of bacterial inocula. Plates were cen-
trifuged for 5 min at 500 � g to facilitate contact between bacteria and
eukaryotic cells and then incubated for 3 h at 37°C in the presence of 5%
CO2. Cell supernatant samples were collected following plate centrifuga-
tion for 20 min at 4,000 rpm to pellet bacteria and cell debris and stored at
�80°C until use for Gaussia luciferase assays and interleukin-8 (IL-8)
enzyme-linked immunosorbent assay (ELISA) measurements.

Exposure of A549-Gluc cells to flagellin. Flagellin digestion was car-
ried out by coincubating 1 ng/�l flagellin with either 1 ng/�l purified P.
aeruginosa elastase (Merck Millipore) or with cell-free supernatants ob-
tained from cultures grown for 18 h in LB or BHI and then diluted to 10
ng/�l total protein concentration in a 250-�l reaction mixture for 1 h at
37°C. Polymyxin B was added to this reaction mixture at a concentration
of 10 ng/�l to inactivate bacterial lipopolysaccharide (LPS). Reaction
mixtures then were used to treat A549-Gluc cells at a 1:10 dilution in
DC-P medium to limit cytotoxicity due to cell starvation. Preparations of
A549-Gluc and assay conditions were identical to those of bacterial infec-
tions, except plates were not centrifuged prior to the collection of cell
culture supernatants at the end of each assay.

Detection of IL-8. Cell supernatant samples collected from A549-Gluc
cells were tested for IL-8 levels using the human CXCL8/IL-8 DuoSet kit
(R&D Systems) by following the manufacturer’s protocols.

Skim milk plate assays. Live bacteria were assessed for proteolytic
activity by growing cultures on LB or BHI agar plates supplemented with
1% skim milk. Casein hydrolysis, seen as zones of clearing surrounding
bacteria, indicated positive proteolytic activity. Cell-free supernatant
samples from LB or BHI cultures, to which 1 mM CaCl2 was added either
prior to bacterial inoculation or after sample collection, were tested for
proteolytic activity in a similar manner, but 1% agarose gels supple-
mented with 1% skim milk were used instead.

Sequential PAGE separation of proteins. LB or BHI cell-free culture
supernatants first were resolved by native PAGE using the Tris-tricine
system as described by Haider et al. (36), with minor modifications: 100
mM Tris-tricine running buffer was adjusted to pH 8.8 instead of 8.25.
Electrophoresis was carried out at 4°C for 2 h, after which gels were either
stained with PageBlue protein staining solution (Thermo Scientific) to
visualize bands or overlain onto LB milk agar plates and incubated for 30

to 60 min at 37°C to detect proteolytically active bands. Upon visual con-
firmation of casein hydrolysis, native PAGE gel sections overlaying clear-
ing zones were carefully excised, cut into pieces, placed into SDS sample
buffer, and then heated at 95°C for 10 min to denature proteins. Samples
then were resolved by SDS-PAGE using standard procedures.

Protein identification by MS. Following SDS-PAGE, bands on the
polyacrylamide gel containing proteins of interest were excised. Proteins
were digested with trypsin and subjected to mass spectrometry (MS) anal-
ysis by following the protocols of Olling and colleagues (37), with some
modifications. MS and tandem MS (MS-MS) spectra were acquired in
positive ion mode with a scan range of m/z 300 to 1600 using a top10
method and collision-induced dissociation (CID) fragmentation. Ac-
quired MS data were processed with the Proteome Discoverer 1.3 software
package (Thermo Fisher Scientific) and searched against a strain-specific
protein database (generated by combining both locally obtained data
from the Institute for Molecular Bacteriology and P. aeruginosa PA14
entries available at the UniProt online database [38]) using the Mascot 2.1
search engine (Matrix Science).

RESULTS
Flagella are major elicitors of host reactions. To identify bacte-
rial factors that could be involved in preventing the immune rec-
ognition of P. aeruginosa, we screened the Harvard Medical

FIG 1 Bacterial motility and IL-8 production by A549-Gluc cells upon expo-
sure to P. aeruginosa and P. putida. (A) Motility plate assays showing swim-
ming and swarming phenotypes of P. aeruginosa PA14 and P. putida KT2440
wild types (WT) and respective fleQ mutants. (B) IL-8 response of A549-Gluc
cells exposed to P. aeruginosa and P. putida WT strains and their respective fleQ
mutants. The control represents A549-Gluc cells treated with PBS. Data are
presented as means from five experiments � standard deviations (SD). Signif-
icance was evaluated by Mann-Whitney U test. **, P 	 0.01 relative to the
PA14 WT control; ns, not significant.
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School PA14 transposon mutant library (39) for mutants eliciting
an altered immune reaction. Screening was performed in vitro
using A549-Gluc cells and interluleukin-8 (IL-8) as the readout
for immune stimulation. IL-8 production by human epithelial
cells upon P. aeruginosa recognition is well characterized and
readily observable (25, 40). We tested approximately 5,800 mu-
tants. Mutants that exhibited an altered cytotoxicity were ex-
cluded by determining Gaussia luciferase activity in cell culture
supernatants of exposed A549-Gluc cells. After multiple rounds of
screening, we identified 113 mutants that elicited either a de-
creased or increased IL-8 response compared to that of the PA14
WT control strain (see Table S1 in the supplemental material).
Not surprisingly, many of these candidates harbored transposon
insertions within genes involved in flagellar biosynthesis.

In follow-up experiments, we compared the motility as well as
the IL-8 responses induced by P. aeruginosa PA14 and the soil
bacterium Pseudomonas putida KT2440 (Fig. 1). P. putida has
rarely been reported to cause human infections, likely owing to its
lack of an innate virulence potential (41, 42). Of note, P. aerugi-

nosa expresses a single polar flagellum, while P. putida displays
multiple polar flagella (43, 44). The comparison of the IL-8 induc-
tion between the two WT strains showed a remarkable difference.
PA14 exposure resulted in a severely reduced response compared
to that of KT2440. In contrast, the fleQ mutants of both strains
induced similar low levels of IL-8 (Fig. 1B). FleQ is the primary
transcriptional regulator responsible for initiating flagellar bio-
synthesis in both P. aeruginosa and P. putida (45). The drop in IL-8
observed for both flagellum loss mutants of the two pseudomon-
ads lays further emphasis on the dominance of flagellum-medi-
ated immune recognition of P. aeruginosa.

P. aeruginosa produces more than one protease with anti-
flagellin activity. In a previous study, Bardoel and colleagues
proposed a mechanism to explain how P. aeruginosa evades host
immune recognition by using the secreted alkaline protease
AprA to degrade exogenous flagellin (13). However, in our
screen the PA14 transposon mutant of aprA did not elicit the
expected high IL-8 response. Instead, we detected a response
similar to that of the PA14 WT strain (Fig. 2A). Qualitative

FIG 2 Characterization of proteolytic activities of PA14 WT and aprA::Tn. (A) IL-8 response of A549-Gluc cells at an MOI of 10. The control represents
A549-Gluc cells treated with PBS. (B) Qualitative analysis of protease activity using milk plate assays (LB agar supplemented with 1% skim milk). Zones
of clearing surrounding colony growth indicate positive casein (a primary milk protein) hydrolysis. (C) Coincubation of A549-Gluc cells with PA14 WT
flagellin pretreated with cell-free supernatant (Sup) samples obtained from cultures grown for 18 h in either LB or BHI. Data are presented as means from
at least six experiments � SD. Significance was evaluated by Wilcoxon test. ***, P 	 0.001; ns, not significant. (D) Qualitative analysis of protease activity
of cell-free supernatant samples obtained from cultures grown for 18 h in either LB or BHI, using skim milk assays (1% agarose gel supplemented with
1% skim milk).
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assessment of proteolytic activity in LB agar supplemented
with 1% skim milk revealed visibly decreased clearing zones
surrounding the aprA mutant compared to those of PA14 WT.
Still, a residual proteolytic activity was detectable for the aprA
mutant (Fig. 2B). This indicates that the production of other
extracellular proteases in the mutant remains unaffected.

For confirmation, flagellin purified from PA14 WT was pre-
treated with cell-free supernatant of the aprA mutant that had
been cultured in LB for 18 h. When A549-Gluc cells were incu-
bated with this preparation, we observed a low IL-8 response sim-
ilar to that of flagellin pretreated with PA14 WT supernatant (Fig.
2C). These results strongly hint that other protease(s) with anti-
flagellin activity are produced by the aprA mutant.

We additionally investigated the effect of a different culture
medium (BHI medium) on extracellular protease activity. In-
terestingly, after being grown in liquid BHI medium for 18 h,

proteolytic activity could no longer be detected in the cell-free
culture supernatant of the aprA mutant. In contrast, PA14 WT
supernatant retained its protease activity (Fig. 2D). In accor-
dance, antiflagellin activity also was lost in the aprA mutant
BHI supernatant (Fig. 2C). Taken together, these results indi-
cate that P. aeruginosa can produce at least one alternative pro-
tease that exerts immune modulation by means of an anti-
flagellin activity. However, this activity cannot be detected in
BHI-grown cultures.

Production of proteases with antiflagellin activity in quo-
rum-sensing-deficient P. aeruginosa strains. It is well estab-
lished that virulence factors such as extracellular proteases are
produced by P. aeruginosa during later stages of growth and that
their production is largely controlled by quorum sensing (29, 46).
Therefore, we set out to investigate the possible quorum-sensing
regulatory pathways involved in the production of the alternative
protease with antiflagellin activity. To achieve this, we tested the
PA14 �lasR, rhlR::Tn, and pqsA::Tn quorum-sensing mutants,
which have nonfunctional Las, Rhl, and Pqs systems, respectively.
All three mutants exhibited proteolytic activity on skim milk agar
plates (Fig. 3A). However, unlike the BHI culture supernatants of
the rhlR and pqsA mutants, supernatant of the lasR mutant did not
show any detectable proteolytic activity (Fig. 3B). We then treated
PA14 flagellin with cell-free supernatants of 18-h-old LB and BHI
cultures of the three QS mutants and tested for IL-8 response. As
previously observed with the aprA mutant, flagellin pretreated
with the BHI supernatant of the lasR mutant induced a high IL-8
response in A549-Gluc cells, whereas the others did not (Fig. 3C).
These results suggest a strong influence of the Las system on the

FIG 3 Characterization of proteolytic activities of quorum-sensing mutants.
(A) Qualitative analysis of protease activity using milk plate assays; (B) Qual-
itative analysis of protease activity of cell-free supernatant samples, after
growth in LB or BHI for 18 h, using skim milk. (C) Coincubation of A549-Gluc
cells with PA14 WT flagellin and flagellin pretreated with cell-free supernatant
samples obtained from cultures grown in LB or BHI for 18 h. Data are pre-
sented as means from eight experiments � SD. Significance was evaluated by
Wilcoxon test. P 	 0.05 (*) and P 	 0.01 (**) relative to results for the corre-
sponding PA14 WT controls.

FIG 4 Antiflagellin activity of commercially available LasB. Flagellin degrada-
tion by LasB was directly monitored over time (15, 30, and 60 min of coincu-
bation) by the use of an antiflagellin antibody visualized by Western blotting
(A) and indirectly by measuring the IL-8 response of A549-Gluc cells pre-
treated with flagellin (B). Data are presented as means from six experiments �
SD. Significance was evaluated by Wilcoxon test. **, P 	 0.01.
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FIG 5 Characterization of proteolytic activities of �aprA, �lasB and �aprA �lasB mutants. (A) Qualitative analysis of protease activity using milk plate assays.
(B) Qualitative analysis of protease activity of cell-free supernatant samples, treated with LB or BHI for 18 h, using skim milk assays. Incubation of A549-Gluc cells
were incubated with with flagellin pretreated cell-free supernatant samples grown in LB (C) or BHI (D) for 18 h. Data are presented as means from six
experiments � SD. Significance was evaluated by Wilcoxon test. *, P 	 0.05 relative to results for the PA14 WT control.
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production of the antiflagellin protease AprA. The effect appears
to be much less on the alternative protease, whose activity remains
evident under LB growth conditions.

LasB has antiflagellin activity that can prevent flagellin-me-
diated immune recognition in A549-Gluc cells. To identify the
alternative protease with antiflagellin activity that is active under LB
culture conditions, we used native PAGE and SDS-PAGE to separate
the proteins of cell-free supernatants of PA14 WT and aprA::Tn
grown in LB and BHI for 18 h. Postrun native PAGE gels were over-
laid onto 1% skim milk LB agar to detect bands with proteolytic
activity that were present in the PA14 WT under both culture condi-
tions but only in the LB culture for the aprA::Tn mutant. Indeed, a
predicted proteolytic pattern could be detected (see Fig. S1 in the
supplemental material). We then excised native polyacrylamide gel
pieces and confirmed their proteolytic activity by coincubation with
purified flagellin (data not shown). The excised native PAGE gel sam-
ples then were subjected to protein separation by SDS-PAGE. Com-
parison of protein bands between total supernatant and excised
native PAGE samples revealed a 33-kDa band in both LB- and
BHI-grown PA14 WT samples as well as in the LB-grown aprA::Tn
sample. This band was absent from the BHI-grown aprA::Tn sam-
ple (see Fig. S2). Since this protein could account for the anti-
flagellin activity, we excised and analyzed the 33-kDa band using
mass spectrometry (MS). Peptide identification using MS-MS
spectra revealed the protein to be the extracellular elastase LasB.

To validate this result, we coincubated commercial P. aerugi-
nosa elastase with flagellin and monitored the degradation of
flagellin via immunoblotting. Coincubation of flagellin with elas-
tase resulted in flagellin degradation (Fig. 4A). Similarly, pretreat-
ment of flagellin with commercial elastase efficiently abolished
flagellin-mediated immune recognition, resulting in low levels of
induced IL-8 in A549-Gluc cells (Fig. 4B).

The �aprA �lasB double mutant exhibits no detectable
flagellin protease activity. To further examine the contribution of
LasB to the anti-inflammatory mechanisms of P. aeruginosa, we
constructed single- and double-knockout mutants, the �aprA,
�lasB, and �aprA �lasB mutants, and evaluated their protease
activities (Fig. 5A). Interestingly, cell-free supernatants of the
�aprA �lasB double-knockout mutant showed no proteolytic ac-
tivity in LB or BHI cultures that had been grown for 18 h (Fig. 5B).
In contrast, the �lasB mutant exhibited reduced overall proteo-
lytic activity, and this reduction appears to be unaffected by the
culture conditions. We then exposed A549-Gluc cells to flagellin
pretreated with culture supernatants collected from 18-h-old cul-
tures and found that both LB- and BHI-grown supernatants of the
double mutant failed to eliminate flagellin, which resulted in the
induction of a high-level IL-8 response (Fig. 5C and D).

LasB activity is dependent on the presence of calcium. Our
initial results showed a strong WT-like proteolytic activity for the
�aprA mutant when grown in LB medium that was lost upon
switching to BHI medium. Previous studies have described BHI
medium as calcium deficient (47, 48). Since both LasB and AprA
proteases require calcium for stability (6, 7, 49), we tested whether
the addition of calcium to BHI could restore the proteolytic activ-
ity of the single-knockout mutants. Indeed, supplementing BHI
medium with as little as 1 mM CaCl2 was sufficient to restore LasB
activity in BHI medium such that the �aprA mutant displayed
WT levels of proteolytic activity in milk plate assays (Fig. 6A). The
proteolytic activity of the �lasB mutant supernatant also could be
enhanced, albeit to a lesser extent. Interestingly, the addition of
CaCl2 to filtered BHI supernatant samples did not restore proteo-
lytic activity for the �aprA mutant (Fig. 6B). Based on these re-
sults, it is apparent that while both proteases require calcium for
full functionality, LasB is more sensitive to calcium depletion.
However, despite its sensitivity to calcium concentrations, it ap-
pears that under calcium-sufficient conditions, LasB is either pro-
duced in greater quantities or acts with higher efficiency. Thus, the
AprA activity could provide a failsafe mechanism for P. aeruginosa
in the event of calcium starvation. These conditions may ensure
the maintenance of protease-dependent immune modulating
functions.

DISCUSSION

The role of flagella in eliciting host immune responses during
bacterial infections has been widely investigated over the years.
Studies have shown flagellar components and motility to be key
elements implicated in host immune recognition (15–19). We ob-
served that the WT strains of P. aeruginosa and P. putida induced
strikingly different levels of IL-8 in A549-Gluc cells. The latter
showed a significantly higher IL-8 response. In contrast, both of
their nonflagellated, nonmotile fleQ mutant counterparts showed
very similar phenotypes of low-level IL-8 response. Thus, express-
ing flagella was sufficient to induce a strong, robust immune re-
sponse by P. putida, whereas P. aeruginosa appears to manage to
successfully obstruct flagellum-mediated host immune recogni-
tion.

An earlier study by Bardoel and colleagues demonstrated that
the alkaline protease AprA of P. aeruginosa can efficiently remove
flagellin from its immediate surroundings and therefore escape
flagellin-mediated immune recognition (13). In the present study,
we found that P. aeruginosa produces yet another protease with

FIG 6 Effect of calcium supplementation on protease activity. Qualitative
analysis of protease activity of BHI supernatant samples using skim milk as-
says. (A) Addition of 1 mM CaCl2 to BHI medium prior to bacterial inocula-
tion (BHIC) restores WT protease activity in the �aprA mutant and increases
the proteolytic activity of the �lasB mutant. (B) Addition of 1 mM CaCl2 after
collection of filtered supernatants (plus 1 mM CaCl2) did not restore WT
protease activity. Images shown are representative of three independent exper-
iments.
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antiflagellin activity besides AprA. We identified this protease to
be the elastase LasB.

LasB, also known as pseudolysin, is a highly potent extracellu-
lar protease often implicated in tissue damage in P. aeruginosa
infections. Both LasB and AprA are virulence factors regulated by
the Las quorum system, although the former also has been shown
to be regulated by the Rhl quorum system (3, 50). It is known that
both AprA and LasB proteases require calcium for stability and
function (49, 51). In accordance with this, we observed a loss of
detectable proteolytic activity in the �aprA mutant grown in BHI.
This was reversible upon the addition of calcium to the medium,
but only when cells were allowed to grow in the presence of cal-
cium and not when calcium was added to the supernatant after the
cells had been removed. A similar calcium dependence could not
be detected for AprA. Only minor proteolytic activity was recov-
ered when the BHI medium for the �lasB mutant was supple-
mented with calcium. This indicates that LasB is more sensitive to
calcium depletion. There are differences in the protein structure
between the two proteases. AprA has been described previously to
contain eight calcium ion binding sites, whereas LasB has only one
(6, 7). In addition, LasB is produced as a precursor protein that
requires autocatalytic processing to ensure proper folding as it is

exported across the outer membrane (48, 52). Our observation of
LasB activity when cultures were grown in calcium-supplemented
medium and not after the addition of calcium to conditioned
medium indicates that calcium is needed either for efficient tran-
scription of lasB or during the process of folding and export, as
calcium plays a role in the structural integrity of LasB.

The importance of cations for bacterial growth has been well
established. During infections, high concentrations of extracellu-
lar DNA found in the extracellular matrix of P. aeruginosa biofilms
have been shown to efficiently chelate cations such as calcium,
resulting in a cation-limited environment (53, 54). It is interesting
that under these conditions where P. aeruginosa moves toward
persistence, strains often become less virulent and frequently ac-
quire inactivating mutations within LasR, which governs the pro-
duction of LasB.

Under our experimental conditions, proteolytic activity was
observed in the quorum-sensing �lasR, rhlR::Tn, and pqsA::Tn
mutants when cultures were grown in LB. This proteolytic activity
was lost when the �lasR variant was grown in BHI medium. LasR
governs the production of both AprA and LasB in a cell density-
dependent manner and thus also should direct the production of
both proteases in LB. Interestingly, a previous study on proteomes

FIG 7 LasB and AprA act in concert to prevent flagellin-mediated immune recognition in P. aeruginosa. Differences between the two proteases provide means
for conservation of protease-dependent immune-modulatory functions. (A) Under optimal growth conditions, both LasB and AprA are produced and can act
to clear flagellin. (B) Low availability of calcium ions lead to the loss of LasB activity; activity of AprA is less sensitive to the calcium shortage and acts as an
anti-flagellin agent. (C) Loss of LasR abolishes AprA production. In the presence of sufficient amounts of calcium, LasB activity clears flagellin. (D) Loss of LasR
results in the loss of AprA, and low availability of calcium ions renders LasB nonfunctional. The inactivation of both proteases leads to increased immunogenicity
due to flagellin-mediated immune recognition.
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of quorum-sensing mutants by Nouwens and colleagues reported
that the inactivation of LasR, independent of RhlR activity, re-
sulted in the loss of AprA production. In contrast, the loss of LasB
was observed only when both LasR and RhlR were inactivated (3).
Thus, it is possible that the induction of LasB production is in-
creased by the combined regulatory activities of the Las and Rhl
systems in a manner not applicable to AprA.

It is interesting that despite the functional redundancy between
LasB and AprA, the apparent differences indicate a cooperative
relationship. Thus, not only is the efficiency of providing im-
mune-modulating functions enhanced but also the preservation
of this function under changing environments is assured. Both
proteases act in concert to prevent immune recognition by clear-
ing immunogenic flagellin. This proves advantageous in at least
two aspects: first, differences in regulation between the two pro-
teases provide a level of protection against mutations in regulatory
elements (Fig. 7A and C). Second, differences in calcium require-
ments add a level of functional resilience against certain kinds of
environmental stress (Fig. 7B and D). Ultimately, it would take the
simultaneous inactivation of both proteases to fully induce flagel-
lin-mediated immunogenicity.
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