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ABSTRACT Neutrophil extracellular traps (NETs) are produced by neutrophils as an
innate immune defense mechanism to trap and kill microbial pathogens. NETs are
comprised of ejected chromatin that forms a lattice structure enmeshed with nu-
merous antimicrobial proteins. In addition to forming the structural backbone of
NETs, extracellular DNA (eDNA) has membrane-disrupting antimicrobial activity that
contributes to NET killing. Many pathogens produce secreted extracellular DNases to
evade the antimicrobial activity of NETs. Pseudomonas aeruginosa encodes an
operon of two secreted enzymes, a predicted alkaline phosphatase and a DNase.
The DNase (eddB) degrades eDNA to use as a nutrient source. Here we report that
both eDNA and NETs are potent inducers of this DNase-phosphatase operon. Fur-
thermore, the secreted DNase contributes to degrading NET DNA and defends P.
aeruginosa against NET-mediated killing. We demonstrate that EddA has both alka-
line phosphatase and phosphodiesterase (PDase) activities and also protects against
the antimicrobial activity of NETs. Although the phosphatase does not cause DNA
degradation similar to that of the DNase, its protective function is likely a result of
removing the cation-chelating phosphates from the eDNA phosphodiester back-
bone. Therefore, both the DNase and PDase contribute to defense against NET kill-
ing of P. aeruginosa, highlighting the role of DNA-manipulating enzymes in targeting
the eDNA in neutrophil extracellular traps.

KEYWORDS Pseudomonas aeruginosa, deoxyribonuclease, neutrophil extracellular
trap, phosphatase

s an opportunistic pathogen, Pseudomonas aeruginosa causes chronic infections in

immunocompromised individuals, including those with the heritable genetic dis-
ease cystic fibrosis (CF). However, P. aeruginosa is also capable of infecting burn and
diabetic foot wounds and causing nosocomial infections as well as eye and urinary tract
infections. During chronic infection in the CF lung, the immune response is dominated
by an influx and activation of neutrophils, in an effort to contain and clear P. aeruginosa
(1, 2). The antimicrobial strategies employed by neutrophils include the phagocytosis of
bacterial invaders, the release of toxic effectors, and the production of neutrophil
extracellular traps (NETs) (3, 4). As recently described innate immune effectors, NETs are
capable of ensnaring viruses, fungi, and both Gram-positive and Gram-negative bac-
teria (3, 4).

The deployment of NETs (a process termed NETosis) can result from a lytic (3) or a
nonlytic (vital) (5, 6) pathway in neutrophils and consists of an ejected DNA lattice that
is enmeshed with numerous neutrophil granule proteins. Lytic NETosis can be chem-
ically stimulated with phorbol myristate acetate (PMA) treatment of isolated neutro-
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phils, and vital NETosis has been reported in neutrophils with intact membranes, which
are still capable of phagocytosis and chemotaxis (5). Extracellular traps with a DNA
backbone have also been observed for other innate immune cells, including mast cells,
eosinophils, and macrophages (7). NETs have been observed in P. aeruginosa eye (8)
and skin (9) infection models as well as in sputum recovered from CF lungs (10-12).
Although they perform the innate immune function of trapping and killing bacteria,
excessive NET production contributes to airway obstruction, inflammation, and patho-
physiology and has been observed under numerous noninfectious conditions (13, 14).

NET antimicrobial activity is generally attributed to the neutrophil granular and
chromatin proteins that are localized to the DNA lattice (4). Antibodies against the
neutrophil-bound proteins, such as histones or cathepsin G, have been used to reduce
bacterial killing, demonstrating their direct role in killing (3, 15). We previously showed
that DNA has a potent antimicrobial activity by chelating surface-bound cations,
disrupting outer and inner membrane integrity, which results in rapid, lytic cell death
(16). DNA also contributes to bacterial killing by NETs and can be neutralized with
treatment of NETs with excess cations or by alkaline phosphatase (AP) treatment (9).
The cation-chelating phosphodiester backbone of DNA is responsible for the antibac-
terial nature of DNA, and we hypothesize a model where phosphatase treatment blocks
NET killing by removing phosphates from DNA but does not alter the NET structure or
the function or localization of some NET effector proteins (9).

Several microbial pathogens have been shown to defend against NETs through
diverse strategies. Streptococcus pneumoniae produces a capsule and p-alanylated
lipoteichoic acid on the bacterial surface that reduces the trapping and killing of the
bacteria in NETs (17). The secretion of extracellular nucleases that degrade the chro-
matin backbone of NETs is a conserved evasion strategy. A growing list of bacteria that
employ nucleases includes the Gram-positive bacteria Staphylococcus aureus, S. pneu-
moniae, group A Streptococcus, and Streptococcus suis and, recently, the Gram-negative
bacteria Vibrio cholerae, Neisseria gonorrhoeae, and Prevotella intermedia (18-22). DNase
production allows pathogens to evade killing by degrading the NET backbone and
diluting the concentration of toxic NET-bound effector proteins while also directly
neutralizing the antimicrobial activity of DNA (9, 16). S. aureus produces a nuclease that
degrades DNA and RNA to 5’-phosphomononucleotides and dinucleotides, which are
subsequently converted to 2'-deoxyadenosine (dAdo) through the AdsA enzyme (23).
The dAdo product is cytotoxic to macrophages and therefore protects S. aureus by
restricting these innate immune cells from entering staphylococcal abscesses (23).

An early observation of CF patient pathology was that the CF sputum is highly
enriched in DNA (24). Given the strong recruitment of neutrophils in the lungs of
individuals suffering from cystic fibrosis (1, 2) and the direct observation of NETs in CF
sputum (10-12), this suggests that much of the sputum DNA is derived from neutro-
phils. P. aeruginosa is a dominant pathogen in CF infections and demonstrates greater
resistance to NET killing than S. aureus and Escherichia coli (9). P. aeruginosa promotes
the tolerance of NETs through the modification of the outer surface lipopolysaccharide
(LPS) charge by the addition of aminoarabinose to lipid A or by the production of
surface spermidine, both of which mask the negatively charged surface groups (9, 25).
These surface modifications also contribute to resistance to antimicrobial peptides and
aminoglycosides, both cationic antibiotics that bind to bacterial surfaces with a nega-
tive charge, as a first step in disrupting the membrane or entering the cell (16, 25-27).

We previously identified a secreted DNase that is required for DNA degradation and
the utilization of DNA as a phosphate source (28). The DNase EddB (extracellular DNA
degradation protein B) is downstream of a predicted alkaline phosphatase (16, 29).
Since the operon is induced by phosphate limitation (28), it is likely that these two
enzymes contribute to phosphate acquisition. Here we test the hypothesis that these
secreted enzymes are involved in defense against the DNA component of neutrophil
extracellular traps.
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RESULTS

Phosphodiesterase-DNase operon induced by eDNA and NETs. We previously
demonstrated that the P. aeruginosa xcp type Il secretion system is required for the
secretion of a DNase capable of degrading extracellular DNA (eDNA) (28). The DNase
EddB, encoded by PA3909, promotes P. aeruginosa growth when DNA is supplied as the
sole phosphate source, and DNA can be used as a source of carbon and nitrogen (28).
Interestingly, the upstream open reading frame (ORF) PA3910 is predicted to encode an
alkaline phosphatase, EddA, and shares a promoter with eddB, forming a bicistronic
operon (16, 29). EddA contains a predicted signal peptide for the twin-arginine trans-
lation (TAT) pathway, which transports folded proteins across the inner membrane, and
uses the Xcp pathway to cross the outer membrane (30). Alkaline phosphatase proteins
fall into 3 groups: PhoX, PhoA, and PhoD-type phosphatases (31). EddA shares ~49%
homology with Bacillus subtilis PhoD, the archetypal secreted alkaline phosphatase (32).
Interestingly, PhoD phosphatases possess both monoesterase as well as phosphodies-
terase (PDase) activities (30, 31). Moreover, EddA homologs, such as the Zymomonas
mobilis CP4 PhoD alkaline phosphatase, have been shown to hydrolyze nucleotides
more effectively than sugar phosphates (33).

Given that eddAB are both likely involved in utilizing DNA as a nutrient, we assessed
whether their expression is regulated by the presence of extracellular DNA (Fig. 1).
Quantitative reverse transcription-PCR (qRT-PCR) analysis of eddB expression revealed
that this gene is highly induced in the presence of low levels of eDNA after coincuba-
tion for 60 and 120 min (Fig. 1A) (28). During infection, P. aeruginosa encounters and
must defend against neutrophil extracellular traps, particularly in the CF lung. We
sought to extend our analysis to determine whether NETs were also capable of
inducing the expression of these genes. We used PMA treatment to induce the
production of NETs in human neutrophils, which also induced the expression of eddAB
to comparable levels when exposed to pure DNA (Fig. 1A). There was no observable
growth (optical density at 600 nm [ODg,]) during these quantitative RT-PCR (qRT-PCR)
experiments, as P. aeruginosa was suspended in buffers that lack all nutrients. Gene
expression was normalized to the expression of the 16S rRNA genes, which can
normalize for any subtle differences in growth in the presence of DNA or NETs.

We confirmed the dynamic nature of the NET-induced gene expression pattern by
utilizing the P. aeruginosa eddB:lux reporter strain in coincubation experiments with
neutrophils that were PMA stimulated to produce NETs (Fig. 1B). P. aeruginosa appears
to sense the DNA in a NET and increase the gene expression level of an operon that
produces a secreted phosphatase and DNase.

Secreted DNase and phosphodiesterase activities. We wanted to confirm the
predicted enzymatic function of EddA and EddB, both of which are secreted extracel-
lularly by P. aeruginosa. EddB was previously shown to degrade bacterial genomic DNA
in the presence of excess Ca2* and Mg?™ (28). To quantitate DNA degradation, we used
a fluorescence-based DNA degradation assay using bacterial supernatants as the source
of bacterial enzymes. Bacterial supernatants from P. aeruginosa lacking either the Xcp
type Il secretion system or PA3909 (eddB) were strongly impaired for the degradation
of Sytox green-labeled extracellular salmon sperm DNA, relative to the control (Fig. 2A).
Complementation with pEddB restored the capacity of P. aeruginosa eddB:lux to
degrade eDNA, with a slight delay in the degradation kinetics (Fig. 2A).

To assess the phosphatase activity of EddA, we utilized a colorimetric assay in which
bacterial supernatants were added to the AP (monoesterase) substrate nitroblue
tetrazolium-5-bromo-4-chloro-3-indolylphosphate (NBT/BCIP). Coincubation of wild-
type P. aeruginosa bacterial supernatants with NBT/BCIP led to a rapid increase in the
amount of the cleaved substrate (Fig. 2B). Monoesterase activity was strongly depen-
dent on the presence of a functional Xcp type Il secretion system and on PA3910/EddA.
Complementation with pEddA restored the capacity of P. aeruginosa eddA:lacZ to
cleave the AP substrate (Fig. 2B).
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FIG 1 Expression of the eddAB operon is induced by eDNA and exposure to neutrophil extracellular traps.
(A) qRT-PCR was used to measure eddB expression during exposure of P. aeruginosa to 0.2% eDNA or
NETs. Bacteria were resuspended in 10 mM Tris buffer (pH 7) with 0.2% DNA or in HBSS with human
neutrophils (MOl of 4:1) that were PMA stimulated to induce NET formation. After incubation, total
bacterial RNA was extracted, converted to cDNA, and used as the template in qRT-PCR analyses, where
values shown are the means and standard deviations from 8 replicates. Expression levels under the test
conditions were compared to those under control conditions without eDNA or NETs and normalized to
the expression level of the 16S rRNA housekeeping gene. (B) The P. aeruginosa eddB:lux reporter strain
was grown in the absence or presence of PMA-activated human neutrophils (MOl of 10:1), and gene
expression (counts per second) was measured every 20 min. The values shown are the means and
standard deviations from 6 replicates.

We wanted to determine if EddA also had phosphodiesterase activity, which would
support the cleavage of phosphates from DNA. To detect secreted phosphodiesterase
activity, cell-free culture supernatants were incubated with the phosphodiesterase
substrate bis(p-nitrophenyl)phosphate (BNPP) (31). The type Il secretion mutant had
low levels of phosphodiesterase activity (Fig. 2C), which were similar to those of
wild-type PAO1 grown under phosphate-rich (1,600 uM) conditions (data not shown).
The eddAB double mutant showed a modest defect for phosphodiesterase activity,
which was restored to higher-than-parental levels when overexpressing pEddA from a
plasmid (Fig. 2C). In both the DNase and phosphatase assays, there appeared to be low
levels of activity remaining in the supernatants of eddA and eddB mutants, suggesting
the presence of other enzymes with these activities (Fig. 2A to C).

EddA was cloned as a C-terminally His-tagged protein (EddA-Hise), which permitted
the purification of protein using HisPur cobalt resin. Purified EddA-His was incubated
with the phosphodiesterase substrate BNPP and demonstrated enzyme activity (Fig.
2D). Consistent with other PhoD-type phosphatases, EddA has both monoesterase and
phosphodiesterase activities, which supports the hypothesis that EddA is capable of the
cleavage of phosphates from the DNA backbone.
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FIG 2 DNase and phosphatase activities of EddB and EddA. (A) DNase activity measured in culture
supernatants that were incubated with 1 ug DNA and 2.5 uM Sytox green. Supernatants were isolated
from cultures grown in limiting-phosphate BM2 medium. Green fluorescence was measured every
minute from black-well, clear-bottom, 96-well microplates. Values shown are the means and standard
deviations from quadruplicate samples. WT, wild type. (B) Alkaline phosphatase activity measured in
culture supernatants incubated with the NBT/BCIP monoesterase substrate in alkaline phosphatase
buffer. The colored AP reaction product was measured by monitoring the OD . (C and D) Phosphodi-
esterase activity measured in culture supernatants (C) or from purified EddA-His, (red bars) incubated
with 25 mM BNPP compared to the negative-control sample with no EddA-His, (blue bars) (D). Values
shown are means and standard deviations from triplicate samples.

DNase but not phosphatase dissolves neutrophil extracellular traps. NET killing
of P. aeruginosa can be neutralized with treatments that specifically target the DNA
component of the NETs (9). Exogenous DNase is frequently used to dissolve NETs and
block bacterial killing (3, 9). Therefore, in an attempt to neutralize the cation-chelating
activity of DNA but to retain the overall NET structure, NETs were treated with calf
intestinal alkaline phosphatase (CIAP) (9). Phosphatase treatment blocked NET killing of
P. aeruginosa and E. coli and blocked bacterial killing with pure DNA but did not alter
NET structure or function or the localization of NET effectors (9). These experiments
confirmed that the phosphates of DNA were responsible for the antimicrobial activity
of DNA in a neutrophil extracellular trap. Therefore, we hypothesized that the EddA
phosphodiesterase might also protect P. aeruginosa from NETs.

To assess whether these enzymes differed in their capacities to degrade the DNA
backbone of the NETs, we performed a NET degradation assay using the same Sytox
green-based approach used with pure DNA (Fig. 2A) (20). We stimulated NETosis by
the use of PMA and monitored NET production using fluorescence measurements
of Sytox green incorporation into NETs. After 200 min of PMA induction, NETs were
formed, and bacteria were introduced for coincubation with NETs to assess their
effects on the total DNA fluorescence (Fig. 3). As predicted, wild-type P. aeruginosa
was capable of the full degradation of NETs within 7 h after addition (Fig. 3).
Disruption of either the xcp type Il secretion system or the eddAB enzymes resulted
in the stability of NETs (Fig. 3). Complementation of the AeddAB double mutant with
plasmid-encoded pEddB restored the NET degradation capacity of the AeddAB
mutant to a level comparable to that of the wild-type parental strain (Fig. 3).
Exogenous DNase was the most effective treatment for degrading NETs. However,
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FIG 3 Degradation of DNA in neutrophil extracellular traps by secreted DNase from P. aeruginosa. DNA
release from 1 X 10° neutrophils was stimulated with PMA, and the resulting NET DNA was stained with
the cell-impermeant fluorescent DNA dye Sytox green. An increase in NET formation was seen up to 200
min, at which time P. aeruginosa cultures were added to the NETs to determine their effect on DNA
integrity (red arrow). Staining of NET DNA with Sytox green was measured in 10-min intervals, and the
values shown are the means and standard deviations from 8 replicates. The percentages of DNA

fluorescence are relative to the value for the Triton X-100-treated neutrophil positive control (100% lysis)
(n = 3).

complementation of the AeddAB double mutant with the plasmid-encoded pEddA
phosphodiesterase had no effect on degrading the DNA from PMA-stimulated
neutrophils (Fig. 3). We conclude that only the DNase can cause significant damage
to and degradation of the NET structure.

Phosphatase and DNase are required to defend against NETs. Since it is com-
mon among bacteria to produce secreted DNases that degrade and disarm NETs
(18-22), we tested the role of the EddA phosphatase and EddB DNase in protecting P.
aeruginosa from neutrophil extracellular traps. Neutrophils were stimulated with PMA
and exposed to P. ageruginosa wild-type and mutant cultures, and viable counts were
determined to monitor bacterial viability. Interestingly, the xcp type Il secretion system
mutant demonstrated reduced tolerance to PMA-stimulated NETs (Fig. 4A). This result
suggests that enzymes secreted by the type Il secretion system are required to protect
P. aeruginosa from NETs. The eddAB double mutant showed increased susceptibility to
NET killing, and complementation with either pEddA or pEddB expressed in trans
restored P. aeruginosa survival (Fig. 4B). While neither enzyme alone restored wild-type
levels of NET tolerance, the enzymes likely work together in wild-type strain PAO1.
Interestingly, the bacterial phosphodiesterase EddA significantly increased the survival
of P. aeruginosa when exposed to NETs; however, it seems incapable of robust NET
degradation relative to EddB (Fig. 3 and 4B). This protective function is congruent with
the previous observation that NETs are no longer antimicrobial after treatment with
CIAP (9).

DNase activity in culture supernatants of cystic fibrosis isolates. The CF lung is
highly enriched in eDNA of neutrophil origin, which is the reason why inhaled recom-
binant DNase is used to thin CF sputum and alleviate infection symptoms (34).
Therefore, we sought to characterize whether P. aeruginosa epidemic strains isolated
from cystic fibrosis patients shared the capacity to degrade DNA. We obtained a panel
of transmissible P. aeruginosa isolates from the Adult Cystic Fibrosis Clinic culture
collection at the University of Calgary (35) and assessed their capacity to degrade DNA
using the Sytox green-labeled DNA assay (Fig. 5). CF isolates produced a spectrum of
activity ranging from high to low levels of DNA degradation (Fig. 5). However, 12 out
of the 36 CF isolates tested did not have the capacity to degrade extracellular DNA. This
phenotypic diversity is common among CF isolates, despite relatively similar genetic
backgrounds, and is due to the complex selection pressure in the CF lung and the
accumulation of loss-of-function mutations.
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FIG 4 P. aeruginosa survival after exposure to neutrophil extracellular traps. A total of 1 X 107 CFU of P.
aeruginosa bacteria were incubated with PMA-treated neutrophils (MOI of 10:1), and bacterial viability
was determined by direct plate counts (CFU per milliliter) before and after 4 h of incubation with NETSs.
Bacterial counts were normalized to counts in the absence of neutrophils. DNase | was added exoge-
nously 30 min prior to the end of the experiment to degrade NETs and ensure accurate counts of
recoverable colonies. Data are presented as the average percentages of bacterial survival, and error bars
represent the standard deviations from 6 replicates (n = 3). (A) Wild-type PAO1 survival compared to that
of the xcpU:lux type Il secretion mutant. Significant differences were determined by using the unpaired
t test (****, P < 0.0001). (B) Bacterial survival of wild-type PAO1 and the eddAB double mutant, which was
complemented with pEddA or pEddB. Significant differences compared to the double mutant were
determined by one-way ANOVA with Bonferroni posttests (****, P < 0.0001).

DISCUSSION

In order to combat bacterial infection, NETs are deployed by neutrophils in numer-
ous infection sites, including the CF lung (10-12). Although many proteins enmeshed
in NETs (histones, cathepsin G, and calprotectin) have demonstrated antimicrobial
properties (3, 4), here we focus on bacterial defense against the antimicrobial activity
of DNA. The DNA backbone itself also contributes to the broad-spectrum antibacterial
mechanism of NETs, through a mechanism of disrupting membrane integrity by
chelating bacterial membrane-bound divalent cations (9, 16). The concentration of DNA
in CF sputum can reach as high as 20 mg/ml, a level sufficient to promote membrane
destabilization and rapid lysis of P. aeruginosa (16, 36, 37). This toxic effect exerted by
eDNA may explain why multiple species, including CF P. ageruginosa isolates, share a
virulence strategy of secreting DNA-degrading enzymes (Fig. 5).

Here we demonstrate that the Gram-negative, opportunistic pathogen P. aeruginosa
employs two DNA-modifying type Il secreted enzymes, the phosphodiesterase EddA
and the DNase EddB, to promote bacterial evasion of NETs. Although we demonstrate
that secreted EddA possesses alkaline phosphatase and phosphodiesterase activities
(Fig. 2) and can promote bacterial viability (Fig. 4), the enzyme does not degrade NETs
in our fluorescence-based assay (Fig. 3). The bacterial phosphatase EddA behaves
similarly to calf intestinal alkaline phosphatase, which also blocks NET killing without
disrupting the NET structure (9). Therefore, we propose that the bacterial phosphodi-
esterase EddB cleaves phosphates from DNA in a NET and neutralizes its cation-
chelating, antimicrobial activity.

The DNase-PDase operon seems to have a dual role in phosphate acquisition (28)

September 2018 Volume 86 Issue 9 e00403-18

Infection and Immunity

iaiasm.org 7

1sanb Aq 6T0Z ‘T2 AeN uo /610 wse rel//.dny wolj papeojumoq


http://iai.asm.org
http://iai.asm.org/

Wilton et al.

DNase
activity

xcpU::lux }
DNase
PA14
LES_19A weak
AUST-01_RB <20%
CloneC_20:
Md1_204
StrainB_008:
Calgary_227:
PAO1
AUST-06
AUST-02
AUST-02A:
StrainB_119B:
LES_29A
StrainB_023:
LES_229
StrainB_009
StrainB_059
AUST-01
MES
AUST-04
AUST-03

moderate
30-50%

strong
>50%

LES_27A
LES_201
LES_63:

50 100
Relative DNA fluorescence
FIG 5 Clinical CF Pseudomonas aeruginosa isolates produce extracellular DNase activity under
phosphate-limiting conditions. Cell-free supernatants were collected from cultures grown in BM2 me-
dium with a range of phosphate concentrations, including 200 uM (light green), 400 uM (dark green),
800 uM (light blue), and 1,600 uM (dark blue). Supernatants were coincubated with Sytox green-stained
DNA, and green fluorescence was measured in 10-min intervals. Relative DNA fluorescence values were
derived by calculating the decrease in DNA fluorescence compared that under phosphate-rich conditions

of 1,600 uM phosphate (t = 3 h). Pure DNase | (3 U) was used as a positive control, and the xcpU:lux
mutant was used as a negative-control strain.

and in protection against neutrophil extracellular traps. It is also possible that secreted
phosphatases cleave phosphates from the bacterial cell surface, as some enzymes can
be surface localized (38). The removal of cell surface phosphates might limit DNA
binding and therefore protect the outer membrane from DNA-mediated killing, which
normally sequesters surface-bound cations and disturbs outer and inner membrane
integrity (9).

Phosphate limitation is a nutrient cue shared by multiple Gram-negative bacteria to
produce phosphate acquisition pathways, including phosphatases and phosphate
uptake systems (39). The pho regulon is not only required for phosphate homeostasis
but is also an important stress response pathway that contributes to bacterial virulence
and cytotoxicity (39, 40). The DNase was originally shown to be regulated under
phosphate limitation (28); however, limiting phosphate levels does not solely regulate
the expression of this operon. We also detected expression or secreted enzyme activity
in rich brain heart infusion (BHI) medium (Fig. 4B) and in the presence of pure eDNA or
NETs, respectively (Fig. 1). Others have suggested a virulence role for the P. aeruginosa
phosphodiesterase-DNase operon, due to its induced expression upon exposure to
human airway epithelial cells (41). These observations highlight that multiple host cues
can induce the expression of these virulence factors, and they are likely expressed in
the CF lung.

Although the lower airways during chronic CF infections are colonized by complex
multispecies communities referred to as the CF lung microbiome, P. aeruginosa remains
a dominant pathogen (42). Chronic infection leads to a sustained inflammatory immune
response and the heavy recruitment of NET-producing neutrophils (10-12). The capac-
ity of P. aeruginosa to tolerate this NET-rich environment suggests that the bacterium
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TABLE 1 Bacterial strains, plasmids, and primers

Infection and Immunity

Strain, plasmid, or primer Description or sequence Source or reference
Strains
PAO1 Wild type R. E. Hancock
eddB::lux Mini-Tn5-lux insertion mutant in PA3909 (EddB); transcriptional lux fusion 29
eddA:lacZ Mini-Tn5-lacZ insertion mutant in PA3970 (EddA) 46
AeddAB Unmarked deletion mutant of eddAB This study
xcpU:z:lux Mini-Tn5-lux insertion mutant in xcpU; nontranscriptional lux fusion 45
Plasmids
pEddA EddA as an EcoRI-Hindlll fragment in pPSV37 with a C-terminal His tag (EddA-His) This study
pEddB EddB cloned as a BamHlI-Xhol fragment into pUCP22 This study
pPSV37 IPTG-inducible expression vector; Gen" 44
pUCP22 Multicopy shuttle cloning vector; Ampr Gen" 47
Primers
16SrtF GAAATCCCCGGGCTCAACCTG 45
16SrtR CCCCACGCTTTCGCACCTCA 45
EddB-F GAGGATCCATGCACCCCTTGCGTAACGC This study
EddB-R GACTCGAGCTACCTGCGGTGCTTCTTCATCG This study
EddA-soe-F AAGCCTGAAACTCACTGAAG This study
EddA-soe-R ATACGCATGCCGCCGATATCCGGATTGATCCCGAAAC This study
EddB-soe-F CGGCGGCATGCGTATAGGAAAGGGCTATTCCTACG This study
EddB-soe-R TGGAGTGACCTCCGTTCC This study
EddA-RBS-F ATGCGAATTCAGGAGGAAACGATGAGTGGGATGGACCTCAAGCGC This study
EddA-6XxHis-R ATGCAAGCTTTCAGTGGTGATGGTGATGATGGGCGCCGTCGGGCTGCAGTTCCTG This study

can detoxify and tolerate the eDNA and NETs present in CF sputum. Recombinant
human DNase (rhDNase) is used as an inhaled treatment in CF patients, and its
beneficial effects are attributed to reducing sputum viscosity, facilitating airway clear-
ance, improving lung function, and reducing the risk of exacerbation (24). Bacterial
DNase and PDase may favor the bacterium by protecting P. aeruginosa from NET killing
but may also promote its own clearance by thinning the CF sputum. Overall, the effects
of bacterial DNA-modifying enzymes are likely insufficient to promote clearance, hence
the need for exogenous rhDNase treatment. We demonstrate a virulence role for two
extracellular DNA-modifying enzymes in defending against NET-mediated killing, which
reinforces the concept that eDNA is an important innate immune effector that bacteria
directly target to promote survival during infections.

MATERIALS AND METHODS

Bacterial strains, plasmids, and primers. The bacterial strains utilized in this study are summarized
in Table 1 and in Fig. 5. Pseudomonas aeruginosa PAO1 was used as the wild-type strain. The mini-Tn5-lux
mutants eddB:lux and xcpU:lux function as both transposon insertion mutants and transcriptional
luxCDABE fusions that were constructed previously (29). P. aeruginosa was cultured at 37°C in defined
BM2 minimal medium (0.1 M HEPES [pH 7], 7 mM ammonium chloride, 20 mM sodium succinate [pH 6.7],
2 mM magnesium sulfate, 10 uM iron sulfate, 1,600 uM phosphate buffer [pH 7.2], 1.62 uM manganese
sulfate, 2.45 uM calcium chloride, 13.91 uM zinc chloride, 4.69 uM boric acid, 0.67 uM cobalt chloride)
supplemented with 10 mM MgCl,. Limiting-phosphate BM2 medium for culture or DNase and phospha-
tase supernatant assays contained 400 uM phosphate buffer (pH 7.2), rather than 1,600 uM. To assess
protective effects of DNase or phosphodiesterase activity, P. aeruginosa was cultured in BHI medium
(Difco) overnight at 37°C, subcultured 1:1,000 in fresh medium, and grown to mid-log phase. When
added, salmon sperm DNA was used at the concentrations indicated (catalog number UB14405S2; USB).

Mutant construction and complementation. The generation of the P. aeruginosa eddAB double
mutant was conducted by allelic exchange as described previously (43). Briefly, wild-type PAO1 genomic
DNA flanking the eddAB operon was amplified by using sequence-specific primers that added comple-
mentary regions to each amplified product. Stitching (splicing by overhang extension [SOE]) PCR was
used to combine each flanking region into one PCR product that was complementary to the flanking
regions of the eddAB operon but lacked the coding sequence. This SOE PCR product was gateway cloned
(BP reaction) into a gateway-compatible vector backbone overnight, and the reaction was halted with
the addition of proteinase K. Gateway constructs were transformed into electrocompetent E. coli DH10B
cells. The isolated plasmid was then transformed into S17.1Apir and then mated with wild-type P.
aeruginosa via puddle mating. Single-crossover events were selected for by growing P. aeruginosa on
Pseudomonas isolation agar plus gentamicin (100 pg/ml). Counterselection for double recombination
events was achieved by plating colonies on medium containing 15% sucrose.
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The construction of the pEddA expression plasmid was completed by PCR amplifying the coding
sequence from P. aeruginosa PAOT genomic DNA. The amplified PCR product was cloned as an
EcoRI-Hindlll fragment with a C-terminal His, tag into the isopropyl-p-p-thiogalactopyranoside (IPTG)-
inducible pPSV37 vector (44). The pEddB expression plasmid contained eddB cloned as a BamHI-Xhol
product into the pUCP22 vector. Digested PCR products were gel purified, ligated, and directly trans-
formed into P. aeruginosa PAO1 AeddAB, selecting for gentamicin resistance (30 wg/ml).

Neutrophil isolation. Neutrophils were isolated from healthy donors as described previously (9).
Briefly, whole blood was collected and mixed 5:1 in acid citrate dextrose, followed by the removal of red
blood cells using dextran sedimentation and hypotonic lysis with KCI. After all red blood cells were lysed,
the cell pellet was subjected to Ficoll-Histopaque density centrifugation. The subsequent pellet was
resuspended in 2 ml of HBSS (Hanks’ balanced salt solution, no cations) (catalog number 14175-095;
Invitrogen) or BHI medium for NET killing assays. The viable neutrophil concentration was determined by
using a hemocytometer and trypan blue staining.

Bactericidal NET assays. Quantification of bacterial viability was performed by direct plate counting
methods, where a reduction in cell number indicates bacterial killing (9). NET killing experiments were
performed in HBSS (Fig. 4A) or BHI medium (Fig. 4B). Isolated human neutrophils were mixed with
mid-log-phase bacteria in black, clear-bottom, 96-well plates with 2.0 X 107 CFU bacteria and 2.0 X 10°
neutrophils (multiplicity of infection [MOI] of 10:1). After 1 to 4 h of incubation, 50 ul of a DNase | solution
(430 kU/ml; VWR) was added to every well, mixed, and incubated for 30 min at 37°C, in order to release
bacteria trapped in NETs for accurate plate counts. Fifteen microliters of the suspension was serially
diluted (1/10) in a 0.9% NaCl solution in a sterile 96-well plate, and 5 ul from each well was stamped onto
LB agar plates to obtain bacterial plate count data at time zero (T,) and after 4 h (T,). CFU per milliliter
values from the T, and T, time points were used to calculate the percent survival by subtracting the T,
plate counts from the T, plate counts and dividing the value under “bacterium and neutrophil”
conditions by the value under “bacterium-alone” conditions and multiplying this value by 100.

Gene expression assays. Gene expression assays were carried out with a method similar to the one
described previously (9, 16, 28). In brief, fresh subcultures of PAO1 eddB::lux were normalized and diluted
to a final concentration of 4 X 107 CFU/well into BM2-400 uM phosphate buffer (a threshold concen-
tration of phosphate that neither induces nor suppresses gene expression) or BM2-400 uM phosphate
supplemented with 0.2% DNA (2 mg/ml) or 3-h PMA-stimulated NETs generated by 1 X 10° neutrophils.
Cultures were overlaid with mineral oil to prevent evaporation. The OD,,, and counts per second were
monitored every 10 min over time in the Wallac Victor® luminescence plate reader (Perkin-EImer) at 37°C.

Quantitative reverse transcription-PCR was performed as described previously (45). The gene expres-
sion levels of eddB (PA3909) in triplicate 200-ul samples of wild-type PAO1, under the conditions outlined
above, were measured after 60 and 120 min of coincubation. RNA was extracted according to the
manufacturer’s instructions (Bacteria Protect and RNeasy; Qiagen). Pseudomonas gene expression levels
were measured by using the iQ SYBR green supermix (Bio-Rad) and bacterium-specific primers for eddB
and the 16S rRNA housekeeping gene. For gRT-PCR, quantification and melting curve analyses were
performed with an iQ5 instrument (Bio-Rad) according to the manufacturer’s instructions. Each reaction
is done in triplicate, and standard deviations were used to calculate a range of fold activation values by
using the 2-22C; method (45).

DNase and phosphatase assays. To assess the production of EddA and EddB, PAO1 bacteria were
cultured overnight in BM2 medium under limited-phosphate conditions (400 uM phosphate buffer [pH
7.2], 10 mM MgCl,) or in BHI medium (Difco) overnight at 37°C. Epidemic CF strains were cultured in BM2
medium under a range of phosphate conditions (200, 400, 800, and 1,600 uM phosphate buffer, pH 7.2).
Cultures of P. aeruginosa strains grown overnight were normalized to an ODg,, of 1, and supernatants
were collected by centrifugation at 8,000 rpm for 10 min. To assess DNase activity, 100 ul of the
supernatant was incubated with 100 wl of 0.2 pug/pl salmon sperm DNA or 10° PMA-stimulated
neutrophils with 2.5 uM Sytox green (as outlined above) in a black-walled, clear-bottom, 96-well plate
and placed into a Wallac? plate reader, and the plate was read every minute for 120 min.

For alkaline phosphatase activity, the substrate NBT/BCIP (Sigma-Aldrich) was used. For phosphodi-
esterase activity, 0.25 mM the substrate BNPP was used (Sigma-Aldrich). For enzyme assays, 100 ul of the
clarified bacterial supernatants was added to 100 ul of 2X alkaline phosphatase buffer (1.0 M dietha-
nolamine buffer with 0.50 mM magnesium chloride [pH 9.8]) supplemented with NBT/BCIP or BNPP in a
96-well, black-walled, clear-bottom plate, and the OD,,,s was measured every minute for 30 min.

Purification of C-terminally His-tagged EddA. Mid-log-phase cultures of P. aeruginosa/pPSV37
expressing EddA-His, under the control of an IPTG-inducible promoter were grown in LB supplemented
with 30 wg/ml gentamicin until an ODy,, of ~0.5 was reached, when IPTG was added to the culture (0.2
mM) for a subsequent 3-h induction at 37°C. Cells were pelleted, the supernatant was removed, and the
pellet was frozen prior to cell lysis and protein purification. The frozen pellet was gently resuspended in
5 ml 4°C wash buffer (0.5X phosphate-buffered saline [PBS] [pH 7.1], 300 mM NaCl, 5 mM imidazole) and
sonicated for 15 min (5 s on and 10 s off) to lyse the resuspended pellet on ice. The lysate was centrifuged
in a 4°C Beckman Coulter Avanti JA-20 rotor at 15,000 rpm for 30 min. The soluble fraction supernatant
was removed and stored on ice. One milliliter of HisPur (ThermoFisher Scientific) cobalt Sepharose was
equilibrated with 10 ml of 4°C wash buffer. The soluble lysate was then passed over the protein column
twice, and the slurry was then washed by the addition of 10 ml wash buffer to the protein column. The
recombinant soluble protein was eluted by the addition of 1 ml elution buffer (0.5X PBS [pH 7.1], 300
mM NacCl, 50 mM NaPO,, 250 mM imidazole) and dialyzed (molecular weight cutoff [MWCQ] of 4,000 Da)
into the appropriate buffer for 18 h at 4°C.
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Western blot detection of His-tagged EddA. Ten microliters of the eluted protein was boiled for
10 min in SDS-PAGE loading buffer. The protein was loaded onto a 10% SDS-PAGE gel, electrophoresed
for 45 min at 180 V, and then transferred to nitrocellulose by using the Trans-Blot turbo transfer system
(Bio-Rad). After the transfer, the nitrocellulose membrane was incubated in 1X Tris-buffered saline plus
Tween (TBST) with 5% (wt/vol) skim milk powder for 18 h at 4°C. After incubation, anti-His (Sigma-Aldrich)
was added at a 1:10,000 dilution for 1 h at room temperature, with rocking. The blot was then washed
3 times using 20 ml fresh TBST. The secondary anti-mouse antibody (Cell Signaling Technology) was
added at a 1:10,000 dilution in 5% skim milk plus TBST, and the mixture was rocked at room temperature
for an additional hour. The blot was washed with TBST as described above and then developed by using
chemiluminescent Western blotting detection (Pierce ECL).
Statistical analysis. Statistical analysis was performed by using GraphPad Prism v4.0 software.
One-way analyses of variance (ANOVA) with Bonferroni posttests and unpaired t tests were used to
calculate significant differences for bacterial survival and gene expression. Significant differences refer to
P values of =0.05 or as otherwise indicated.
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