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Pseudomonas aeruginosa is a major pathogen in cystic fibrosis (CF) lung disease. Children with CF are routinely exposed to P.
aeruginosa from the natural environment, and by adulthood, 80% of patients are chronically infected. P. aeruginosa in the CF
airway exhibits a unique biofilm-like structure, where it grows in small clusters or aggregates of bacteria in association with
abundant polymers of neutrophil-derived components F-actin and DNA, among other components. These aggregates differ sub-
stantially in size and appearance compared to surface-attached in vitro biofilm models classically utilized for studies but are be-
lieved to share properties of surface-attached biofilms, including antibiotic resistance. However, little is known about the forma-
tion and function of surface-independent modes of biofilm growth, how they might be eradicated, and quorum sensing
communication. To address these issues, we developed a novel in vitro model of P. aeruginosa aggregates incorporating human
neutrophil-derived products. Aggregates grown in vitro and those found in CF patients’ sputum samples were morphologically
similar; viable bacteria were distributed in small pockets throughout the aggregate. The lasA quorum sensing gene was differen-
tially expressed in the presence of neutrophil products. Importantly, aggregates formed in the presence of neutrophils acquired

resistance to tobramycin, which was lost when the aggregates were dispersed with DNase, and antagonism of tobramycin and
azithromycin was observed. This novel yet simple in vitro system advances our ability to model infection of the CF airway and
will be an important tool to study virulence and test alternative eradication strategies against P. aeruginosa.

F rom the time of early childhood, cystic fibrosis (CF) lung dis-
ease features increased inflammation and persistent neutro-
phil accumulation in the airways, independent of detectable infec-
tion (1). Pseudomonas aeruginosa from the environment routinely
enters this neutrophil-rich milieu, intensifying the inflammatory
response. During childhood, P. aeruginosa infections are often
transient, with aggressive antibiotic treatment leading to eradica-
tion (2—4), but by adulthood nearly 80% of CF patients are chron-
ically infected with P. aeruginosa (5). Central to the development
of persistent infection is the formation of a biofilm, a well-recog-
nized virulence mechanism that renders bacteria essentially
impervious to host immune response or antibiotic treatment.
Bacterial biofilms are traditionally defined as surface-attached
communities of cells encased within a self-produced extracellular
polysaccharide matrix. P. aeruginosa in the CF airway appears to
exist primarily in a biofilm-like mode of growth (6), a conclusion
supported by the inability of antibiotics and host defense mecha-
nisms to eradicate the infection and the detection of quorum sens-
ing signals (6-8).

It is now understood that P. aeruginosa biofilms in the CF air-
way possess a unique structure (6). Instead of surface-attached
communities characteristic of most biofilm infection, the CF air-
way biofilm is comprised of small clusters or aggregates of P.
aeruginosa and contains dead and dying neutrophils (6, 26). These
aggregates appear to share many properties with conventional
surface-attached biofilms, including resistance to antibiotics and
the host immune system and dependence on quorum sensing (6).
However, surface attachment of bacterial microcolonies to the
bronchial wall is not observed in vivo (11, 12). Instead, P. aerugi-
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nosa growth in the CF airway occurs in the context of stagnant
mucous plugs, which are lodged in the airway lumen (6, 11). The
exuberance of the immune response results in excessive neutro-
phil accumulation that can overwhelm the capacity of the host to
clear neutrophils from the tissue, resulting in sputum that is
highly enriched in neutrophil-derived products implicated in CF
lung pathogenesis (1, 14-19). Neutrophil survival in this setting is
limited to just a few hours as a consequence of apoptosis and
necrosis (20, 21). Previously, we have reported that necrotic neu-
trophils greatly accelerate P. aeruginosa biofilm formation (22—
24); such neutrophils release DNA and F-actin, which polymerize
via histones and cations though electrostatic attraction (25). We
have found that P. aeruginosa uses these biopolymers as a scaffold
for the formation of biofilms, taking the place of the “surface” that
is traditionally thought to be required for biofilm development.
Nearly all studies of Pseudomonas biofilm formation and func-
tion have utilized in vitro biofilms that bear little resemblance to
those observed in vivo (26). In such models, biofilms are grown on
abiotic surfaces, typically producing biomass orders of magnitude
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larger than biofilms recovered from the CF lung. Moreover, such
in vitro biofilms are generally devoid of airway components. While
likely relevant to environmental or industrial applications, the
remarkable surface-attached structures developed during the life
cycle of in vitro biofilms in CF have never been observed in vivo;
thus, the potential exists that, in some cases, conclusions drawn
from these model systems may not be applicable to human infec-
tion (26).

We hypothesized that the presence of intracellular products
from necrotic neutrophils enhances surface-independent aggre-
gation of P. aeruginosa and that these aggregates display properties
required for virulence in the CF airway. Herein, we describe an in
vitro model system for the rapid formation of CF airway-like bio-
films, using a laboratory strain of P. aeruginosa (PAO1) and also
an isogenic pair of clinical strains isolated at different times in the
course of CF airway infection. The model that we developed in-
corporates neutrophil-derived products in a surface-independent
manner, similar to biofilms observed in the CF airway, allowing
for more biologically relevant analysis of P. aeruginosa virulence
and treatment response. Using this model, we sought to under-
stand whether the presence of neutrophils would selectively pro-
mote the formation of aggregates morphologically similar to those
recovered from the CF airway. We also sought to examine the
properties of such aggregates with respect to antibiotic resistance
and quorum sensing signaling and their dependence on neutro-
phil lysates.

MATERIALS AND METHODS

Bacterial strains and culture conditions. P. aeruginosa strains used were
PAOL1 (laboratory-adapted strain kindly provided by M. Vasil, University
of Colorado, Denver, CO, and E. P. Greenberg, University of Washington,
Seattle, WA) and PAOL! containing pMF230 (kindly provided by M.
Franklin, Montana State University, Bozeman, MT), which expresses
green fluorescent protein (PAO1-GFP) (22). Paired, isogenic isolates re-
covered from a CF patient at initial infection (AMT0027-1) and 12 years
later (AMT0027-11) (27) were from Seattle Children’s Research Institute.
The early isolate has a nonmucoid phenotype, while the late isolate is
mucoid. Planktonic cultures of the late strain are generally less sensitive to
antibiotics, but both strains are equally sensitive to killing by the antipseu-
domonal antibiotic tobramycin and have equivalent lag phases and rates
of growth to midpoint log phase (27). All bacterial stocks were stored in
aliquots at —80°C. To obtain planktonic cultures, bacterial stocks were
thawed at room temperature and cultured overnight in complete RPMI
(RPMI 1640 medium [Cellgro] supplemented with L-glutamine and 2%
pooled heat-inactivated platelet-poor human plasma [27]) at 37°C with
moderate shaking. Complete RPMI was chosen as a medium more com-
patible with the host cell environment. Cultures were then adjusted to an
optical density at 650 nm of 0.3 in a Beckman DU 640 spectrophotometer.
CFU were quantified by plating serial dilutions on LB agar medium plates.

Neutrophil isolation. Neutrophils were isolated from healthy human
volunteers by the plasma Percoll method as previously described (28).
This method provides a >95% pure, minimally activated population;
furthermore, expression of CSFIR is negligible, indicating minimal con-
tamination with monocytes. Neutrophils were washed and resuspended
in Krebs-Ringer phosphate-buffered saline (PBS) with dextrose (154 mM
NaCl, 5.6 mM KCl, 1.1 mM MgSO,, 2.2 mM CaCl, 0.85 mM NaH,PO,,
2.15 mM Na,HPO,, and 0.2% dextrose).

Human subjects. The National Jewish Health Institutional Review
Board approved these studies, and written informed consent approved by
the National Jewish Health Institutional Review Board was obtained from
all healthy neutrophil and CF sputum sample donors. The study was con-
ducted in accordance with the Declaration of Helsinki.
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Formation of bacterial aggregates in neutrophil lysates. All experi-
ments were performed in complete RPMI. Neutrophils were dispensed
into 5-ml round-bottom polypropylene tubes (BD Falcon) at a concen-
tration of 16.6 X 10°/ml and were stored in individual aliquots at —80°C
to promote lysis for up to 2 months without apparent change in aggregate-
forming ability. Neutrophil lysates were thawed at 37°C immediately prior
to the experiment. Bacteria were added to a final ratio of 5 to every 1
neutrophil equivalent. Aggregates were formed for 21 to 48 h at 37°C with
oscillation set at 50 per min. Planktonic cultures were prepared in com-
plete RPMI, and initial inoculum at time of treatment was 1 X 10%/ml.
Planktonic cultures and biofilms were treated with antibiotics and/or
DNase (Pulmozyme; Genentech) for 90 min at 37°C, as indicated. In all
cases, these agents were the same pharmaceuticals used in the clinical care
of CF patients. Antibiotic concentrations tested in the biofilm and plank-
tonic samples were 100 pg/ml tobramycin (TOBI; Novartis) and 20 pg/ml
azithromycin (APP Pharmaceuticals), which are concentration ranges ob-
served in CF sputum (29, 30). DNase concentration tested was 30 pg/ml.
Antibiotics and/or DNase were removed by the washing of samples three
times with 0.9% saline and centrifugation at 3,600 X g for 8 min. To
determine viable bacteria, aggregates were disrupted by the addition of
0.01% Triton X-100 and three passes through a 25-gauge needle. Disrup-
tion of aggregates was confirmed by microscopy. Following serial dilu-
tion, bacteria were plated on LB plates for enumeration of colonies. Plank-
tonic bacteria controls without neutrophils were treated in an identical
manner, with the same antibiotics and DNase concentrations.

Sputum processing. After collection, sputum samples were weighed
in a tared collection cup, and each sputum sample was separated into two
different tubes for use in RNA isolation and microscopy. Sputum pro-
cessed for RNA isolation was weighed in a microcentrifuge tube, diluted
with 2 volumes of PBS, and disrupted using 0.5-mm zirconium oxide
beads in a Bullet Blender homogenizer (NextAdvance) at speed 1 for at
least 1 min until homogenized. After centrifugation at 20,000 X g for 5
min at 4°C, the pellet was lysed in TriPure reagent (Roche) and processed
for RNA isolation as described below.

Tubes containing sputum for microscopy were homogenized in PBS
and 10% Sputolysin solution for 15 min at 37°C, following the CF Foun-
dation Therapeutic Development Network standard operational proce-
dure (31). Samples were then centrifuged in the StatSpin CytoFuge 2 at
850 rpm for 6 min and air dried.

Gram stain and bright-field microscopy. To compare the morphol-
ogy of aggregates recovered in sputum samples with bacterial aggregates
formed in vitro, slides prepared by cytocentrifugation were analyzed by
bright-field microscopy. Cytospin slides were made of planktonic bacteria
and aggregates grown in the presence or absence of dead neutrophils. Each
experiment was performed both with PAO1 and the isogenic early and late
clinical isolates. Slides were prepared as described above by diluting each
sample 2-fold and adding 200 .l of the dilution to each cuvette.

Gram stain was performed using the Gram safranin kit (BD) by fol-
lowing the manufacturer’s protocol. Stained cytospins were examined
using an Olympus BX51 microscope with a 60X oil immersion objective
and photographed using Olympus DP controller software. A total of three
images were taken from each slide; the locations on the slides were first
selected randomly (left and right corners and center), and each location
was kept consistent for each slide. Aggregate number and mean cross-
sectional area were quantified using Image] software (32). Clusters were
defined as larger than 2 um?, the approximate size of planktonic bacteria.

RNA isolation and quantitative PCR of quorum sensing genes.
Planktonic P. aeruginosa and aggregates of P. aeruginosa grown in the
presence or absence of lysed PMNs for 48 h were pelleted and solubilized
in 1 ml TriPure reagent at 95°C for 5 min. Total RNA was isolated accord-
ing to the manufacturer. cDNA was prepared from 1 ug RNA using Molo-
ney murine leukemia virus reverse transcriptase (MMLV-RT; Invitrogen)
and random hexamers. Quantitative PCR was performed using Sybr green
PCR master mix (Applied Biosystems) and the following primers (IDT):
lasA forward (5'-GGTCTGTTGCGAGAGGGGGC-3") and reverse (5'-G
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Neutrophil-Induced Aggregation of P. aeruginosa

FIG 1 Morphology of P. aeruginosa aggregates. (A) Aggregation of strain PAO1 in vitro when combined with neutrophil debris for 48 h, demonstrating
incorporation of extracellular material into the aggregate structure. (B) Representative sputum sample from 5 independent samples from a CF patient confirmed
to be infected with P. aeruginosa. Intact neutrophils are apparent within the P. aeruginosa aggregate. (C) Planktonic culture of P. aeruginosa strain PAOL. (D)
Neutrophil debris prepared by freeze-thawing, in the absence of bacteria. Samples were Gram stained and viewed with a 60X oil objective; length of size bar,

30 pm.

GTTGCTCGGCTGCAGGAGT-3"), rhiA forward (5'-GTAGTCGAGCA
TCGCCTGGTTC-3") and reverse (5'-CGAGGTCAATCACCTGGTCTC
C-3"), ureB forward (5'-CCCGGCGATATCGAACTCAA-3") and reverse
(5"-GTGGTAGTGCGAGCCGACCT-3'), rpoD forward (5'-ATCCTGC
GCAACCAGCAGAA-3") and reverse (5'-GGGAGAAGGCTGCTCGTC
GG-3'). Relative gene expression was determined by the threshold cycle
(AC;) method using rpoD as the normalization gene (33). lasA and rhIA
genes are quorum sensing genes directly regulated by lasR and rhIR, re-
spectively, and sequentially expressed in early biofilm formation (34);
ureB encodes a urease that is robustly upregulated in surface-attached
biofilms (35) and appears critical for maintenance of pH homeostasis in
biofilm cultures (36). Sputum Pseudomonas infection was confirmed us-
ing gyrB expression (37).

Confocal microscopy. Aggregates of PAO1-GFP were assessed using
confocal microscopy to visually confirm viability. Briefly, planktonic bac-
teria and aggregates grown for 48 h were incubated with propidium iodide
for 15 min at room temperature. Samples were washed 3 times with 0.9%
saline and fixed with 1.3% glutaraldehyde for 10 min at room tempera-
ture. Samples were then washed once, resuspended in saline, and trans-
ferred to a glass-bottom culture dish (MatTek Corp., United States) for
visualization using an Axiovert 200M microscope (Carl Zeiss) for Cy3
(red filter for propidium iodide) and fluorescein isothiocyanate (FITC)
(green filter for GFP) fluorescence. Images were obtained using 10X and
40X objectives.

Statistical analysis. Data were analyzed using GraphPad Prism (ver-
sion 6.02). Data of aggregate size obtained from microscopy, CFU, and
gene expression were tested for normality using the D’Agostino-Pearson
omnibus normality test and the Shapiro-Wilk normality test. One-way
analysis of variance (ANOVA) was performed on normal data when mak-
ing multiple comparisons for normally distributed data. The Kruskal-
Wallis test was used to determine significance of more than two condi-
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tions for nonparametric data; Dunn’s multiple-comparison test was
utilized as noted. The Mann-Whitney test was used to determine signifi-
cance of two conditions for unpaired, nonparametric data, and the Wil-
coxon signed-rank test was used for testing paired, nonparametric data.
Significance was set at a P value of <0.05.

RESULTS

Morphology of neutrophil-induced P. aeruginosa aggregates.
Previous reports have documented that P. aeruginosa biofilms re-
covered from the CF airway occur as aggregates of bacteria (9, 11,
12, 26, 38). In an attempt to form aggregates of P. aeruginosa in a
CF-like environment, we grew bacteria in the presence of lysed
neutrophils. Aggregates ranged in size up to 600 pum” and were
accompanied by planktonic bacteria. The aggregates appeared to
include bacteria and other material likely originating from dead
neutrophils (Fig. 1A), which contribute F-actin and DNA to the
extracellular polymeric matrix (22, 24). We compared P. aerugi-
nosa aggregates formed in vitro in the presence of neutrophil ly-
sates to aggregates observed routinely from sputum samples re-
covered from CF patients infected with P. aeruginosa (Fig. 1B).
Aggregates of P. aeruginosa strain PAO1 formed in the presence of
neutrophil products were visually similar to aggregates found in
sputum samples and to those previously reported (11). The CF
sputum samples also contained similar aggregates of bacteria sur-
rounded by extracellular material, cellular fragments, and intact
neutrophils (Fig. 1B). In comparison, the initial inoculum of
planktonic PAO1 showed little aggregation (Fig. 1C) and differed
from lysed neutrophils (Fig. 1D).

To investigate the distribution of living bacteria within in vitro
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FIG 2 Viable bacteria are present within P. aeruginosa aggregates formed in the presence of lysed neutrophils. Strain PAO1-GFP was combined with neutrophil
lysates for 48 h. Samples were stained with propidium iodide to distinguish nonviable bacteria. (A and D) Viable bacteria (green) occur in clusters within a larger
aggregate (A) but are dispersed by DNase treatment (D). (B and E) Nonviable bacteria and extracellular DNA identified by propidium iodide (red) in aggregates
(B); treatment with DNase reduces propidium iodide staining (E). (C and F) Overlay of red fluorescent and green fluorescence bacteria. (D to F) Samples treated
with DNase, resulting in near complete disruption of the aggregates. Viewed with a 40X objective; length of size bar, 10 wm. Representative images from 9

independent experiments.

aggregates, PAO1-GFP was combined with neutrophil lysates for
48 h. Aggregates consisted mostly of dead neutrophils (data not
shown), extracellular DNA, and dead bacteria (stained red), with
the majority of the live bacteria (green) being in the aggregate
interior (Fig. 2A to C). The pattern of small pockets of viable cells
enmeshed within fields of dead bacteria is consistent with the de-
scribed organization of some CF strains of P. aeruginosa grown as
microcolonies on a glass surface, although considerable variation
in the pattern of distribution of live and dead cells is reported
between various clinical isolates (39). The addition of DNase re-
sulted in dispersion of aggregates into planktonic cells (Fig. 2D to
F), indicating the contribution of extracellular DNA to this aggre-
gation.

Contribution of neutrophil products on the size of P. aerugi-
nosa aggregates formed in vitro. Sputum from CF airways has P.
aeruginosa aggregates that range in diameter from 5 to 100 pm (9,
11, 12,26, 38). P. aeruginosa in early stationary phase is comprised
primarily of planktonic single-cell bacteria or small clusters of 2 or
3 cells. PAO1 and an isogenic pair of clinical isolates recovered
from a CF patient soon after initial infection and 12 years later
were compared. Mean cross-sectional areas of bacteria in these
initial planktonic cultures range from 1.4 to 2.1 wm? (Fig. 3A to
C). To quantify the effect of neutrophil lysates on P. aeruginosa
aggregation, we compared the size distributions of aggregates
(=2.0 wm?) formed in the presence and absence of neutrophils for
48 h. Following 21 h, single-cell bacteria remained predominant
(not shown). All strains tested were capable of forming aggregates
in either the presence or absence of dead neutrophils after 48 h;
however, in the presence of neutrophil products, PAO1 and early
CF isolates formed significantly larger aggregates than in the ab-
sence of neutrophil lysates (Fig. 3A and B). The presence of neu-
trophils did not induce larger aggregates in the late CF isolate
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(Fig. 3C). Compared to small aggregates, large aggregates may
have a greater potential to occlude small airways, may represent
more developed colonies, and may present a greater barrier to
antibiotics; therefore, the largest-sized aggregates were considered
by comparing the upper quartile under each condition tested. The
effect of neutrophil products on inducing large P. aeruginosa ag-
gregates was apparent for all strains tested, including the late CF
isolate (Fig. 3D to F). These data suggest that neutrophil products
promote the formation of larger bacterial aggregates.
Neutrophil-dependent aggregates do not confer a growth ad-
vantage. To quantify the effect of neutrophil lysates on bacterial
growth, aggregates formed after 48 h in the presence or absence of
neutrophil lysates were disrupted, and the quantities of viable bac-
teria were compared (Fig. 4). The presence of neutrophil products
did not enhance bacterial number at 48 h for any strain tested,
demonstrating that the larger aggregate size achieved in the pres-
ence of neutrophils was not due to increased bacterial numbers.
Quorum sensing signaling by P. aeruginosa aggregates. Quo-
rum sensing is a mechanism that coordinates gene expression ac-
cording to the density of bacteria in a local population; its activa-
tion is indicative for the biofilm phenotype. Expression was tested
for three quorum sensing-regulated genes involved in various
stages of the development of surface-attached biofilms. Activation
of the Las quorum sensing system, which is associated with pro-
duction of N-(3-oxododecanoyl)-L-homoserine lactone, has been
linked to the stage of biofilm development when motile bacteria
become irreversibly attached to a surface and small clusters of
bacteria are formed (34). In the presence of neutrophil products,
lasA was significantly upregulated in the clinical strains but not in
environmental laboratory strain PAO1 (Fig. 5A). lasA was also
upregulated in sputum samples from P. aeruginosa-infected CF
patients compared to that in PAO1; interestingly, a small popula-
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tion of individuals harbor strains with high levels of lasA expres-
sion.

Activation of the Rhl quorum sensing system is associated with
production of N-butanoyl-L-homoserine lactone. It has been
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FIG 4 P. aeruginosa growth is not altered by the presence of neutrophil lysates.
Viable bacteria after 48 h in the absence (A) or presence (V) of neutrophil
(PMN) products for PAO1 and early and late CF isolates. Aggregates were
disrupted, and bacteria were quantified by colony counts following serial di-
lution and plating. Initial inoculum was approximately 5 X 10° CFU. Red bars
represent the median for each condition, which were not different by Kruskal-
Wallis test.
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linked to surface-attached biofilm development and integrity,
when cell clusters become progressively layered, and also to rham-
nolipid synthesis (34, 40). In all 3 strains tested, rhlA was not
changed in the absence or presence of neutrophil products (Fig.
5B). The expression of rhlA was not significantly upregulated in
the sputum samples.

Expression of ureB, a gene encoding a urease that is induced in
surface-attached biofilms and appears critical for pH homeostasis
in biofilm cultures, was also analyzed (35, 36). Expression of ureB
was not altered after 48 h for any strain, in the presence or absence
of neutrophil products. However, planktonic expression of ureB
was noted to be approximately 100-fold higher in PAO1 than in
the isogenic CF strains and selective sputum samples (Fig. 5C).
Similar to the CF isolates, sputum samples expressed lower levels
of ureB than PAO1; although a subpopulation of patients’ samples
expressed levels similar to those of the environmental strain, four
samples had no detectable ureB.

Effects of in vivo aggregation on P. aeruginosa resistance to
tobramycin. Antibiotic resistance is a clinically important feature
evoked by biofilm formation (8, 41, 42). To determine if P. aerugi-
nosa aggregates acquire relative antibiotic resistance, planktonic
cultures and aggregates formed in the presence of neutrophil
products were exposed to tobramycin for 90 min. As expected,
exposure of planktonic bacteria to tobramycin resulted in >98%
killing of all strains tested (Fig. 6). P. aeruginosa aggregates formed
from the clinical isolates demonstrated greater survival than
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FIG 5 Quorum sensing gene expression in aggregates and sputum. Expression
of genes involved in quorum sensing in PAOI. Early and late CF isolates of
planktonic cultures (open circles) were compared to P. aeruginosa grown for
48 h in the absence (blue circles) or presence (green circles) of neutrophil
products and sputum samples from CF patients (red squares). Solid lines rep-
resent the mean. (A) Expression of lasA normalized to expression of rpoD; (B)
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normalized to expression of rpoD. *, P < 0.05; **, P < 0.01, by Wilcoxon
signed-rank test. t, P < 0.0001, by unpaired ¢ test comparing planktonic bac-
teria. a, P < 0.05; b, P < 0.01, by Mann-Whitney test for sputum samples
compared to planktonic PAO1.

PAOL1 following exposure to the antibiotic, with the largest resis-
tance achieved by the early CF strain (Fig. 6). No enhanced killing
by tobramycin was achieved by the addition of DNase to plank-
tonic bacteria and the PAO1 aggregates (Fig. 6). In contrast, the
antibiotic property of tobramycin was improved following DNase
treatment of aggregates of CF clinical strains formed in the pres-
ence of neutrophil products (Fig. 6). Exposure of the aggregates to
DNase resulted in near complete disruption of these structures
(Fig. 2), corroborating the ability of the aggregate structure to
confer antibiotic resistance.

Azithromycin induces antagonism against antibiotic effects
of tobramycin in P. aeruginosa aggregates. Azithromycin has
recently been found to antagonize the antipseudomonal activity of
tobramycin in abiotic biofilm and mouse infection models (43—
46). Therefore, we tested P. aeruginosa planktonic cultures and
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neutrophil-enhanced aggregates for this drug interaction. In
planktonic cultures, tobramycin had profound antipseudomonal
activity for all strains tested (Fig. 7A), whereas azithromycin was
significantly effective only against the early CF strain. However, no
antagonism was observed when planktonic cultures were treated
with both antibiotics. When P. aeruginosa strains were grown in
aggregates in the presence of neutrophils, azithromycin had a sig-
nificant antibiotic effect against PAO1 aggregates but not against
aggregates formed by the clinical isolates (Fig. 7B). For aggregates
of the early CF strain, azithromycin significantly decreased the
antipseudomonal activity of tobramycin (Fig. 7B). A similar trend
was seen for the late CF strain. Therefore, growth of clinical strains
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FIG 7 Antagonistic effect of azithromycin toward tobramycin-induced killing
of P. aeruginosa aggregates. (A) Planktonic bacteria survival when exposed to
tobramycin (TOB), azithromycin (AZM), or the combination. (B) Survival of
P. aeruginosa aggregates formed for 48 h in the presence of neutrophil products
from PAOI, and in the early and late CF strains, and exposed to tobramycin
(TOB), azithromycin (AZM), or the combination. Survival (%) was calculated
by dividing CFU from each treatment by CFU of cultures from the respective
strain prior to antibiotic treatment. The means = SEM are depicted from 4 to
8 independent experiments. Lines represent Dunn’s multiple-comparison test.
*, P <0.05; %%, P <0.01; ***, P <0.001.
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of P. aeruginosa in biofilm-like conditions can promote antago-
nism between tobramycin and azithromycin.

DISCUSSION

Environmental strains of P. aeruginosa likely enter the airway rou-
tinely and are nonpathogenic for the normal host. In CF patients,
the lung typically withstands chronic P. aeruginosa infection for
years, and with modern eradication strategies, persistent P. aerugi-
nosa infection can be delayed into late adolescence or adulthood
(5). The mechanism(s) that allows a small inoculum of planktonic
P. aeruginosa to survive in the CF airway and acquire the biofilm
phenotype is not completely understood. Herein, we report that
the presence of neutrophil products, a central feature of the CF
airway, enhances P. aeruginosa aggregate formation. Neutrophil-
induced P. aeruginosa aggregates formed in vitro are morpholog-
ically similar to those recovered from the CF airway. Moreover,
aggregate formation confers antibiotic resistance and selective up-
regulation of quorum sensing signaling, two features essential to
the enhanced virulence of the biofilm phenotype. These early bio-
films are extremely sensitive to dispersion by DNase, which re-
stored antibiotic sensitivity. Interestingly, these simple aggregates,
but not planktonic cultures, demonstrate azithromycin-induced
antagonism toward tobramycin, as previously reported in other P.
aeruginosa biofilm systems and in vivo (43-46). Together, these
findings support the usefulness of combining neutrophil products
with P. aeruginosa to represent the biofilm phenotype within the
CF airway more accurately.

A number of in vitro biofilm models have been described, pro-
viding the foundation of our current understanding of biofilm
development and regulation. The static 96-well format can be
used to test for biofilm growth by staining the biomass with crystal
violet or for viability with LIVE/DEAD staining (47, 48). Other
models use flow cells, growth on synthetic membranes, drip flow
reactors, or rotating disk reactors (49-53). In many of these sys-
tems, biofilm structure can be visualized by microscopy, but
throughput is limited and generally requires a surface (26). In
addition, these models generally produce biofilms in the range of
1 cm?® in the microtiter plate assay to 10 cm? in flow cells, and
biofilm thickness can reach 300 wm (26). In contrast to the CF
airway, where biofilms are lodged within stagnant mucous plugs
of the small and medium-sized bronchi (11, 12), surface-attached
biofilm models are commonly exposed to air or freshly supplied
media. Moreover, adherence of bacterial microcolonies to the
bronchial wall surface has never been observed in vivo (11, 12),
making it unclear if surface-attached biofilm models accurately
represent in vivo aggregates. Thus, although surface-attached in
vitro systems have been instrumental in testing many biofilm
characteristics, they differ considerably from the growth condi-
tions pathogens actually confront in the CF airway.

Strains of P. aeruginosa can aggregate to various degrees in the
absence of neutrophil products (54). However, products released
from necrotic neutrophils enhance biofilm development, an ad-
vantage that arises in part through neutrophil-derived F-actin and
DNA (22-24). In addition to F-actin and DNA, incorporation of
additional neutrophil products likely alters survival properties of
P. aeruginosa (55, 56). The presence of neutrophils dramatically
enhances biofilm mass in the first 24 to 48 h (22-24, 57), the time
frame when the planktonic bacteria are generally most vulnerable
to eradication by host defenses and antibiotic treatment. The early
survival advantage afforded by the presence of dying neutrophils
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may explain why biofilm-associated P. aeruginosa infection typi-
cally occurs in the setting of intense preexisting inflammation,
such as burns, wounds, corneal damage, and the CF airway. A
comprehensive understanding of the initial formation of P.
aeruginosa aggregates in the CF airway remains elusive. While it is
recognized that environmental factors and available nutrients reg-
ulate many facets of biofilm development and metabolism, mod-
els that incorporate aspects of the host inflammatory response
promise to enhance our understanding of this mode of growth.

Differences between the isogenic early and late CF strains uti-
lized in this study support the conclusion that neutrophil products
are particularly important in early biofilm development. The clin-
ical strain recovered early from a child with CF displayed greater
enhancement of aggregate size in the presence than in the absence
of neutrophil products, as did PAO1, which resembles environ-
mental strains with regard to its lack of active virulence factor
expression. In contrast, the isogenic strain recovered 12 years later
from the same CF patient formed aggregates similarly in the ab-
sence or presence of neutrophil products. Importantly, the sizes of
the aggregates are similar to those seen in CF sputum (12). Re-
cently, Staudinger et al. (56) demonstrated P. aeruginosa aggregate
formation on solid medium in the presence of CF sputum super-
natants and attributed aggregate formation to loss of bacterial
motility and cleavage of flagellin by human neutrophil elastase;
aggregate formation of late CF isolates is also associated with
greater selective pressure and intrinsic motility defects (56, 58).
These investigators also delineate between biofilm formation, for
which late, mucoid strains are deficient, and aggregate formation,
for which late strains are proficient (56); therefore, our data sim-
ilarly support a role of mucoid strains to allow aggregate forma-
tion in CF-like conditions that is distinct from surface-attached
biofilm formation.

Upregulation of quorum sensing-related genes suggests that
aggregate formation shares some features of surface-attached bio-
films. In our system, lasA induction for the CF isolates was ob-
served only in the presence of neutrophil products. It is unclear if
lasA, which codes for an elastase, promotes aggregate formation in
a manner similar to that observed for human neutrophil elastase
(56). The finding that all strains tested formed aggregates to some
extent in the absence of neutrophil products indicates that lasA
induction is not required for aggregate formation but may en-
hance it.

In contrast to lasA, rhlA was not induced under any conditions,
suggesting that quorum sensing signaling in CF-like conditions is
specific for the Las system. It is possible that sampling at different
times would uncover changes in rhlA expression. Although a
global analysis of the longitudinal effect of neutrophil products on
biofilm regulation extends beyond the scope of the current report,
significant differences in quorum sensing genes suggest a poten-
tially broad range of functional consequences. While aggregate
formation in other systems may not require biofilm-associated
genes (56, 59-61), the same pattern of dependence on the Las
system, but not the Rhl system, is observed in microcolony forma-
tion in artificial CF sputum that contains DNA (62). In addition,
quorum sensing genes are expressed in CF sputum samples at
levels similar to those seen in the presence of lysed neutrophils
(Fig. 5). The functional consequences of deficiency of ureB expres-
sion apparent in the CF isolates and the majority of CF sputum
samples are not known but worthy of future study; although mu-
tations in the primer regions could result in an apparent decrease
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in ureB expression, a survey of P. aeruginosa genomes indicated no
mismatches in these regions. Furthermore, these findings are con-
sistent with the previous observation that quorum sensing signals
are observed in CF sputum (6). Overall, these data support the
conclusion that quorum sensing plays a role in aggregate forma-
tion in the CF environment.

Finally, the mechanism of DNase has been attributed to en-
hanced airway sputum clearance (63), without an effect on avail-
ability of sputum-bound antibiotics (64). However, our findings
illustrate the potential of DNase to augment antibiotic activity by
disrupting P. aeruginosa aggregates within the airways. These re-
sults indicate a more direct mechanism through which DNase
contributes to antimicrobial activity and thus may be considered
an additional component to enhance treatment regimens de-
signed to eradicate or suppress P. aeruginosa infection in the CF
airway.

While any one in vitro system is not likely to recreate the com-
plexity of the lung environment, our data suggest that incorpora-
tion of host products into the biofilm is an important step toward
obtaining a more sophisticated understanding of the early patho-
genesis of infection. As with any model, limitations exist. Bacterial
aggregate formation occurs in a largely anaerobic environment,
which may only partially mimic the CF airway. Other host factors,
such as mucin and surfactant, may modify aggregate formation.
The use of frozen aliquots of neutrophils greatly simplifies the
model but does not accurately depict the constant influx of live
neutrophils into the infected airway. Furthermore, this study uti-
lized a single isogenic pair of clinical strains, although this model is
adaptable for comparative studies of bacterial virulence between
isolates. We developed this model using peripheral neutrophils
from healthy adults. Although our data are consistent with the
importance of DNA in establishing aggregates, it is possible that
unique properties of CF airway neutrophils from children and
adults differently model in vivo aggregate formation; however, we
have shown that neutrophils from CF patients and healthy sub-
jects release neutrophil extracellular traps equally well (27). In
addition, in vitro antibiotic susceptibility testing and morpholog-
ical and molecular analyses of bacterial responses can be exam-
ined. Furthermore, other components of the immune response,
such as viable host cells, antibodies, and other host factors, can be
tested for modification of aggregate formation, structure, and bac-
terial responses.

With the current model, surface-free aggregates are easily
formed that morphologically resemble the CF airway biofilms and
share functional properties recognized as central to biofilm sur-
vival. Sputum samples showed morphology and quorum sensing
signaling similar to those of aggregates formed in vitro in the pres-
ence of neutrophils, supporting the clinical relevance of this
model of biofilm growth. Stored aliquots of neutrophils are suffi-
cient for this model, precluding neutrophil isolation at the time of
the experiment. The neutrophil-dependent aggregate model pre-
sented here and a model of artificial CF sputum share a depen-
dency on DNA and a role for the Las quorum sensing system (62);
therefore, models that incorporate in vivo growth components
may provide a way to understand the biology of early P. aeruginosa
growth and therapeutic strategies. In summary, these studies of
surface-independent P. aeruginosa aggregates of the appropriate
size, formed through incorporation of the principal components
of the CF airway, represent a substantial advance toward defining
clinically relevant mechanisms of early biofilm formation.
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