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Objectives: Aztreonam for inhalation solution (AZLI) was recently approved by the FDA for treating cystic fibro-
sis (CF) patients infected with Pseudomonas aeruginosa. Here we investigated the effect of aztreonam alone or
in combination with tobramycin on P. aeruginosa biofilms grown on CF airway epithelial cells.

Methods: P. aeruginosa biofilms, produced by laboratory strains or clinical isolates, were formed on confluent CF
airway cells before treatment overnight with aztreonam or tobramycin alone or in combination. Alternatively,
antibiotics were added 1 h after bacterial inoculation to assess their ability to impair biofilm formation at 5 h.
Bacterial cfu remaining after treatment were then determined by plate counting.

Results: In the absence of antibiotics, all strains developed biofilms that disrupted CF airway epithelial mono-
layers overnight. Tobramycin reduced the cfu of all strains grown as biofilms. Aztreonam reduced the cfu of
some strains by �1 log unit without preserving the integrity of cystic fibrosis airway cell monolayers, while de-
creasing the biofilms of other clinical isolates by �4 log units and protecting the monolayers from being com-
promised. The combination of aztreonam and tobramycin reduced the cfu of two strains by an additional 0.5
and 2 log units, respectively. Of all the mechanisms explored, Psl exopolysaccharide production might explain
the variations in biofilm tolerance to aztreonam in some of the strains.

Conclusions: Effects of aztreonam on P. aeruginosa biofilms in the in vitro co-culture model are strain-
dependent. The simultaneous application of aztreonam and tobramycin may be beneficial for a subset of CF
patients by eliminating susceptible P. aeruginosa strains.
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Introduction
Cystic fibrosis (CF) is an inherited disease caused by mutations in
the cystic fibrosis transmembrane conductor regulator (CFTR).1,2

In the absence of a functional CFTR, the CF lung becomes chron-
ically infected with bacteria, leading to respiratory failure and
death. According to the 2010 Cystic Fibrosis Foundation Patient
Registry, Staphylococcus aureus is the dominant (�67%) micro-
organism infecting CF patients of age 18–24,3 while Pseudomonas
aeruginosa is the dominant microorganism infecting CF patients
in older populations (found in �80% of adults with CF) and con-
tributes to most morbidity and mortality in these patients.4,5

During early infections, P. aeruginosa is typically in a planktonic,
non-mucoid form and can be eradicated by repeated antibiotic
treatment.6 However, evidence suggests that during chronic

infections P. aeruginosa forms biofilms and becomes more toler-
ant to antibiotics.7,8 In the biofilm mode of growth, bacteria are
encased in an exopolysaccharide (EPS) matrix, which could act
as a barrier that prevents antibiotics from penetrating the biofilm.9

The life expectancy of CF patients has greatly improved in the
past few decades due to the development and aggressive appli-
cation of antibiotics.10 Until the inhaled form of aztreonam (AZLI;
Caystonw) was approved as an antipseudomonal antibiotic in
2010, the aminoglycoside antibiotic tobramycin for inhalation
(TIS, TOBIw), approved for use in 1997, was the only inhaled anti-
biotic approved for the treatment of pulmonary infections with
P. aeruginosa in CF.

Aztreonam is a monobactam antibiotic that exerts its
effect by inhibiting bacterial cell wall synthesis and has broad-
spectrum activity against Gram-negative bacteria, including
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P. aeruginosa.11,12 The effectiveness and safety of inhaled aztreo-
nam for CF patients have been investigated in three multina-
tional, multicentre Phase III studies (AIR-CF1 to AIR-CF3).13–15

Regular administration of AZLI to CF patients effectively decreased
P. aeruginosa density in their sputum by �0.6–1.5 log10 cfu/g
in both short-term (28 days) and long-term (18 months)
studies.16

Despite the growing use of TOBI and AZLI by CF patients, few
data are available in the literature on the comparative and com-
bination efficacy of these two drugs. To better understand the
effect of aztreonam and tobramycin against P. aeruginosa in
the context of CF, we performed a comprehensive study to test
the antibiotic susceptibility of P. aeruginosa laboratory strain
PAO1 and six CF clinical isolates grown as biofilms on CF airway
epithelial cells. We used an in vitro co-culture model developed
previously by our group,5,17 wherein P. aeruginosa biofilms form
on human CF airway epithelial cells. This model recapitulates
several aspects of CF lung disease, including more robust
biofilm formation on CF airway cells than non-CF control lines
and high-level biofilm-mediated antibiotic tolerance akin to
what is observed in the CF lung.5,17,18 We also explored the pos-
sible additive effect of aztreonam and tobramycin by applying
these two drugs simultaneously to the co-culture model.
Finally, possible mechanisms for our susceptibility findings
were explored. Our study not only provides new insights into
P. aeruginosa susceptibility to aztreonam and tobramycin in
this co-culture model, but can also be used as a reference for
future preclinical study designs.

Materials and methods

Bacterial strains, growth medium and antibiotics
P. aeruginosa strain PAO1 used in the confocal microscopy studies carries
a plasmid (pSMC21) that constitutively expresses green fluorescent
protein (GFP) and is stable without antibiotic selection.19 P. aeruginosa
strain PAO1 is a well characterized and broadly used laboratory strain.
The strain ZK2870 and its mutant counterpart ZK2870DpelA were
kindly provided by Roberto Kolter.20 The P. aeruginosa strain PAO1 Dpsl
mutant, mucoid laboratory strain FRD1 and its non-mucoid derivative
FRD1algT::Tn501 were obtained from Dan Wozniak.21,22 The strains
SMC715, SMC725 and SMC738 and their corresponding Dpsl mutants
were provided by Michael Zegans.23 Clinical P. aeruginosa isolates
SMC1585, SMC1587, SMC1595, SMC1596, SMC5450 and SMC5451 were
collected from the sputa of CF patients by the clinical microbiology
laboratory at the Dartmouth-Hitchcock Medical Center (DHMC). Each
strain was collected from a different patient and previous antibiotic appli-
cation of the patients was not recorded. The mucoid phenotype of these
clinical isolates was determined by the standard clinical test,24 in which
the bacteria were grown on sheep blood agar, MacConkey’s agar and
Mueller–Hinton agar at 358C in 5% CO2 or in room air. All P. aeruginosa
strains were cultured in lysogeny broth (LB) medium (10 g of tryptone,
5 g of yeast extract and 10 g of NaCl dissolved in 1 L of water) overnight
at 378C before further dilution and application to the airway cells. The
antibiotics tobramycin and aztreonam were obtained from Sigma
(St Louis, MO, USA) and MP Biomedicals (Solon, OH, USA), respectively.
Clinically relevant concentrations of tobramycin (1000 mg/L) and aztreo-
nam (700 mg/L) were chosen for this study, which are equivalent to the
peak concentrations measured in the sputum of CF patients after aero-
solized drug application.14,25

Cell lines and cell culture
Human bronchial epithelial cells (CFBE41o2, homozygous for the
DF508-CFTR mutation) were isolated from a CF patient.26,27 CFBE41o2

cells overexpressing DF508-CFTR (CFBE cells hereafter), a gift from
Dr J. P. Clancy,28 were used throughout the study as host cells. CFBE
cells were maintained in minimal essential media (MEM) supplemented
with 10% fetal bovine serum, 2 mM L-glutamine, 50 U/mL penicillin,
2 mg/mL puromycin, 50 mg/mL streptomycin and 5 mg/mL plasmocin
in a 5% CO2/95% air incubator at 378C. CFBE cells were grown at a
seeding density of 0.2×106/well in a 12-well plate (Corning Incorporated,
Corning, NY, USA) or at 2×106/coverslip on a 40 mm diameter glass
coverslip (Bioptechs, Butler, PA, USA) for 7–9 days to establish confluent
monolayers. The regular cell growth medium was switched to a modified
medium (MEM without phenol red plus 2 mM L-glutamine; referred to as
‘imaging medium’ hereafter) on the day the experiment was performed.

Cytotoxicity assay
To examine whether aztreonam alone or in combination with tobramycin
causes cytotoxicity in CFBE cells, we measured the levels of lactate de-
hydrogenase (LDH) released upon exposure to these antibiotics for 16 h
using the CytoTox 96 non-radioactive cytotoxicity assay kit from
Promega, as described previously.17

Static co-culture assay
The static co-culture assay was used to form P. aeruginosa biofilms on
CFBE cells in a standard multiwell tissue culture plate, as described pre-
viously.17 Briefly, CFBE cells were grown in 12-well plates for 7–9 days
as described above. The cells were washed twice with imaging medium
before P. aeruginosa was inoculated into each well at a multiplicity of in-
fection (MOI) of �30 (�6×106 cfu/well). The plates were incubated at
378C, 5% CO2 for 1 h to allow bacterial attachment to the airway cells.
The supernatant was then replaced with imaging medium containing
0.4% arginine and incubated for 5 h to form biofilms on CFBE cells. To
assess the efficacy of antibiotic treatment in preformed biofilms, the
plates were washed twice with imaging medium and antibiotics were
applied at designated concentrations (tobramycin, 1000 mg/L; aztreo-
nam, 700 mg/L) to disrupt established biofilms for 16 h. The supernatant
was then removed and washed twice with imaging medium. CFBE cells
were lysed with 0.1% Triton X-100 for �15 min. The lysate was vortexed
for 3 min before serial dilution and spot titration onto LB plates to deter-
mine the cfu/well. The bacterial strain was defined as ‘susceptible’ to the
antibiotic treatment in the static co-culture model if the CFBE monolayers
were not disrupted after overnight antibiotic treatment and there was
more than a 2 log10 difference in cfu recovery between no antibiotic
treatment and antibiotic treatment.

To test the ability of antibiotics to prevent biofilm formation, these
compounds were applied after the 1 h period for bacterial attachment,
the plates were incubated for 5 h, and cfu/well was determined as
described above. The detection limit of the static co-culture assay was
�200 cfu/well. All experiments were performed at least three times.

Flow chamber imaging assay
We used the flow chamber imaging assay to assess antibiotic suscepti-
bility visually. In this assay, GFP-labelled P. aeruginosa were used to
form biofilms on human airway cells as described previously.5,29 Briefly,
a Focht Chamber System 2 (FCS2) from Bioptechs was assembled and
mounted on the stage of an inverted Nikon microscope. CFBE cells
were grown on a 40 mm diameter glass coverslip for 7–9 days to form
a confluent polarized monolayer and washed twice with imaging
medium before assembly into the FCS2 system. Bacteria were injected
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on the apical side of the CFBE cells in the chamber and allowed to attach
for 2 h without flow. Subsequently the flow was started at the rate of
20 mL/h for 4 h to allow the formation of biofilms. Antibiotics (tobramy-
cin, aztreonam or their combination) were then added to the imaging
medium reservoir and applied with the flow overnight (16 h). Alternative-
ly, antibiotics were added 2 h after the inoculation of bacteria and
applied with the flow for 4 h to examine the prevention of biofilm forma-
tion by the antibiotics. The integrity of the CFBE monolayers was assessed
visually by differential interference contrast microscopy.

Confocal microscopy imaging was performed on a Nikon TE2000 Lives-
can Swept Field Confocal microscope equipped with a QuantEM:512SC
EMCCD camera (Photometrics, Tucson, AZ, USA). A ×60 oil-immersion,
1.3 numerical aperture objective was used for this study. The acquired
z-stack images (with 1 mm interval) were compressed to one image layer
using maximum intensity projection with the Nikon NIS-Elements software.

The flow cell and static biofilm methods are both based on the
concept of allowing bacteria to incubate on epithelial cells to allow
initial attachment before removing the unattached planktonic bacteria
and allowing the remaining attached bacteria to form biofilms. The
static co-culture assay has a higher throughput since it uses multiwell
culture plates, while the flow chamber assay is ideal for high-resolution
imaging. Several studies from our group show corresponding similar
behaviours between organisms grown in these two systems.5,17,29

RT–PCR analysis for bacterial biofilm markers
The protocol for RT–PCR studies of the bacterial biofilm marker tolA was
described in detail previously.29 The rplU gene, which is constitutively
expressed under the conditions examined here, was used as a control.
Briefly, P. aeruginosa was grown on CFBE cells for 6 h using the static
co-culture assay as described above. Total bacterial RNA was harvested,
purified with the RNeasy kit from Qiagen (Valencia, CA, USA) and treated
with DNase using the DNA-free kit from Ambion (Austin, TX, USA). The
First-Strand Synthesis Kit for RT–PCR (Ambion) was used to synthesize
the complementary sequence and the RNA/cDNA hybrids were used as
templates for PCR reactions using the annealing conditions and primer
sets reported previously.29,30 Samples were normalized to the quantity
of RNA used in the reverse transcriptase reaction.

Sequencing of the mucA gene
To sequence the mucA locus of the bacterial strains, the region was first
amplified by PCR, using the forward primer 5′-GTGAAGCAATCGACA
AAGCTCTGCAG-3′, which anneals within algU, 51 bp upstream of mucA,
and the reverse primer 5′-CTGCCAAGCAAAAGCAACAGGGAGG-3′, which
anneals within mucB, 18 bp downstream of mucA, to produce a 706 bp
product. The PCR products were then purified using the Qiagen PCR Puri-
fication kit, and sequenced at the Dartmouth College Molecular Biology
Core Facility using the primer 5′-CTTTGTTGCGAGAAGCCTGACACAGC-3′,
which anneals 24 bp upstream of mucA. The mucA locus of each strain
was analysed in quadruplicate, and the sequences were aligned and
compared with the wild-type P. aeruginosa PAO1 mucA sequence using
ClustalX software. The open reading frames were converted into
codons and the respective amino acids using the program GCK, and Clus-
talX was used again for the alignment and comparison of amino acid
sequences.

Results and discussion

Aztreonam alone or in combination with tobramycin was
not toxic to CFBE cells

Peak concentrations of TOBI and AZLI measured in sputum iso-
lates from CF patients have been reported to be �1000 and

700 mg/L, respectively,14,25 thus these concentrations were
used throughout the study. We performed an LDH assay to
examine whether the concentrations of tobramycin and aztreo-
nam used in this study would be cytotoxic to CFBE cells. Approxi-
mately 6% LDH release was observed from CFBE cells treated
with aztreonam alone (700 mg/L) or in combination with tobra-
mycin (1000 mg/L) overnight, which was not statistically signifi-
cant from the medium control (data not shown). Tobramycin
(1000 mg/L) alone also showed no cytotoxicity.5

Biofilm-grown P. aeruginosa PAO1 is tolerant to
aztreonam, but not tobramycin, using the co-culture
model

We previously showed that tobramycin at a clinically relevant
concentration was able to prevent the formation of biofilms
and disrupt established biofilms on CF-derived airway cells,5

likely by limiting the growth of P. aeruginosa as well as reducing
the number of viable organisms in a preformed biofilm. In this
study, we first investigated the ability of aztreonam to
prevent formation of biofilms formed by the laboratory strain
P. aeruginosa PAO1 on CFBE cells, using the static co-culture
assay (Figure 1a). We found that aztreonam reduced P. aeruginosa
PAO1 cfu by �3 log units/well compared with no antibiotic treat-
ment. Tobramycin reduced cfu by �1 log unit more than
aztreonam treatment. The combination of tobramycin and
aztreonam, however, was no more effective than tobramycin
alone. CFBE monolayers remained intact with or without antibiotic
treatment in the prevention assay.

In the absence of antibiotics, P. aeruginosa PAO1 developed
biofilms that destroyed the integrity of CFBE monolayers over-
night. Aztreonam reduced the cfu of preformed P. aeruginosa
PAO1 biofilms by �1 log unit compared with no antibiotic treat-
ment (Figure 1b), but did not preserve the integrity of CFBE
monolayers (not shown). Based on the definition outlined in
the Materials and methods section, in which a .2 log reduction
in cfu and disruption of the airway epithelial monolayer is used
as a cut-off for susceptibility, our data indicate that biofilm-
grown P. aeruginosa PAO1 is tolerant to aztreonam. It should
be noted that the counted cfu are likely an underestimation in
the no antibiotic and aztreonam treatments due to the loss of
unattached CFBE monolayers during final washing steps in the
static co-culture assay (refer to the Materials and methods
section). By contrast, tobramycin was effective in killing estab-
lished P. aeruginosa PAO1 biofilms in the static co-culture
model and reduced the cfu by .4 log units (Figure 1b). CFBE
monolayers with preformed biofilms were also protected by
tobramycin treatment. The combination of tobramycin and az-
treonam showed efficacy similar to that of tobramycin alone.

We next used confocal microscopy with GFP-labelled
P. aeruginosa PAO1 grown on CFBE cells to assess the impact of
different antibiotic treatment regimens on established biofilms
formed by this microbe (Figure 2), using the flow chamber
co-culture assay. A mushroom-like biofilm structure was formed
on CFBE cells 6 h post-inoculation in the absence of treatment
(Figure 2a), as reported previously.5 Without antibiotic treatment,
this biofilm became a homogeneous sheet-like flat structure over-
night (Figure 2e). This flat biofilm phenotype of P. aeruginosa has
been reported previously.31 The bacteria became filamentous
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when aztreonam was applied alone either to prevent biofilm for-
mation (Figure 2b) or to disrupt established biofilms (Figure 2f),
indicating possible metabolic stress of P. aeruginosa PAO1
induced by the drug.32 In contrast, P. aeruginosa PAO1 treated
with tobramycin (Figure 2c and g) or the combination of tobramy-
cin and aztreonam (Figure 2d and h) resulted in killing of most of
the bacteria, with only small clusters of bacteria remaining on the
epithelial cells. From the confocal images and the data presented
in Figure 1, it is apparent that aztreonam was less effective in

preventing P. aeruginosa PAO1 biofilm formation and disrupting
preformed P. aeruginosa PAO1 biofilms than was tobramycin or
the combination of the two antibiotics.

CF clinical isolates grown as biofilms on airway cells
show a variable response to aztreonam

To extend our findings beyond a single laboratory strain of
P. aeruginosa, the effects of aztreonam and tobramycin were
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Figure 1. Preformed biofilms of the P. aeruginosa laboratory strain PAO1 showed antibiotic tolerance to aztreonam, but not tobramycin, using the
static co-culture assay. (a) Static co-culture prevention assay. Aztreonam (700 mg/L), tobramycin (1000 mg/L) or their combination was applied
1 h after bacterial inoculation to prevent formation of biofilms. The cfu were measured 5 h after drug treatment. Following treatment with
tobramycin alone or tobramycin+aztreonam �103 cfu were recovered, while �104 cfu were recovered following treatment with aztreonam alone.
No additive effect of tobramycin and aztreonam was revealed for prevention of P. aeruginosa PAO1 biofilm formation. CFBE monolayers remained
intact with or without antibiotic application. (b) Static disruption assay. Biofilms were formed on CFBE cells 6 h post-inoculation, followed by
treatment with antibiotics as indicated for 16 h. Following treatment with tobramycin alone or the combination of tobramycin and aztreonam
�103 cfu were recovered, while �106 cfu were recovered following treatment with aztreonam alone. No additive effect of tobramycin and
aztreonam was revealed for disruption of PAO1 biofilms. The detection limit for cfu recovery in the static assay was 200 cfu/well (i.e. 2.3 log cfu/well).
*P,0.05 versus no antibiotic. **P,0.05. ns, not significantly different (one-way ANOVA and Tukey’s test). CFBE monolayers were disrupted if no
antibiotics or only aztreonam was applied. ABX, antibiotic; ATM, aztreonam; TOB, tobramycin.
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Figure 2. Confocal images of biofilms formed by P. aeruginosa PAO1 on CFBE cells with application of aztreonam (700 mg/L), tobramycin (1000 mg/L)
or their combination using the flow cell assay. (a) P. aeruginosa PAO1 biofilms on CFBE cells 6 h post-inoculation. (b–d) Antibiotics were applied 1 h
after PAO1 inoculation, and the co-culture incubated for 5 h to prevent biofilm formation. (e–h) Biofilms were preformed for 6 h, then medium (no
treatment control) or antibiotics were applied for 16 h to disrupt established biofilms. Aztreonam alone caused filamentation of P. aeruginosa PAO1.
Scale bar¼20 mm. ATM, aztreonam; ctrl, control; TOB, tobramycin.
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further evaluated on six clinical isolates using the static
co-culture model. We used three clinical isolates of P. aeruginosa
characterized as non-mucoid (SMC1587, SMC1595 and
SMC1596) and three characterized as mucoid (SMC5450,
SMC5451 and SMC1585), as judged by a standard clinical labora-
tory test described in the Materials and methods section. The for-
mation of biofilms was confirmed by measuring the expression
of the gene preferentially expressed in biofilm-grown P. aeruginosa,
tolA, in these clinical isolates 6 h post-inoculation on CFBE cells.
All clinical isolates demonstrated a visible PCR product derived
from the tolA transcript (Figure S1, available as Supplementary
data at JAC Online). As expected, there was no detectable tolA
expression in P. aeruginosa PAO1 grown planktonically, but this
gene was expressed in the PAO1 strain grown as a biofilm on
airway cells (Figure S1, available as Supplementary data at JAC
Online). These data indicate that clinical strains grown on CF
airway cells adopt properties consistent with biofilm-grown bac-
teria, a result confirming our previous findings.5,29

Both the prevention and disruption assays were performed on
these clinical isolates to assess their susceptibility to aztreonam
and tobramycin alone, or in combination, when grown on CFBE
cells. In the prevention assay, both aztreonam and tobramycin
prevented biofilm formation on CFBE cells for all six clinical iso-
lates and reduced the number of cfu up to 4 log units
(Figure 3a). Tobramycin-mediated inhibition was more robust
than aztreonam-mediated inhibition for two of the strains
(SMC1595 and SMC5451) and similar to aztreonam-mediated in-
hibition in the other four strains (SMC1587, SMC1596, SMC5450
and SMC1585). The combination of aztreonam and tobramycin

worked no better to prevent biofilm formation than tobramycin
alone for the six clinical P. aeruginosa strains tested here.

In the disruption assay CFBE monolayers were compromised,
as judged by visual inspection after overnight incubation, for all
six clinical isolates in the absence of antibiotic treatment. For
two of the six clinical isolates (SMC1595 and SMC1596), over-
night application of aztreonam did not protect the CFBE mono-
layer from being disrupted and only reduced the bacteria by
�1 log10 cfu/well (Figure 3b). Aztreonam demonstrated much
better killing of biofilms formed by the other four clinical
isolates (SMC1585, SMC1587, SMC5450 and SMC5451), with an
�4–5 log10 cfu/well reduction (Figure 3b) and protection of the
CFBE monolayers. In contrast, tobramycin yielded an �4 log
unit killing of all six clinical strains and preserved the integrity
of CFBE monolayers in all cases.

Interestingly, despite its inability to effectively reduce the bio-
films of some isolates, aztreonam was more effective against
half of the clinical isolates (SMC1587, SMC5450 and SMC5451)
than was tobramycin. It was also noted in our study that the
P. aeruginosa isolates tolerant to aztreonam were all non-mucoid.

Finally, the combination of aztreonam and tobramycin only had
an additive effect on biofilm disruption of strains SMC1587 and
SMC1595 (P,0.05) in the co-culture model. Previous research
has shown that the combination of antibiotics with different
modes of action against P. aeruginosa might be more efficient
than monotherapy for eliminating those isolated from CF
lungs.33 – 36 Since aztreonam and tobramycin belong to b-lactam
and aminoglycoside antibiotic families, respectively, we hypothe-
sized that the combination of aztreonam and tobramycin might be
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Figure 3. P. aeruginosa clinical isolates from the sputum of the CF patients (SMC1585, SMC1587, SMC1595, SMC1596, SMC5450 and SMC5451) showed
diverse antibiotic susceptibility to aztreonam, and a possible additive effect of tobramycin and aztreonam using the static co-culture assay. (a) Static
co-culture prevention assay. Aztreonam (700 mg/L), tobramycin (1000 mg/L) or the combination of both was applied 1 h after bacterial inoculation to
prevent formation of biofilms. cfu were measured 5 h after drug treatment. There was no additive effect of tobramycin and aztreonam in prevention of
biofilm formation. (b) Static co-culture disruption assay. Biofilms were formed on CFBE cells 6 h post-inoculation. Aztreonam (700 mg/L), tobramycin
(1000 mg/L) or the combination of both was then applied for 16 h. No cfu were recovered for aztreonam+tobramycin treatment for SMC5451. In all
cases, CFBE monolayers were disrupted without antibiotic treatment. Clinical isolates SMC1595 and SMC1596 showed limited susceptibility to
aztreonam when grown as a biofilm on CFBE cells. The monolayers were also disrupted when treated with aztreonam alone for isolates SMC1595
and SMC1596, while the CFBE monolayers remained intact for the other isolates. CFBE monolayers were protected from disruption for all six
isolates when treated with tobramycin or the combination of tobramycin and aztreonam. Aztreonam and tobramycin had an additive effect for
SMC1587 and SMC1595. For statistical analysis, all comparisons were done within each strain. *P,0.05 versus no antibiotic. **P,0.05 (one-way
ANOVA and Tukey’s test). ABX, antibiotic; ATM, aztreonam; TOB, tobramycin.
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more efficient than monotreatment to kill biofilms on CFBE cells.
Our results partially supported this hypothesis and demonstrated
that the additive effect of combined antibiotic treatment was
strain-dependent. Thus, our results indicated that combined treat-
ment with aztreonam and tobramycin might be beneficial for a
subset of CF patients only. However, because most CF patients
are infected with multiple bacterial strains with varying degrees
of susceptibility to these antibiotics, it is difficult to anticipate
how the data presented here for single isolates in vitro would
relate to authentic clinical situations.

Overproduction of alginate does not mediate aztreonam
tolerance

As shown above, aztreonam had a variable effect on
P. aeruginosa biofilms formed on CFBE cells. Therefore, we
decided to explore several hypotheses to explain these observed
differences in response to aztreonam. We noted that all three
mucoid clinical strains were susceptible to aztreonam in
the co-culture model (SMC5450, SMC5451 and SMC1585;
Figure 3b). Therefore, mucoidy was tested as a possible mechan-
ism of aztreonam susceptibility. The mucoid phenotype is caused
by the overproduction of alginate, which in clinical strains is often
regulated by the activation of the algT gene, which encodes an
alternative sigma factor.21,37

The isogenic strains FRD1 (mucoid) and its well-characterized,
non-mucoid mutant FRD1algT::Tn501 were used to examine
the response to aztreonam with the static co-culture assay
(Figure S2, available as Supplementary data at JAC Online). The
wild-type FRD1 and algT mutant (FRD1algT::Tn501) both
showed a decrease of �2 log units when tested for the preven-
tion of biofilm formation by aztreonam (Figure S2a, available
as Supplementary data at JAC Online). We also found that
both strains were susceptible to aztreonam when grown as
established biofilms, showing a reduction of �4 log units after
treatment (Figure S2b, available as Supplementary data at JAC
Online). These two strains were also equally susceptible to tobra-
mycin in the co-culture model. For both strains, antibiotic treat-
ment also protected the CFBE monolayers from being

compromised. Therefore, the hyperproduction of alginate
(mucoidy) does not appear to alter the tolerance of
P. aeruginosa strain PAO1 to aztreonam, and indicates that the
basis of tolerance to aztreonam by the mucoid clinical isolates
is unlikely to be overproduction of alginate.

Mutations in the mucA gene do not correlate with
aztreonam tolerance

In CF isolates of P. aeruginosa, activation of algT often results
from the loss-of-function mutation in mucA, which codes for
an anti-sigma factor.37,38 In addition, mucA mutations also
lead to reduced expression of bacterial virulence factors,39

which could be associated with the reduced cytotoxic effect on
airway cells in our co-culture model among mucoid strains.
That is, we observed that the disruption of CFBE monolayers
was always associated with P. aeruginosa tolerance to aztreo-
nam in the co-culture model, indicating a possible link between
tolerance to this antibiotic and the functional status of MucA.
To test this idea, the mucA locus from each of the clinical
strains was sequenced and compared with the 584 bp wild-type
mucA gene of P. aeruginosa PAO1. The results are summarized in
Table 1 (columns 1–3). Strains SMC1587, SMC1596, SMC5450
and SMC5451 each had wild-type mucA alleles. Both FRD1
strains and strain SMC1585 had a single nucleotide deletion at
position 430, resulting in a frameshift mutation and premature
stop codon at position 440. The non-mucoid SMC1595 had a nu-
cleotide insertion between bases 190 and 191, resulting in a
frameshift mutation and premature stop codon at base 500.
Given that one of the four strains carrying mucA mutations
and two of the five strains carrying wild-type mucA alleles
showed aztreonam tolerance, there was no strict correlation
between mucA alleles and tolerance to this antibiotic.

Mutation in pelA does not mediate aztreonam tolerance

To investigate whether other EPS components besides alginate
may be involved in mediating aztreonam tolerance, we tested
the effect of a mutation in the pelA gene on the background of
a clinical P. aeruginosa isolate. The pel locus is responsible for

Table 1. Summary of characteristics of P. aeruginosa strains tested in this study

Strain Mucoidy mucA allele ATM susceptibility of biofilmsa Additive effect of ATM+TOB MICP TOB (mg/L) MICP ATM (mg/L)

PAO1 no WT tolerant no 0.38 1.0
SMC1585 yes mutant susceptible no 0.125 0.19
SMC1587 no WT susceptible yes 8.0 0.38
SMC1595 no mutant tolerant yes 1.5 2.0
SMC1596 no WT tolerant no 1.0 3.0
SMC5450 yes WT susceptible no 1.0 0.25
SMC5451 yes WT susceptible no 4.0 .256
FRD1 yes mutant susceptible ND 1.0 0.38
FRD1algT::Tn501 no mutant susceptible ND 0.75 0.25
ZK2870 no ND tolerant ND 1.0 4.0
ZK2870DpelA no ND tolerant ND 1.0 4.0

ATM, aztreonam; MICP, planktonic MIC; ND, not determined; TOB, tobramycin; WT, wild-type.
aP. aeruginosa strains were scored as tolerant to aztreonam when the CFBE monolayers were disrupted after overnight aztreonam treatment using the
static co-culture assay and there was ,2 log10 difference in cfu recovery between no antibiotic treatment and aztreonam treatment.

Yu et al.

2678

http://jac.oxfordjournals.org/lookup/suppl/doi:10.1093/jac/dks296/-/DC1
http://jac.oxfordjournals.org/lookup/suppl/doi:10.1093/jac/dks296/-/DC1
http://jac.oxfordjournals.org/lookup/suppl/doi:10.1093/jac/dks296/-/DC1
http://jac.oxfordjournals.org/lookup/suppl/doi:10.1093/jac/dks296/-/DC1
http://jac.oxfordjournals.org/lookup/suppl/doi:10.1093/jac/dks296/-/DC1


synthesis of a glucose-rich component of EPS in non-mucoid
P. aeruginosa.20 Recently, our group discovered that the
minimal bactericidal concentrations of tobramycin and gentami-
cin were 4-fold higher for a biofilm of the P. aeruginosa DpelA
mutant grown on an abiotic surface than for its wild-type
counterpart.40

To test whether the Pel EPS impacts antibiotic tolerance when
bacteria are grown as biofilms on airway cells, P. aeruginosa
strain ZK2870 and its DpelA variant were grown on CFBE cells
to examine their susceptibility to aztreonam. We found a de-
crease in cfu recovery for both ZK2870 and ZK2870DpelA
strains by �1000-, 10000- and 40000-fold with aztreonam,
tobramycin and the combined antibiotic treatment, respectively
[Figure S3a (Figure S3 is available as Supplementary data at JAC
Online)]. Moreover, the preformed biofilms on CFBE cells of both
strains demonstrated high tolerance to aztreonam treatment
(Figure S3b, available as Supplementary data at JAC Online)
and CFBE cells were disrupted overnight. We have also tested
the DpelA mutant on the P. aeruginosa PA14 strain background
using the static co-culture assay and found that both PA14
wild-type and PA14 DpelA mutant demonstrated tolerance to
aztreonam treatment, but not tobramycin or the combination
treatment (Figure S3c,d, available as Supplementary data at
JAC Online), which is consistent with what we found in the
ZK2870 strain. We conclude that differential ability to produce
the Pel EPS could not explain the aztreonam tolerance for the
P. aeruginosa strains tested.

Mutation in psl might mediate aztreonam tolerance in
some P. aeruginosa strains

Like pel, the psl locus is also responsible for the synthesis of an
EPS component in non-mucoid P. aeruginosa strains and
appears to contribute to a mannose-rich EPS component.20

Hence, we investigated the effect of a mutant in the psl gene
on the background of several P. aeruginosa isolates, including
P. aeruginosa laboratory strain PAO1 and clinical isolates
SMC715, SMC725 and SMC738, using our static co-culture
assay. Interestingly, we found that, unlike wild-type PAO1, the
preformed biofilm of the PAO1 Dpsl mutant exhibited increased
susceptibility to overnight aztreonam treatment [Figure S4b
(Figure S4 is available as Supplementary data at JAC Online)].
The CFBE monolayers were protected from being compromised
after overnight treatment with aztreonam for the mutant,
while they were disrupted for wild-type P. aeruginosa PAO1.
Moreover, there was an �2 log10 decrease in the remaining cfu
for the mutant compared with the wild-type PAO1 when
treated overnight with aztreonam. However, for the other three
clinical strains tested (SMC715, SMC725 and SMC738), both the
wild-type and psl mutants demonstrated tolerance to aztreo-
nam treatment using the static co-culture assay (Figure S4d, f
and h, available as Supplementary data at JAC Online) and the
CFBE monolayers were disrupted overnight when treated alone
with aztreonam. All four strains demonstrated susceptibility to
tobramycin or the combination treatment, although tobramycin
treatment was significantly more effective for the SMC715 psl
mutant than wild-type SMC715 (Figure S4d, available as Supple-
mentary data at JAC Online). These data indicated that the Psl
EPS might play a role in antibiotic tolerance for some, but not
all, of the P. aeruginosa strains.

Planktonic MIC does not correlate with aztreonam
tolerance in biofilms

Finally, we examined the in vitro susceptibility of these
P. aeruginosa isolates grown planktonically by measuring the
MIC of tobramycin and aztreonam for the clinical strains ana-
lysed here. The experimentally determined MIC of aztreonam
did not always reflect the antibiotic susceptibility of the same
strain grown in the co-culture model (Table 1, columns 4, 6
and 7). For example, clinical isolate SMC5451 had a planktonic
MIC of aztreonam of .256 mg/L yet was susceptible to aztreo-
nam treatment when grown as a preformed biofilm on airway
cells. The other strains tested, however, consistently demon-
strated tolerance to aztreonam in the co-culture model when
MIC was ≥1 mg/L. Tobramycin MICs for all tested strains
ranged from 0.125 to 8 mg/L, but did not reflect the similar
antibiotic tolerance measured in the co-culture model for
these isolates (Figures 1 and 3). Therefore, the response of
planktonic bacteria to antibiotics in liquid culture did not effect-
ively predict the responsiveness of biofilm-grown bacteria on a
biotic surface. Thus, while reported susceptibility tests measure
the MICs for planktonic bacteria or biofilm inhibitory concentra-
tions on abiotic surfaces,34,41 our in vitro co-culture model
allows for formation of bacterial biofilms on airway epithelial
cells and more closely resembles the form of bacteria in CF
lungs.

Summary

Here we studied the effects of two clinically available inhaled
antibiotics, tobramycin and aztreonam, as well as their combin-
ation on P. aeruginosa biofilms formed on CF-derived human
airway cells. We found that the effect of aztreonam on this
co-culture model was variable and strain-dependent. These
data indicate that only a subset of CF patients might respond
to aztreonam therapy, and for some patients a combination of
aztreonam and tobramycin may be more effective than mono-
therapy with either antibiotic. In contrast, all clinical isolates
tested showed a significant reduction (3–5 log) in biofilm cfu
when treated with tobramycin, a finding consistent with the ef-
ficacy of this antibiotic as a monotherapy in clinical studies.42 – 44

The aztreonam tolerance of some P. aeruginosa strains does not
appear to be due to Pel EPS production, mucoidy, mucA allele
status or planktonic resistance. However, the Psl EPS production
appears to relate to antibiotic tolerance in some of the strains
studied. In addition to the potential modes of aztreonam toler-
ance tested here, other mechanisms, such as lower bacterial
outer membrane permeability, antibiotic efflux pump and
b-lactamase resistance, may play a role in P. aeruginosa tolerance
to aztreonam.45 Further investigations are needed to fully under-
stand the selective tolerance of CF patient-derived P. aeruginosa
isolates to aztreonam.
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