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Pulmonary infection with Burkholderia cepacia complex in cystic fibrosis (CF) patients is associated with more-rapid lung func-
tion decline and earlier death than in CF patients without this infection. In this study, we used confocal microscopy to visualize
the effects of various concentrations of tobramycin, achievable with systemic and aerosolized drug administration, on mature B.
cepacia complex biofilms, both in the presence and absence of CF sputum. After 24 h of growth, biofilm thickness was signifi-
cantly reduced by exposure to 2,000 pg/ml of tobramycin for Burkholderia cepacia, Burkholderia multivorans, and Burkholderia
vietnamiensis; 200 g/ml of tobramycin was sufficient to reduce the thickness of Burkholderia dolosa biofilm. With a more ma-
ture 48-h biofilm, significant reductions in thickness were seen with tobramycin at concentrations of =100 pg/ml for all Burk-
holderia species. In addition, an increased ratio of dead to live cells was observed in comparison to control with tobramycin con-
centrations of =200 pg/ml for B. cepacia and B. dolosa (24 h) and =100 pg/ml for Burkholderia cenocepacia and B. dolosa (48
h). Although sputum significantly increased biofilm thickness, tobramycin concentrations of 1,000 jng/ml were still able to sig-
nificantly reduce biofilm thickness of all B. cepacia complex species with the exception of B. vietnamiensis. In the presence of
sputum, 1,000 pg/ml of tobramycin significantly increased the dead-to-live ratio only for B. multivorans compared to control. In
summary, although killing is attenuated, high-dose tobramycin can effectively decrease the thickness of B. cepacia complex bio-

films, even in the presence of sputum, suggesting a possible role as a suppressive therapy in CF.

urkholderia cepacia complex is a group of closely related

Gram-negative bacterial species that infect approximately
3% of cystic fibrosis (CF) patients in the United States and 5%
of Canadian CF patients (1, 2). Pulmonary infection with B.
cepacia complex species has been associated with increased lung
function decline and higher mortality rates in individuals with CF
than in those who do not have B. cepacia complex infection (3, 4).
Despite these poor outcomes, there are currently no effective
chronic suppressive antimicrobial therapies for B. cepacia com-
plex infection in individuals with CF. Treatment of B. cepacia
complex is difficult due to these organisms’ intrinsic possession of
mechanisms of antimicrobial resistance to multiple classes of an-
tibiotics, including aminoglycosides, 3-lactams, and fluoroquino-
lones. These mechanisms include efflux pumps, chromosomally
encoded B-lactamases, and decreased outer membrane permea-
bility (5). In addition, B. cepacia complex species are known to
grow in the CF lung as a biofilm or in clusters of bacteria (6),
which can act as a significant barrier to the effective delivery of
drug intracellularly.

We have previously shown that high concentrations of tobra-
mycin achievable by newer inhalation devices such as the podhaler
(7) can inhibit B. cepacia complex species when grown planktoni-
cally or as a biofilm (8). However, these static models of biofilm
formation on plastic pegs examine the inhibition of visible growth
in a well (9) and provide limited information on the effects of
antibiotics on bacterial biofilms within the CF lung. More-dy-
namic models that examine antimicrobial penetration and bacte-
ricidal activity on mature biofilm structures are needed. We are
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currently conducting a clinical trial of tobramycin inhalation
powder in CF patients with B. cepacia complex infection
(ClinicalTrials.gov identifier NCT02212587), with the aim of de-
livering high concentrations of drug that can penetrate the biofilm
matrix and kill the bacterial cells within, as has been previously
demonstrated in vitro (10). We thus developed a live-cell model
that could help visualize the effects of antibiotics both on biofilm
thickness and on viability, in order to understand responses to
therapy.

The objectives of this study were thus to visualize the effects of
various concentrations of tobramycin, achievable with systemic
and aerosolized drug administration, on mature B. cepacia com-
plex biofilms, both in the presence and absence of CF sputum,
using confocal microscopy. The long-range goal is to identify po-
tential effective therapy for CF individuals with B. cepacia complex
pulmonary infections.
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MATERIALS AND METHODS

Isolate collection. B. cepacia complex isolates were collected from the
Hospital for Sick Children, Toronto, Canada (Burkholderia cenocepacia
HSC 64), St. Michael’s Hospital, Toronto, Canada (Burkholderia multiv-
orans SMH 46), the Cystic Fibrosis Foundation Burkholderia cepacia Re-
search Repository at the University of Michigan, Ann Arbor (Burkholderia
dolosa AU 2167), and the Canadian Burkholderia cepacia complex Re-
search and Referral Repository at the University of British Columbia,
Vancouver, Canada (Burkholderia vietnamiensis VC 9237 and Burkhold-
eria cepacia VC 14106).

Conventional and biofilm susceptibility testing. The MIC based on
planktonic growth and biofilm inhibitory concentration (BIC) of tobra-
mycin for each isolate were determined as previously described (8). In
brief, antimicrobial susceptibility testing was performed on isolates grown
planktonically by broth microdilution, using methods as per Clinical and
Laboratory Standards Institute (CLSI) guidelines (11). Antimicrobial sus-
ceptibility testing was performed on isolates grown as a biofilm, using a
modified method of the Calgary biofilm technique (9, 12). The antibiotic
panels contained tobramycin at concentrations of 0, 10, 100, 200, 400,
800, 1,600, and 3,200 wg/ml. The MIC based on planktonic growth and
the BIC of tobramycin for each isolate were determined by visually assess-
ing the turbidity of each well.

Biofilm visualization using confocal microscopy. Bacterial isolates
were retrieved from frozen glycerol stocks and plated onto Columbia
blood agar with 5% sheep blood (Thermo Scientific, Mississauga, ON,
Canada). Overnight cultures were inoculated with a single colony into 4
ml of lysogeny broth (LB) and grown in 15-ml Falcon tubes for approxi-
mately 15 h at 37°C with shaking at 250 rpm. These cultures were then
diluted 1/1,000 and grown to an optical density at 600 nm (OD,,) of 0.6
before being diluted to an OD, of 0.1. A 250-pl volume of this 0.1 OD
culture was used to seed each chamber of an eight-chambered coverslip
slide (LabTek II chamber slide on 1.5 borosilicate; VWR, Mississauga,
ON, Canada). Static biofilm was allowed to form in these wells for 24 or 48
h at 37°C without shaking. Following this period, medium was removed
and bacterial biofilms were either subjected to various concentrations of
drug (tobramycin; Sigma-Aldrich, Oakville, ON, Canada) in a total vol-
ume of 250 pl for 24 h or fed with fresh LB medium. After 24 h, biofilms
exposed to drug were stained and visualized, while biofilms that were fed
were subjected to the same drug treatment as previously described before
being stained and visualized.

Biofilm staining was performed using the Filmtracer Live/Dead bio-
film viability kit (Life Technologies, Burlington, ON, Canada). Medium
was gently removed from the chambers, and 200 I total of the Live/Dead
stain was added to the chambers. After 45 min of incubation, the stain was
removed and fresh medium was placed in the wells. These chamber slides
were used for confocal imaging.

Confocal images were acquired using a Quorum WaveFX spinning
disk confocal system (Quorum Technologies Inc., Guelph, Canada).
All images were acquired using a 25X water objective (total magnifi-
cation, X250) on a Zeiss AxioVert 200M Microscope. Spectral borealis
lasers (green, 491 nm; red, 561 nm) were used for excitation. Emission
filter sets of 515/40 and 624/40 were used to visualize the SYTO9 and
propidium iodide stains, respectively. Images in the z-stack were ob-
tained at a distance of 0.8 pwm to obtain the depth of the biofilm. For
every experiment, at least 30 depths of the biofilm were measured for
each image captured. A total of three images of three separate views
were taken for each slide chamber, and the mean of all images (total,
324 depth measurements) was used to calculate the thickness of the
biofilm. Volocity software (PerkinElmer, Guelph, Canada) was used
for acquisition and analysis of images.

Biofilm growth with sputum supernatant. Sputum was collected
from 5 CF patients from the Hospital for Sick Children (Research Ethics
Board number 1000026462). Following collection, sputum was diluted in
3X phosphate-buffered saline (PBS) (vol/vol) and spun down at 4,400 X
relative centrifugal force (RCF) for 10 min. Supernatants were then col-
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TABLE 1 Tobramycin MIC and BIC for Burkholderia cepacia complex
CF isolates

Tobramycin
Burkholderia isolate MIC” (g/ml) BIC? (pg/ml)
B. cepacia VC 14106 10 100
B. multivorans SMH 46 100 100
B. cenocepacia HSC 64 100 100
B. dolosa AU 2167 200 400
B. vietnamiensis VC 9237 10 100

@ MIC is for planktonic cells.
¥ BIC, biofilm inhibitory concentration.

lected and filter sterilized through 0.45-pm syringe filters (Sarstedt, St
Leonard, Quebec, Canada). Following this, sputum supernatants were
stored at —20°C until use. Biofilms were generated as described above in
the presence of 10% (vol/vol) sputum supernatants (final sputum dilu-
tion, 3.33%) in LB for 24 h. Following this time period, medium was
removed and replaced with fresh medium containing 10% sputum super-
natants in the presence or absence of tobramycin. After 24 h, the biofilms
underwent staining and imaging as described above.

Statistical analysis. Comparison of continuous data within groups
was done using the Kruskal-Wallis test with a Dunn’s multiple compari-
son posttest. Correlations between measures were calculated using the
Spearman correlation coefficient. A P value of <0.05 was considered sig-
nificant. All analyses were done using GraphPad Prism version 5.04.

RESULTS

Selection of CF B. cepacia complex clinical isolates. A sample of
different species within the B. cepacia complex most commonly
isolated from CF patients were selected for study (Table 1). Iso-
lates were chosen with tobramycin MICs and BICs that were rep-
resentative of the MICs, and BIC;, for tobramycin for a large
collection of CF B. cepacia complex isolates (8).

Effects of tobramycin on biofilm thickness. The thickness of
biofilm after 24 h of growth was significantly reduced after
exposure to 2,000 pwg/ml of tobramycin for B. cepacia, B. multi-
vorans, and B. vietnamiensis; significant reductions were also seen
at 200 pg/ml and 1,000 pg/ml for B. multivorans and 200 g/ml
alone for B. dolosa (Fig. 1). There was no effect seen for B. cenoce-
pacia.

Even with a more mature biofilm after 48 h of growth, signifi-
cant reductions in biofilm thickness were still observed at the
higher tobramycin concentrations (100 pg/ml or greater) for all
Burkholderia species. Of note, only B. cepacia had significant re-
ductions in biofilm thickness with 8 g/ml of tobramycin. When
the sum of all strains was examined, there was a dose-dependent
response in terms of decreased thickness with increasing drug
concentration after 24 as well as 48 h (Fig. 1F).

Cidal activity of tobramycin against biofilms. The ability of
tobramycin to kill B. cepacia complex within biofilms was then
examined. A significantly increased ratio of dead to live cells was
observed in comparison to control at tobramycin concentrations
of 200 pg/ml or greater after 24 h of growth of B. cepacia and B.
dolosa (Fig. 2). After 48 h of growth, there was a higher ratio of
dead to live cells compared to control with tobramycin concen-
trations of 100 pg/ml or greater for B. cenocepacia and B. dolosa. At
the lower tobramycin concentration of 8 pg/ml, there was, in fact,
a lower dead-to-live ratio, indicating more live cells in a 48-h
biofilm of B. cepacia than in the control. When all strains were
examined as a group, higher tobramycin concentrations (1,000
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FIG 1 Average thickness (in micrometers) of biofilms in the presence of 0, 8, 100, 200, 1,000, and 2,000 pg/ml of tobramycin after 24 h (white bars) and 48 h
(black bars) of growth of isolates of Burkholderia cepacia (A), Burkholderia multivorans (B), Burkholderia cenocepacia (C), Burkholderia dolosa (D), and Burk-
holderia vietnamiensis (E) and all strains combined (F). *, P < 0.05; **, P < 0.001 compared to control (0 pg/ml) using the Kruskal-Wallis test with Dunn’s

multiple comparison posttest.

and 2,000 pg/ml) were associated with an increased dead-to-live
ratio compared to controls (Fig. 2F).

Tobramycin activity against biofilms in sputum. To confirm
our findings under conditions more reflective of the CF lung, we
repeated our experiments using a maximum of 1,000 wg/ml of
tobramycin (mean peak sputum tobramycin concentrations) (13)
in the presence of pooled 10% sputum supernatant. When the
biofilm growth of all B. cepacia complex strains in the absence of
antibiotics was examined in the presence of sputum supernatant,
the addition of sputum to medium was found to significantly in-
crease the thickness of the biofilm but did not influence the ratio
of dead to live cells within the biofilm (Fig. 3).
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Under these conditions, biofilm thickness was significantly re-
duced with 1,000 pg/ml of tobramycin for B. cepacia complex spe-
cies with the exception of B. vietnamiensis (Fig. 4). With respect to
killing ability in the presence of sputum, significant changes were
seen only at 1,000 pg/ml of tobramycin for B. multivorans, with a
significant decrease in the dead-to-live ratio compared to control

(Fig. 5).

DISCUSSION

This study demonstrated that high concentrations of tobramycin,
such as those delivered via aerosolization, can decrease the thick-
ness of biofilms as well as kill bacterial cells within a biofilm, even
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FIG 2 Dead-to-live ratio of biofilms in the presence of 0, 8, 100, 200, 1,000, and 2,000 pg/ml of tobramycin after 24 h (white bars) and 48 h (black bars)
of growth of isolates of Burkholderia cepacia (A), Burkholderia multivorans (B), Burkholderia cenocepacia (C), Burkholderia dolosa (D), and Burkholderia
vietnamiensis (E) and all strains combined (F). ¥, P < 0.05; **, P < 0.001 compared to control (0 pg/ml) using the Kruskal-Wallis test with Dunn’s multiple

comparison posttest.

in the presence of sputum, across a range of species within the B.
cepacia complex, representative of species typically isolated from
CF patients.

B. cepacia complex bacteria are traditionally considered to
be intrinsically resistant to aminoglycosides through a number
of different resistance mechanisms, including the resistance-
nodulation-division (RND) efflux systems (14). Confirming
this fact, in our series of experiments, we found a near-com-
plete absence of effect of tobramycin at a concentration of 8
pg/ml (representing systemic drug concentrations) on biofilm
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thickness and viability. In fact, lower tobramycin concentra-
tions were found to increase the ratio of live to dead cells with
a mature B. cepacia biofilm; previous investigations have dem-
onstrated that subinhibitory concentrations of antimicrobials
can induce biofilm formation (15). These findings suggest that
intravenous administration of aminoglycosides for the treat-
ment of B. cepacia complex pulmonary infections is not likely to
be effective therapy.

Aerosolization of antibiotics, however, can achieve signifi-
cantly higher intrapulmonary concentrations of drug, up to 2,000
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FIG 3 Effects of sputum on biofilm formation after 48 h of growth. (A) Representative images of Burkholderia cepacia, Burkholderia multivorans, Burkholderia
cenocepacia, Burkholderia dolosa, and Burkholderia vietnamiensis biofilms grown in LB medium alone (top panel) or 10% (vol/vol) pooled sputum supernatants
(bottom panel) for 48 h prior to staining with the Filmtracer biofilm viability kit and confocal imaging. (B) Average thickness of all B. cepacia complex strains
grown in the presence (white bars) of absence (black bars) of 10% sputum supernatants for 48 h. (C) Dead-to-live ratio of B. cepacia complex biofilms grown in

the presence (white bars) or absence (black bars) of 10% sputum for 48 h.

pg/ml in the case of tobramycin, with the use of newer inhalation
devices such as the podhaler (7). Our earlier investigations showed
that tobramycin concentrations of 100 g/ml were sufficient to
inhibit both planktonic and biofilm growth of the majority of B.
cepacia complex species isolated from CF patients (8). Previous
studies using multiple combination bactericidal antibiotic testing
also showed that high-dose tobramycin was the most effective at
killing B. cepacia complex species in vitro (16). Our current study
further demonstrates that high tobramycin concentrations, be-
yond 100 pg/ml, can also significantly reduce the thickness of
mature, established biofilms and even kill cells within the biofilm,
for certain B. cepacia complex species. Although there are genetic
determinants of biofilm antibiotic susceptibility (17), such that
even thin biofilms can be tolerant of antibiotics (18), it is reason-
able to suppose that higher drug concentration leads to improved
penetration within the biofilm (10), increased killing of bacterial
cells, and subsequent decreased thickness of the biomass. Indeed,
overall in our model, we observed that when all species were com-
bined, as drug concentration increased, biofilm thickness de-
creased and the proportion of dead to live cells increased in a
dose-dependent manner. However, at the level of an individual
species, decreased thickness did not necessarily directly correlate
with increased killing in a given experiment, as thickness was fre-
quently decreased to the point where there were too few bacterial
cells to kill, especially at the higher antibiotic concentrations. This
model, however, allowed us to study both effects of tobramycin
concurrently. In addition, this current biofilm model provided
additional information that did not necessarily correlate with the
simple biofilm inhibitory concentrations (BICs) measured using
the Calgary Biofilm device, which are typically lower than the con-
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centrations required to kill mature biofilms (19), such as those in
this study. These experimental outcomes therefore represent
complementary methods of studying antimicrobial effects against
bacterial biofilms.

Lastly, the effects of high-dose tobramycin on B. cepacia com-
plex biofilms were confirmed under conditions relevant to the CF
lung environment. Although administration of tobramycin inha-
lation powder can achieve a maximum sputum concentration of
2,000 pg/ml, it is more realistic to expect sputum concentrations
in the range of 1,000 g/ml, given the wide standard deviations
associated with this measure (13, 20). In addition, bacteria grown
in the presence of sputum have been shown to display a distinctive
morphology, forming aggregates with increased antimicrobial re-
sistance, which are characteristic of bacterial biofilms within the
CF lung (21). Similarly, the addition of 10% sputum supernatant
also increased bacterial biofilm thickness in our experiments.
Even with these additional barriers, however, high-dose tobramy-
cin (1,000 pg/ml) was still able to significantly reduce biofilm
thickness for the majority of the species within B. cepacia complex,
although increased killing was observed only for B. multivorans.
Eradication of mature B. cepacia complex pulmonary infections
may thus be difficult to achieve in CF; in vitro studies have dem-
onstrated that persister cells can often survive even after high-dose
tobramycin treatment of B. cenocepacia biofilms, giving rise to
new infections (22). However, chronic suppression of B. cepacia
complex biofilm growth may be possible and may result in clinical
benefits to CF patients, as has been shown with chronic suppres-
sive treatment of Pseudomonas aeruginosa pulmonary infections
in CF (23). Alteration of the tobramycin formulation, either
through high-efficiency encapsulation into neutrally charged li-
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FIG 4 Average thickness (in micrometers) of biofilms in the presence of 10% sputum supernatant with 0, 8, and 1,000 pg/ml of tobramycin after 24 h of growth
of isolates of Burkholderia cepacia (A), Burkholderia multivorans (B), Burkholderia cenocepacia (C), Burkholderia dolosa (D), and Burkholderia vietnamiensis (E)
and all strains combined (F). ¥, P < 0.05; **, P < 0.001 compared to control (0 pg/ml) using the Kruskal-Wallis test with Dunn’s multiple comparison posttest.

posomes (24) or through combination with a matrix-degrading
compound (25), may improve its antimicrobial activity against B.
cepacia complex biofilms. This current model system represents
an innovative way of visualizing the antimicrobial activity of novel
therapeutics against bacterial biofilms.

This study had several limitations. Only one isolate from the
selected species within the B. cepacia complex was tested. As there
are likely variations between strains, this significantly limits any
interspecies comparisons that can be made. However, we selected
the most commonly isolated species from CF patients within the
complex, with representative tobramycin MICs and BICs. In ad-
dition, biofilm cultures were grown for a maximum of 48 h before
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exposure to antibiotics, limiting the development of biofilm ma-
turity. Biofilm thickness, however, was within the range of previ-
ously reported bacterial biofilm thickness in CF lung infections
(26). Finally, this experimental biofilm model did not fully repli-
cate the anoxic, polymicrobial, immune cell-filled environment of
the CF lung. Host factors, such as neutrophils, have been shown to
increase antimicrobial resistance of P. aeruginosa aggregates (27,
28). Although we did expose the bacterial biofilms to sputum from
actual CF patients, these supernatants would have included only
secreted products and not cellular materials.

In conclusion, tobramycin at concentrations greater than 100
pg/ml, as achievable through aerosolization, can significantly de-
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crease the thickness of, and in certain instances kill bacterial cells
within, B. cepacia complex biofilms. Although CF sputum super-
natant significantly increases the thickness of these biofilms, high-
dose tobramycin is still effective in decreasing its biomass but is
limited in terms of its cidal activity, presenting a barrier to eradi-
cation. Clinical trials of tobramycin inhalation powder in CF pa-
tients with chronic B. cepacia complex infection are under way to
determine whether high-dose tobramycin is effective in decreas-
ing sputum bacterial density, thereby offering potential suppres-
sive treatment for this patient population.
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