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Pseudomonas aeruginosa, a major respiratory pathogen in cystic fibrosis (CF) patients, facilitates infection by
other opportunistic pathogens. Burkholderia cenocepacia, which normally infects adolescent patients, encoun-
ters alginate elaborated by mucoid P. aeruginosa. To determine whether P. aeruginosa alginate facilitates B.
cenocepacia infection in mice, cystic fibrosis transmembrane conductance regulator knockout mice were in-
fected with B. cenocepacia strain BC7 suspended in either phosphate-buffered saline (BC7/PBS) or P. aerugi-
nosa alginate (BC7/alginate), and the pulmonary bacterial load and inflammation were monitored. Mice
infected with BC7/PBS cleared all of the bacteria within 3 days, and inflammation was resolved by day 5. In
contrast, mice infected with BC7/alginate showed persistence of bacteria and increased cytokine levels for up
to 7 days. Histological examination of the lungs indicated that there was moderate to severe inflammation and
pneumonic consolidation in isolated areas at 5 and 7 days postinfection in the BC7/alginate group. Further,
alginate decreased phagocytosis of B. cenocepacia by professional phagocytes both in vivo and in vitro. P.
aeruginosa alginate also reduced the proinflammatory responses of CF airway epithelial cells and alveolar
macrophages to B. cenocepacia infection. The observed effects are specific to P. aeruginosa alginate, because
enzymatically degraded alginate or other polyuronic acids did not facilitate bacterial persistence. These
observations suggest that P. aeruginosa alginate may facilitate B. cenocepacia infection by interfering with host
innate defense mechanisms.

Respiratory failure due to lung infection is the major cause
of mortality in cystic fibrosis (CF) patients. CF airways are
colonized by more than one opportunistic bacterial pathogen,
and Pseudomonas aeruginosa is a major pathogen. The other
opportunistic bacterial pathogens that are frequently isolated
from CF airways include Haemophilus influenzae, Staphylococ-
cus aureus, the Burkholderia cepacia complex (BCC), Steno-
trophomonas maltophilia, and methicillin-resistant S. aureus
(7). Most individuals with CF experience a characteristic age-
related pattern of pulmonary colonization and intermittent
exacerbations involving H. influenzae and S. aureus, followed
by P. aeruginosa (4, 5). Similarly, accumulating evidence sug-
gests that P. aeruginosa can promote colonization by less com-
monly observed bacteria, such as S. maltophilia, Achromobacter
xylosoxidans, and Mycobacterium abscessus (43). P. aeruginosa
has also been implicated in promoting BCC pathogenesis by
increasing the adherence of BCC to respiratory epithelial cells
and upregulating the expression of BCC virulence factors (17,
31, 32).

Chronic P. aeruginosa infections are often associated with a
mucoid phenotype due to the production of large quantities of
the acidic exopolysaccharide alginate (5). Alginate is an im-

portant extracellular virulence factor and has been shown to
impair host innate defenses related to phagocytes (1, 13, 15, 18,
26, 30). In CF airways, P. aeruginosa is found in the airway
lumen, and hence one may expect large amounts of alginate in
airways along with host products. Sputum samples from CF
patients have been shown to contain 50 to 200 �g/ml alginate
(23, 30). In fact, it is likely that there are much higher concen-
trations of alginate in CF airways, as sputum samples are mixed
with host secretions and hence the concentration of alginate
may be underestimated. Since BCC infection generally occurs
in patients who have been chronically colonized with mucoid P.
aeruginosa, we hypothesized that alginate in the airways may
prevent detection of BCC by phagocytes and facilitate coloni-
zation of CF lungs by BCC. To test this hypothesis, we infected
gut-corrected CF mice with Burkholderia cenocepacia strain
BC7 suspended in either phosphate-buffered saline (PBS)
(BC7/PBS), P. aeruginosa alginate (BC7/alginate), or enzymat-
ically degraded alginate (BC7/ED-alginate) and examined the
persistence of bacteria and the associated lung inflammation.
We also examined the effects of alginate on phagocytosis of B.
cenocepacia by macrophages and neutrophils and the proin-
flammatory responses of airway epithelial cells to B. cenocepa-
cia infection.

MATERIALS AND METHODS

Bacteria and growth conditions. B. cenocepacia strains BC7 and BC45 were
isolated from the sputum of CF patients and have been described previously (36,
37). Burkholderia multivorans and S. maltophilia were kindly provided by J.
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LiPuma (University of Michigan, Ann Arbor, MI). Nontypeable H. influenzae
was provided by T. Murphy (University of Buffalo, Buffalo, NY) and has been
described previously (38). B. cepacia ATCC 25416 was purchased from American
Type Tissue Culture (Manassas, VA). A clinical strain of mucoid P. aeruginosa,
isolate NH57338A, was provided by N. Hoffmann (University of Copenhagen,
Copenhagen, Denmark). All bacteria were maintained as glycerol stocks at
�80°C, and bacteria used for infection were prepared as described previously
(35) and suspended in PBS or purified Pseudomonas alginate at the concentra-
tion required. The actual concentration of bacteria in a suspension was deter-
mined by plating. For measurement of phagocytosis, bacteria were labeled with
fluorescein isothiocyanate (FITC) (Pierce Biotechnology, Rockford, IL) as de-
scribed previously (36).

Isolation and purification of alginate. P. aeruginosa alginate was isolated from
a single clinical strain of mucoid P. aeruginosa, isolate NH57388A, as described
previously (11, 29). Purified alginate was treated with DNase I (10 U/ml) and
RNase A (10 �g/ml) to remove contaminating RNA and DNA. Contaminating
lipopolysaccharides in the alginate were removed by using an endotrap red kit
(Lonza, Walkersville, MD). Finally, the alginate was precipitated and dissolved
in sterile endotoxin-free PBS at a concentration of 8 mg/ml, based on the uronic
acid content as measured by the carbazol method (2). The lipopolysaccharide
content was determined by using an endpoint chromogenic Limulus amoebocyte
lysate assay kit (Lonza) and was found to be �0.1 endotoxin unit/mg of alginate.
The alginate preparation was treated with alginate lyase for 6 h at 37°C (Sigma
Aldrich Inc., St. Louis, MO) to enzymatically degrade the alginate polymer into
small oligomers to obtain ED-alginate, which was used as a control for alginate.

Infection of animals. Ten- to 12-week-old strain Cftrtm1/Unc-TgN(FAB
PCFTR)iJaw/J homozygous cystic fibrosis transmembrane conductance regula-
tor (CFTR) knockout mice were purchased from the Case Western Reserve
University Animal Resource Center (Cleveland, OH). C57BL/6 mice were pur-
chased from Charles River. All mice were maintained in a specific-pathogen-free
barrier facility in microisolator cages throughout the experiment. All procedures
performed with the mice were approved by the Animal Care and Use Committee
of the University of Michigan. Mice were anesthetized with ketamine/xylazene
(41) and sham infected with 50 �l of PBS or PBS containing 180 �g of alginate
or ED-alginate or were infected with BC7 (1 � 106 to 5 � 106 CFU) suspended
in either PBS (BC7/PBS), P. aeruginosa alginate (BC7/alginate), or ED-alginate
(BC7/ED-alginate) by the intratracheal route. In some experiments mice were
infected with BC7 suspended in low-melting-point agarose, polygalacturonic
acid, or seaweed alginate (Sigma Aldrich Inc., St. Louis, MO) at a concentration
similar to that of P. aeruginosa alginate. Mice were sacrificed at predetermined
times, as indicated below, by intraperitoneal injection of pentobarbital.

BAL. Mice were sacrificed at predetermined times, and bronchoalveolar
lavage (BAL) was performed as described previously (24, 33).

Bacterial load. Lungs and spleens were harvested aseptically and homogenized
in sterile PBS. Tenfold serial dilutions of lung or spleen homogenates were
plated on B. cepacia isolation agar (BCSA) (9) to determine the bacterial load.

Analysis of lung cytokines and myeloperoxidase activity. Lung homogenates
were prepared in the presence of protease inhibitors and centrifuged, and the
supernatants were used for cytokine analysis with a bioplex enzyme-linked im-
munosorbent assay (ELISA) (Bio-Rad, Hercules, CA). Lung myeloperoxidase
(MPO) activity was quantified as described previously (42).

Histopathology. Lungs were inflation fixed via the trachea with 10% formalin
overnight and embedded in paraffin. Lung sections (thickness, 5 �m) were
stained with hematoxylin and eosin (H&E).

CF airway epithelial cells and infection. Immortalized CF bronchial epithelial
cells (IB3 cells) and C38 cells (IB3 cells expressing wild-type CFTR) (45) were
kindly provided by P. Zeitlin (Johns Hopkins Medical Institute, Baltimore, MD)
and were grown in LHC-8 medium (Invitrogen, Carlsbad, CA) containing 5%
serum as described previously (24). Cells were infected with BC7 at a multiplicity
of infection of 0.1 in the presence or absence of alginate and incubated for 6 h,
and the interleukin-8 (IL-8) in the culture supernatants was measured by an
ELISA (R&D Systems).

Phagocytosis assay. Mouse alveolar macrophage cell line CRL-2019 MH-S
(American Type Tissue Culture, Manassas, VA) was maintained in RPMI me-
dium (Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum and L-
glutamine. Phagocytosis of bacteria by alveolar macrophages was determined as
described previously (25). Cells pretreated with cytochalasin D (2 �g/ml) were
used to confirm that the fluorescent bacteria detected were intracellular bacteria
and not extracellular bacteria. Numbers of intracellular bacteria were deter-
mined either by confocal microscopy or by flow cytometry.

To determine the effect of alginate on phagocytosis of bacteria in vivo, mice
were infected with BC7/PBS or BC7/alginate, and BAL was performed 2 h
postinfection. Cytospin preparations of BAL cells were prepared, stained with

DiffQuik (Dade Behring, Newark, DE), and incubated with trypan blue to
quench the fluorescence of extracellular bacteria. Neutrophils and macrophages
were identified based on the shape of the nucleus and the size of the cells.
Neutrophils contain a multilobar nucleus, and macrophages are relatively large
cells with a U-shaped or rounded nucleus and could be differentiated from other
BAL cells readily. The first 300 macrophages or neutrophils were examined for
the presence of intracellular bacteria, and the results were expressed as the
percentage of cells positive for whole intracellular bacteria.

Statistical analysis. Results are expressed below as means and standard de-
viations or as ranges of data with geometric means. Data were analyzed by using
SigmaStat statistical software (Systat Software, Inc., San Jose, CA). To compare
groups, one-way analysis of variance (ANOVA) with Tukey-Kramer post hoc
analysis or ANOVA on Ranks with Dunn’s post hoc analysis was performed, as
appropriate. A P value of �0.05 was considered significant.

RESULTS

Alginate facilitates B. cenocepacia persistence in mice. Gut-
corrected chow-fed CFTR knockout (CF) mice or C57BL/6
mice were infected with BC7/PBS or BC7/alginate, and the
lung bacterial load was determined at 1, 3, 5, or 7 days postin-
fection. Mice that were sham infected with PBS or alginate
alone were used as controls, and as expected, none of these
mice showed bacteria in their lungs (data not shown). Mice
infected with BC7/PBS cleared all bacteria within 3 days irre-
spective of the mouse genotype (Fig. 1A and 1B). In contrast,
CF mice infected with BC7/alginate and C57BL/6 mice in-
fected with BC7/alginate showed persistence of bacteria for up
to 7 days and 5 days, respectively (Fig. 1C and 1D). CF mice
infected with BC7/alginate also showed bacteria in the spleen
at 5 and 7 days postinfection, indicating that there was dissem-
ination of bacteria (Fig. 1E and 1F). Approximately 30% of CF
mice infected with BC7/alginate died during the course of
infection, suggesting that CF mice are more vulnerable to
infection. Due to increased mortality and severe inflammation
in CF mice infected with BC7/alginate, the experiment was
terminated at 7 days postinfection. These results suggest that
suspension of BC7 in a P. aeruginosa alginate solution in-
creases the capacity of bacteria to persist in both CF and
normal mice. Since CF mice showed prolonged bacterial per-
sistence and inflammation, we performed subsequent experi-
ments with CF mice unless otherwise indicated.

To confirm the role of alginate in facilitating bacterial per-
sistence, CF mice were infected with BC7 suspended in algi-
nate enzymatically degraded with alginate lyase (ED-alginate),
and the lung bacterial load was determined 5 days postinfec-
tion. Mice infected with BC7/alginate consistently showed bac-
teria in their lungs, as described above. Mice in the BC7/ED-
alginate group showed very few bacteria in their lungs (Fig.
1G) compared to mice in the BC7/alginate group. These re-
sults confirmed that alginate, but not other contaminating fac-
tors present in the preparation, is responsible for promoting
bacterial persistence.

To determine whether other polysaccharides could promote
bacterial persistence like that seen with P. aeruginosa alginate,
mice were infected with BC7 suspended in 0.15% seaweed
alginate (BC7/seaweed alginate), polygalacturonic acid (BC7/
polygalacturonic acid), or low-melting-point agarose (BC7/
agarose), and the pulmonary bacterial load was measured at 5
days postinfection. The concentration of seaweed alginate and
polygalacturonic acid used was based on the uronic acid con-
tent. As observed for the BC7/PBS or BC7/ED-alginate group,
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FIG. 1. P. aeruginosa alginate increases BC7 persistence in mice. Mice infected with BC7/PBS (A and B) or BC7/alginate (C to F) were
sacrificed at predetermined time points, and 10-fold serial dilutions of lung (A to D) and spleen (E and F) homogenates were plated on BCSA
to determine the bacterial load. Also, CF mice were infected with BC7 suspended in alginate, ED-alginate, seaweed alginate, polygalacturonic acid,
or agarose, and the bacterial density in the lungs was measured at 5 days postinfection (G). The open circles indicate individual mice, and the bars
indicate the geometric means calculated for three independent experiments with a total of seven mice per group (*, different from the BC7/PBS
group at the same time point; †, significantly different from BC7/alginate-infected C57BL/6 mice at the same time point [P � 0.05, as determined
by ANOVA on Ranks with Dunn’s post hoc analysis]).
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mice infected with BC7/seaweed alginate, BC7/polygalactu-
ronic acid, or BC7/agarose showed a negligible number of
bacteria in their lungs, indicating that the observed effect was
specific for P. aeruginosa alginate (Fig. 1G). Based on these
results, we used BC7 suspended in either PBS (control), P.
aeruginosa alginate, or ED-alginate (control for alginate) in
subsequent experiments.

Bacterial persistence corresponds to lung inflammation.
Histological evaluation of lung sections from CF mice treated
with PBS did not reveal inflammation at any of the time points
examined (data not shown). At 1 day postinfection, mice in-
fected with BC7/PBS showed moderate lung inflammation
with accumulation of neutrophils, particularly in peribronchio-
lar and perivascular areas (Fig. 2A), and there was mild or no
inflammation at 5 days postinfection (Fig. 2B). Similar changes
in inflammation were observed for mice infected with BC7/
ED-alginate (data not shown). Mice treated with alginate
alone showed very mild inflammation at 1 day postinfection,
which resolved completely by day 5 (data not shown). In con-
trast, CF mice infected with BC7/alginate showed mild inflam-
mation on day 1 (Fig. 2C). At 5 days postinfection, we observed
moderate to severe neutrophilic inflammation (Fig. 2D), which
progressed to pneumonic consolidation and tissue destruction
by day 7 (Fig. 2E and 2F).

The MPO activity (a surrogate marker for neutrophils) in
the lungs of sham-infected animals (mice given PBS or alginate
alone) was similar at all time points and hence was considered
the baseline in comparisons of the MPO activities of BC7-
infected animals. Mice in the BC7/PBS and BC7/ED-alginate
groups showed peak MPO activity at 1 day postinfection, and
the activity gradually decreased and returned to the basal lev-
els by day 7 (Fig. 3A). The mice given BC7/alginate, however,
showed less MPO activity at 1 day postinfection than the mice
in the BC7/PBS or BC7/ED-alginate group, whose activity
peaked at 5 days and persisted for up to 7 days postinfection.
These observations were consistent with the histological obser-
vations described above.

BC7-infected mice showed significant increases in the levels
of all of the proinflammatory cytokines measured (IL-1�, tu-
mor necrosis factor alpha [TNF-�], KC, MIP-2) compared to
the corresponding sham-infected groups at 1 day postinfection
(Fig. 3B to 3E). However, at this time point, mice in the
BC7/PBS or BC7/ED-alginate group had significantly higher
levels of all cytokines than mice in the BC7/alginate group.
While the cytokine levels for the BC7/PBS and BC7/ED-algi-
nate groups returned to the basal levels by day 3 or 5, for the
BC7/alginate group there were sustained increases in the levels
of all of the cytokines measured up to day 7.

Alginate interferes with phagocytosis. Alginate has been
shown to prevent detection of P. aeruginosa by phagocytes (16).
To assess whether alginate similarly protects BC7 from phago-
cytes, murine alveolar macrophages were incubated with
FITC-labeled BC7 suspended in medium, medium containing
alginate, or medium containing ED-alginate; then the extra-
cellular fluorescence was quenched, and cells were examined
for the presence of intracellular bacteria by confocal micros-
copy. Alveolar macrophages incubated with FITC-labeled BC7
suspended in alginate (Fig. 4B) contained fewer intracellular
bacteria than cells incubated with FITC-labeled BC7 sus-
pended in medium (Fig. 4A) or ED-alginate (Fig. 4C). Cy-

tochalasin D inhibits phagocytosis, and as expected, cells pre-
treated with cytochalasin D did not contain fluorescent
bacteria (Fig. 4D). These results indicate that the fluorescing
bacteria observed in cells in the absence of cytochalasin D truly
were intracellular bacteria. Quantification of phagocytosis by
flow cytometry indicated that there were significantly fewer
bacteria in the macrophages incubated with BC7/alginate than
in the cells incubated with BC7/medium or BC7/ED-alginate
(Fig. 4E), confirming our microscopic observations.

To examine whether alginate protects BC7 from phagocytes
in vivo, animals were infected with FITC-labeled bacteria sus-
pended in PBS, P. aeruginosa alginate, or ED-alginate, bron-
choalveolar lavage (BAL) cells were collected 2 h postinfec-
tion, and the numbers of intracellular bacteria in neutrophils
and macrophages were determined by microscopy. Both neu-
trophils and macrophages from mice infected with BC7/algi-
nate contained fewer bacteria than cells from mice infected
with BC7/PBS or BC7/ED-alginate (Fig. 4F). These results
suggest that alginate interferes with ingestion of BC7 by both
neutrophils and macrophages in vivo.

Alginate decreases proinflammatory responses in vitro. To
examine whether the reduction in phagocytosis is accompanied
by an attenuated proinflammatory response, mouse alveolar
macrophages, human CF bronchial epithelial cells (IB3 cells),
and IB3 cells expressing wild-type CFTR (C38 cells) were
incubated with bacteria suspended in medium, alginate, or
ED-alginate, and cytokine levels were measured after 30 min
of incubation for macrophages or after 6 h of incubation for
airway epithelial cells. Macrophages or airway epithelial cells
incubated with alginate or ED-alginate alone did not show an
increase in cytokine production (Fig. 5). All three cell types
expressed significant amounts of cytokines upon incubation
with bacteria compared to the corresponding sham controls.
Cells incubated with bacteria suspended in alginate showed
low levels of cytokines compared to cells incubated with bac-
teria alone or with bacteria suspended in ED-alginate. These
results suggest that alginate interferes with the normal proin-
flammatory response to bacterial infection in both macro-
phages and airway epithelial cells, likely reflecting the decrease
in the timely clearance of infecting organisms.

Presence of alginate in the lungs facilitates BC7 persistence.
In CF lungs, BC7 encounters alginate only after it enters the
airways; hence, we examined whether alginate present in the
lungs can facilitate BC7 persistence. First alginate and then
BC7 suspended in PBS (alginate/BC7) were instilled into lungs
of CF mice by the intratracheal route, and the bacterial load
was determined after 5 days. Control mice, which were treated
with PBS instead of alginate (PBS/BC7), cleared all bacteria
from their lungs, as observed previously. However, mice in the
alginate/BC7 group showed bacteria in their lungs after 5 days
(Fig. 6), indicating that the presence of alginate in the lungs
facilitates BC7 persistence. Interestingly, the load was 1 log
lower than that in the mice infected with BC7 suspended in
alginate (BC7/alginate), suggesting that bacteria which do not
interact with alginate may be killed readily by phagocytes.

Alginate-facilitated bacterial persistence depends on the ca-
pacity of bacteria to cause infection. To examine whether al-
ginate facilitates the persistence of bacteria other than B. ceno-
cepacia BC7, mice were infected with B. cepacia, B.
multivorans, B. cenocepacia BC45, nontypeable H. influenzae,
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or S. maltophilia suspended in either PBS or alginate, and the
pulmonary bacterial load was determined 5 days postinfection.
None of the mice infected with bacteria suspended in PBS
showed bacteria in their lungs (data not shown). On the other

hand, in mice infected with bacteria suspended in alginate
there was variable bacterial persistence depending on the spe-
cies of bacteria (Fig. 7). While B. multivorans, B. cenocepacia
BC45, and nontypeable H. influenzae persisted in the lungs, B.

FIG. 2. Mice infected with BC7/alginate show severe inflammation. Paraffin lung sections were prepared for mice infected with BC7/PBS (A
and B) or BC7/alginate (C to F) at day 1 (A and C), day 5 (B and D), and day 7 (E and F) postinfection and stained with H&E. The insets in panels
A, C, and D are magnifications of the areas in boxes to show neutrophil accumulation. Arrows in panels E and F point to areas of inflammation.
The images are representative of the results for three individual animals at each time point.
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cepacia and S. maltophilia were cleared from the lungs. Mice
infected with B. multivorans and B. cenocepacia BC45 had 2
logs more bacteria in their lungs than the mice infected with
nontypeable H. influenzae. These results indicate that not all
species of bacteria that infect CF patients are protected from
the innate immune system by alginate and that the observed
persistence of bacteria may also depend on the capacity of
bacteria to successfully colonize the lungs.

DISCUSSION

In the present study, we demonstrated that alginate, a viru-
lence factor produced by P. aeruginosa with a mucoid pheno-
type, interferes with host innate immune defenses and facili-
tates infection by other opportunistic pathogens, including B.
cenocepacia. Although a small number of CF patients harbor
B. cenocepacia, a member of the BCC complex, the clinical
prognosis is worse for these patients than for patients colo-
nized with P. aeruginosa alone (40). Approximately one-third
of the B. cenocepacia-infected CF patients show rapid clinical
deterioration and develop fatal pneumonia and bacteremia

known as “cepacia syndrome” (10). Infection with B. cenoce-
pacia often occurs in adolescent or adult CF patients who
already have been chronically colonized with mucoid P. aerugi-
nosa, suggesting that mucoid P. aeruginosa may facilitate B.
cenocepacia infection. In fact, it has been shown that exoprod-
ucts of P. aeruginosa modify the airway epithelial cell surface in
a way that facilitates adherence of BCC (32). Addition of spent
culture medium supernatants or acyl homoserine lactone ex-
tracts of P. aeruginosa to growth media enhances the produc-
tion of protease, lipase, and siderophores by BCC (17, 31).
Here we show that the alginate polymer produced by mucoid
P. aeruginosa facilitates persistence of B. cenocepacia in the
lungs of CF mice by protecting the bacteria from phagocytes
and reducing the inflammatory response during the initial
phase of infection. Further, we demonstrate that while normal
mice cleared bacteria by day 7, CF mice developed severe
inflammation and pneumonic consolidation and that there was
dissemination of bacteria, resulting in death of 30% of the
mice 7 days after infection.

P. aeruginosa alginate appears to be unique in facilitating
persistence of bacteria in mice; suspension of bacteria in other

FIG. 3. Levels of inflammatory markers are increased in mice infected with BC7/P. aeruginosa alginate. CF mice infected with BC7/PBS,
BC7/alginate, or BC7/ED-alginate were sacrificed at 1, 3, 5, or 7 days postinfection. MPO activity (A) was determined using whole-lung
homogenates and was expressed as the fold increase compared with corresponding sham-treated animals. IL-1� (B), TNF-� (C), MIP-2 (D), and
KC (E) levels in lung homogenates were measured by ELISA, and the results were corrected for the cytokine levels observed in corresponding
sham-treated controls. The data are the means and standard deviations calculated from three independent experiments with a total of seven mice
per group (*, different from BC7/PBS and BC7/ED-alginate groups at the same time point [P � 0.05, as determined by ANOVA with
Tukey-Kramer post hoc analysis]).
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acidic polysaccharides or agarose did not promote persistence
of B. cenocepacia. Previously, seaweed alginate and agarose
have been used to create chronic lung infections in lungs of CF
and normal mice (3, 8, 20–22); however, this required mechan-
ical entrapment of bacteria in the polymerized beads of sea-
weed alginate or agarose rather than suspension of bacteria in
solution, which was used in the present study. Further, P.
aeruginosa alginate-facilitated persistence also appears to de-
pend on the capacity of bacteria to colonize CF lungs success-
fully as P. aeruginosa alginate did not promote colonization by
B. cepacia or S. maltophilia.

The alginate used in this study had a uronic acid content of

87.1%, indicating that components other than alginate may
also interfere with the host innate defense mechanisms. Re-
cently, N-(3-oxo-dodecanoyl)homoserine lactone (C12) pro-
duced by P. aeruginosa was shown to impair NF-�B-regulated
functions in macrophages exposed either to Toll-like receptor
2 (TLR2) or TLR4 ligands or to whole bacteria (12). The fact
that enzymatically degraded alginate, which retained essen-
tially all of the components except the intact alginate polymer,
failed to facilitate bacterial persistence in vivo and to interfere
with phagocytic function suggests that other components in the
alginate preparation do not contribute to this effect.

In mice susceptible to P. aeruginosa lung infection (strain

FIG. 4. P. aeruginosa alginate attenuates phagocytosis in vitro and in vivo. (A to C) Alveolar macrophages were incubated with FITC-labeled
BC7 suspended in medium (A), alginate (B), or ED-alginate (C) for 90 min. Unbound bacteria were removed, the fluorescence of extracellular
bacteria was quenched, and cells were examined using a confocal microscope. (D) Alveolar macrophages were pretreated with cytochalasin D for
30 min, incubated with FITC-labeled BC7 suspended in medium, and examined for the presence of intracellular bacteria. Green indicates
intracellular bacteria, and the images are representative of three independent experiments. (E) In some experiments, cells were detached from the
wells and subjected to flow cytometry, and the results were expressed as the mean fluorescence intensity. (F) CF mice were infected with
FITC-labeled BC7 suspended in either PBS, alginate, or ED-alginate, BAL was performed, fluorescence of extracellular bacteria was quenched,
and the percentages of macrophages and neutrophils with intracellular bacteria were determined by fluorescence microscopy. The data are the
means and standard deviations of four independent experiments performed in duplicate or triplicate (*, different from the corresponding untreated
control [P � �0.05]; †, different from the BC7/PBS and BC7/ED-alginate groups [P � 0.05, as determined by ANOVA with Tukey-Kramer post
hoc analysis]).
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DBA/2) there is a delay in the inflammatory response and
initiation of bacterial clearance compared to the response of
resistant mice (strain BALB/c) (19). Following intratracheal
infection, resistant mice showed a rapid influx of neutrophils
(within 24 h) that was associated with clearance of bacteria. In
contrast, Wilson et al. (44) showed that, despite a similar
neutrophil influx in both susceptible DBA/2 and resistant
C57BL/6 mice during the initial phase of infection, only resis-
tant mice cleared the bacteria, suggesting that there is a re-
quirement for other host factors. Further, these authors
showed that, although macrophages from susceptible mice are
initially more phagocytic than C57BL/6 macrophages, they are
defective for clearing or controlling bacterial colonization, in-
dicating that rather than delaying the neutrophilic response,
defective macrophages contribute to the susceptibility of
DBA/2 mice to bacterial infection. In the current study, we

found that compared to mice infected with BC7/PBS or BC7/
ED-alginate, mice infected with BC7/alginate showed less neu-
trophilic inflammation and MPO activity at 24 h postinfection
and also that there were fewer bacteria in macrophages and
neutrophils, indicating that P. aeruginosa alginate interferes
with neutrophil infiltration as well as phagocytosis. This is
probably due to the capacity of alginate to alter the surface
characteristics of bacteria, thereby rendering them resistant to
phagocytosis by neutrophils and macrophages (1, 13, 16, 18,
26).

Mucoid P. aeruginosa produces copious amounts of alginate.
Therefore, it is conceivable that CF airways are enriched in
alginate, although the alginate may be bound to a mucoid P.

FIG. 5. P. aeruginosa alginate decreases proinflammatory responses of alveolar macrophages and human airway epithelial cells in vitro. Murine
alveolar macrophages (A and B), IB3 cells (human CF bronchial epithelial cells) (C), or C38 cells (IB3 cells corrected for CFTR) (D) were
incubated with BC7 in the presence or absence of alginate for 30 min (for macrophages) or 6 h (for epithelial cells), and cytokine levels in the media
were measured. The data are the means and standard deviations of four independent experiments performed in triplicate (*, different from the
corresponding untreated control [P � �0.05]; †, different from the BC7/PBS group [P � 0.05, as determined by ANOVA with Tukey-Kramer post
hoc analysis]).

FIG. 6. Prior administration of alginate enhances BC7 persistence
in mice. CF mice were treated with BC7 mixed with alginate (BC7/
alginate), with PBS and then with BC7 suspended in PBS (PBS/BC7),
or with alginate and then with BC7 suspended in PBS (Alginate/BC7).
The pulmonary bacterial load was determined at 5 days postinfection.
The open circles indicate results for individual animals, and the bars
indicate geometric means calculated from two independent experi-
ments.

FIG. 7. P. aeruginosa alginate-facilitated bacterial persistence de-
pends on the bacterial species. CF mice were infected with B. cepacia,
B. multivorans, B. cenocepacia BC45, nontypeable H. influenzae, or S.
maltophilia suspended in P. aeruginosa alginate. The bacterial load in
the lungs was measured at 3 days postinfection. The symbols indicate
results for individual animals, and the bars indicate geometric means
calculated from two independent experiments.
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aeruginosa biofilm matrix. However, the recovery of alginate in
CF sputum (23, 30) suggests that alginate may be available for
interaction with other bacteria. Since administration of algi-
nate to mouse airways prior to B. cenocepacia infection also
promoted the persistence of bacteria, it is possible that alginate
can interact with B. cenocepacia in vivo and protect it from
innate immune defenses. Our results also suggest that CF mice
are more vulnerable to B. cenocepacia infection as these mice
develop severe lung inflammation and pneumonic consolida-
tion and show dissemination of bacteria to the spleen, with
30% of the mice dying by 7 days after infection. We speculate
that this sensitivity of CF mice may be due to a combination of
the protective effect of alginate and defective killing of bacteria
by neutrophils. It has been shown that CFTR-dependent chlo-
ride anion transport is essential for neutrophil MPO to pro-
duce hypochlorous acid and bactericidal activity (27, 28). Re-
cently, polymorphisms in the Ifdr1 gene were detected in a
cohort of CF patients, and experimental evidence suggested
that IFDR1 regulates neutrophil effector function and is re-
quired for bacterial clearance (6). Deficiencies in clearing of
bacteria by neutrophils may contribute to the observed severity
of lung disease in CF mice.

A delay in the initiation of bacterial clearance may increase
the virulence of infecting organisms, especially the organisms
that are capable of invading mucosal cells and resisting normal
endocytic clearance mechanisms. B. cenocepacia and B. multi-
vorans can evade the normal endocytic pathway, reside and
replicate within epithelial cells and macrophages (14, 34, 39),
and thus benefit from the presence of P. aeruginosa alginate in
the airway lumen of CF patients. Consistent with this, we
observed that B. cenocepacia BC7, which was isolated from a
patient who succumbed to “cepacia syndrome” (36, 37), per-
sisted and caused pneumonic consolidation and bacteremia
and also death in 30% of the infected CF mice in the presence
of P. aeruginosa alginate. In summary, we demonstrate here
that alginate produced by P. aeruginosa facilitates infection by
other bacteria by interfering with the initial host innate im-
mune responses and also that bacteria capable of causing per-
sistent infection benefit from the presence of P. aeruginosa
alginate.
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