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Product and Process for Inhibition of Biofilm Development

Field of the Invention

The present invention generally relates to methods and compositions for the inhibition

of biofilm formation or reduction of existing or developing biofilms in a patient.

Background of the Invention

Cystic fibrosis (CF) lung disease features persistent neutrophil accumulation to the
airways from the time of infancy (25). In the absence of detectable infection or endotoxin,
bronchioalveolar lavage studies have recovered neutrophils ranging from 10* to 10° per ml
from the airways of CF children (25, 29, 30). These children are frequently exposed to
environmental strains of P. aeruginosa, but early infections can be transient, or be eradicated
by aggressive antibiotic treatment and an exuberant host defense (6, 17, 35). Initial success in
eradicating P. aeruginosa acquired from environmental sources likely occurs due to a low
density of organisms, a lack of antibiotic resistance, and a generally nonmucoid phenotype.
Eventually, persistent P. aeruginosa infection appears inevitable, and by adulthood, 80% of
CF patients are chronically infected (16).

Factors that allow P. aeruginosa to become persistent are of particular interest, as
chronic P. aeruginosa infection is clearly associated with increased morbidity and mortality
in CF patients (13, 32, 37). The persistent P. aeruginosa infection is associated with
numerous phenotypic and genetic changes by the bacteria within the CF airway (11, 14, 41)
including the formation of biofilms (1, 11, 40). Bacterial biofilms are surface-attached
communities of cells encased within a self-produced extracellular polysaccharide matrix.
Biofilm development proceeds through a series of programmed steps including initial surface
attachment, formation of three-dimensional microcolonies, and finally the development of a
‘mature’ biofilm (26). The detection of a specific pattern of quorum-sensing signaling
molecules in the CF airway suggests that P. aeruginosa in the CF airway exists primarily in
the biofilm form (40), and this conclusion is supported by the inability of antibiotics and host
defense mechanisms to eradicate the infection (1, 11, 40).

Despite some promising advances, correction of CF by gene therapy is not yet
attainable. Currently, antibiotic regimens coupled with drugs that facilitate the clearance of
purulent airway secretions remain the mainstay treatments for progressive airway disease.
Inhalation of purified hDNase (Pulmozyme; Genentech, USA), which digests extracellular
DNA present in the CF airway, is widely used as a respiratory decongestant. Such treatment
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is clinically effective for diminishing sputum viscosity and stabilizing the forced expiratory
volume (FEV) (Fuchs et al., N Engl J Med 331:637-642, 1994).

In addition to CF, a variety of other medical conditions and treatments can cause the
undesirable development of biofilms. For example, a variety of microbial infections can be
characterized by biofilm formation, including, but not limited to, infectious kidney stones,
cystitis, catheter-related infection (kidney, vascular, peritoneal), medical device-related
infections, prostatitis, dental caries, chronic otitis media, bronchiectasis, bacterial
endocarditis, Legionnaire's disease, orthopedic implant infection, osteomyelitis, wounds,
acne, and biliary stents. Therefore, there is a need in the art for improved therapeutic
approaches for the inhibition of biofilm formation and/or the reduction or elimination of
biofilms, which will be useful for the treatment of conditions such as cystic fibrosis, as well

as other diseases and conditions that are associated with the formation of microbial biofilms.

Summary of the Invention
One embodiment of the present invention relates to a method to inhibit biofilm

formation or reduce biofilms in a subject. The method includes the step of administering to a
subject that has or is at risk of developing biofilms, a compound that inhibits the formation or
polymerization of actin microfilaments or depolymerizes actin microfilaments at or proximal
to the site of biofilm formation or the site of infection by a microorganism that forms
biofilms. Typically, the actin microfilaments targeted by the present method are formed
largely from the content of a cell that undergoes necrosis at or proximal to the site of biofilm
formation or the site of infection by a microorganism that forms biofilms. Such cells include,
but are not limited to, neutrophils, airway epithelial cells or other epithelial cells,
macrophages, monocytes, lymphocytes, eosinophils, and the infectious microbe itself (e.g., P.
aeruginosa).

Suitable compounds for use in this embodiment of the invention include, but are not
limited to: cytochalasins, latrunculins, misakinolides, swinholides, myacolides, spinxolides,
and scytophycins. Specific compounds which are useful in the present invention include, but
are not limited to, cytochalasin B, cytochalasin D, latrunculin A, misakinolide A, swinholide
A, myacolide B, spinxolide, scytophycin, domain 1 of gelsolin, destrin or profilin

A further embodiment of the method of the present invention includes a step of
administering to a subject a compound that inhibits accumulation of, inhibits necrosis of, or
inhibits release of the cellular contents of, cells that undergo necrosis, at or proximal to the

site of biofilm formation or the site of infection by a microorganism that forms biofilms.
2
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Such cells are described above. This step can be performed in combination with the
administration of the anti-actin microfilament compound described above, or as an alternate
method for inhibiting biofilm formation or reducing biofilms in a subject. For example, the
compound preferably inhibits the adherence of, migration to, or the sensing or response to
chemoattractants by neutrophils, or inhibits the activity or release of a cytokine, chemokine
or chemoattractant that attracts or enhances neutrophil activity.

Suitable compounds for use in this embodiment of the invention include, but are not
limited to: cytokine inhibitors, chemokine inhibitors, chemoattractant inhibitors,
fluoroquinolones, Cox inhibitors, leukotiene receptor antagonists, leukotriene synthesis
inhibitors, inhibitors of the p38 MAP kinase pathway, and glucocorticoids. ~ More
specifically, compounds that are useful in this embodiment of the invention include, but are
not limited to: any inhibitor of eicosanoid synthesis and release, including any Cox-2
inhibitor; Cox-1 inhibitors; inhibitors of some certain prostaglandins (prostaglandin E(2);
PGD(2)), inhibitors of certain leukotrienes (LTB4); classes of antibiotics with known direct or
indirect anti-inflammatory effects, including macrolides (e.g. azithromycin) and
fluoroquinolones (e.g., levofloxacin; moxifloxacin; gatifloxacin); inhibitors of p38 MAP
kinase; antagonists of growth factors which regulate neutrophil release, including granulocyte
colony-stimulating factor (G-CSF) (e.g., antibodies or antigen binding fragments thereof, G-
CSF antagonist variants or mimetics, drugs that antagonize the function of G-CSF);
antagonists of granulocyte-macrophage colony-stimulating factor (GM-CSF); inhibitors of
the function of cytokines and chemokines, including antagonists of tumor necrosis factor
(TNF), antagonists of interleukin-8 (IL-8); transforming growth factor beta (TGF-beta);
antibodies that block sites of neutrophil adhesion and thereby limit neutrophil accumulation
to sites of inflammation, including anti-beta2 integrins (e.g., anti-CD11/CD18) and anti-
ICAM-1; and neutrophil inhibitory material from other organisms, (e.g., excretory-secretory
(ES) material from the parasitic nematode Nippostrongylus brasiliensis). A preferred
compound is an anti-inflammatory compound.

In any of the above-described embodiments, the method can further include
administering to the subject an anti-DNA compound and/or an anti-mucin compound. The
method can also include administering to the subject a compound for treatment of a disease
or condition associated with biofilm formation.

Preferably, the compound is administered when a disease or condition associated with
biofilm formation is diagnosed or suspected. In one aspect, the compound is administered

prior to the treatment of the subject with a process that may cause a biofilm to form in the
3
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patient. In one aspect, the compound is administered with a pharmaceutically acceptable
carrier. In another aspect, the compound is administered directly to or proximal to the site of
biofilm formation or potential therefore. In one aspect, the compound is administered to the
lung or airways of the subject. In another aspect, the compound is applied to a prosthetic
graft or administered to the subject receiving the graft prior to or during the implantation or
utilization of the graft. In another aspect, the compound is applied to a catheter prior to or
during use of the catheter by a subject. In another aspect, the compound is applied to the site
of a wound or to the wound dressing when the wound is treated. In yet another aspect, the
compound is applied to a medical device that contacts a subject tissue surface prior to or
during use of the medical device by a subject.

The biofilms to be prevented, inhibited or treated may be caused by any condition or
disease. For example, the biofilm may form in connection with a disease or condition in an
organ, tissue or body system (e.g., lung, urinary tract, head and neck, vascular system, bone,
skin, abdomen). Similarly, the biofilm may form on a surface of a tissue, organ or bodily part
(e.g., lung, medium airways, ureter, urethra, bladder, prostate, mouth, ear, heart valve, vein,
joint, bone, skin, and bile duct.). The biofilm may form in connection with a disease or
condition selected from: infectious kidney stones, cystitis, catheter-related infection (kidney,
vascular, peritoneal), medical device-related infections, prostatitis, dental caries, chronic
otitis media, cystic fibrosis, bronchiectasis, bacterial endocarditis, Legionnaire's disease,
orthopedic implant infection, osteomyelitis, wounds, acne, and biliary stents.

The microorganism responsible for biofilm formation includes, but is not limited to,
Pseudomonas aeruginosa, Burkholderia multivorans, Streptococcus sanguis, Escherichia
coli, and Streptococcus viridans.

Another embodiment of the present invention relates to a composition for inhibiting
biofilm formation or reducing biofilms in a subject. The composition can comprise any one,
two, three, four, five, or more compounds as described above. In one embodiment, the
composition includes: (1) a first compound that inhibits the formation or polymerization of
actin microfilaments or depolymerizes actin microfilaments at or proximal to the site of
biofilm formation; and (2) a second compound that is an anti-DNA compound. This
composition can further include a compound that inhibits the accumulation of, necrosis of, or
release of the cellular contents of, neutrophils at or proximal to the site of biofilm formation,
and a carrier suitable for application to the site of biofilm formation. In another aspect, the
composition can include: (1) a first compound that inhibits the formation or polymerization

of actin microfilaments or depolymerizes actin microfilaments at or proximal to the site of
4
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biofilm formation; and (2) a second compound that inhibits the accumulation of, necrosis of,
or release of the cellular contents of, neutrophils at or proximal to the site of biofilm
formation, and a carrier suitable for application to the site of biofilm formation.

Yet another embodiment of the present invention relates to a method to identify a
compound that inhibits necrotic cell-enhanced biofilm formation or reduces necrotic cell-
enhanced biofilms in a subject. The method includes the steps of: (a) contacting a putative
inhibitory compound with a microbial culfure in the presence and absence of a population of
cells or a lysate thereof, wherein the microbial culture forms biofilms and is in a planktonic
state prior to contact with the putative inhibitory compound, and wherein the population of
cells undergoes necrosis in the presence of the microbial cells; and (b) measuring biofilm
formation after contact with the putative regulatory compound as compared to in the absence
of the compound and as compared to in the presence and absence of the population of cells or
lysate thereof, wherein a decrease in biofilm formation in the presence of the putative
regulatory compound and the presence of the population of cells or lysate thereof, as
compared to in the absence of the population of cells or lysate thereof and as compared to in
the absence of the putative regulatory compound, indicates that the putative regulatory
compound inhibits necrotic cell-enhanced biofilm formation or reduces necrotic cell-
enhanced biofilms. In one aspect, the population of cells is a population of neutrophils.

Other aspects of this method can be expanded as described elsewhere herein.

Brief Description of the Drawings of the Invention

Fig. 1A shows that the presence of neutrophils had little effect on the long-term
survival of P. aeruginosa.

Fig. 1B shows that the presence of neutrophils resulted in fewer viable P. aeruginosa
in the planktonic state compared to P. aeruginosa in the absence of neutrophils (mean + SD
of CFU (n=4); ¥p<0.05).

Fig. 1C shows that neutrophils increased the number of viable P. aeruginosa in the
biofilm state compared to P. aeruginosa alone when measured simultaneously with P.
aeruginosa in the planktonic state shown in Fig. 1B (mean + SD of CFU (n=4); *p<0.05).

Fig. 1D shows that neutrophils increased biofilm density (assayed by CV staining)
compared to P. aeruginosa alone by 4 hrs (mean * SD of O.D. measurements (n=21).
*p<0.05).

Fig. 1E shows that exopolysaccharide staining of biofilm density demonstrated that

the presence of neutrophils resulted in a greater quantity of biofilm compared to P.
5
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aeruginosa in the absence of neutrophils by 4 hrs (mean + SD of O.D. measurements (n=21).
*p<0.05).

Fig. 2A shows that the presence of lysed neutrophils resulted in a greater quantity of
biofilm compared to P. aeruginosa in the absence of neutrophils by 4 hrs.

Fig. 2B shows that by 72 hrs, lysed neutrophils added at 0, 24, and 48 hrs (hatched
bar) achieved 92% of the biofilm development seen with viable neutrophils added at 0, 24,
and 48 hrs (solid bar).

Fig. 2C shows that the presence of lysed neutrophils resulted in a greater quantity of
biofilm compared to P. aeruginosa in the absence of neutrophils by 4 hrs.

Fig. 2D shows that by 72 hrs, lysed neutrophils added at 0, 24, and 48 hrs (hatched
bar) achieved 94% of the biofilm development seen with viable neutrophils added at 0, 24,
and 48 hrs (solid bar).

Fig. 3A shows that isolated neutrophil granule proteins failed to enhance the density
of biofilm formation.

Fig. 3B shows that actin and DNA enhance P. aeruginosa biofilm development.

Fig. 3C shows the loss of biofilm enhancement by disruption of DNA and actin.

Fig. 4 shows actin binding by P. aeruginosa.

Fig. 5 shows that deletion of genes encoding the quorum-sensing signals rhl (ArhIR),
las (AlasR) or both (ArhlR/lasR) resulted in little change in biofilm development in the
absence of neutrophils, and that these mutant strains did not respond to neutrophils by
developing a thicker biofilm.

Fig. 6 shows that ApvdS strains formed biofilms equivalent to PAO1 in the presence of
neutrophils and that a AzazC mutant also forms biofilms poorly and was not effected by the
presence of neutrophils.

Fig. 7 shows that the AmucA mutant or the mucoid CF strain FDR1 demonstrate
decreased biofilm development relative to PAO1, but in the presence of neutrophils, this
phenotype was no longer observed.

Fig. 8 show the index of neutrophils-enhancement of mutant strains, where the density
of the biofilm in the presence of neutrophils is plotted as a fold-increase of the biofilm
density relative to the strain in the absence of neutrophils.

Fig. 9A shows that the deletion of genes encoding the quorum-sensing signals rhl
(ArhlR), las (AlasR) or both (ArhiR/lasR) resulted in decreased binding to F-actin, while

deletion of genes encoding for alginate results in increased F-actin binding.
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Fig. 9B shows that the extent of F-actin binding by PAO1 and isogenic mutants
significantly correlated with the neutrophil-induced fold-change of biofilm growth.
Fig. 10 shows the effect of mucin on P. aeruginosa biofilm development.

Fig. 11 shows the effect of neutrophils on Bec biofilm formation.

Detailed Description of Invention

The present invention generally relates to a composition and method for the inhibition
of biofilm formation or reduction of existing or developing biofilms in a patient. The
methods of the present invention can also inhibit the aggregation of bacteria that form
biofilms in the airways. In one embodiment, the method comprises administering to a patient
that has or is at risk of developing biofilms a compound or formulation that inhibits the
formation or polymerization of actin microfilaments or depolymerizes actin microfilaments at
or proximal to the site of biofilm formation. In another, or additional, aspect, the method
comprises administering to a patient that has or is at risk of developing biofilms a compound
or formulation that inhibits (reduces, decreases, prevents) neutrophil accumulation or activity
at or proximal to the site of biofilm formation. These aspects of the invention are based on
the inventors' discovery that the presence of neutrophils at the site of bacterial infection
enhances initial bacterial biofilm development in patients with cystic fibrosis through the
formation of polymers of actin microfilaments and DNA from necrotic neutrophils.
Therefore, inhibition of the neutrophil accumulation and therefore the subsequent
polymerization of actin microfilaments and DNA at the site of infection will inhibit the
formation and establishment of biofilms, providing a significant benefit to a patient. In
addition, this discovery can be extended to other diseases and conditions associated with
biofilm formation and particularly where neutrophils are involved in an inflammatory
response to the disease or condition, and more particularly, when neutrophil association with
an inflammatory process is chronic or prolonged.

Persistent neutrophil accumulation and necrosis in the CF airways results in sputum
highly-enriched with DNA, actin, and granule proteins, which are all clearly implicated in the
pathogenesis of CF lung disease (2, 25, 28, 33, 36, 38). Based on the concept that early CF
lung disease features low numbers of planktonic, environmental strains of P. aeruginosa
entering a neutrophil-rich airway (6), the present inventors tested the effect of neutrophils on
the earliest stages of P. aeruginosa biofilm formation using a concentration of neutrophils

compatible with the quantity of cells present in the airways of CF children prior to persistent
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P. aeruginosa infection, and concentrations of P. aeruginosa consistent with early infection
(7, 29).

The present inventors have found that neutrophils enhance initial P. aeruginosa
biofilm development through formation of a biological matrix comprised of actin and DNA
polymers. These polymers are present in CF sputum, and disruption of the polymers
dispersed associated P. aeruginosa and reduced biofilm development. Specifically, the
biofilm enhancement coincides with a significant reduction of P. aeruginosa in the
planktonic phase, resulting in little decrease in the overall number of viable bacteria after the
first 4 hours of incubation. The mechanism of neutrophil biofilm enhancement was identified
as being polymers comprised of actin and DNA. The bacteria bind to F-actin, and disruption
of the polymers with DNase results in dispersion of the bacteria and a reduction in biofilm
development. The presence of these actin/DNA polymers, with co-localization of P.
aeruginosa, was confirmed in both neutrophil Iysates and CF sputum. The introduction of
additional neutrophils after 24 and 48 hours further enhanced P. aeruginosa biofilm
development, while exposure to fewer neutrophils resulted in a lesser degree of biofilm
enhancement (data not shown).

These findings demonstrate a potential maladaptation of the primary innate response,
as cellular components from necrotic neutrophils can serve as a biological matrix to facilitate
P. aeruginosa biofilm formation when eradication of infection fails. P. aeruginosa biofilm
formation in the CF airways appears to occur in the context of stagnant mucous plugs which
are lodged in the airway lumen, and are largely composed of dead and dying neutrophils (45,
46). The short lifespan of the neutrophil in the present inventors' study is consistent with
neutrophil survival in the bloodstream and in other in vitro systems where typical survival is
6 to 18 hrs (12, 27). When neutrophils and P. aeruginosa are combined in vitro, neutrophil
killing of planktonic P. aeruginosa is maximal at about 50 min (20), but subsequent necrosis
of the leukocyte occurs rapidly, and over time the ability of the remaining viable neutrophils
to ingest and kill P. aeruginosa is overshadowed by bacterial multiplication. In the presence
of infection or pro-inflammatory stimuli, apoptosis is prevented or delayed, and cells may be
viable up to 36 hours (12, 27). The concentration of neutrophils (107/ml) used in this analysis
was based on BAL sampling of the airways of CF infants prior to persistent P. aeruginosa
infection where neutrophil recovery ranged from 10*-10° per ml (25, 29, 30), with an
estimated recovery rate of approximately 1-2% (10). An even broader range of quantity of P.
aeruginosa has been isolated from CF children during early infection (7,29), and the

inventors selected 10° cfu/ml as a representative concentration.
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In clinical settings that do not feature massive accumulation of neutrophils, various
host products have been found in association with bacterial biofilms. Heterogeneous salivary
films contain secretory IgA and o-amylase, which represent a binding sites for Streptococcus
sanguis in the formation of dental plaques (19). Nearly all types of in-dwelling medical
devices can become coated with host proteins, electrolytes and organic materials which
appear to contribute to the presence of persistent infection (8). Uropathogenic strains of E.
coli can form organized biofilm-like colonies within the cytoplasm of bladder cells during a
phase of urinary tract infection (24), and clots comprised of fibrin and platelets facilitate
Streptococcus viridans survival in endocarditis (23). However, the potential of an immune
cell, integral to host defense, to increase formation of a bacterial biofilm has never been
reported.

Without being bound by theory, since virtually every eukaryotic cell contains
significant quantities of actin, it is possible that other necrotic cells, in addition to neutrophils,
could enhance P. aeruginosa biofilm development. Therefore, the present invention is not
limited to the inhibition of the accumulation of, necrosis of, or release of the cellular contents
of, neutrophils, but rather is extended to other necrotic cells that are present at a site of a
microbial infection. For example, in a severe skin burn P. geruginosa could conceivably
utilize actin and DNA from necrotic epithelial cells. Similarly, the present invention is not
limited to the inhibition of biofilms associated with bacterial infection, as other microbes can
also form biofilms (discussed below).

Recent reports have identified new mechanisms by which neutrophils successfully kill
bacteria. Neutrophils actively generate “neutrophil extracellular traps” (NETs) that bind to
Staphylococcus aureus and other bacteria (4). Viable neutrophils secrete NETs within
minutes, which appear to trap bacteria and augment killing by retaining the microorganism in
close proximity to a variety of anti-microbial granule proteins (4). These delicate NETs are
primarily composed of DNA, as well as histones and granule proteins, but do not contain
actin. In distinct contrast, the polymers described herein are comprised of both actin and
DNA, do not require the action of granule proteins, are a product of the necrotic neutrophil,
and increase the number of surviving P. aeruginosa (see Fig. 1A) over a period of days.
Fragmentation of the NETs by DNase increased bacterial survival, while disruption of the
actin-DNA polymers by DNase reduced biofilm formation. Thus construction of NETs
represents an elegant mechanism of successful bacterial killing by the live neutrophil, while
actin-DNA enhancement of biofilm formation may represent a maladaptive response to years

of relentless accumulation and neutrophil death in the CF airway.
9
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Although the neutrophil contains a number of proteins with significant anti-microbial
potential, it appears that successful bacterial killing by granule proteins is highly dependent
on the extracellular milieu. Recently, purified lactoferrin, a major component of the
secondary neutrophil granules, was found to prevent P. aeruginosa biofilm development (39).
Although lactoferrin is relatively abundant in CF sputum, it is only one of at least 50 proteins
contained within neutrophil granules (3), and its inhibitory effect was not evident when the
total content of neutrophil granules were combined with P. aeruginosa (Fig. 3A). It is likely
that during Pseudomonas-induced neutrophil necrosis, lactoferrin (and other potential
beneficial proteins) are degraded by neutrophil- and Pseudomonas-derived proteases (5, 44).

The unique environment of the CF airway exerts selective pressures, which can result
in profound genetic alterations within the bacteria. P. aeruginosa strains isolated at the time
of initial infection resemble environmental strains, which are motile, nonmucoid, lack
antibiotic resistance, and have a smooth-type penta-acylated LPS. After years of infection,
“CF-strains” of P. aeruginosa emerge, with an extensive array of altered phenotypes (6),
including a mucoid, nonmotile phenotype, extensive resistance to antibiotics, and a rough-
type, arabinomannan-modified, hexa/hepta-acylated LPS (11, 14). The PAO1 strain used in
the studies described herein clearly resembles the environmental strains of early infection.
Without being bound by theory, the present inventors' believe it is of importance that the
enhancement of biofilm formation described here is achieved with a non-mucoid, non-CF
strain of P. aeruginosa, as this may represent a mechanism that allows environmental strains
to initially persist in the CF airway. Once present in the biofilm form, environmental P.
aeruginosa strains would have the opportunity to adapt to the intense inflammatory
conditions and antibiotic treatment over decades without eradication.

Therefore, one embodiment of the present invention comprises administering to the
patient, either directly or by application to a carrier, implant, catheter, medical device, or
tissue or wound dressing: a compound that inhibits the formation or polymerization of actin
microfilaments or depolymerizes actin microfilaments, at or proximal to the site of biofilm
formation. The method can further comprise, or alternatively include, a compound that
inhibits the accumulation of, necrosis of, and/or release of cellular content of cells that
undergo necrosis, at or proximal to the site of bacterial infection and/or biofilm formation.
The method can further comprise, in combination with one or both of the compounds above,
the administration of an anti-DNA compound and/or an anti-mucin compound and/or another
compound that is useful for the prevention and/or treatment of a disease or condition in the

patient, or that is useful in connection with a procedure being performed on the patient.
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Preferably, the cells that undergo necrosis and are targeted by the method of the
invention are neutrophils, although other types of cells that can undergo necrosis at a site of
microbial infection are also included in the invention. For example, such other cells include,
but are not limited to, airway epithelial cells or other epithelial cells, macrophages,
monocytes, lymphocytes, eosinophils, and the infectious microbe itself (e.g., P. aeruginosa).

A biofilm is generally defined herein as a community of microorganisms attached to a
solid surface. A biofilm community can include bacteria, fungi, yeasts, protozoa, and other
microorganisms. More specifically, a biofilm is a surface-attached community of microbial
cells encased within a self-produced extracellular polysaccharide matrix that exhibits
properties different from the planktonic microbial counterparts. Biofilms that are commonly
found associated with human tissue and organ surfaces are frequently bacterial biofilms. In
cystic fibrosis, by way of example, both Pseudomonas aeruginosa and Burkholderia
multivorans infect and form biofilms in the lungs of patients having the disease. Other
examples of microorganisms that form biofilms in tissues or on medical devices or dressings
include, but are not limited to: Streptococcus sanguis, E. coli, and Streptococcus viridans.

The method of the present invention can be used to treat any patient (subject,
individual, animal) that has, is developing (biofilm formation is clinically evident or
detectable to the skilled artisan, but has not yet fully formed), or is at risk of developing (no
biofilm formation is yet detectable to the clinician or skilled artisan, but the subject is known
to be at risk of developing a biofilm due to disease or the pending performance of a treatment,
such as a graft implantation). The term "patient" typically refers to a subject that is to be
treated or is being treated by a clinician (doctor, nurse, or other medical practitioner) for a
disease, condition, procedure, or routine examination (i.e., the patient need not be ill or
otherwise suffering from any disease or condition to be treated). However, as used herein,
the terms "patient", "subject”, "individual" and "animal" can be generally be used
interchangeably with reference to the subject to which a compound of the invention is to be
administered.

Microbial biofilms can form in and on a variety of tissues as well as on or in a variety
of devices and materials that may be used during the treatment of a subject for a particular
disease or condition. For example, the method of the present invention can be used to
prevent or reduced biofilm formation, or to reduce existing or developing biofilms that may
form in connection with a disease or condition in an organ, tissue or body system including,
but not limited to, lung, urinary tract, head and neck, vascular system, bone, skin, abdomen.

Biofilms may also form on the surface of a tissue, organ or bodily part including, but not
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limited to, lung, medium airways, ureter, urethra, bladder, prostate, mouth, ear, heart valve,
vein, joint, bone, skin, and bile duct. Biofilms may form in connection with a disease or
condition including, but not limited to: infectious kidney stones, cystitis, catheter-related
infection (kidney, vascular, peritoneal), medical device-related infections, prostatitis, dental
caries, chronic otitis media, cystic fibrosis, bronchiectasis, bacterial endocarditis,
Legionnaire's disease, orthopedic implant infection, osteomyelitis, wounds, acne, and biliary
stents. All of these scenarios are encompassed by the present invention.

Preferably, the compound is administered to a subject (patient, individual, animal)
prior to the development of a biofilm, or at the earliest time that biofilm development is
suspected or detected. Without being bound by theory, the present inventors believe that the
method of the present invention will be particularly effective when used as a preventative or
early stage inhibition of biofilm formation. For example, the method of the invention can be
used when a patient is suspected to have or be developing a disease or condition associate
with the formation of biofilms, where the method is used when the diagnosis made or early
treatment is performed (e.g., prior to the establishment of biofilms in the patient, although
there may be detectable evidence of biofilm formation). A young patient diagnosed with
cystic fibrosis, for example, may develop biofilms after several years of the disease, but
during the earlier diagnosis and treatment stages, the method of the invention may prevent or
reduce the formation of the biofilms as the disease advances in the patient. As another
example, the method of the present invention may be applied to a prosthetic graft or used ina
patient receiving the graft prior to or during the implantation or utilization of the graft.
Similarly, the method of the present invention can be used when prior to or during use of a
catheter by a patient, by applying the compound to the catheter and/or on the tissue
contacting or near the catheter. The compound could also be applied to the site of a wound or
to the wound dressing when the wound is initially and subsequently treated, or the compound
can be applied to a medical device that contacts a patient tissue surface prior to or during use
of the medical device by a patient.

For the inhibition of the formation or polymerization of actin microfilaments (or
depolymerization of the actin microfilaments), compounds preferably inhibit F-actin, which
is the microfilament form of actin, and can also be referred to herein as "anti-actin"
compounds. A variety of compounds that affect the polymerization and depolymerization of
actin filaments are well known in the art. A detailed description of various classes of such
compounds, as well as specific compounds and their known actions on actin is provided in

Meijer et al., 2003, Progress in Cell Cycle Research 5:511-525, which is incorporated herein
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by reference in its entirety. Classes of compounds that can be used in the present invention
include, but are not limited to, cytochalasins, latrunculins, misakinolides, swinholides,
myacolides, spinxolides, and scytophycins. Specific compounds which are useful in a
product/composition/formulation of the present invention include, but are not limited to,
cytochalasin B, cytochalasin D, latrunculin A, misakinolide A, swinholide A, myacolide B,
spinxolide, scytophycin, domain 1 of gelsolin, destrin or profilin. Other suitable anti-actin
compounds will be known to those of skill in the art or can be identified using standard actin
polymerization assays (e.g., see Meijer et al., supra) and such compounds are encompassed
for use in the present invention.

For the inhibition of neutrophil accumulation, necrosis and/or release of cellular
content, or for the inhibition of many other necrotic cell types targeted by the invention (cells
that can undergo necrosis at the site of a microbial infection), any anti-inflammatory
compound or any compound that interferes with a neutrophil's (by way of example) ability to
adhere to or near a site of infection by biofilm-associated microbe, to migrate to such site, or
to sense or respond to chemoattractants at or near such site (or that would result in migration
of the neutrophil to such site), is encompassed by the present invention. For example, such
compounds can inhibit or reduce the release or biological activity of chemoattractants,
cytokines, or chemokines at or near (proximal to) the site of infection that would otherwise
attract a neutrophil, cause it to migrate to the site of infection, or allow or enhance neutrophil
adherence at or near the site of infection. Administration of such anti-inflammatory/anti-
neutrophil compounds early in the disease process that is associated with biofilm formation is
believed to be an important aspect of the invention. Therefore, anti-inflammatories/anti-
neutrophil compounds would be administered upon the initial diagnosis of the disease or
condition that is associated with biofilm formation, and preferably prior to a significant
formation of biofilms in the patient.

Such compounds are well known in the art and include, but are not limited to,
cytokine inhibitors, chemokine inhibitors, chemoattractant inhibitors, fluoroquinolones, Cox
inhibitors, leukotiene receptor antagonists, leukotriene synthesis inhibitors, inhibitors of the
p38 MAP kinase pathway, and glucocorticoids. More specifically, compouhds that are useful
in this embodiment of the invention include, but are not limited to: any inhibitor of
eicosanoid synthesis and release, including any Cox-2 inhibitor; Cox-1 inhibitors; inhibitors
of some certain prostaglandins (prostaglandin E(2); PGD(2)), inhibitors of certain
leukotrienes (LTBy); classes of antibiotics with known direct or indirect anti-inflammatory

effects, including macrolides (e.g. azithromycin) and fluoroquinolones (e.g., levofloxacin;
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moxifloxacin; gatifloxacin); inhibitors of p38 MAP kinase; antagonists of growth factors
which regulate neutrophil release, including granulocyte colony-stimulating factor (G-CSF)
(e.g., antibodies or antigen binding fragments thereof, G-CSF antagonist variants or
mimetics, drugs that antagonize the function of G-CSF); antagonists of granulocyte-
macrophage colony-stimulating factor (GM-CSF); inhibitors of the function of cytokines and
chemokines, including antagonists of tumor necrosis factor (TNF), antagonists of interleukin-
8 (IL-8); transforming growth factor beta (TGF-beta); antibodies that block sites of neutrophil
adhesion and thereby limit neutrophil accumulation to sites of inflammation, including anti-
beta2 integrins (e.g., anti-CD11/CD18) and anti-ICAM-1; and neutrophil inhibitory material
from other organisms, (e.g., excretory-secretory (ES) material from the parasitic nematode
Nippostrongylus brasiliensis).

In one embodiment, a product, composition or formulation of the present invention
also includes an anti-DNA compound. According to the present invention, an anti-DNA
compound is any compound that causes the destabilization or degradation of DNA. Such
compounds are known in the art and include, but are not limited to, nucleases, hydroxyl
radical generating compounds, and the like. For example, DNase I or rhDNase (Pulmozyme;
Genentech, USA) is a well-known anti-DNA compound that is useful in the present
invention. Compounds suitable for the degradation of DNA will be known to those of skill in
the art and all are encompassed by the present invention.

In another embodiment, a product, composition or formulation of the present
invention also includes an anti-mucin compound. Mucins are a family of large, heavily
glycosylated proteins. Some mucins are membrane bound due to the presence of a
hydrophobic membrane-spanning domain that favors retention in the plasma membrane, but
many mucins are secreted on mucosal surfaces and in saliva. Anti-mucin compounds include
any compound that causes the destabilization or degradation of mucin, or inhibits the
interaction of mucin with other compounds or molecules. Such compounds include, but are
not limited to, antibodies and antigen binding fragments thereof that bind to mucin,
sulphatases, glycosidases, and proteases.

In another embodiment, a product, composition or formulation of the present
invention also includes one or more compounds that are useful for treating a particular
disease or condition that is associated with biofilm formation. For example, when the patient
has or is suspected of having cystic fibrosis, the anti-actin compound and/or anti-
inflammatory/anti-neutrophil compound can be used in conjunction with other drugs or

therapeutic compounds that are conventionally used to treat cystic fibrosis. As another
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example, when the patient has a wound, the anti-actin compound and/or anti-
inflammatory/anti-neutrophil compound can be applied to the wound dressing, along with
other compounds, such as anti-microbial compounds, or administered concurrently with other
such compounds by a different route. As yet another example, patients receiving a prosthetic
graft may be receiving anti-rejection drugs, anti-microbials, or growth factors to enhance the
establishment of the graft or growth of appropriate tissue at the graft site, and the anti-actin
compound and/or anti-inflammatory/anti-neutrophil compound of the invention can be
administered in connection with such treatments.

According to the present invention, the present invention can use any one, two, three,
four, or more compounds from any class listed above, including any combination of the
compounds. For example, in a preferred embodiment, the method uses both an anti-actin
microfilament compound and an anti-DNA compound and/or an anti-mucin compound.
Alternatively, the method uses both an anti-actin microfilament compound and an anti-
neutrophil (or other necrotic cell) compound. In another aspect, the method uses an anti-
neutrophil (or other necrotic cell) compound and an anti-DNA compound and/or an anti-
mucin compound. In further embodiments, additional compounds that are useful for the
treatment of a particular condition or disease in the patient to be treated can be included.

According to the present invention, an “antagonist” or an "anti"-compound or agent
(e.g., an anti-actin microfilament compound, an-anti-neutrophil compound, an anti-DNA
compound or an anti-mucin compound) refers to any compound which inhibits (e.g.,
antagonizes, reduces, decreases, blocks, reverses, or alters) the effect of a given protein or
compound. More particularly, an antagonist is capable of acting in a manner relative to the
given protein's or compound's activity, such that the biological activity of the given protein or
compound, is decreased or blocked in a manner that is antagonistic (e.g., against, a reversal
of, contrary to) to the natural action of the given protein or compound. Antagonists can
include, but are not limited to, an antibody or antigen binding fragment thereof, a protein,
peptide, nucleic acid (including ribozymes and antisense), or a product of
drug/compound/peptide design or selection that provides the antagonistic effect.

Antagonists useful in the present invention also include compounds that are products
of rational drug design, natural products, and compounds having partially defined regulatory
properties. A regulatory agent, including an antagonist of a given protein, can be a protein-
based compound, a carbohydrate-based compound, a lipid-based compound, a nucleic acid-
based compound, a natural organic compound, a synthetically derived organic compound, or

an antibody, or fragments thereof. In one embodiment, such regulatory agents of the present
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invention include drugs, including peptides, oligonucleotides, carbohydrates and/or synthetic
organic molecules which regulate the production and/or function of one or more proteins in
the alternative complement pathway. Such an agent can be obtained, for example, from
molecular diversity strategies (a combination of related strategies allowing the rapid
construction of large, chemically diverse molecule libraries), libraries of natural or synthetic
compounds, in particular from chemical or combinatorial libraries (i.e., libraries of
compounds that differ in sequence or size but that have the same building blocks) or by
rational drug design. See for example, Maulik et al., 1997, Molecular Biotechnology:
Therapeutic Applications and Strategies, Wiley-Liss, Inc., which is incorporated herein by
reference in its entirety.

In a molecular diversity strategy, large compound libraries are synthesized, for
example, from peptides, oligonucleotides, carbohydrates and/or synthetic organic molecules,
using biological, enzymatic and/or chemical approaches. The critical parameters in
developing a molecular diversity strategy include subunit diversity, molecular size, and
library diversity. The general goal of screening such libraries is to utilize sequential
application of combinatorial selection to obtain high-affinity ligands against a desired target,
and then optimize the lead molecules by either random or directed design strategies.
Methods of molecular diversity are described in detail in Maulik, et al., supra.

In a rational drug design procedure, the three-dimensional structure of a regulatory
compound can be analyzed by, for example, nuclear magnetic resonance (NMR) or X-ray
crystallography. This three-dimensional structure can then be used to predict structures of
potential compounds, such as potential regulatory agents by, for example, computer
modeling. The predicted compound structure can be used to optimize lead compounds
derived, for example, by molecular diversity methods. In addition, the predicted compound
structure can be produced by, for example, chemical synthesis, recombinant DNA
technology, or by isolating a mimetope from a natural source (e.g., plants, animals, bacteria
and fungi).

Various other methods of structure-based drug design are disclosed in Maulik et al.,
1997, supra. Maulik et al. disclose, for example, methods of directed design, in which the
user directs the process of creating novel molecules from a fragment library of appropriately
selected fragments; random design, in which the user uses a genetic or other algorithm to
randomly mutate fragments and their combinations while simultaneously applying a selection

criterion to evaluate the fitness of candidate ligands; and a grid-based approach in which the
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‘user calculates the interaction energy between three dimensional receptor structures and small

fragment probes, followed by linking together of favorable probe sites.

An antibody or antigen binding fragment thereof useful in the present invention
selectively binds to a protein and thereby blocks or inhibits the activity of the protein.
According to the present invention, the phrase "selectively binds to" refers to the ability of an
antibody, antigen binding fragment or binding partner to preferentially bind to specified
proteins. More specifically, the phrase "selectively binds" refers to the specific binding of
one protein to another (e.g., an antibody, fragment thereof, or binding partner to an antigen),
wherein the level of binding, as measured by any standard assay (e.g., an immunoassay), is
statistically significantly higher than the background control for the assay. For example,
when performing an immunoassay, controls typically include a reaction well/tube that contain
antibody or antigen binding fragment alone (i.e., in the absence of antigen), wherein an
amount of reactivity (e.g., non-specific binding to the well) by the antibody or antigen
binding fragment thereof in the absence of the antigen is considered to be background.
Binding can be measured using a variety of methods standard in the art including enzyme
immunoassays (e.g., ELISA), immunoblot assays, etc.

Isolated antibodies of the present invention can include serum containing such
antibodies, or antibodies that have been purified to varying degrees. Whole antibodies of the
present invention can be polyclonal or monoclonal. Alternatively, functional equivalents of
whole antibodies, such as antigen binding fragments in which one or more antibody domains
are truncated or absent (e.g., Fv, Fab, Fab', or F(ab), fragments), as well as genetically-
engineered antibodies or antigen binding fragments thereof, including single chain antibodies
or antibodies that can bind to more than one epitope (e.g., bi-specific antibodies), or
antibodies that can bind to one or more different antigens (e.g., bi- or multi-specific
antibodies), may also be employed in the invention. A bi-specific (or multi-specific)
antibody is capable of binding two (or more) antigens, as with a divalent (or multivalent)
antibody, but in this case, the antigens are different antigens (i.e., the antibody exhibits dual
or greater specificity). A bi-specific antibody suitable for use in the present method includes
an antibody having: (a) a first portion (e.g., a first antigen binding portion) which binds to a
given protein; and (b) a second portion which binds to a second protein.

The invention also extends to non-antibody polypeptides, sometimes referred to as
antigen binding partners or antigen binding polypeptides, that have been designed to bind
selectively to and cause the neutralization or inhibition of a protein according to the present

invention. Examples of the design of such polypeptides, which possess a prescribed ligand
17



WO 2006/017816 PCT/US2005/028076

10

15

20

25

30

“specificity are given in Beste et al. (Proc. Natl. Acad. Sci. 96:1898-1903, 1999), incorporated
herein by reference in its entirety.

An isolated nucleic acid molecule that is useful as an antagonist includes, but is not
limited to, an anti-sense nucleic acid molecule, a ribozyme or siRNA. As used herein, an
anti-sense nucleic acid molecule is defined as an isolated nucleic acid molecule that reduces
expression of a protein by hybridizing under high stringency conditions to a gene encoding
the protein. Such a nucleic acid molecule is sufficiently similar to the gene encoding the
protein that the molecule is capable of hybridizing under high stringency conditions to the
coding or complementary strand of the gene or RNA encoding the natural protein. RNA
interference (RNA) is a process whereby double stranded RNA, and in mammalian systems,
short interfering RNA (siRNA), is used to inhibit or silence expression of complementary
genes. In the target cell, siRNA are unwound and associate with an RNA induced silencing
complex (RISC), which is then guided to the mRNA sequences that are complementary to the
§iRNA, whereby the RISC cleaves the mRNA. A ribozyme is an RNA segment that
functions by binding to the target RNA moiety and inactivate it by cleaving the
phosphodiester backbone at a specific cutting site.

An isolated nucleic acid molecule is a nucleic acid molecule that has been removed
from its natural milieu (i.e., that has been subject to human manipulation) and can include
DNA, RNA, or derivatives of either DNA or RNA. As such, "isolated" does not reflect the
extent to which the nucleic acid molecule has been purified. An isolated nucleic acid
molecule can be isolated from its natural source or produced using recombinant DNA
technology (e.g., polymerase chain reaction (PCR) amplification, cloning) or chemical
synthesis.

As used herein, reference to hybridization conditions refers to standard hybridization
conditions under which nucleic acid molecules are used to identify similar nucleic acid
molecules. Such standard conditions are disclosed, for example, in Sambrook et al.,
Molecular Cloning: A Laboratory Manual, Cold Spring Harbor Labs Press, 1989. Sambrook
et al., ibid., is incorporated by reference herein in its entirety (see specifically, pages 9.31-
9.62). In addition, formulae to calculate the appropriate hybridization and wash conditions to
achieve hybridization permitting varying degrees of mismatch of nucleotides are disclosed,
for example, in Meinkoth et al., 1984, Anal. Biochem. 138, 267-284; Meinkoth et al., ibid., is
incorporated by reference herein in its entirety.

In one embodiment of the invention, a method is provided to identify compounds that

are useful in the method of inhibiting the formation of biofilms that are enhanced by necrotic
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cells, such as neutrophils, or reducing existing or developing such biofilms. This method
includes the steps of: (a) contacting a putative inhibitory compound with a microbial culture
in the presence and absence of a population of cells or a lysate thereof; and (b) measuring
biofilm formation after contact with the putative regulatory compound as compared to in the
absence of the compound and as compared to in the presence and absence of the population
of cells or lysate thereof. A decrease in biofilm formation in the presence of the putative
regulatory compound and the presence of the population of cells or lysate thereof, as
compared to in the absence of the population of cells or lysate thereof and as compared to in
the absence of the putative regulatory compound, indicates that the putative regulatory
compound inhibits necrotic cell-enhanced biofilm formation or reduces necrotic cell-
enhanced biofilms. In this embodiment of the invention, the microbial culture must be a
microbial culture that can form biofilms, but the culture is provided in a planktonic state prior
to contact with the putative inhibitory compound. In addition, the population of cells used in
this assay are selected because they can undergo necrosis in the presence of the microbial
cells. For example, as shown in the examples, neutrophils will undergo necrosis in the
presence of a culture of P. aeruginosa. These are only exemplary microbe and cell
combinations that can be used. Other combinations will be apparent to those of skill in the
art. The assay of the invention is designed to identify compounds that inhibit biofilm
formation that is associated with or enhanced by the necrosis of cells at the site of infection or
biofilm formation.

Preferred microbial cells for use in this invention are any microbial cells that are
capable of forming biofilms under some conditions, and particularly, including in the
presence of necrotic cells or the components thereof (e.g., actin microfilaments or DNA) as
described herein. Preferably, formation of biofilms and aggregation of the microbial cells is
enhanced by the necrotic cells or components thereof. The microbial cells are not required to
be of the same strain, species, genus, or even microbe, although this is preferred. Microbial
cells that form biofilms can include, but are not limited to, bacteria, fungi, yeasts, and
protozoa, with bacteria being particularly preferred. Bacteria that are particularly useful in
this method of the invention include, but are not limited to, any of the previously described
biofilm forming bacteria, such as P. aeruginosa, Burkholderia multivorans, Streptococcus
sanguis, E. coli, and Streptococcus viridans. In one embodiment, particular strains or
mutants of a microbial cell can be used in the assay to identify compounds that impact
necrotic cell-enhanced biofilm formation that may be relevant to a particular strain of

microbial cell carried by a specific patient or subset of patients, or to focus the identification
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of the inhibitor on a particular characteristic or expression of a particular gene or protein in
the microbial cell that affects necrotic cell-enhanced biofilm formation. In one embodiment,
the cells can be labeled with a detectable label (e.g., green fluorescent protein).

Preferred populations of cells (or the lysates thereof) to be used in the present
invention include any cells that can undergo necrosis in the presence of a microbial cell as
described above. For example, such cells include, but are not limited to, neutrophils, airway
epithelial cells or other epithelial cells, macrophages, monocytes, lymphocytes, eosinophils,
and the infectious microbe itself (e.g., P. aeruginosa). Cell lysates can be produced using
any methods known to those of skill in the art, including any means of disrupting,
permeabilizing or otherwise lysing of cell membranes to release the intracellular contents. In
one embodiment, the cells can be labeled with a detectable label.

As used herein, the term “test compound”, “putative inhibitory compound” or
"putative regulatory compound" refers to compounds having an unknown or previously
unappreciated regulatory activity in a particular process. As such, the term "identify" with
regard to methods to identify compounds is intended to include all compounds, the usefulness
of which as a regulatory compound for the purposes of regulating biofilm formation is
determined by a method of the present invention.

The conditions under which a microbial cell are contacted with a putative regulatory
compound according to the present invention, such as by mixing, plating, etc., are conditions
in which the microbial cell is not forming a biofilm (i.e.,, the microbial culture is in a
planktonic state) if essentially no regulatory compound is present. The conditions under
which the population of cells that can undergo necrosis are contacted with a putative
regulatory compound are conditions under which the majority of cells in the population of
cells are viable and not undergoing necrosis.

The present methods involve contacting cells and/or lysates with the compound being
tested for a sufficient time to allow for interaction of the compound with the microbial cells
and/or the population of cells or components in the lysate thereof. The period of contact with
the compound being tested can be varied depending on the result being measured, and can be
determined by one of skill in the art. As used herein, the term "contact period" refers to the
time period during which cells are in contact with the compound being tested. The term
"incubation period" refers to the entire time during which cells are allowed to grow prior to
evaluation, and can be inclusive of the contact period. Thus, the incubation period includes

all of the contact period and may include a further time period during which the compound
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“béing tested is not present but during which growth is continuing (in the case of a cell based

assay) prior to scoring.

The final step in the method is to measure biofilm formation or a parameter associated
with biofilm formation in the presence and absence of the putative regulatory compound and
in the presence and absence of the population of cells. Since the present method is designed
to identify compounds that impact necrotic cell-enhanced biofilm formation (although the
compound may also affect biofilm formation in the absence of necrotic cells), a candidate
compound is identified as useful if it inhibits biofilm formation to a greater degree
(detectable, and preferably, statistically significantly greater) in the presence of the necrotic
cells as compared to in the absence of the necrotic cells. Statistical analysis to determine
differences between controls and test cultures can be performed using any methods known in
the art, including, but not limited to, Student's ¢ test or analysis of variance for continuous
variables. Statistical significance is typically defined as p<0.05.

In another, or additional embodiment, one can detect the effect of the putative
regulatory compound on the binding of the microbial cells to actin and/or DNA from the
population of necrotic cells, or on the aggregation of microbial cells in the presence of the
population of necrotic cells.

Methods of evaluating biofilm formation are well known in the art and are described
in the Examples. For example, confocal microscopy, microscopy, and static biofilm assays.
Methods of measuring actin and DNA binding are also well known in the art and are
described in the Examples.

Agonists and antagonists identified by the above methods or any other suitable
method are useful in the therapeutic or biofilm-inhibition methods as described herein.

Compounds useful in the present invention are typically provided in the form of a
composition (formulation). In one embodiment of the invention, a pharmaceutical
composition or formulation is prepared from an effective amount of a compound of the
invention and a pharmaceutically-acceptable carrier. Pharmaceutically-acceptable carriers
are well known to those with skill in the art. According to the present invention, a
"pharmaceutically acceptable carrier” includes pharmaceutically acceptable excipients and/or
pharmaceutically acceptable delivery vehicles, which are suitable for use in the
administration of a formulation or composition to a suitable in vivo site. A suitable in vivo
site is preferably any site wherein biofilms have formed, are forming, or may form. Preferred
pharmaceutically acceptable carriers are capable of maintaining a compound used in a

formulation of the invention in a form that, upon arrival of the compound at the target site in
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a patient, the compound is capable of acting, preferably resulting in a therapeutic benefit to
the patient.

One type of pharmaceutically acceptable carrier includes a controlled release
formulation that is capable of slowly releasing a composition of the present invention into a
patient. Suitable controlled release vehicles include, but are not limited to, biocompatible
polymers, other polymeric matrices, capsules, microcapsules, microparticles, bolus
preparations, osmotic pumps, diffusion devices, liposomes, lipospheres, and transdermal
delivery systems. Other suitable carriers include any carrier that can be bound to or
incorporated with the compound that extends that half-life of the compound to be delivered.
A carrier can be modified to target to a particular site in a patient, thereby targeting and
making use of a compound at that site.

In one embodiment, a compound useful in the present method is administered in a
formulation suitable for aerosol delivery. Carriers that are particularly useful for aerosol
delivery according to the present invention include, but are not limited to: dry, dispersible
powders; small capsules (e.g., microcapsules or microparticles); liposomes; and nebulized
sprays. Dry, dispersible powders suitable for aerosolized delivery of compounds are
described in detail in U.S. Patent No. 6,165,463, incorporated herein by reference in its
entirety (See also products from Inhale Therapeutic Systems, Inc. and Quadrant Technology).
Suitable liposomes for use in aerosols include any liposome, and particularly, any liposome
that is sufficiently small to be delivered by aerosol in the method of the invention.
Microcapsules and microparticles are known in the art. For example, Alliance
Pharmaceutical Corporation has a particle engineering technology, called PulmoSphere,
prepared by a proprietary spray-drying process and are designed to be both hollow and
porous. A product by Ventolin consists of micronized albuterol (free base) particles
suspended in a mixture of CFC-based propellants. Proventil HFA contains micronized
albuterol sulfate and a small percentage of an ethanol co-solvent to solubilize the stabilizing
oleic acid surfactant. Devices for delivery of aerosolized formulations include, but are not
limited to, pressurized metered dose inhalers (MDI), dry powder inhalers (DPI), and metered
solution devices (MSI), and include devices that are nebulizers and inhalers.

In another embodiment, a compound useful in the present method is administered in a
formulation suitable for topical delivery. Such formulations include any lotion, excipient,

cream, gel, or other topical carrier suitable for topical administration.
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Forlnjection,the compounds of the invention can be formulated in appropriate
aqueous solutions, such as physiologically compatible buffers such as Hanks's solution,
Ringer's solution, or physiological saline buffer.

For transmucosal and transcutaneous administration, penetrants appropriate to the
barrier to be permeated are used in the formulation. Such penetrants are generally known in
the art.

For oral administration, the compounds can be formulated readily by combining the
active compounds with pharmaceutically acceptable carriers well known in the art. Such
carriers enable the compounds of the invention to be formulated as tablets, pills, dragees,
capsules, liquids, gels, syrups, slurries, suspensions and the like, for oral ingestion by a
patient to be treated.

The compounds can be formulated for parenteral administration by injection, e.g., by
bolus injection or continuous infusion. Formulations for injection can be presented in unit
dosage form, e.g., in ampoules or in multi-dose containers, with an added preservative.

The compounds can also be formulated in rectal compositions such as suppositories or
retention enemas, e.g., containing conventional suppository bases such as cocoa butter or
other glycerides.

In accordance with the present invention, determination of acceptable protocols to
administer a compound (product, agent, composition, formulation), including the route of
administration and the effective amount of a compound to be administered to a patient, can be
accomplished by those skilled in the art. A compound of the present invention can be
administered in vivo or ex vivo. Suitable in vivo routes of administration can include, but are
not limited to, oral, nasal, inhaled, topical, intratracheal, transdermal, rectal, and parenteral
routes. Preferred parenteral routes can include, but are not limited to, subcutaneous,
intradermal, intravenous, intramuscular, and intraperitoneal routes. Preferred topical routes
include inhalation by aerosol (i.e., spraying) or topical surface administration to the skin of a
patient, or to a dressing, device, catheter, prosthetic graft or other product to be placed into
contact with a patient tissue surface. Preferably, a compound is adminisiered by nasal,
inhaled, intratracheal, topical, or systemic routes (e.g., intraperitoneal, intravenous). Ex vivo
refers to performing part of the administration step outside of the patient.

Preferably, the compound is administered directly to or proximal to the site of biofilm
formation or potential therefore. For example, the biofilm can be administered by surgical or
clinical procedure directly to the tissue, organ, bodily part, or to a material or device that is to

be (or anticipated to be) at or proximal to a site in the patient where a biofilm may form, is
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“likely to” form, or will form. By way of example, in one aspect, the compound is
administered to the lung or airways of the patient. In another aspect, the compound is applied
to a prosthetic graft or administered to the patient receiving the graft prior to or during the
implantation or utilization of the graft. In another aspect, the compound is applied to a
catheter prior to or during use of the catheter by a patient. In yet another aspect, the
compound is applied to the site of a wound or to the wound dressing when the wound is
treated. A compound may also be applied to a medical device that contacts a patient tissue
surface prior to or during use of the medical device by a patient. Other types of
administration or application of the compound and method of the invention will be apparent
to those of skill in the art given this discussion.

An effective amount is any amount of the compound that causes a detectable
reduction in biofilm formation as compared to in the absence of the compound, or reduces
existing biofilms or developing biofilms as compared to in the absence of the compound. A
preferred single dose of an agent, including proteins, small molecules and antibodies, for use
in a method described herein, comprises between about 0.01 microgram x kilogram™ and
about 10 milligram x kilogram™ body weight of an animal. A more preferred single dose of
an agent comprises between about 1 microgram x kilogram™” and about 10 milligram x
kilogram™ body weight of an animal. An even more preferred single dose of an agent
comprises between about 5 microgram x kilogram™ and about 7 milligram x kilogram™ body
weight of an animal. An even more preferred single dose of an agent comprises between
about 10 microgram x kilogram™ and about 5 milligram x kilogram™ body weight of an
animal. A particularly preferred single dose of an agent comprises between about 0.1
milligram x kilogram™ and about 5 milligram x kilogram™ body weight of an animal, if the
an agent is delivered by aerosol. Another particularly preferred single dose of an agent
comprises between about 0.1 microgram x kilogram™ and about 10 microgram x kilogram™
body weight of an animal, if the agent is delivered parenterally.

In one embodiment, an appropriate single dose of a nucleic acid, when delivered with
a liposome carrier, is from about 0.1 pg to about 100 ug per kg body weight of the patient to
which the complex is being administered. In another embodiment, an appropriate single dose
is from about 1 pg to about 10 pg per kg body weight. In another embodiment, an
appropriate single dose of nucleic acid:lipid complex is at least about 0.1 pg of nucleic acid,
more preferably at least about 1 pg of nucleic acid, even more preferably at least about 10 ug
of nucleic acid, even more preferably at least about 50 pg of nucleic acid, and even more

preferably at least about 100 pg of nucleic acid.
24



WO 2006/017816 PCT/US2005/028076

10

15

20

25

30

"Orig "8 $kill"irthé ‘art“will be able to determine that the number of doses of a
compound to be administered to an animal is dependent upon the extent of the biofilm
formation and the underlying condition or disease of which biofilm formation is a symptom
or a component, and the response of an individual patient to the treatment. In addition, the
clinician will be able to determine the appropriate timing for delivery of the compound in a
manner effective to inhibit biofilm formation or reduce biofilms in the patient. Preferably,
the compound is delivered within between about 1 hour and 48 hours of the diagnosis or
confirmation by a clinician of the risk or likelihood of developing biofilms or a condition or
disease that is associated with the development of biofilms, or the as soon as an infection has
been identified that would be likely to be associated with biofilms, or as soon thereafter as
practical in order to inhibit biofilm formation before it develops or before it begins to have a
deleterious effect on the patient. When a medical device (graft, catheter, stent, wound
dressing, prosthetic) is to be introduced into contact with a patient tissue surface, the
compound is preferably administered prior to, concurrently with, or substantially immediately
after the patient is contacted with the device, graft or dressing. In one embodiment, the
compound is administered as soon as it is recognized (i.e., immediately or in a few hours or
days) by the patient or clinician that the patient may be at risk of or developing biofilms.
Preferably, such administrations are given until the patient is no longer at risk of developing
biofilms or at least until signs of biofilm inhibition or prevention occur. Preferably, the
compound is administered within at least 15 minutes, 30 minutes, 45 minutes, 1 hour, 2
hours, 3 hours, or any increment of 0.25 hours from 0.25 hours (15 minutes) to 72 hours prior
to or after the diagnosis, procedure or treatment of the patient. The compound can be
administered subsequently, routinely, or as needed to prevent, control or reduce biofilm
formation or reduce existing or developing biofilms in the patient.

Typically, it is desirable to obtain a therapeutic benefit in a patient. A therapeutic
benefit is not necessarily a cure for a particular disease or condition, but rather, preferably
encompasses a result which can include alleviation of the disease or condition, elimination of
the disease or condition, reduction of a symptom associated with the disease or condition
(e.g., biofilm formation), prevention or alleviation of a secondary disease or condition
resulting from the occurrence of a primary disease or condition, and/or prevention of the
disease or condition. A beneficial effect can easily be assessed by one of ordinary skill in the
art and/or by a trained clinician who is treating the patient. The term, "disease" refers to any
deviation from the normal health of the individual and includes a state when disease

symptoms are present, as well as conditions in which a deviation (e.g., infection, gene
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" inutatiolt;" géretic' deteet; ete. ) ha§ occurred, but symptoms are not yet manifested. As used

herein, the phrase "protected from a disease" refers to reducing the symptoms of the disease;
reducing the occurrence of the disease, and/or reducing the severity of the disease. Protecting
a patient can refer to the ability of a compound or composition of the present invention, when
administered to a patient, to prevent a condition from occurring and/or to cure or to alleviate
the symptoms of the disease or condition, signs or causes. As such, to protect a patient from
a disease includes both preventing disease occurrence (prophylactic treatment) and treating a
patient that has a disease (therapeutic treatment) to reduce the symptoms of the disease.
More specifically, protecting a patient from biofilm formation can refer to preventing the
formation or development of a biofilm and/or to reduce or eliminate existing biofilms in the
patient. To treat a patient refers to the act of applying the method of the invention to any
suitable patient (subject, individual, animal).

In one embodiment of the method of the invention, in a patient that has or is
developing a biofilm, the particular microbial strain can be identified prior to administration
of the compound. As described in the Examples section, various strains of the same microbe
may have a variation in the biofilm response to the presence of necrotic cells (e.g.,
neutrophils), as compared to other strains. The compound used to inhibit the accumulation
of, necrosis of, or release of the cellular contents of, cells that undergo necrosis can be
selected or modified based on this response, or the dosage or administration protocol may be
determined or refined based on this response. For example, one may use the patient isolate to
identify compounds from a selection of compounds that are identified as being particularly
useful to inhibit necrotic cell-enhanced biofilm formation in the specific patient.

The methods of the present invention can be used in any animal (patient, subject,
individual), and particularly, in any animal of the Vertebrate class, Mammalia (i.e.,
mammals), including, without limitation, primates, rodents, livestock and domestic pets.
Preferred mammals to which the present method can be applied are humans.

Various aspects of the present invention are described in the following experiments.
These experimental results are for illustrative purposes only and are not intended to limit the

scope of the present invention.

Examples
The following Materials and Methods were used in Examples 1-4 below.

P. aeruginosa and neutrophil
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* Pasridbinosauskd Wat Sitain PAO1 (a motile piliated strain) or an isogenic strain of
PAO1 carrying the gene encoding GFP (31). Human neutrophils were isolated from healthy
volunteers, purified by the plasma Percoll method (21) and resuspended in RPMI 1640 (Bio-
Whittaker, Walkersville, MD) supplemented with 10 mM HEPES (pH 7.6) and 2% heat-
inactivated platelet-poor plasma.

Biofilm assays

A static biofilm assay was used with polypropylene tubes (9). PAO1l was grown
overnight under constant rotation to late stationary phase at 37°C in LB. All biofilm studies
were initiated with neutrophils (1x10” cells/ml) and PAO1 (1x10° CFU/ml) in suspension, and
cultures were incubated under stationary conditions at 37°C. P. aeruginosa adherent to the
tube was considered to be a biofilm, while bacteria not adherent to the surface of the tube was
considered to be “planktonic”. Viable P. aeruginosa biofilm and planktonic cells were
quantified by sonicating the adherent bacteria in LB, followed by serial dilution and plating
to determine CFUs on Pseudomonas Isolation Agar (Difco, Sparks, MD). P. aeruginosa
biofilm density was quantified by crystal violet (CV) staining (9). The contribution of
background staining of neutrophil components, tubes and reagents were subtracted from
depicted values. Neutrophils were lysed with 0.1% Tween 20 (BioRad, Hercules, CA) for 30
min. Neutrophil lysates relatively depleted of F-actin were prepared by precipitating the F-
actin using the F-actin/G-actin In Vivo Biochem Kit (Cytoskeleton, Denver, CO). The total
protein present in the whole cell lysate and the F-actin depleted lysate was determined by the
Bradford Protein Assay (BioRad, Hercules, CA). Biofilm exopolysaccharide was determined
by total carbohydrate assays as previously described (15).
P. aeruginosa actin-binding assay

Purified G-actin extracted from rabbit skeletal muscle was purchased (Sigma, St.
Louis, MO) as a lyophilized powder containing 2 mM Tris, pH 8.0, 0.5 mM beta
mercaptoethanol, 0.2 mM CaCly, 0.2 mM ATP, and was redissolved in deionized water at a
concentration of 3-4 mg/ml, which maintains the G-form of actin. G-actin was polymerized
to F-actin by incubating at room temperature for 1h in the presence of 50 mM KCl and 2 mM
MgCl, in sterile PBS. G-actin was also incubated at room temperature for 1 hr in the absence
of KC1 and MgCl, to prevent polymerization. After 1hour, F-actin and G-actin were plated on
a 96-well microtitre plate and incubated overnight at room temperature. All wells were
blocked with 1% BSA for 1 hr before adding the bacteria. P. aeruginosa was labeled with the
intracellular fluorescent conjugate carboxy-fluorescein diacetate, succinimidyl ester (CFDA

SE) for 45 min (Vybrant CFDA SE Cell Tracer Kit, Molecular Probes, Eugene, OR) and then
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iwadhed with PBS. Labeled P’ deruginosa (1x10°) were added to wells coated with either F-
or G-actin or PBS (with or without KCI and MgCly) controls. The plates were incubated for
4hr at 37°C and then washed carefully with PBS. The fluorescent intensity of bound P.
aeruginosa was measured at 492/517nm with a plate reader (Bio-Tek Instruments) and the
quantity of P. aeruginosa present was determined by a standard curve and expressed as a
percent of the total number of P. aeruginosa added to the well. Enhanced F-actin formation
on the plates was confirmed by staining with yellow-green—fluorescent NBD phallacidin
(Molecular Probes) with relative quantification read at 465/536nm. Equivalent quantities of
total F- and G-actin on the plates were confirmed by exposure of the wells with a mouse anti-
pan actin IgG antibody (NeoMakers, Fremont, CA) followed by secondary binding with an
anti-mouse IgG globulin conjugated with horseradish peroxidase which then binds to the
antibody-antigen complex. The excess conjugate was removed by washing, followed by the
addition of chromogen/substrate tetramethylbenzidine (TMB) with H,0, and read at 450/570
nm. The total quantity of protein was confirmed to be equivalent for all conditions, as
measured by the Bradford Assay (BioRad, Hercules, CA).

Purification of granular proteins and DNA

Genomic DNA was isolated from neutrophils and P. aeruginosa using the DNeasy
Tissue Kit (Qiagen, Valencia, CA) according to the manufacturer’s protocol. Actin and DNA
polymerization was performed as described previously (38). Effects of filament cleavage was
tested by initially treating the samples with 90 Kunitz units/ml of DNase I (43) and/or 200
nM gelsolin (Sigma) (42). Granule proteins were isolated from homogenized human
neutrophils by differential centrifugation in a discontinuous Percoll/sucrose gradient (34).
Heavy and light granules were immediately suspended in RPMI media and added to P.
aeruginosa.
Microscopy

Samples of sputa from CF patients chronically infected with P. aeruginosa were
frozen in liquid nitrogen and stored at -20°C. At the time of analysis, sputa were thawed and
resuspended carefully in PBS (1:4 vol/vol ratio) containing 107 CFU/ml of P. aeruginosa
labeled with the intracellular fluorescent conjugate (CFDA SE) as described in the actin-
binding protocol. Samples were incubated for 4 hours at 37°C, then dried on Superfrost/Plus
microscope slides (Fisher Scientific) and stained for 15 min with 10 pl of 0.6 pM Alexa Fluor
546 Phalloidin (Molecular Probes), 10 pl of 0.2 pM DAPI, dilactate (Molecular Probes), to
visualize F-actin and DNA. Visualization of actin (546/576 nm), DNA (358/461 nm), and P.

aeruginosa (492/517 nm) were performed sequentially on the same field, followed by an
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“hesoberlay Vi at 4113 “Wivélengths. Neutrophil lysates were also combined with P.

aeruginosa labeled with CFDA SE for 4 hrs at 37°C, and staining of F-actin and DNA was
conducted as described for CF sputa.

Analysis of P. aeruginosa biofilms by confocal microscopy (CM)

GFP-PAO1 was cultured in 8-chamber polystyrene tissue culture treated glass slides
(Falcon, Becton Dickinson Labware, Franklin Lakes, NJ) alone or with neutrophils. At 48 hrs
biofilms were evaluated using a Zeiss Axiovert 200M confocal microscope equipped with
Slidebook imaging software (Intelligent Imaging, Denver, CO). GFP-PAO1 was excited in
the FITC channel at 488/500-550 nm. 3-D reconstruction of biofilms was formed from
images captured at 1pm intervals, with segmentation and reconstruction using version 3.5
SURFdriver software (Kailua, HI).

Statistical Analysis

Data were analyzed using JMP software (SAS Institute, Cary, NC). Student’s
unpaired ¢ test (two-tailed) was use to determine significance of neutrophil and neutrophil
lysate enhancement of P. aeruginosa survival and biofilm development (Figs. 1A-C, 3A) and
binding of P. aeruginosa to F-actin (Fig. 4) at individual time points. One-way ANOVA
using Dunnett’s Method was used to analyze variance of multiple group means to the control
group (P. aeruginosa alone) for biofilm development (Figs. 1D-E, 2A-D, 3B-C). For all tests,
p <0.05 was considered significant.

Example 1

The following example demonstrates the effect of human neutrophils on initial P.
aeruginosa biofilm development.

Referring to Fig. 1A, biofilm development of P. aeruginosa (o) was compared with
P. aeruginosa in the presence of neutrophils (e). Neutrophil cytotoxicity (A) equaled 92%
after 24 hrs of exposure to P. aeruginosa (Fig. 1A; lot (right axis) depicts mean percent of
viable neutrophils + SD (n=4)). In the presence of neutrophils, a reduction in the number of
surviving P. aeruginosa was detected at 4 hours, while at later timepoints, the bactericidal
effects of the neutrophil no longer reached significance (Fig 1A; plot depicts mean + SD of
CFU (n=4). *p<0.05 by Student’s ¢-test).

When measured simultaneously, the number of viable P. aeruginosa in the planktonic
state was significantly decreased by the presence of neutrophils, while the number of viable
P. aeruginosa in the biofilm state was significantly increased (Figs. 1B-C). Referring to Fig.
1B, the presence of neutrophils () resulted in fewer viable P. aeruginosa in the planktonic

state compared to P. aeruginosa in the absence of neutrophils (o) (plot depicts mean + SD of
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" EFU (n24)*p<005 by 'Sthdefit?d r-test). Referring to Fig. 1C, neutrophils () increased the

number of viable P. aeruginosa in the biofilm state compared to P. aeruginosa alone (0)
when measured simultaneously with P. aeruginosa in the planktonic state shown in Fig. 1B (
plot depicts mean + SD of CFU (n=4). *p<0.05 by Student’s i-test).

CV staining of P. aeruginosa biofilms formed in the presence of neutrophils
demonstrated an increase in biofilm density (Fig. 1D; plot depicts mean + SD of O.D.
measurements (n=21). *p<0.05 by Dunnett’s #-test). Specifically, neutrophils () increased
biofilm density (assayed by CV staining) compared to P. aeruginosa alone (o) by 4 hours.

Enhanced biofilm formation in the presence of neutrophils was also demonstrated by
quantifying bacterial exopolysaccharide production (Fig. 1E; plot depicts mean SD of O.D.
measurements (n=21). *p<0.05 by Dunnett’s #-test). Specifically, exopolysaccharide
staining of biofilm density demonstrated that the presence of neutrophils (@) resulted in a
greater quantity of biofilm compared to P. aeruginosa in the absence of neutrophils (o) by 4
hrs.

As neutrophils are recruited continuously to the CF airway, the effect of adding
additional viable neutrophils 24 and 48 hrs after initiation of biofilm formation was tested.
Supplementing neutrophils to P. aeruginosa in the early stages of biofilm development
resulted in additional biofilm enhancement (Figs. 1D-E). When additional neutrophils were
added 24 and 48 hrs (arrows) after the initiation of the biofilm, further enhancement of the
biofilm density (#) was observed at 48 and 72 hrs.

For each assay described above, significant enhancement of biofilm development was
observed by 4 hours, and by 72 hours the extent of neutrophil-induced biofilm enhancement
exceeded 3.5-fold as assessed by viable bacterial colony counts, 2.5-fold as assessed by
biofilm density, and 2-fold as assessed by exopolysaccharide content.

Confocal microscopy and 3-D reconstruction of GFP-labeled P. aeruginosa biofilms
in the presence of neutrophils depicted a thicker and more developed biofilm, when compared
to the absence of neutrophils (data not shown). Together, data presented in Figs. 1 and 2
demonstrate the potential of the neutrophil to enhance the earliest stages of P. aeruginosa
biofilm formation.

Example 2

The following example shows the enhancement of P. aeruginosa biofilm formation
by lysed neutrophils.

Since neutrophil necrosis is rapid in the presence of P. aeruginosa, the capacity of the

cellular content of lysed neutrophils to evoke enhanced P. aeruginosa biofilm development
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aeruginosa in the presence of lysed neutrophils (e) at time intervals from 0 to 72 hrs.
Combining P. aeruginosa with neutrophil lysates significantly enhanced biofilm formation as
measured by CV staining and exopolysaccharide synthesis, and supplementing the early
biofilm with additional quantities of lysed neutrophils at 24 and 48 hrs further enhanced
biofilm production (Figs. 2A,C). Referring to Fig. 2A, crystal violet staining of biofilm
density demonstrated that the presence of lysed neutrophils resulted in a greater quantity of
biofilm compared to P. aeruginosa in the absence of neutrophils by 4 hrs. When additional
neutrophil lysates (#) were added 24 and 48 hrs (arrows) after the initiation of the biofilm,
further enhancement of the biofilm density was observed at 48 and 72 hrs. Referring to Fig.
2C, exopolysaccharide staining of biofilm density demonsirated that the presence of lysed
neutrophils resulted in a greater quantity of biofilm compared to P. aeruginosa in the absence
of neutrophils by 4 hrs. When additional neutrophil lysates (¢) were added 24 and 48 hrs
(arrows) after the initiation of the biofilm, further enhancement of the biofilm density was
observed at 48 and 72 hrs.

Biofilms formed in the presence of lysed neutrophils achieved 92% of the biofilm
enhancement of an equivalent number of viable neutrophils when assayed by CV staining,
and 94% percent when assayed by exopolysaccharide synthesis (Figs. 2B,D). Furthermore,
the number of viable surface attached biofilm cells increased when lysed neutrophils were
added, while the number of viable planktonic cells decreased (data not shown). Referring to
Fig. 2B, crystal violet staining of biofilm density demonstrated that by 72 hrs, lysed
neutrophils added at 0, 24, and 48 hrs (hatched bar) achieved 92% of the biofilm
development seen with viable neutrophils added at 0, 24, and 48 hrs (solid bar). Both
conditions resulted in significantly greater biofilm development when compared to P.
aeruginosa in the absence of neutrophils (open bar). Referring to Fig. 2D, exopolysaccharide
staining of biofilm density demonstrated that by 72 hrs, lysed neutrophils added at 0, 24, and
48 hrs (hatched bar) achieved 94% of the biofilm development seen with viable neutrophils
added at 0, 24, and 48 hrs (solid bar). Both conditions resulted in significantly greater biofilm
development when compared to P. aeruginosa in the absence of neutrophils (open bar). Plots
A-D depict mean + SD of O.D. measurements (n=21). *p<0.05 by Dunnett’s t-test.

Example 3
The following example demonstrates the enhancement of P. aeruginosa biofilm

formation by isolated neutrophil components.
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Thedatd-deseribed. intlie: Examples above indicates that neutrophil cellular contents
are largely responsible for enhanced P. aeruginosa biofilm formation. Analysis of CF sputum
demonstrates high concentrations of granule proteins, actin and DNA released from necrotic
neutrophils (18, 28, 38). The capacity of each of these compounds to mediate enhanced early
P. aeruginosa biofilm formation was tested. Referring to Fig. 3A, P. aeruginosa (V) was
combined with granule proteins (quantity equivalent to 5x1 0° neutrophils) compared to P.
aeruginosa (o) in the absence of granule proteins and P. aeruginosa combined with live
neutrophils (®). Supplementing planktonic P. aeruginosa with purified granule proteins failed
to enhance biofilm production over a range of concentrations (Fig. 3A; Plot depicts mean +
SD of O.D. crystal violet measurements (n=4). *p<0.05 by Student’s t-test).

Neutrophil actin and DNA are also abundant in CF sputum and have been observed to
bind together, forming polymers that increase the viscosity of CF sputum (38).
Supplementing purified globular monomeric actin (G-actin (A); 0.4 mg/ml) to P. aeruginosa
under conditions known to result in formation of actin filaments (F-actin) significantly
enhanced biofilm formation by 72 hrs (Fig 3B; plot depicts mean + SEM of O.D.
measurements of CV staining (n=4)).

Purified neutrophil DNA alone (X; 4 ug/ml) did not enhance P. aeruginosa biofilm
production. However, supplementing planktonic P. aeruginosa with both actin and neutrophil
DNA (#) achieved an enhancement of biofilm formation, equaling 88% of the biofilm
developed in the presence of live neutrophils (e) by 72 hrs. An equivalent effect on biofilm
development was observed using DNA isolated from P. aeruginosa instead of neutrophils
(data not shown); however, DNA found within CF sputa is almost entirely of human origin
(28). Neutrophil lysates relatively depleted of F-actin and adjusted to an equal protein
concentration as the whole cell lysates were also found to result in a significant decreased in
biofilm enhancement when compared to the untreated whole cell lysates (data not shown).
Addition of actin or actin with DNA to P. aeruginosa was significantly greater then P.
aeruginosa alone at times 4-72 hrs (¥p<0.05 by Dunnett’s t-test).

A recent study reported that extracellular DNA (originating from P. aeruginosa) is
required for the initial establishment of P. aeruginosa biofilms, and addition of DNase
strongly inhibited biofilm formation (43). The addition of DNase abolished much of the
neutrophil-induced enhancement of biofilm formation (Fig. 3C; plot depicts mean * S.D. of
0.D. CV measurements (n=4). #p<0.05 by Dunnett’s t-test) without significantly inhibiting
bacterial growth or neutrophil survival (data not shown). The addition of gelsolin, a protein

that severs noncovalent bonds between monomers of actin filaments also significantly
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‘Teduted fhe ficutrophiliindukéd’ efihancement of the biofilm, but to a much lesser extent than

DNase (Fig. 3C). Although as a single component, the addition of purified actin evoked the
greatest biofilm enhancement (Fig. 3C), it must be noted that detectable amounts of DNA
(originating from P. aeruginosa) were present in the absence of added DNA or neutrophils
(data not shown). Likewise, while DNase evoked the greatest reduction in biofilm
enhancement (Fig. 3C), the enzyme can bind to monomeric actin and slowly depolymerize
actin filaments (22).

Purified neutrophil DNA (in the absence of actin) forms small fragments with no
apparent association with planktonic P. aeruginosa (data not shown). In the absence of
exogenous DNA, actin formed filaments of varying size, and P. aeruginosa appeared
associated with these filaments (data not shown). The combination of purified actin and DNA
resulted in robust filament formation, with virtually all visible P. aeruginosa attached to the
polymer (data not shown). The inventors devised an assay to test for binding of P. aeruginosa
to actin. Referring to Fig. 4, planktonic P. aeruginosa was allowed to settle in wells coated
with actin (solid bar), or BSA-blocked plastic (open bar). After 4 hours of incubation, 44%
of P. aeruginosa was bound to F-actin, in comparison to 11% of P. aeruginosa which bound
to G-actin, which was not different then albumin-coated plastic (Fig. 4; Plot depicts means *
SD (n=3); P <0.05 by Student’s ¢ test).

Example 4

The following example shows P. aeruginosa association with actin/DNA polymers
from neutrophils and in CF sputa.

Immunofluorescence of necrotic neutrophils stained for actin and DNA, revealed co-
localization of both components (data not shown), and confirmed the formation of actin-DNA
filaments in CF sputa, as previously reported (38). In both neutrophil lysates and CF sputa, P.
aeruginosa localized primarily to actin-DNA filaments after 4 hours of incubation (data not
shown), supporting the concept that these fibers provide a matrix for initial P. aeruginosa
attachment and biofilm establishment. Treatment of both the neutrophil lysates and CF
sputum with DNase I resulted in near complete disruption of the actin-DNA filaments and
dispersion of the P. aeruginosa, with a greater number of visually observable planktonic
bacterial cells (data not shown).

Example 5
The following example shows that, in the presence of neutrophils, P. aeruginosa

forms multicellular aggregates.
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* While 'thé presént-iriveritos have observed environmental strains of P. aeruginosa and
PAO1 do not commonly undergo autoaggregation, in CF sputum, the bacteria was found to be
present only in the form of multicellular clusters. Over time, a small colony variant (SCV)
phenotype can evolve in the CF airway that is associated with a high degree of
autoaggregation, as well as increased virulence. When combined with neutrophils, PAO1
induces rapid necrosis of the neutrophils (Walker et al., 2005, Infect Immun 73(6):3693-701),
and concurrently, the bacteria is seen to form loose clusters of cells (data not shown).
Although the inventors have shown that P. aeruginosa binds to neutrophil-derived actin and
DNA to enhance biofilm growth, it is possible that this mechanism also serves to allow
environmental or early CF strains to aggregate in the CF airway.
Example 6

The following example demonstrates P. aeruginosa response to human neutrophils is
determined by P. aeruginosa gene expression.

Although one mechanism by which neutrophils enhance P. aeruginosa biofilm
development is by providing a scaffolding of actin and DNA polymers, it is probable that
other ligands are involved, and the receptors used by the bacteria are unknown. The inventors
tested neutrophil-induced biofilm enhancement of PAOI to a number of isogenic mutant
strains lacking expression of various gene products implicated in P. aeruginosa mediated
lung disease. Significant differences in the extent of response to neutrophils were observed in
the mutant strains. Deletion of the genes encoding the quorum-sensing signals rhl (Arh/R), las
(AlasR) or both (ArhIR/lasR) resulted in little change in biofilm development in the absence
of neutrophils and a significant reduction in the neutrophil-induced biofilm enhancement
compared to unmodified PAO1 (i.e., these mutant strains did not respond to neutrophils by
developing a thicker biofilm) (Fig. 5).

PvdS is an extracytoplasmic function signal factor which is required for the
production of pyoverdine, exotoxin A and PrpL protease, and functions as well to coordinate
the response of the bacteria to iron starvation. Deletion of the gene pvdS has been associated
with decreased biofilm development. However, deletion of the gene encoding PvdS (ApvdS)
resulted in a robust neutrophil-induced biofilm enhancement within 4 hours, far exceeding
the response of unmodified PAO1 (not shown). At 72hrs, the response of ApvdS equaled that
of PAO1 (Fig. 6). TatC is a gene that encodes for the TAT pore apparatus the regulates
secretion of many proteins which determine P. aeruginosa virulence, as well as motility and

biofilm formation (Ochsner et al., 2002, Proc Natl Acad Sci U S A 99:8312). Deletion of tatC
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(htalC) redultéd ity slightly feticd biofilm formation which was not effected by the presence

of neutrophils (i.e., showed an absence of neutrophil-induced enhancement) (Fig. 6).

As previously observed, mucoid strains of P. aeruginosa demonstrate relatively
decreased biofilm formation on abiotic surfaces. Two mucoid strains that are alginate
overproducers, an isogenic mutant of PAO1 with deletion of mucA (AmucA) and a well-
characterized CF strain (FRD1) also resulted in decreased biofilms compared to unmodified
PAO1. However, in the presence of human neutrophils, the ability of these mutants to produce
biofilms was restored, essentially nullifying the phenotypic changes induced by the genetic
modification (Fig. 7). As the ability of the mutant strains to form biofilms differs, the effect
of neutrophil on modifying biofilm enhancement is best appreciated when calculated as a
ratio compared to bacteria alone. Fig. 8 provides an index of neutrophils-enhancement of
mutant strains, where the density of the biofilm in the presence of neutrophils is plotted as a
fold-increase of the biofilm density relative to the strain in the absence of neutrophils. Fig. 8
shows the fold-change evoked by neutrophils, which ranges from 1.1 for ArhlR/lasR to 5.1
for FRD1. Together, Figs. 5-8 support the conclusion that the extent of P. aeruginosa
response to human neutrophils is determined, in part, by bacterial gene expression.

Example 7

The following example demonstrates that P. aeruginosa binding to F-actin is
determined by P. aeruginosa gene expression.

The inventors have devised an assay to test the ability of P. aeruginosa to bind to
actin (see Example 3), and found significant binding of the bacteria to actin filaments (F-
actin), but not to an equal quantity of purified globular monomeric actin (G-actin) following
4 hours of incubation. The inventors tested selected isogenic mutants of PAO1 for differences
incapacity to bind to F-actin. Considerable heterogeneity was observed in the ability of these
mutants to bind F-actin (Fig. 9A; *p<0.05 by Dunnetts test of multiple comparisons). Of
particular importance, binding of PAO1 and isogenic mutants to F-actin was found to
significantly correlate to the fold-change of neutrophil-induced biofilm enhancement (Fig.
9B; R2=0.85, p =0.0025). Thus, the mutant which bound F-actin to the greatest extent also
had the greatest relative enhancement in biofilm development in the presence of neutrophils.
Example 8

The following example demonstrates that human neutrophils selectively modify
antibiotic resistance of P. aeruginosa biofilms.

As human neutrophils enhance biofilm development, the inventors questioned if

biofilms formed in the presence of neutrophils had altered patterns of antibiotic resistance.
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‘Biofilms'and plaiktonié P* kériginosa grown in the presence or absence of neutrophils for 24

hours were tested for susceptibility to four clinically relevant classes of antibiotics. Despite
greater thickness, biofilms grown in the presence of neutrophils demonstrated significantly
greater susceptibility to both tobramycin and ciprofloxacin, while susceptibility to
azithromycin and ceftazidime was unchanged (Table 1). No significant changes in antibiotic
susceptibilities was detected in planktonic P. aeruginosa in the presence of neutrophils. This
selective modification of antibiotic resistance supports the conclusion that neutrophils

mediate phenotypic changes in addition to greater biofilm thickness.

Table 1. Antibiotic susceptibility of P. aeruginosa strain PA01 as a planktonic population
(MIC) and as a biofilm population (MBEC) as derived by the NCCLS assay

MIC (pg/ml) MBEC (ug/ml)
Aiblotic PADT PAOT+PNIN PAO1 PAOT+PNIN
Azithromycin 64 32 >1024 1024
Ceftazidime 2 2 >1024 >1024
Ciprofloxacin 0.5 2 512 128
Tobramycin 1 0.5 >1024 256
Example 9
The following examples shows the effects of mucin on neutrophil modification of
biofilm growth.

When P. aeruginosa was suspended in mucin rather then RPMI media, a similar
effect was observed on NUNC-TSP biofilm growth. In the absence of neutrophils, mucin
increased biofilm growth, while in the presence of neutrophils no change was detected (Fig.
10; *p<0.05 by Student’s t-test). Of even greater interest, microscopic examination of P.
aeruginosa suspended within the mucin demonstrated the presence of small bacterial
aggregates, that were markedly increased in size by the presence of neutrophils (data not
shown). These aggregates of P. aeruginosa may represent the predominant structure of
biofilms that are present in the CF airway, and the combination of neutrophils with mucin
appears to enhance their formation.

Example 10

The following examples shows neutrophil-induced enhancement of Bcc biofilm
growth.

Bec represents a clinically significant infection in a subset of CF patients. The
inventors questioned if neutrophils could also enhance the biofilm development of Bec,

which forms biofilms poorly in the NUNC-TSP system. In the presence of neutrophils, a
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deleétive’-erihafidément- 6f Lgpécific strains was observed by 24 hours (Fig. 11). Of
considerable interest, some Bcc strains exhibited relatively small neutrophil enhancement,
and the biofilm development of one strain (BD AU0645 strain) was inhibited in the presence
of neutrophils. The tremendous heterogeneity in response to neutrophils by clinical strains of
Bee supports the conclusion that specific mechanisms regulate neutrophil-induced biofilm
enhancement, and that this variability may also be present between various CF strains of P.
aeruginosa. Although not tested in this experiment, the heterogeneity in neutrophil-induced
biofilm development of Bcc could represent a portion of the variability in virulence of this
organism in CF lung disease.

Example 11

The following example describes a novel model of chronic P. aeruginosa infection in
the murine airway.

Although the agar-bead model reproduces many important features of infection in the
CF airway, it is designed primarily to study the response of the lung to P. aeruginosa, and not
the response of P. aeruginosa to the innate immune system. Specifically, immobilizing P.
aeruginosa on beads or catheters bypasses mechanisms required for early biofilm formation,
including interactions between bacterial adhesions and polymers originating from the host.
Based on current theories of P. aeruginosa biofilm formation in the CF airways, and the
inventors' own findings in vitro, it was believed that a number of components are required to
better replicate P. aeruginosa biofilm formation in vivo.

1) Infection with low numbers of wild-type P. aeruginosa, that has not acquired
virulence factors such as mucoidy. Although high concentrations of mucoid P. aeruginosa
are eventually present in CF lung disease, the initial infection occurs with low numbers of
relatively avirulent environmental strains of P. aeruginosa (Burns et al., 2001, J Infect Dis
183:444).

2) Trapping of bacteria in abnormal airway surface fluid and secretions (Boucher
et al., 2002, Adv Drug Delivery Res 54:1359).

3) Reduced ability to clear the trapped bacteria.

4) Excessive and persistent neutrophil recruitment to the airways. The vast array
of cytotoxic compounds released by activated neutrophils is clearly implicated in airway
damage in CF.

5) The presence of cellular debris from necrotic neutrophils. Sputum plugs,

largely comprised of necrotic neutrophils, have been identified as the location of biofilm
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" ekistericein-the airwdy, *dnid' ¢léments of blood including RBCs, serum proteins, clotting

factors, complement, platelets, are all commonly present in CF sputum.

6) Obstruction of the airway is an early and central feature in CF and is likely
essential in the pathogenesis of bronchiectasis.

To achieve these features, the inventors transtracheally instilled P. aeruginosa (5 x10?
of PAO1) suspended in purified thrombin into a distal mouse bronchus, followed by human
plasma (also containing RBCs and platelets). In the presence of plasma, thrombin induces
rapid clotting of fibrinogen in situ, resulting in a focal airway plug comprised of elements
present in the CF airway, and infected with low numbers of P. aeruginosa. Although mice
subjected to this procedure demonstrated behavior consistent with an acute inflammatory
insult for the first 24-48 hours, their appearance subsequently returned to baseline. Following
7 and 14 days post-infection, mice were sacrificed for analysis of infection, inflammation,
and histologic changes of the lung. At day 7, P. aeruginosa infection in the lung (n) was
below the initial inoculum, with evidence of dissemination to the spleen (c). However, by day
14, the burden of P. aeruginosa had increased by almost 2 logs (compared to the quantity
installed at day 0), and the infection was cleared from the spleen (data not shown). Leukocyte
accumulation to the airway (assessed by BAL), was robust at day 7 and persistent at day 14,
while animals receiving plasma and thrombin in the absence of bacteria retumed to baseline
levels (data not shown). Lung histology (by H&E staining) demonstrated intense areas of
focal lung inflammation (data not shown), with scattered clusters of "WBC clots" within the
airways (data not shown). These airway plugs may represent a site of persistent infection,
based on findings from the CF lung. However, microcolonies of P. aeruginosa, or classic
features of bronchiectasis, were not apparent at 14 days.

Each publication cited herein is incorporated herein by reference in its entirety.
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While various embodiments of the present invention have been described in detail
herein, it is apparent that modifications and adaptations of those embodiments will occur to
those skilled in the art. It is to be expressly understood, however, that such modifications and

10  adaptations are within the scope of the present invention, as set forth in the following claims:
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W hat IS Claimeu'1s:

1. A method to inhibit biofilm formation or reduce biofilms in a subject,
comprising administering to a subject that has or is at risk of developing biofilms, a
compound that inhibits the formation or polymerization of actin microfilaments or
depolymerizes actin microfilaments at or proximal to the site of biofilm formation or the site
of infection by a microorganism that forms biofilms.

2 The method of Claim 1, wherein the actin microfilaments are formed from the
content of a cell that undergoes necrosis at or proximal to the site of biofilm formation or the
site of infection by a microorganism that forms biofilms.

3. The method of Claim 2, wherein the cell is a neutrophil.

4, The method of Claim 1, wherein the compound is selected from the group
consisting of: a cytochalasin, a latrunculin, a misakinolide, a swinholide, a myacolide, a
spinxolide, and a scytophycin.

5. The method of Claim 1, wherein the compound is selected from the group
consisting of: cytochalasin B, cytochalasin D, latrunculin A, misakinolide A, swinholide A,
myacolide B, spinxolide, scytophycin, scytophycin, domain 1 of gelsolin, destrin and profilin.

6. The method of Claim 1, further comprising administering to a subject a
compound that inhibits accumulation of, inhibits necrosis of, or inhibits release of the cellular
contents of, cells that undergo necrosis, at or proximal to the site of biofilm formation or the
site of infection by a microorganism that forms biofilms.

v The method of Claim 6, wherein the cells that undergo necrosis are
neutrophils.

8. The method of Claim 7, wherein the compound inhibits the adherence of,
migration to, or the sensing or response to chemoattractants by neutrophils, or inhibits the
activity or release of a cytokine, chemokine or chemoattractant that attracts or enhances
neutrophil activity.

9. The method of Claim 7, wherein the compound is selected from the group
consisting of:  cytokine inhibitors, chemokine inhibitors, chemoattractant inhibitors,
fluoroquinolones, Cox inhibitors, leukotiene receptor antagonists, leukotriene synthesis
inhibitors, inhibitors of the p38 MAP kinase pathway, and glucocorticoids.

10.  The method of Claim 7, wherein the compound is selected from the group
consisting of: a Cox-1 inhibitor, a Cox-2 inhibitor, a prostaglandin E(2) inhibitor, a
prostaglandin PGD(2) inhibitor, a LTB, inhibitor; a macrolide, a fluoroquinolone; a p38

MAP kinase inhibitor; a granulocyte colony-stimulating factor (G-CSF) antagonist, a
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" grafiulodytedhderophagé-tolohy:stimulating factor (GM-CSF) antagonist, a tumor necrosis

factor (TNF) antagonist, an interleukin-8 (IL-8) antagonist; transforming growth factor beta
(TGF-beta), an antibody or antigen binding fragment thereof that binds to and blocks a beta2
integrin, an antibody or antigen binding fragment thereof that binds to and blocks ICAM-1;
and excretory-secretory (ES) material from the parasitic nematode Nippostrongylus
brasiliensis).

11.  The method of Claim 7, wherein the compound is an anti-inflammatory
compound.

12.  The method of any one of Claims 1-11, further comprising administering to
the subject an anti-DNA compound.

13.  The method of any one of Claims 1-11, further comprising administering to
the subject an anti-mucin compound.

14.  The method of any one of Claims 1-11, further comprising administering to
the subject a compound for treatment of a disease or condition associated with biofilm
formation.

15.  The method of any one of Claims 1-14, wherein the compound is administered
when a disease or condition associated with biofilm formation is diagnosed or suspected.

16.  The method of any one of Claims 1-14, wherein the compound is administered
prior to the treatment of the subject with a process that may cause a biofilm to form in the
patient.

17.  The method of any one of Claims 1-14, wherein the compound is administered
with a pharmaceutically acceptable carrier.

18.  The method of any one of Claims 1-14, wherein the compound is administered
directly to or proximal to the site of biofilm formation or potential therefore.

19.  The method of any one of Claims 1-14, wherein the compound is administered
to the lung or airways of the subject.

20.  The method of any one of Claims 1-14, wherein the compound is applied to a
prosthetic graft or administered to the subject receiving the graft prior to or during the
implantation or utilization of the graft.

21.  The method of any one of Claims 1-14, wherein the compound is applied to a
catheter prior to or during use of the catheter by a subject.

22.  The method of any one of Claims 1-14, wherein the compound is applied to

the site of a wound or to the wound dressing when the wound is treated.
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23 “THe method 61 ariy one of Claims 1-14, wherein the compound is applied to a
medical device that contacts a subject tissue surface prior to or during use of the medical
device by a subject.

24.  The method of any one of Claims 1-14, wherein the biofilm forms in
connection with a disease or condition in an organ, tissue or body system selected from the
group consisting of: lung, urinary fract, head and neck, vascular system, bone, skin,
abdomen.

25.  The method of any one of Claims 1-14, wherein the biofilm forms on a surface
of a tissue, organ or bodily part selected from the group consisting of: lung, medium airways,
ureter, urethra, bladder, prostate, mouth, ear, heart valve, vein, joint, bone, skin, and bile duct.

26. The method of any one of Claims 1-14, wherein the biofilm forms in
connection with a disease or condition selected from the group consisting of: infectious
kidney stones, cystitis, catheter-related infection (kidney, vascular, peritoneal), medical
device-related infections, prostatitis, dental caries, chronic ofitis media, cystic fibrosis,
bronchiectasis, bacterial endocarditis, Legionnaire's disease, orthopedic implant infection,
osteomyelitis, wounds, acne, and biliary stents.

27.  The method of any one of Claims 1-14, wherein the subject has or is suspected
of having cystic fibrosis.

28. The method of any one of Claims 1-14, wherein the microorganism is
Pseudomonas aeruginosa.

29. A method to inhibit biofilm formation or reduce biofilms in a subject,
comprising administering to a subject that has or is at risk of developing biofilms: (1) a first
compound that inhibits the formation or polymerization of actin microfilaments or
depolymerizes actin microfilaments; and (2) an anti-DNA compound, wherein the first
compound and the anti-DNA compound are administered at or proximal to the site of biofilm
formation or the site of infection by a microorganism that forms biofilms.

30. A composition for inhibiting biofilm formation or reducing biofilms in a
subject, comprising: (1) a first compound that inhibits the formation or polymerization of
actin microfilaments or depolymerizes actin microfilaments at or proximal to the site of
biofilm formation; and (2) a second compound that is an anti-DNA compound.

31.  The composition of Claim 30, further comprising a compound that inhibits the
accumulation of, necrosis of, or release of the cellular contents of, neutrophils at or proximal
to the site of biofilm formation, and a carrier suitable for application to the site of biofilm

formation.
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37, ' "A-conipdsitidn’ fof inhibiting biofilm formation or reducing biofilms in a
subject, comprising: (1) a first compound that inhibits the formation or polymerization of
actin microfilaments or depolymerizes actin microfilaments at or proximal to the site of
biofilm formation; and (2) a second compound that inhibits the accumulation of, necrosis of,
or release of the cellular contents of, neutrophils at or proximal to the site of biofilm
formation, and a carrier suitable for application to the site of biofilm formation.

33. A method to identify a compound that inhibits necrotic cell-enhanced biofilm
formation or reduces necrotic cell-enhanced biofilms in a subject, comprising:

a) contacting a putative inhibitory compound with a microbial culture in the
presence and absence of a population of cells or a lysate thereof, wherein the
microbial culture forms biofilms and is in a planktonic state prior to contact with the
putative inhibitory compound, and wherein the population of cells undergoes necrosis
in the presence of the microbial cells; and

b) measuring biofilm formation after contact with the putative regulatory
compound as compared to in the absence of the compound and as compared to in the
presence and absence of the population of cells or lysate thereof; wherein a decrease
in biofilm formation in the presence of the putative regulatory compound and the
presence of the population of cells or lysate thereof, as compared to in the absence of
the population of cells or lysate thereof and as compared to in the absence of the
putative regulatory compound, indicates that the putative regulatory compound
inhibits necrotic cell-enhanced biofilm formation or reduces necrotic cell-enhanced
biofilms.

34.  The method of Claim 33, wherein the population of cells is a population of

neutrophils.
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