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Abstract

Purpose of Review The purpose of this review is to discuss the unique pathways of biofilm formation utilized by respiratory
pathogens and current and future therapeutic strategies to inhibit biofilm formation or eradicate established biofilm in the context
of these pathogens. Both nonselective and selective strategies for inhibiting biofilm formation or disrupting established biofilm
are discussed.

Recent Findings Numerous strategies are being actively pursued to inhibit biofilm formation or eradicate established biofilm in
respiratory pathogens. These can be broadly categorized by the stage of biofilm formation (adhesion, extracellular polysaccharide
synthesis or structure, EPS, and matrix degradation) that they target and by their selectivity or lack thereof for specific biofilm
pathogens. Nonselective inhibitors of adhesion include N-acetylcysteine and artificial surfactants and biosurfactants. Selective
inhibitors of adhesion include mannosides that target host-EPS interactions, EPS-targeted antibodies, and other inhibitors of
bacterial adhesion. Nonselective inhibitors of EPS synthesis and structure include cyclic di-GMP and cyclic di-AMP—through
disruption of glucan-producing exoenzymes. Selective inhibitors of EPS synthesis and structure include antibodies that target
proteins essential for biofilm structure (such as DNABII proteins and type IV pilin protein in NTHi) or antibodies that target
critical molecules in biofilm formation (such as DNA adenine methyltransferase in Streptococcus pneumoniae). Nonselective
agents for EPS or biofilm matrix degradation include peptidoglycan hydrolases that enzymatically degrade bacterial cell wall
peptidoglycan and DNase, which degrades extracellular DNA from neutrophils and microorganism-derived DNA. Selective
agents for EPS or biofilm matrix degradation include exopolysaccharide-degrading enzymes, such as glycoside hydrolases active
against Staphylococcus aureus or exopolysaccharide-degrading enzymes that target Psl and Pel from Pseudomonas aeruginosa.
Summary Current strategies toward inhibiting biofilm formation or disrupting established biofilm represent an exciting new
approach toward treatment of chronic infectious diseases. Application of these strategies toward treatment of pediatric respiratory
tract infections also offers promise of a better understanding of the significance of mucosal biofilm in the pathogenesis of these
conditions.
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Introduction

This article is part of the Topical Collection on Pediatric Infectious

Diseases While the importance of biofilm to certain chronic pediatric

respiratory tract conditions, such as cystic fibrosis (CF) and
non-CF bronchiectasis, would appear self-evident, the impor-
tance of biofilm in other pediatric respiratory tract conditions
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and targeted strategies for controlling or eradicating biofilm.
The purpose of this review is to discuss the unique pathways
of biofilm formation utilized by respiratory pathogens and
current and future therapeutic strategies to inhibit biofilm for-
mation or eradicate established biofilm in the context of these
pathogens. Both nonselective and selective strategies for com-
batting biofilm are discussed.

Mucosal Biofilm Formation by Respiratory Pathogens

There are distinctly different genetically programmed mecha-
nisms of biofilm formation in different genera of bacteria. This
section will highlight the distinct features of biofilm formation
in the most widely studied respiratory pathogens.

Nontypeable Haemophilus influenzae Biofilm

Nontypeable Haemophilus influenzae (NTHi) is the most
prevalent bacterial pathogen in chronic and recurrent otitis
media, and this organism is also associated with chronic
rhinosinusitis and exacerbations of chronic obstructive pulmo-
nary disease (COPD) and cystic fibrosis. It has the capacity to
cause chronic and recurrent infections, and this capacity has
been linked to its ability to form biofilm [1+¢]. NTHi exists as a
commensal in the human nasopharynx [1¢], although the re-
lationship between NTHi colonization and biofilm formation
is not entirely clear [2]. It has been discovered that the type IV
pilus (Tfp), a critical adhesin, participates in multiple impor-
tant biological functions in NTHi, including adherence, com-
petence, twitching motility, and biofilm formation [3e, 4, 5].
The type IV pilus expressed by NTHi is composed of multiple
PilA subunits [1e]. Juricek et al. showed that Tfp is required
for long-term persistence of NTHi in the chinchilla nasophar-
ynx (NP) [4¢]. Mokzran et al. showed that expression of Tfp is
required for NTHi biofilm formation at 34 °C and 37 °C [1¢].
In these studies, they examined biofilm formation at 34 °C,
because 34 °C is the average temperature of human NP [6].
They further showed that NTHi biofilms formed on polarized
epithelial cells demonstrated enhanced pilA expression at
34 °C relative to 37 °C.

The DNABII family of nucleoid-associated proteins
(NAP), which includes integration host factor (IHF), repre-
sents a prominent group of bacterial gene regulators [7].
This family of proteins was found to be uniquely and critically
involved in the structural integrity of the biofilms formed by
NTHi [8-].

Streptococcus pneumoniae Biofilm
Streptococcus pneumoniae also exists as a commensal in the
human upper respiratory tract (nasopharynx) where it grows at

a lower than bodily temperature (32—-34 °C) under a partial
pressure of oxygen close to atmospheric pressure and with
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limited nutrients [9+¢]. During colonization of the nasophar-
ynx, pneumococci organize into collaborating multicellular
biofilm communities attached to the mucosal epithelium [10,
11], and this biofilm facilitates persistence of colonization
[9ee]. Bacterial colonization with production of biofilm repre-
sents the primary mode of pneumococcal growth during
colonization, recurrent otitis media, and the early stages of
invasive disease [12, 13]. Early S. pneumoniae biofilm forma-
tion was found to be regulated by two quorum-sensing sys-
tems, Com and LuxS/Al-2 [14¢]. The enzyme DNA adenine
methyltransferase (Dam) in S. pneumoniae is involved in the
biosynthesis of quorum sensing molecules that regulate com-
petence and biofilm formation [15¢].

Natural DNA transformation is a gene transfer mechanism
in which bacteria take up naked DNA from their environment
and stably integrate it in their genome [16]. The proteins re-
quired for this process are conserved between species and are
produced during a specific physiological state known as
“competence” [16]. Marks et al. demonstrated that there is a
high rate genetic exchange in S. pneumoniae under conditions
associated with nasopharyngeal biofilm [9e¢]. In this process,
they demonstrated that genetic exchange during dual-strain
carriage in vivo is extremely efficient and roughly 10
million-fold higher than that during septic infection.
Important factors promoting this high transformation efficien-
cy include the lower temperature of the nasopharynx (32—
34 °C), limited nutrient availability, and interactions with
epithelial cells. These conditions induce constitutive upregu-
lation of competence genes and downregulation of the poly-
saccharide capsule that promotes DNA transformation.

In their in vitro single strain S. pneumoniae biofilm exper-
iment, [9¢¢] found that the transformation efficiency of exog-
enous DNA was comparably high at 34 °C and 37 °C. In an
in vitro dual strain experiment, they found that dual strains of
S. pneumoniae showed somewhat impaired biofilm formation
and no transformants at 37 °C, whereas the dual strains formed
biofilm with high transformation efficiency at 34 °C.
These data suggest that nasopharyngeal temperature plays an
important role both for the ability of the bacteria to organize
into biofilm and for their ability to exchange genetic material
[9ee].

The implications of horizontal gene transfer for
S. pneumoniae evolution and adaptation include the rapid
emergence and spread of antibiotic resistance and capsular
switching [17]. Spontaneous gene uptake and transformation
of S. pneumoniae strains have previously been reported to
occur at extremely low frequencies in vivo, but most previous
studies examining this phenomenon did so in the context of
sepsis or other active infection [9+]. In contrast, epidemiologic
evidence suggests that a high level of resistance selection
occurs mainly in S. pneumoniae-colonized children, where
nasopharyngeal carriage and antibiotic use favor selection of
drug-resistant strains [9ee].
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Pseudomonas aeruginosa Biofilm

Pseudomonas aeruginosa produces three different
exopolysaccharides that can potentially be components of
the biofilm matrix, including alginate, Psl, and Pel. Alginate,
which is comprised primarily of mannuronic and guluronic
acid residues, is often overexpressed in P. aeruginosa strains
isolated from chronically infected cystic fibrosis patients and
accounts for mucoid P. aeruginosa. The conversion from
nonmucoid to mucoid phenotype is due to the production of
alginate [18]. However, alginate is not required for biofilm
formation by nonmucoid strains of P. aeruginosa which are
involved in the initial colonization in CF patients [19].

Both Psl and Pel play important roles in biofilm formation
[20+]. The pel gene cluster is involved in the production of a
glucose-rich matrix, whereas the ps/ gene cluster is involved
in the production of a mannose-rich matrix material [21]. As
a result, Pseudomonas aeruginosa is capable of producing
biofilm of two distinct carbohydrate-rich matrix materials
[21¢]. Psl s critically important during the primary attachment
of sessile cells to biotic and abiotic substrates and was shown
to directly activate NFkB in an airway epithelial cell line
resulting in production of interleukin-8 chemokine [22]. The
Psl polysaccharide distributes helically around the cell surface
and enhances the cross-linking and elasticity of the matrix
thereby promoting the establishment of microcolonies [23].
Pel is a cationic exopolysaccharide important in the establish-
ment of solid surface-associated P. aeruginosa biofilms [24].
Pel also enhances the specific resistance of biofilms against
antibiotics such as aminoglycosides [23].

Staphylococcus aureus Biofilm

It has been shown that nasal carriers of Staphylococcus aureus
have an increased risk of acquiring an infection with this path-
ogen [25].

Two-component systems (TCSs) are signal transduction
regulatory pathways in certain bacteria composed of a sensing
module, a histidine kinase, and its cognate transcription regu-
lator [26¢]. Dubrac et al. found that a two-component system
which they named WalK/WalR (YycG/YycF) is a critical sig-
nal transduction pathway in S. aureus functioning in the con-
trol of cell wall metabolism and biofilm formation [26¢].

Kim et al. used solid-state nuclear magnetic resonance
(NMR) imaging and radioisotope amino acid labeling to ex-
amine the structure of S. aureus in planktonic versus early and
mature biofilm cells [27]. The cell wall of S. aureus has ap-
proximately 20 layers of peptidoglycan with interpeptide brid-
ges consisting of 5 glycine molecules (pentaglycine bridges).
In planktonic cells, they found that the peptidoglycan cell wall
has essentially no surface proteins, whereas in a mature bio-
film, the peptidoglycan cell wall is extensively decorated with
covalently attached proteins [27]. The surface proteins are

linked covalently to the cell wall and promote cell-cell
adhesion.

In the study by Iwase et al. [28¢¢], an epidemiologic study
of college students was done to examine the relationship be-
tween the nasal colonization with inhibitory Staphylococcus
epidermidis and that of S. aureus. In the presence of inhibitory
S. epidermidis, they found that the detection rate of nasal
S. aureus carriage was significantly reduced. In this same
study, they nasally administered an Esp-producing strain of
S. epidermidis, purified Esp serine protease, or a non-Esp-
producing S. epidermidis strain to a subgroup of volunteer
college students who were persistently nasal colonized with
S. aureus. In these students, they found that treatment with
either the Esp-producing strain of S. epidermidis or purified
Esp resulted in a progressive reduction in nasal S. aureus car-
riage rate. An Esp-negative strain of S. epidermidis did not
have this effect [28¢]. They further found that purified Esp
alone demonstrated no bactericidal activity and that human
beta defensin (hBD2) had low-level bactericidal activity to-
wards S. aureus in biofilms, but the combination of purified
Esp with hBD2 effectively killed S. aureus in biofilms [28e¢].

Brady et al. identified certain cell wall and membrane-
associated proteins that are immunogenic within S. aureus
biofilm infection and whose genes are upregulated during bio-
film growth [29]. Four of these proteins, including a
glucosaminidase, an ABC transporter lipoprotein, a conserved
hypothetical protein, and a conserved lipoprotein, were found
to be upregulated in S. aureus biofilm in vitro and in vivo [30].
These showed heterogeneous production within S. aureus bio-
film. Based upon this, a quadrivalent vaccine was generated
against these four proteins and found to inhibit biofilm forma-
tion when combined with vancomycin in 87.5% of experi-
mental rabbits in a chronic osteomyelitis model, whereas bio-
film was not eradicated nearly as well in vaccine-alone or
vancomycin-alone treated animals [30]. This study suggests
that targeting S. aureus biofilm-associated proteins may be a
viable vaccination strategy.

Role of Anaerobiosis in Mucosal Biofilm Formation

Although a search of the literature failed to reveal articles
directly implicating anaerobic bacteria in biofilm formation
in pediatric respiratory tract infections, two studies demon-
strate a role for anaerobiosis in mucosal biofilm formation.
Osgood et al. studied the ability of nontypeable
Haemophilus influenzae (NTHi) strains from children to form
biofilms in vitro under conditions presumed to exist in the
middle ear during acute otitis media (AOM), recurrent acute
otitis media (rAOM), or otitis media with effusion (OME)
[31]. They studied biofilm formation in NTHi isolates under
aerobic, microaerophilic, and anaerobic conditions and over a
pH range of 4.5-10. They found that the pH of middle ear
fluid collected from AOM, rAOM, and OME was similar with

@ Springer



8 Page4of7

Curr Infect Dis Rep (2019) 21: 8

amean of 8.0 and that NTHi biofilms also formed optimally at
pH 8.0. Furthermore, biofilms failed to form under aerobic
conditions but formed under microaerophilic and anaerobic
conditions, conditions felt likely to exist during rAOM and
OME.

Worlitzsch et al. [32] found that in CF patients with
established lung disease, Pseudomonas aeruginosa was locat-
ed within hypoxic mucopurulent masses in the airway lumen
as spherical intraluminal microcolonies within airway mucus
unattached to the epithelial surface. In vitro studies confirmed
that epithelial oxygen consumption, reduced airway surface
liquid volume, and mucus stasis each contribute to steep hyp-
oxic gradients within thickened mucus on CF epithelial sur-
faces and that P. aeruginosa growth in oxygen-restricted mu-
cosal environments can lead to frank anaerobiosis. A key ob-
servation was that motile P. aeruginosa deposited on CF air-
way surfaces penetrate into hypoxic mucus zones and respond
with increased alginate production. Based on these observa-
tions, the authors proposed that hypoxic conditions are impor-
tant in the formation of biofilm-like microcolonies within CF
airways.

Current and Future Therapeutic Strategies to Inhibit
Biofilm Formation or Eradicate Established Biofilm

Table 1 is a partial summary of many experimental strategies
that have been considered for inhibiting biofilm formation or
eradicating established biofilm. A more comprehensive trea-
tise of this topic was recently published in an excellent review
by Koo et al. [33¢¢]. Specific strategies to inhibit biofilm for-
mation or eradicate established biofilm have been devised for
most of the respiratory pathogens as summarized in Table 1,
but specific strategies to combat S. pneumoniae are lacking,
although targeting the quorum-sensing systems, Com and
LuxS/AI-2, would appear to be promising [14¢].

Effects on Biofilm Adhesion

These include use of artificial surfactants, natural surfactants
(biosurfactants), such as SPLUNCI1, mannosides that target
host-EPS interactions, EPS-targeted antibodies, or other in-
hibitors of bacterial adhesion or specific EPS adhesins [33¢e].
In addition, many in vitro studies have demonstrated an effect
of N-acetylcysteine (NAC) in inhibiting biofilm formation,
blocking of bacterial adhesion, disrupting preformed biofilms,
or reducing bacterial viability in biofilms [34].

Strategies to Block EPS Synthesis
These include inhibitors of cyclic di-GMP and cyclic di-AMP
that act through disruption of glucan-producing exoenzymes

(e.g., glycosyltransferase) and using small-molecule inhibitors
to interrupt EPS glucan synthesis by glucosyltransferase (Koo
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et al. [33¢¢]). Other enzyme pathways involved in biofilm
formation, including two-component regulatory systems and
quorum-sensing and quorum-quenching systems, could also
potentially be targeted [33ee].

EPS Degradation

Strategies to promote EPS degradation include use of EPS
degrading enzymes (including proteases, peptidoglycan hy-
drolases, matrix-degrading enzymes, exopolysaccharide-
degrading enzymes, and degradation of extracellular DNA
and neutrophil extracellular traps (NETs) (e.g., human
DNase I-dornase alfa). Of these, dornase alfa is the most wide-
ly studied in human patients.

Dornase alpha (recombinant human deoxyribonuclease),
which cleaves DNA released in high concentrations by de-
graded neutrophils as well as microorganism-derived DNA
which contributes to increased mucus viscosity, reduces spu-
tum viscosity, slows the decline in lung function, and reduces
pulmonary exacerbations in cystic fibrosis (CF) patients [35].
Cimmino et al. performed a double-blind placebo-controlled
trial of 24 patients with CF and chronic rhinosinusitis (CRS)
in which each patient first underwent sinus surgery and then,
starting 1 month after surgery, began treatment with once-
daily doses of nasally nebulized dornase alfa or isotonic saline
(5 mL) for 12 months [36]. In this study, the primary outcome
measures were nasal-related symptoms and nasal endoscopic
appearance. Both primary outcomes were improved at 24 and
48 weeks in the group receiving dornase alfa, and only at
12 weeks in the group receiving placebo. The secondary out-
come measure of forced expiratory volume in 1 second
(FEV1) was also significantly improved in the patients receiv-
ing dornase alfa relative to patients receiving placebo [36].

Mainz et al. examined dornase alfa versus isotonic saline
alone delivered to the sinuses with a Pari-Sinus™ device
(PARI Respiratory Equipment, Inc., Midlothian, VA) that de-
livers vibrating aerosol in 23 CF patients in a cross-over treat-
ment study [37]. In this study, sinonasal dornase alfa treatment
was associated with significant improvement in the primary
nasal symptoms compared with isotonic saline alone.
Additionally, this treatment but not isotonic saline was asso-
ciated with a significant improvement in pulmonary function
(FEF75-25). This treatment is not currently FDA-approved
for use in CRS.

Another strategy involves the use of lytic phages to destroy
biofilm. Lytic phages utilize exopolysaccharide
depolymerases to degrade EPS [38, 39¢]. The strategy was
employed in an in vitro model of Pseudomonas biofilm using
Pseudomonas isolated from human subjects with and without
CF. The in vitro model showed that the lytic phage reduced
biofilm formation by a median of 76% [40]. It remains to be
seen how lytic phage could be applied to human subjects.
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Table 1 Partial summary of many experimental strategies being considered for inhibiting biofilm formation or eradicating established biofilm
Stage of biofilm Adhesion EPS synthesis and structure EPS and matrix degradation
targeted
Attificial surfactants and Cyclic di-GMP and cyclic di-AMP—through Purified serine protease Esp from
biosurfactants (e.g., SPLUNCI1) disruption of glucan-producing Staphylococcus epidermidis—inhibits
exoenzymes S. aureus biofilm in vitro and reduces
(e.g., glycosyltransferase) nasal S. aureus colonization [28e¢].
Mannosides — target host-EPS Inhibition of EPS glucan synthesis by Endolysins — bacteriophage-encoded
interactions (e.g., mannosides glucosyltransferase using small-molecule peptidoglycan hydrolases that
that target the bacterial adhesin inhibitors [33¢¢]. enzymatically degrade bacterial cell
FimH [33ee]. wall peptidoglycan [44].
EPS-targeted antibodies (e.g. Antibodies against DNABII proteins (which  Exopolysaccharide-degrading enzymes,
monoclonal antibody against are essential for biofilm structure in NTHi) such as glycoside hydrolases
Pseudomonas aeruginosa Psl [7, 8]. (e.g. x-amylase plus cellulase) — active
polysaccharide) [33¢¢]. against S. aureus and P aeruginosa
biofilm [45].
Other inhibitors of bacterial adhesion—  Antibodies against type IV pilin protein Exopolysaccharide-degrading enzymes
e.g., vaccine against proteins (which is essential for biofilm structure targeting Psl and Pel from
expressed in S. aureus biofilm [29, 30]. in NTHi) [46]. P. aeruginosa [47].
N-acetylcysteine [34] Use of pyrimidinedione to inhibit DNA DNase—through degradation of
adenine methyltransferase (Dam) in S. extracellular DNA and neutrophil
pneumoniae thereby inhibiting the NETs (e.g., human DNase I
biosynthesis of quorum sensing molecules (dornase alfa) which degrades
that regulate competence and biofilm neutrophil and microorganism-derived
formation [15¢]. DNA [33e].
Other Strategies undoubtedly emerge from human studies of these as therapeu-

Other strategies are also being considered, such as delivery of
the antimicrobial peptide lactoferrin directly to the lungs for
treatment of CF lung disease [41¢]. Brotz-Oesterhelt et al. dem-
onstrated that a new class of antibiotics—acyldepsipeptides—
activates ClpP, the core unit of a major bacterial protease com-
plex leading to proteolytic degradation, inhibition of bacterial
cell division, and eventually bacterial cell death [42]. Conlon
et al. showed that the acyldepsipeptide antibiotic (ADEP4) in
combination with rifampicin resulted in killing of S. aureus in
the biofilm [43].

Conclusions

The physiologic processes that govern bacterial biofilm for-
mation are genetically programmed, and there are distinct
pathways of biofilm formation in each of the most common
respiratory pathogens. Interrupting these unique pathways of-
fers promising strategies to prevent biofilm formation or to
eradicate established biofilm. Current and future therapeutic
strategies to combat biofilm include blocking biofilm adhe-
sion, blocking EPS synthesis, and promoting EPS degrada-
tion. Both nonselective and selective strategies for targeting
these key components of biofilm formation are being consid-
ered for application to human infectious diseases. A greater
understanding of the significance of mucosal biofilm will

tic agents.
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