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Host responses to mucosal biofilms in the lung and gut
Jada C. Domingue1, Julia L. Drewes1, Christian A. Merlo2, Franck Housseau3,4 and Cynthia L. Sears1,3,4

The impact of the human microbiome on health and disease is of utmost importance and has been studied intensively in recent
years. Microbes promote immune system development and are essential to the production and absorption of nutrients for the host
but are also implicated in disease pathogenesis. Particularly, bacterial biofilms have long been recognized as contributors to chronic
infections and diseases in humans. However, our understanding of how the host responds to the presence of biofilms, specifically
the immune response to biofilms, and how this contributes to disease pathogenesis is limited. This review aims to highlight what is
known about biofilm formation and in vivo models available for the biofilm study. We critique the contribution of biofilms to
human diseases, focusing on the lung diseases, cystic fibrosis and chronic obstructive pulmonary disease, and the gut diseases,
inflammatory bowel disease and colorectal cancer.
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INTRODUCTION
The human body is home to a diverse community that spans most
microbial kingdoms. The best-studied colonizers of the human
body are bacteria, estimated to be ~3.8 × 1013 in total, with the
highest density residing in the gastrointestinal tract.1 Recent
studies have only begun to unravel the intricate relationship(s)
between this microbial community and its human host, informing
us on how vital microbes are in health and in disease.2,3

Host-microbe interactions occur via individual planktonic bacteria
or through complex polymicrobial communities, including a subset
termed biofilms. Bacterial biofilms are implicated in several human
infections including, but not limited to, periodontitis, endocarditis,
otitis media, osteomyelitis, bacterial vaginosis, and device-
associated infections (e.g., catheters).4–10 Because data on viruses,
parasites and/or fungi within biofilms in human disease are limited,
we will focus specifically on bacterial biofilms. This review highlights
current knowledge about host responses and bacterial biofilms,
focusing on biofilms described in cystic fibrosis (CF), chronic
obstructive pulmonary disease (COPD), inflammatory bowel dis-
eases (IBD), and colorectal cancer (CRC).

GENERAL CONCEPTS: BACTERIAL BIOFILMS
As planktonic bacteria colonize a niche, they proliferate and
adhere to a surface to form microcolonies (small aggregates of
bacteria covered in a simple matrix). Microcolonies may progress
to larger aggregates, called biofilms, classically defined in vitro as
matrix-enclosed bacterial (and/or archaeal) populations adherent
to each other and/or to surfaces or interfaces.9 The bacterial-
enclosing, self-secreted, hydrated matrix in vitro is composed of
extracellular polymeric substances (EPS), which include polysac-
charides, proteins, nucleic acids, lipids, and typically contributes
>90% of the mass of biofilms.11 When considering human
mucosal-associated bacterial biofilms, the EPS may also include

host proteins, mucopolysaccharides, nucleic acids and even whole
host cells.8 Biofilms are found throughout nature, can be adherent
to biological and nonbiological surfaces, and allow for the
exchange of nutrients with their environment.9,12,13 Interestingly,
biofilms appear to contribute to more than 80% of human soft
and hard tissue infections.9,10 Despite their prevalence in human
infections, investigations defining how biofilms in vivo directly
impact the human host remain limited.
Biofilm formation enables the survival and persistence of

bacterial cells living in challenging environments, such as those
that may be encountered in the human lung and gut. As such, the
physiology and activity of bacteria within a biofilm greatly differs
from that of planktonic bacteria.4,6 For instance, mice inoculated
with a slurry made from human biofilm-positive colon tumors
displayed increased differential expression (RNA-seq) in genes
related to sporulation, antibiotic synthesis pathways, and bacterial
secretion systems, compared to mice inoculated with slurries from
biofilm-negative colonoscopy biopsies.14 Similarly, a meta-analysis
of functional in silico predictions by PICRUSt using 16S rRNA
amplicon sequence data comparing biofilm-positive and biofilm-
negative human CRC tissues revealed an enrichment in the
presence of genes related to peptidoglycan biosynthesis, cytos-
keletal proteins, antimicrobial biosynthesis, and a decrease in
genes related to flagellar assembly in biofilm-positive CRCs.15

Importantly, biofilms on biological surfaces differ from those on
nonbiological surfaces. For example, Streptococcus pyogenes
biofilms exhibit 50% discordance in gene expression between
tissue-associated and abiotic-associated biofilms.16 Such changes
in physiology occur, in part, due to inter-bacteria communication,
referred to as quorum sensing, and lead to downregulation of
genes and activities needed in their planktonic state, as well as
upregulation of genes and activities needed for the adherent
biofilm state.4,6 In vivo, bacterial biofilm function is likely further
impacted by the host response(s) to these microbial communities.
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There are several advantages for bacteria embedded in biofilms,
including a suitable environment for horizontal gene transfer,
specifically of antimicrobial-resistance genes, making biofilm
eradication by host defenses or antibiotics less effective. This
evasion of anti-microbials is first mediated by the EPS, which
serves as a protective barrier to the biofilm-embedded bacteria in
a manner similar to how the mucus layer protects epithelia in the
human body. The mixed bacterial populations—some active,
some dormant and stationary, and some resistant to antimicrobial
agents—of biofilms further promotes host-defense evasion.
Biofilms facilitate preservation of persister bacteria, increasing
the potential virulence of the biofilm community.4,7,8,17 Persister
bacteria are inactive phenotypic variants of bacteria that can
survive in the presence of high levels of antibiotics. Evidence of
this phenotype has largely been derived from in vitro data, and
limited studies have demonstrated the phenotypic switch to
persister cells in vivo.18,19 Although biofilms are relatively stable
growth environments, they are likely not permanent. Shear forces,
such as those caused by luminal fluid moving through the
gastrointestinal tract, can cause bacterial cell detachment
followed by new niche colonization.4,6 Exactly how (or if) the
host overcomes biofilm formation and prevents long-term
colonization of persister bacteria is unknown.
While the goal of this review is to discuss what is known about

the relationship between biofilms and disease states in the lung
and gut, it is important to note that not all biofilms are
pathogenic. For example, in situ analyses of oral biofilm formation
in healthy individuals detected a biphasic change in the biofilm-
forming bacteria. The initial biofilm colonizers prevent direct
contact of anaerobic bacteria that cause gingivitis. However,
anaerobic bacteria can begin to dominate after 48-h. Thus, these
results suggest that teeth should be brushed at least once within a
48-h period to prevent build-up of pro-gingivitis bacteria.20 This
scenario also suggests that biofilms may evolve from non-
pathogenic to disease-initiating relatively quickly. As a second
example, it has been suggested that bacteria form biofilms in the
appendix, which may serve as a reservoir for commensal microbes
to reseed the colon after an infection or antibiotic treatment,21

however this evidence is still up for debate. Some studies also
show that bacteria form biofilms on food particles passing
through the gastrointestinal tract in order to facilitate particle
breakdown, however there is debate on whether these attached
bacterial communities are similar or different to unattached
bacterial species present in the feces.22–24

IDENTIFICATION AND VISUALIZATION OF BIOFILMS
Bacterial biofilms were first observed by Antonie van Leeuwen-
hoek when investigating the differences between his teeth
and another’s with poor oral hygiene.7,25 In fact, much of the
foundational work informing our understanding of biofilm
formation, EPS molecules, as well as host responses to biofilms,
has been performed in models of oral biofilms, characteristic of
dental carries and periodontitis,26 and in models of Staphylococcus
aureus-related wound infections.27,28 Importantly, many of these
studies use in vitro cultures of single microbes on abiotic surfaces;
in vitro observations have been assumed to be occurring in vivo
by the same organisms. Models of biofilms range from a variety of
in vitro culturing systems, both static and dynamic, to ex vivo
tissue studies, to invertebrate and mammalian models, and have
been thoroughly reviewed by others.26,29,30

Identification and visualization of biofilms typically involve a
variety of microscopy techniques, in combination with probes that
target bacteria and EPS molecules. For example, early studies by
Lawrence et al. used scanning confocal laser microscopy and
viable negative fluorescence staining to visualize Pseudomonas
aeruginosa, Pseudomonas fluorescens, and Vibrio parahaemolyticus
biofilms in vitro.31 This study found species-specific structural

differences in biofilm formations; Pseudomonas biofilms, whether
from P. aeruginosa or P. fluorescens, had higher cellular density at
regions of attachment to glass slides and were less dense away
from the attachment surface, while Vibrio biofilms were less dense
at sites of attachment to glass slides and grew more dense away
from the attachment site. Overall, they observed that biofilms
were comprised of >70% extracellular matter, with only ~30%
bacterial content.31

Lectins, or carbohydrate-binding proteins, have been used to
visualize carbohydrate components of the EPS, such as manno-
pyranosyl- or glucopyranosyl-concanavalin A, or sialic acid- and N-
acetyl-glucosamine-wheat germ agglutinin.32,33 An important
caveat is that, while lectins are useful to label biofilms developed
under abiotic conditions, lectins do not distinguish microbial- vs.
human-derived carbohydrates, and thus, cannot be used to
determine the molecular origin of a biofilm matrix in vivo.
Furthermore, lectins cannot differentiate between secreted
carbohydrates and those attached to bacterial cell surfaces, and
biofilms are defined classically by the presence of a secreted, non-
attached EPS matrix. To overcome this lack of specificity, groups
have generated bacteria expressing fluorescent EPS proteins
primarily for use in in vitro studies. Methods to discriminate
between specific host vs. bacterial EPS molecules in vivo have not
yet been described for most bacterial biofilms. Thus, in vivo
analyses of biofilm formation primarily utilize fluorescence,
chromogenic and/or RNA-in situ hybridization (e.g., FISH, RNA-
ISH) with oligonucleotide probes targeting the desired taxa,
ranging from subspecies identification using specific genes, to
kingdom level identification using conserved regions in the
bacterial 16S rRNA gene (e.g., all-bacterial EUB338). These efforts
are often complemented by scanning electron microscopy (SEM)
to visualize the structure of the biofilms and their EPS.14,15,34–38

UNIQUE FEATURES OF MUCOSAL BIOFILMS IN THE LUNG
AND GUT
Description of lung and colonic mucus layers
When considering biofilm locales, those found on mucosal
surfaces, such as along the respiratory and gastrointestinal tracts,
are of particular interest as mucosal tissues provide a multifaceted
nutrient environment for biofilm formation. The mucus layers
found in the lung and colon are comprised of polymeric mucin
proteins that are heavily glycosylated. These mucins bind and trap
water molecules to cover the epithelium and create a diffusion
barrier that: (1) keeps the epithelial surface ‘clean’; and (2) protects
the epithelium from hostile perturbations. In the normal, healthy
lung, mucus bundles are swept across the epithelial surface by
beating epithelial cilia to keep the epithelium ‘clean’. Under
disease states such as CF and COPD, the sweeping function of the
cilia is inhibited and the mucus bundles become attached to
the epithelial surface, trapping bacteria that would normally be
cleared. In contrast, as elegantly studied by the Hansson
laboratory and others,39–41 colonic epithelial cells lack beating
cilia and are covered by two mucus layers, a non-attached, looser,
outer mucus layer where bacteria often reside in a non-
pathogenic state, and an inner, attached, stratified mucus layer
that is mainly devoid of bacteria and limits contact between
luminal contents and the epithelial surface. Under disease
conditions in the gut, such as those in IBD and CRC, the inner
mucus layer becomes penetrable and bacteria are able to
establish direct contact with the underlying epithelium42 where
they initiate host responses, leading to inflammation and other
epithelial signaling that likely contribute to disease pathogenesis.
When bacterial penetration of the inner stratified mucus layer
meets certain criteria (see text below, Table 1), the term
pathogenic biofilm becomes appropriate.
For biofilms to establish themselves in the lung and gut, they

must overcome considerable, but still incompletely understood,
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host-defense mechanisms. In both organs, shear forces either from
fluid flow by the airway surface liquid in the lung, or by luminal
contents in the gut, and rapid turnover of the host mucus
and epithelium are major obstacles that limit extensive coloniza-
tion and biofilm formation on these epithelial surfaces. Thus, the
mucus layers in the lung and gut are designed to significantly
limit invasive biofilm formation, and when these layers
become dysfunctional, for example, due to altered host mechan-
isms or mucin-degrading bacteria, invasive bacterial biofilms can
form. The biofilm-mucosa interface permits interactions between
the adhesive biofilms and host epithelial proteins which lead
to changes in both the microorganisms and the human host,
often resulting in robust host responses and predicted disease
worsening.

Defining lung and gut mucosal biofilms
There is a significant body of literature describing the presence of
lung-associated bacterial biofilms using in vitro models as well as
assessment of potential in vivo biofilms using patient samples.43,44

Lung mucosal biofilms are unique because they are often
dominated by a single bacterial species, such as P. aeruginosa or
non-typeable Haemophilus influenzae (NTHi) and in contrast to
multispecies colonic biofilms, have allowed for greater develop-
ment of species-specific biofilm tools. For example, NTHi isolates
cultured in vitro can be evaluated for biofilm formation by
immune-transmission electron microscopy using a monoclonal
antibody targeting a H. influenzae-specific lipooligosaccharide
antigen.45 Similarly, antibodies specific to alginate have been used
to study biofilm-forming P. aeruginosa, as described by Bjarnsholt
et al.46 These investigators examined paraformaldehyde-preserved
autopsy tissues, explanted lungs, and sputum smears and cultures
of CF patients using a combination of hematoxylin-eosin (H&E)
staining, Gram and alcian-blue staining, and immunofluorescence
imaging with P. aeruginosa-specific peptide nucleic acid (PNA) FISH
probes and alginate-specific antibodies.46 Using these techniques,
they found that only mucoid P. aeruginosa aggregated in the
respiratory bronchioles and alveoli prior to antibiotic treatment in
autopsy samples. In contrast, in explanted lung samples taken after
intensive antibiotic treatment, both mucoid and non-mucoid
P. aeruginosa sputum aggregates were detected in the conductive

zone, which includes the trachea, bronchi, and conducting
bronchioles. The authors concluded that the conductive zone
serves as a safe space where mucoid biofilms are protected from
antibiotics and host immune defenses.
As per the canonical biofilm definition (bacterial aggregates

enclosed in a secreted polymeric matrix and attached to an abiotic
or biotic surface), biofilms have long been described in chronic CF
and COPD infections. However, biofilms are rarely observed in
direct contact with the airway mucosa, nor linked to mucosal
function [likely due to infrequent acquisition of lung biopsies for
in vivo study or difficulty with co-culturing bacteria with lung
epithelial cells in vitro]. While we consider biofilms in direct
contact with the mucosa (Table 1) as most likely to impact disease,
it is important to note that the term “biofilm” is used differently in
the CF and COPD literature, and often applied to bacterial
aggregates from cultured sputum and BAL fluid samples assessed
in vitro without direct demonstration of mucus-invasive lung
mucosal biofilms and/or induction of functional mucosal changes.
In contrast to single-species dominant biofilms on lung mucosa,

in vivo gut mucosal biofilms are complicated by their polymicro-
bial nature (i.e. more than one bacterial species) with species that
display highly variable EPS molecules.47 This concept arose from
seminal studies by Swidsinski et al. in which bacterial group-
specific FISH was performed on Carnoy’s-fixed human colon
biopsies, along with H&E or alcian blue staining for mucus layer
and epithelial visualization, to assess bacterial quantification and
localization relative to the epithelial surface. Invasive biofilms were
defined as carpets of bacteria that spanned at least 50 μm and
observed within 1 μm of the epithelium in the inner mucus layer.
Biofilms contained at least 0.4 × 109 bacteria/mL within a 400-μm3

tissue section (Table 1).34 Importantly, these structural criteria
rigorously define colonic biofilms in contrast with the reductive
description of lung biofilms as bacterial aggregates.
In an approach similar to Swidsinski et al.34, the Sears

laboratory defined colonic biofilms as a dense formation of at
least 2 × 109 bacteria/mL that spanned at least 150–200 μm and
within 1 μm of the underlying epithelium (Table 1). Invasion of
the inner mucus layer was confirmed by periodic acid-Schiff
(PAS) mucus staining of an adjacent tissue section from the same
block.14,15,35,36 Alternatively, both bacterial and mucus presence

Table. 1. Comparison of mucosal biofilms in the lung and gut.

Definition: biofilms are matrix-enclosed bacterial populations adherent to each other and/or to surfaces or interfaces.9 Thus, mucosal biofilms are
biofilms adherent to mucosal surfaces.

Lung Colon

Bacterial composition Single-species dominant, e.g.
P. aeruginosa, NTHi

Polymicrobial, e.g. Bacteroidetes, Firmicutes, Proteobacteria,
Fusobacteria

Characteristic extracellular
matrix/EPS components

Alginate (P. aeruginosa),
lipooligosaccharide (NTHi)

Not described; likely very diverse and dependent on the bacterial
composition

Bacterial quantification CFU of cultured samples (in vitro), PNA-FISH
(P. aeruginosa)

FISH (in vivo; Carnoy’s fixative is preferred over formalin as a more
sensitive technique for biofilm detection): at ≥400X of a 10 × 10 µm
square field of a 5-µm (500 µm3) tissue section (=5 × 10−10 mL):
1 cell= 2 × 109 (bacteria/mL)
250 cells= 1011

2500 cells= 1012

Length spanning mucosa Not determined 50–200 µM and within 1 µM of epithelium

Verification of mucus
invasiona

Electron microscopy, H&E, Gram stain,
alcian blue

PAS, H&E, alcian blue, tissue autofluorescence, electron microscopy

References 38,39 14,15,29–31

EPS extracellular polymeric substance, NTHi non-typeable Hemophilus influenzae, CFU colony-forming units, PNA-FISH peptide nucleic acid fluorescent in situ
hybridization, H&E hematoxylin and eosin stain, PAS Periodic acid-Schiff stain.
aThe mucus layers differ between the lung and colon mucosa; the lung has a single layer formed by mucus bundles, while the colon has an inner, sterile layer
and an outer, non-sterile layer.
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can be confirmed in parallel on a single slide by utilizing FISH
probes and the inherent autofluorescence properties of the
colon mucus layer. While colon bacterial- and host-specific EPS
probes would be useful to directly test the host vs. bacterial
origins of the EPS in colon biofilms, such tools are not available.
However, polymicrobial biofilms detected on the human colon
mucosa nearly always include classes of encapsulated organisms
such as Bacteroidetes that produce surface polysaccharides that
may also serve as EPS molecules (with Bacteroides fragilis alone
displaying 8 capsular polysaccharides47). Thus, it is very probable
that the invasive bacterial biofilms observed on human colon
tissues are encased in a matrix that includes EPS from both
bacterial and host origins. SEM images also help in detection of
biofilm EPS presence.35 Overall, based on the parameters
described in Table 1, there is currently stricter criteria for
bacterial biofilms invading the gut mucosa compared to the lung
mucosal surface.

MODELS OF PATHOGENIC BIOFILM FORMATION
There is an abundance of evidence showing the association of
biofilms with human diseases.10 However, whether bacterial
biofilms cause disease, or result from the diseased state, is an
ongoing field of research. Dongari-Bagtzoglou proposed two
pathogenesis models that focus on host inflammatory responses.
The first model posits that mucosal biofilms induce a robust
inflammatory response by the host, that leads to inflammation-
associated tissue damage, and further biofilm proliferation. This
type of model is proposed for P. aeruginosa-related biofilms in CF
patients and will be described further below. In contrast, the
second model of biofilm-related pathogenesis posits that EPS
molecules inhibit initial mucosal inflammation and phagocytic
cell function, allowing the biofilm to propagate and stabilize.8

For example, NTHi EPS phosphorylcholine decreases early
inflammatory events to allow for biofilm outgrowth in models
of otitis media.48 Regardless, in both models, chronic inflamma-
tion and tissue damage ensue that benefit biofilm growth.
Because bacteria:host interactions play a similar, and central, role
in the pathophysiology of the lung and gut, and because of
several other commonalities including the structure of their
epithelium and protective mucus layers, herein, we chose to
focus on biofilms in these two tissues. Prior reviews have
discussed similarities between these two anatomical sites as
contributing to common microbial and immune responses in
their respective inflammatory diseases.5,49–52 We will explore
biofilm formation in select chronic diseases of the lung, CF
and COPD, and of the gut, IBD and CRC. We will focus on
characterization of lung and gut biofilms in human and
experimental studies that probe inflammatory responses to
biofilms and/or to disease-associated bacteria known to form
biofilms in vitro.

MUCOSAL BIOFILMS IN LUNG DISEASES
The lower respiratory tract is kept free of bacteria and inhaled
particulate matter by the beating of epithelial cilia that sweep the
airway surface liquid and mucus up towards the larynx.42 Despite
this, there is significant evidence suggesting the establishment of
a diverse, but low bacterial biomass, lung microbiome, even in
the normal host. There has been a recent upsurge in lung
microbiome-related articles with the development of culture-
independent techniques; according to PubMed (21 August 2019),
in 2010 only 16 papers were published on the lung microbiome,
compared to 276 in 2018. Several studies have used 16S rRNA
amplicon sequencing of healthy subjects, smokers, and/or those
with respiratory diseases (e.g., asthma, COPD) to demonstrate that
the phyla Bacteroidetes and Firmicutes dominate the healthy
airway microbiome.53–56 Some members of the normal respiratory

tract microbiome may impact the pathogenesis of lung diseases.
Since there has yet to be a clear definition of invasive biofilms in
the lungs, we will review below the evidence of the host immune
response to specific bacteria and their association with the lung
diseases CF and COPD.

Cystic fibrosis biofilms
CF is an inherited genetic disease caused by mutations in the CF
transmembrane conductance regulator (CFTR) gene, which
encodes a Cl− channel expressed in epithelial tissues. The
disease affects secretory tissues, such as those that secrete
mucus, sweat, and digestive enzymes. In the lung, defunct CFTR
results in a periciliary liquid layer that is not properly hydrated,
and thus becomes very thick and viscous.57 As the mucus builds
up, it clogs the airways, compresses ciliary beating, impairing
mucus clearance and facilitating persistent colonization of
pathogenic bacteria that lead to chronic infections, inflamma-
tion, and eventually respiratory failure. Bacteria well-known to
contribute to biofilm formation in vitro and to trigger infection in
CF include S. aureus, H. influenzae, and P. aeruginosa, among
others.45,58 S. aureus and H. influenzae colonize CF patients early
in life and induce the initial inflammatory environment,
characterized by a robust neutrophil infiltration. P. aeruginosa
is an aerobic, Gram-negative rod bacterium highly associated
with late-stage CF disease. Mucoid P. aeruginosa produce a
highly viscous polysaccharide called alginate that is thought
to enable biofilm formation and evasion of host immune
responses.59 Doggett et al. showed that cultures of P. aeruginosa
isolates from CF patients displayed a mucoid phenotype and
induced biofilm formation.58–60 However, successive sub-
culturing of P. aeruginosa results in loss of the mucoid
phenotype, suggesting the need of additional in vivo features
to induce and maintain the mucoid characteristic.61,62 Other
studies have detected P. aeruginosa biofilms in vivo on patient
tissues using alginate-specific probes.46 In addition to studying
CF patient samples, in vivo animal models of CF-biofilm
infections have often used intratracheal or intranasal routes of
infection with P. aeruginosa immobilized on agar-beads.29,63

P. aeruginosa biofilm-mediated infections in vivo are associated
with leukocyte mobilization and bacterial-specific antibody
production to clear the pathogen.59,64–66 Multiple studies have
established that P. aeruginosa triggers a predominant Th2 immune
response in the human CF lung and in murine CF models.64,67,68

CF patients chronically infected with P. aeruginosa have higher
levels of interleukin (IL)-3, IL-4, and secreted immunoglobulin A
(sIgA; Th2 markers) and lower interferon gamma (IFNγ; Th1
marker), compared to non-chronically infected patients.65,69–71

Th2 responses have also been observed in vitro and in murine
mouse models of CF in response to challenge with P. aeruginosa
and/or its gene products.72,73

These studies suggest that approaches to enhance a Th1
intrapulmonary immune response could be beneficial to CF
patients and help overcome P. aeruginosa biofilm-associated
infections. The anti-inflammatory medication that has been
most studied in people with CF is ibuprofen.74 Other studies
have assessed the effectiveness of inhaled corticosteroids which
show a decrease in disease progression but with side-effects.75

However, ongoing clinical trials are testing the action of
additional anti-inflammatory drugs that, for example, activate
the cannabinoid receptor type 2 (CB-2 agonist; JBT-101), inhibit
the production of leukotriene B4 (CTX-4430) or inhibit neutro-
phil elastase (POL6014) among others.76 Nonetheless, studies
describing CF-related immune responses do not always assess
biofilm formation and focus on targeting specific pathogens,
such as P. aeruginosa, despite the implications of biofilms in
inducing immune responses. Thus, the field would benefit by
performing studies where biofilms and immune responses in the
underlying epithelium are examined in parallel.
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Chronic obstructive pulmonary disease biofilms
Similar to CF, the chronic lung diseases that contribute to COPD,
including emphysema, chronic bronchitis, and non-reversible
asthma, result in reduced airflow, local and systemic inflammation,
and several comorbidities.58,77 Consistent with loss of the normal
cilia-mediated mucus transport in the lung, proteomic analysis of
BAL fluid from COPD patients and visualization of Carnoy’s-fixed
CF and COPD lung tissues revealed a shift towards a more colonic-
mucus-like environment, promoting more bacterial-epithelial
contact in the stagnate mucus.78 While the pathophysiology of
COPD is very different from CF, the contribution of the lung
microbiome appears to be a common denominator in these
diseases, specifically the impact of NTHi and P. aeruginosa.
At baseline COPD airways in humans are highly inflamed,

with reports of increased neutrophils, eosinophils, mast cells,
dendritic cells, macrophages, and T and B lymphocytes.79

Microbial infections, such as those induced by NTHi, can further
exacerbate the inflammatory environments of COPD respiratory
tissues. H. influenzae is a Gram-negative coccobacillus, and is the
most common bacterium associated with COPD, colonizing 60%
of COPD patients whereas P. aeruginosa only colonizes 6% of
COPD patients.58,79 NTHi can form biofilms that are resistant to
host-clearance responses, but many NTHi biofilm observations
are from in vitro studies and models of infection, such as otitis
media in the chinchilla.80,81 Thus, the relevance of NTHi biofilms
to COPD in vivo is still up for debate. Nevertheless, to better
understand the contribution of NTHi/biofilms to COPD patho-
genesis, experimental models of COPD use mice treated with
elastase or chronically exposed to cigarette smoke and then
intratracheally injected with NTHi, resulting in morphological
and functional changes similar to those seen in human COPD
lungs.29,82–84

The data regarding NTHi biofilm formation, or any other
bacteria, are sparse and therefore the relevance to lung (and/or
systemic) immune responses in COPD remains to be established.
NTHi has been shown to be associated with an imbalanced Th2/
Th1 immune response,79 including increased sIgA production85

and decreased Th1 responses.86,87 In NTHi-infected COPD patients
there are systemic increases in T regulatory cells, myeloid-derived
suppressor cells, and exhausted effector T cells compared to
healthy controls, with inhibited proliferation of NTHi-specific
effector T cells.88 Other studies have described innate immune
responses to NTHi, including Toll-like Receptor (TLR)-2 and 4
activation, nuclear factor kappa-light-chain-enhancer of activated
B cells (NFκB)-dependent inflammatory responses,79,89,90 and
NOD-like receptor protein 3 (NLRP3) inflammasome activation.91

Overall, the causative relationship between the mucosal immune
response and the formation of pulmonary biofilms in COPD
remains to be established.
Better characterization of pulmonary mucosal biofilms in

patient samples and better delineation of the compositional and
functional state of pulmonary mucosal biofilms would assist in
understanding the pathological contribution of biofilms to CF and
COPD pathogenesis.

MUCOSAL BIOFILMS IN GUT DISEASES
Physiologically, the gut is a hostile environment for biofilm
formation because of the high turnover and shedding of the
epithelium, the shear forces of luminal content movement down
the intestinal tract, and the high viscosity of the mucus layer.7

However, there is evidence that dysbiosis and an abnormal
inflammatory environment predispose the colonic mucosa
to biofilm formation.6 As discussed earlier, colonic mucus
is comprised of two distinct layers: a loose outer mucus layer
full of bacteria41 and a stratified inner mucus layer, firmly
attached to the underlying epithelium, devoid of bacteria.39,40

The finely tuned crosstalk between the microbiota, epithelium,

and immune system is critical for the maintenance of the
mucosal architecture and the organization of the mucus layer.92

The recent description and characterization of biofilms in gut
diseases, described hereafter, allowed for the striking observation
of colonic biofilms in a significant proportion of specimens from
patients with gut disorders including IBD and CRC compared to
healthy controls.34,93,35 Whether the presence of colonic mucosal
biofilms in the “healthy” human gut indicates disease onset is
unknown as only cross-sectional human studies of colon mucosal
biofilms presently exist. Longitudinal monitoring of patients
harboring colonic biofilms will be necessary in order to evaluate
their causative contribution to gut diseases.

Inflammatory bowel disease biofilms
IBD is classified as two chronic inflammatory disorders of the
gastrointestinal tract, Crohn’s disease (CD) and ulcerative colitis
(UC). CD can affect any region of the gut, while UC is defined by
chronic inflammation specifically in the colon. Most IBD studies
have sought to unravel the relationships between the gut
microbiota, aberrant immune responses, and host genetics.94

IBD is characterized by disruption of the mucus layer and reduced
epithelial barrier function that together permit excessive exposure
of luminal bacteria to the host immune system.42,94,95

In the seminal study by Swidsinski et al.34, the spatial
organization and bacterial composition of gut mucosal tissues
(formalin- and Carnoy’s-fixed) were compared between patients
with IBD, colitis, IBS and healthy controls using fluorescent
bacterial-specific probes. Mucosal biofilms (at least 0.4 × 109

bacteria/mL, 50 μm in length) were found in 95% of IBD patients
and 95% of patients with self-limiting colitis compared to 35% of
healthy control biopsies (n= 20). The bacterial density of mucosal
biofilms (Table 1) was higher in patients with IBD. UC bacterial
density (0.26 ± 0.31 × 1010 bacteria/mL), specifically, was ~35-fold
less than CD (9.1 ± 20.2 × 1010/mL; UC), with even greater
differences between CD and the other groups studied. Impor-
tantly, the integrity of invasive mucosal biofilms is poorly
preserved by formalin fixation, and therefore an alcohol-based
fixation procedure using Carnoy’s fixative better preserves the
mucus layer to analyze mucosal biofilms. The Bacteroides fragilis
group contributed to >60% of the biofilm mass in IBD patients,
establishing B. fragilis group biofilms as a hallmark of IBD. It must
be noted that the B. fragilis group probe96 targeted four
Bacteroides species: B. fragilis, B. vulgatus, B. eggerthii, and B.
thetaiotamicron; today, these species are detected independently
using specific probes. In an additional study from Swidsinski et al.
comparing the intestinal mucus barrier and bacterial infiltration
between normal and inflamed colon, ~50% of the mucosa from
UC patients was invaded by bacteria compared to <10% of the
mucosa from healthy control biopsies.93 Studies by Johansson
et al.97 used several mouse models of colitis and reported similar
invasion of the mucus by bacterial aggregates, although these
were not formally quantitated as biofilms according to the criteria
discussed in Table 1. They did observe significantly increased
inflammation by histological analysis of the Il-10−/− mouse model
of colitis in association with bacterial invasion of the mucus
layer.97 Overall, these studies in IBD patients and mouse models of
colitis demonstrate the proinflammatory consequences of the
disruption of the mucus layer and ensuing bacterial invasion.
Bacteroidetes members have been the prominent taxa identi-

fied in in vivo IBD mucosal biofilms to date. Whether or not the
B. fragilis strains identified in IBD biofilms harbor the metallopro-
tease toxin gene, bft, is still unknown. However, adherent and
invasive Escherichia coli (AIEC) may play a role as well since they
are increased in CD and easily form biofilms in vitro. Several
components of the AIEC-EPS have been studied for their
immunogenicity, including cellulose, amyloid fibrils, and type 1
pili.98 Studies using E. coli strains deficient in cellulose synthesis
(ΔbcsA) resulted in reduced epithelial adhesion, and thus biofilm
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formation, in vitro on human colonic HT-29 cells, and in vivo in the
ileum of BALB/c mice. The mutant E. coli strain resulted in a 28%
inhibition of IL-8 production by HT-29 cells in vitro compared to
the parent strain, suggesting that cellulose is important for
adhesion to the epithelium, biofilm formation, and epithelial IL-8
production.99 Further, mono-association of Il-10−/− mice with
AIEC::ΔbcsA showed decreased Il17a transcription in the proximal
colon 21 days post-infection, and decreased IL-17 production
ex vivo by mesenteric lymph node cells, compared to mice
infected with wild-type (WT) AIEC.100

Bacterial amyloid fibrils are components of biofilms produced
by members of the phyla Bacteroidetes, Firmicutes, and Proteo-
bacteria. Enterobacteriaceae family bacteria (phyla Proteobacteria)
produce the amyloid fibril curli, which binds to TLR-1/2 and
activates the NLRP3 inflammasome, leading to NFκB activation
and Caspase 1 production. NFκB and Caspase 1 are responsible for
the production of IL-18 and IL-1β, respectively.101,102 Furthermore,
ex vivo studies using purified curli fibrils lead to murine dendritic
cell activation of Th17 differentiation and may contribute to pro-
inflammatory responses in IBD patients.103 Although not an EPS
molecule, type 1 pili are essential for E. coli biofilm establishment
and attachment to host cells, but results vary by type of in vitro
surface.104 The pili protein FimH has been shown to activate TLR-4,
triggering innate immune responses and type 1 interferon
signaling.105,106 Altogether, these findings suggest that biofilms
and EPS molecules from bacteria associated with IBD may have
pro-inflammatory properties. Further studies in experimental
models of colitis, as well as in IBD patient tissues, are needed to
further establish their contribution to IBD pathogenesis.

Colorectal cancer biofilms
Sporadic CRC is a major health burden both in the US and
worldwide. Despite the success of screening colonoscopy in
decreasing sporadic CRC in patients over the age of 50 in the
United States, we are now seeing an alarming trend in early onset
CRC (<50 years of age).107 The shift to presentation of CRC to
earlier ages is making it ever more necessary to understand
contributing factors, such as the microbiome and inflammation, as
well as to identify novel biomarkers that facilitate detection of
colon neoplasia.
A recent study by Dejea et al.35 showed that sporadic CRC, not

associated with IBD, may be linked to biofilm formation and pro-
tumoral inflammation. They examined 36 CRC patients from the
US to determine the spatial organization of colonic bacteria
in comparison to healthy screening colonoscopy controls. Overall,
53% of CRC and adenomas (19/36) and 13% of healthy
colonoscopy biopsies (15/120) displayed colon mucosal biofilms.
89% of right-sided tumors were biofilm-positive compared to only
12% of left-sided tumors; nearly all normal (non-tumor) distal
mucosa from CRC patients were biofilm-positive if their respective
tumors were biofilm-positive. Virtually all biofilms were associated
with tissue-invasive bacteria and, therefore, established invasive
microbial biofilms as a feature of right-sided (proximal colon)
CRCs.35 Biofilm-positive normal colon tissues distant to the tumors
of CRC patients displayed loss of E-cadherin (consistent with
disrupted colon barrier function), increased IL-6 expression, and
overt Stat3 activation. These features are well-established as
associated with human carcinogenesis and, therefore, suggest
that colon mucosal biofilms may foster pro-carcinogenic inflam-
matory responses. Biofilm-positive healthy colonoscopy tissues
also displayed disruption of E-cadherin and increased IL-6
expression, but Stat3 activation was not observed.35 A follow-up
study performed on a Malaysian CRC cohort confirmed that right-
sided tumors were biofilm-positive; however, a higher portion
(58%) of left-sided tumors were also biofilm-positive compared to
the US CRC cohort.
Multiplexed FISH staining of CRC biofilms with taxa-specific

probes has revealed three major microbiological phenotypes: (1)

polymicrobial (Lachnospiraceae, Bacteroidetes, and Proteobac-
teria) in 55% of patients (40/73), (2) polymicrobial with Fusobac-
teria blooms (40%; 29/73), and (3) Proteobacteria-dominant
(5%; 4/73) biofilms (Fig. 1).15,35 Elegant studies have identified
intricate structures in other in vivo biofilms such as dental plaques,
including “corncob” and “hedgehog” structures, reflecting an
orderly assembly from initial attachment organisms, to bridging
organisms, to late colonizers.108 These intricate structures display
gradients of nutrients/gases/sugars/etc,108 similar to how mono-
species colonies grown on an agar plate can have different zones
of nutrient availability and anaerobicity. While the vast majority of
invasive biofilms in the colon, thus far, have been characterized as
having random organization (Fig. 1c, left), complex 3-dimensional
structures can be observed including microcolonies of single
species or mixed species within a larger, scattered biofilm (Fig. 1c,
middle). Dense biofilms with embedded microcolonies are also
frequently observed in necrotic tissues from tumor patients
(Fig. 1c, right). Finally, in the outer mucus layer of these tumor
biofilms, linear arrays of bacteria may be observed, likely due to
shear flow of the luminal contents (Fig. 1d, left, middle, and right).
In contrast, colonic biofilms in healthy hosts, thus far, have largely
been defined as polymicrobial (Bacteroidetes/Lachnospiraceae).35

Complex structures such as the ones described above have yet to
be observed in healthy colon biopsies. Whether this is due to
differences in the tumor microenvironment, or reflect differences
in the timing of bowel preparation, or the way that samples are
procured (colonoscopy vs. surgery) is unknown.
Biofilms have also been described in familial adenomatous

polyposis (FAP) patients.36 FAP is a hereditary condition char-
acterized by an APC mutation resulting in polyp and adenoma
formation, an early stage of the adenoma-carcinoma sequence.109

In contrast to the polymicrobial biofilms associated with sporadic
CRC, FAP-associated biofilms were predominantly composed of
enterotoxigenic B. fragilis (ETBF, positive for the bft toxin), and pks
+ E. coli, both of which have intrinsic tumorigenic properties in
mouse models of colon tumorigenesis.110,111 Co-colonization of
mice, including multiple intestinal neoplasia (Min) Apc+/− mice
that model FAP, with ETBF and pks+ E. coli showed that both
bacteria cooperate to trigger colon carcinogenesis. Colon tumor
formation was dependent on expression of each organism’s
virulence determinants, bft and pks, as well as ETBF-induced IL-17.
IL-17 is a critical pro-inflammatory mediator contributing to colon
tumorigenesis triggered by biofilms,14 tumor progression,112 and/
or resistance to checkpoint blockade113 in human CRC. In this co-
colonization model, mucus degradation by ETBF likely facilitated
pks+ E. coli mucosal adherence. This resulted in increased DNA
damage, that cooperated with bft-dependent IL-17 epithelial
signaling, and initiated colon carcinogenesis and promotion of
tumor growth. While these mice do not develop biofilms as
observed in FAP patients, this experimental model provided
insight into mechanisms of bacterial cooperation to promote
colon tumorigenesis in humans.36

To test whether human colon mucosal biofilms are carcinogenic
or just a consequence of the changing tumor environment,
bacterial slurries, made from mucosa collected from human
biofilm-positive CRC and healthy biofilm-negative colonoscopy
patients, were inoculated into germ-free (GF) and specific pathogen
free (SPF) CRC-susceptible mice.14 Whereas mice do not normally
develop biofilms, combined FISH and PAS staining of the mucus
layer of GF murine proximal and distal colonic tissues, revealed
robust invasive biofilm development 12 weeks after inoculation
with biofilm-positive tissue slurries, but not with biofilm-negative
biopsy slurries. Further, biofilm formation was observed as early as
1 week in GF WT mice inoculated with biofilm-positive human
tumor slurries, but not with colonoscopy biofilm-positive or biofilm-
negative samples. Importantly, all biofilm-positive tissue inocula,
but not biofilm-negative biopsy inocula used as control, induced
tumorigenesis in colonized mice. Unexpectedly, inoculation of
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biofilm-positive colonoscopy biopsy from cancer free individuals
induced comparable tumorigenesis to biofilm-positive CRC
inocula.14

Histopathological analysis of GF mouse tissues showed overall
similar levels of inflammation in mice inoculated with biofilm-
positive slurries when compared to mice inoculated with biofilm-
negative control biopsy slurries. However, flow cytometry
analyses of the colonic lamina propria leukocytes isolated from
GF WT mice inoculated with human biofilm-positive or biofilm-
negative biopsy slurries showed the recruitment of immunosup-
pressive myeloid cells and IL-17 production as early as 1-week
post-inoculation. Both immunosuppressive myeloid cells and
IL-17 are commonly associated with colon carcinogenesis.114

In contrast, biofilm-negative colonoscopy biopsy slurries trig-
gered minimal myeloid recruitment and IL-17 production. These
findings provide direct evidence that human colonic biofilms
alter the colonic mucosa architecture and inflammatory

homeostasis, with mucus and tissue invasion of pro-
tumorigenic bacteria likely leading to the induction of oncogenic
and pro-inflammatory signaling that contribute to colon
carcinogenesis. Future studies will focus on identifying biofilm-
associated pro-carcinogenic and pro-inflammatory microbes.

CONCLUDING REMARKS AND FUTURE DIRECTIONS
Our understanding of biofilm contributions to mucosal immune
homeostasis and disease pathogenesis remains very limited.
Experimental in vitro systems and in vivo mouse models are
necessary to define biofilm microbial interactions and mechan-
isms of action, as well as to establish the causative link between
biofilm and human disease. However, there is a significant gap
between these experimental models and the complexity and
intricacy of biological systems contributing to the formation of
biofilms and their impact in vivo in the human lung or gut. Studies

Fig. 1 Characterization of colonic biofilms. Colon resections from a Malaysian CRC cohort were fixed in modified Carnoy’s (methacarn) and
stained with oligonucleotide probes for Bacteroidetes (green), Lachnospiraceae (red), Fusobacteria (yellow), and Proteobacteria (magenta) as
previously described (Drewes et al. 2017). Host nuclei are counterstained in DAPI. Images were captured at 40X by confocal microscopy. a A
polymicrobial biofilm with Fusobacterial blooms from a tumor (left) and the paired normal biofilm without Fusobacteria (right). b A
Proteobacteria-dominant biofilm from a tumor (left) and the paired normal biofilm (right). c Most CRC biofilms observed to date consist of
scattered mixtures of bacteria (left), but complex 3D structures can be observed including microcolonies of specific species embedded within
the larger biofilm (middle) or on necrotic tumor tissue (right). d In the outer mucus layer of tumors, distinct linear organization of the bacteria
can sometimes be observed, potentially representing shear forces from the flow of gastrointestinal contents (left, center, and right images).
Images in a and b were originally published in Drewes et al.15 and have not been modified.
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on biofilm-forming bacteria in CF and COPD are numerous but
lack key studies examining direct evidence of mucosal biofilms in
humans in vivo in relation to disease pathophysiology. Further-
more, our knowledge of gut mucosal biofilms remains insufficient,
but nevertheless promising for understanding IBD and CRC
pathogenesis. It will be critical to have access to biopsies from
younger patient cohorts, increasingly susceptible to IBD and CRC,
to better understand the relationship between their microbiome
and disease risk.
Future studies should prioritize the detection and characteriza-

tion of the compositional (microbial and EPS) and metabolic
context of biofilms in order to enhance the understanding of their
role in disease pathogenesis. Development of antibodies and
probes targeting specific bacteria and their respective secreted
EPS molecules will help. Application of uniform, rigorous criteria to
in vivo bacterial biofilm detection would allow cross-comparison
of biofilm biology across human tissues. Furthermore, technolo-
gies that can distinguish biofilm resident bacteria from their
planktonic counterparts by analyzing differences in gene expres-
sion (quiescent vs. non-quiescent states) would assist in evaluating
the role of biofilms in human disease. This can likely be
accomplished by emerging novel technologies, such as meta-
genomic, -transcriptomic, metabolic, and proteomic analyses.
In addition to the development of new animal models, these
technologies will improve our understanding of the interaction
between host responses and biofilm structure/function in human
diseases.
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