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Abstract Chronic rhinosinusitis (CRS) is a prevalent
health condition characterized by sinonasal mucosal in-
flammation lasting at least 12 weeks. Heterogeneous in
clinical presentation, histopathology, and therapeutic re-
sponse, CRS represents a spectrum of disease entities with
variable pathophysiology. Increased knowledge of cellular
and molecular derangements in CRS suggests potential
etiologies and targets for therapy. Microbial elements
including fungi, staphylococcal enterotoxin, and biofilms
have been implicated as inflammatory stimuli, along with
airborne irritants and allergens. Defects in innate immunity
have gained increased attention as contributors to the
chronic inflammatory state. A combination of host suscep-
tibility and environmental exposure is widely believed to
underlie CRS, although direct evidence is lacking. Present-
ly, without precise disease definitions and identifiable
universal triggers, CRS pathogenesis is broadly described
as multifactorial. Current research is beginning to unravel
complex and diverse effects of chronic inflammation on
sinonasal mucosal homeostasis, but dysfunctional pathways
of inflammatory regulation and resolution require further
elucidation.
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Introduction

Despite its prevalence and significant health impact, the
etiology of chronic rhinosinusitis (CRS) remains incom-
pletely understood. Unlike acute bacterial sinusitis, for
which the pathophysiology is well-defined, CRS is a
heterogeneous condition characterized broadly by persistent
inflammation of the sinonasal mucosa [1]. It is widely
believed that the causes of inflammation in CRS are diverse
and multifactorial, relating to overlapping host and envi-
ronmental triggers. Disruption of normal epithelial function
subsequent to inflammation of any origin can result in
mucostasis and microbial colonization. Infection, in turn,
stimulates further inflammation and exacerbates the chronic
disease process. Current research in the field has attempted
to elucidate the factors driving persistent sinonasal inflam-
mation [2], highlighting the complex interplay between the
environment and innate and adaptive mucosal immune
mechanisms [3]. It is increasingly recognized that CRS is
not a single disease entity, but instead varies widely in
clinical presentation, histopathology, and response to
therapy. Multiple pathophysiologic pathways likely exist
that can result in the common endpoint of sinonasal
mucosal inflammation (Fig. 1). Perhaps more importantly,
once chronic inflammation becomes manifest, secondary
activation of additional pathophysiologic pathways inevita-
bly blurs identification of the initiating cause. The
determination of which cellular and molecular features of
CRS represent underlying factors inducing inflammation or
merely downstream consequences remains an ongoing
challenge in the growing field of CRS research. The goal
of this review is to present the variety of exogenous and
endogenous factors that have been implicated in CRS
pathogenesis and discuss them in light of the recent
literature.
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Fig. 1 Pathophysiologic pathways of chronic rhinosinusitis.
CRSwNP—chronic rhinosinusitis with nasal polyps; CRSsNP—
chronic rhinosinusitis without nasal polyps.

CRS: Definition, Epidemiology, and Cellular
Characteristics

Rhinosinusitis is among the most common conditions in the
United States, affecting more than 31 million people
annually [4]. Chronic rhinosinusitis prevalence, however,
is difficult to extrapolate because of the heterogeneity of its
presentation and imprecise diagnosis. Conservative esti-
mates indicate that CRS is responsible for 18 to 22 million
office visits annually, presenting a considerable economic
and health care burden [5]. CRS is defined as an
inflammatory process of the nose and paranasal sinus
mucosa for at least 12 consecutive weeks. The diagnosis
of CRS is clinical, based on subjective and objective
findings, such as those recommended in guidelines pub-
lished by the American Academy of Otolaryngology—
Head and Neck Surgery [1]. Although these criteria are
helpful in setting a framework for diagnosis and therapy,
the correlation between symptoms and the degree of
inflammation in CRS is not strong.

For clinical research purposes, two histopathologic
subtypes of CRS have been proposed—one with nasal
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polyps (CRSwNP) and one without nasal polyps (CRSsNP)
[2, 6]. Inflammation in both varieties of CRS displays a
cellular infiltrate of neutrophils, macrophages, and lympho-
cytes, as well as numerous proinflammatory cytokines
associated with helper T cell type 1 (Thl) inflammation.
CRSwNP is distinguished by the presence of nasal polyps
and an eosinophilic inflammatory infiltrate with a mixed
Th1/Th2 cytokine profile that is Th2-biased [7]. CRSwNP
has a high rate of recidivism, and recalcitrant forms may be
associated with eosinophilic asthma [8]. The age at which
nasal polyps occur is variable and not linked to any
precipitating factors. Although the distinct features of
CRSwNP suggest a different underlying mechanism from
CRSsNP, the cause of nasal polyposis remains under
investigation. Polyps are not believed to have an allergic
basis, despite the apparent key role of eosinophils. Tissue
eosinophilia is a consistent hallmark of CRSwNP; however,
noneosinophilic polyps form in the setting of cystic
fibrosis, and have also been described in CRSwWNP in
Asian populations [7, 9¢]. With or without polyps, CRS is
further characterized by poor mucociliary function, with
entrapment of thickened or purulent secretions within the
sinus cavities. In many cases, medical or surgical restora-
tion of sinus outflow in CRSsNP improves or even reverses
mucosal disease, suggesting that functional or anatomic
obstruction can serve as a primary inflammatory stimulus
[10]. In contrast, enlargement of sinus ostia does not
typically improve eosinophilic inflammation in CRSwNP,
although intensive medical therapy with systemic cortico-
steroids can dramatically, albeit transiently, reduce polyps
[11, 12]. The consistent effectiveness of steroids in CRS
underlines the central importance of inflammation in
disease pathophysiology.

Inflammation Induced by Microbial and Environmental
Factors

The sinonasal epithelium is in constant contact with the
outside environment and serves as the first line of defense
against inhaled pathogens and particulates. This interaction
involves a complex set of innate and adaptive immune
pathways at the mucosal surface driving inflammatory
responses that protect the host from infection [13].
Although these mechanisms are essential to maintain
homeostasis, inappropriate activation or lack of inhibition
can lead to chronic inflammation that may be counterpro-
ductive and causative of symptoms. Because microbial
elements are frequently observed in association with CRS,
it is widely speculated that infection plays a role as an
initiator of inflammation, or at least contributes to its
persistence. At the same time, because the nose normally
functions as a filter, the transient presence of incidental
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microorganisms and particulates is not necessarily patho-
logic. It remains unanswered whether pre-existing inflam-
mation with impairment of mucociliary clearance is
responsible for retention of microbial and environmental
materials in CRS, or whether these agents in fact stimulate
inflammation.

Bacteria and Staphylococcus Superantigens

The role of bacteria in promoting CRS inflammation is
uncertain, notwithstanding the frequent isolation of bacteria
from the sinuses of CRS patients [14]. Although no single
bacterial species has been proposed as the primary etiologic
agent in CRS, much focus has been placed on the potential
impact of Staphylococcus aureus and its enterotoxin
products (Staphylococcus aureus enterotoxin [SAE]),
which can behave as superantigens activating a subset of
T-cells in a non—antigen-specific manner to cause inflam-
mation [15]. The hypothesis that SAEs cause CRS is
suggested by the high rate of colonizing Staphylococcus in
CRSwNP, and the observation that lymphocytes from
CRSwNP patients demonstrate increased responsiveness
to superantigens [16—18]. It has been proposed that patients
with CRSwWNP are susceptible to amplification and persis-
tence of eosinophilic inflammation as well as induction of
local polyclonal IgE formation due to the effect of SAEs
[19]. Although high levels of SAE-specific IgE are
associated with increased interleukin (IL)-5, eosinophilic
cationic protein, and comorbid asthma, the cause-and-effect
relationship between Staphylococcus and CRSwNP is still
not established. An alternative interpretation is that severe
mucosal inflammation and high tissue IgE levels precede
Staphylococcal overgrowth, and that increased exposure to
multiple bacterial antigens, including SAE, leads to
generation of specific IgE antibodies, even if SAE is not
directly pathogenic as a superantigen [20].

Whether or not SAEs initiate inflammation in CRSwNP,
it is likely that bacteria and their products can act as disease
modifiers. SAEs induce both Th1 and Th2 proinflammatory
responses in patients with nasal polyps and asthma in
comparison to controls, perhaps relating to a basal
deficiency of T regulatory cells and/or up-regulation of
specific costimulatory molecules on monocytes and den-
dritic cell precursors [16]. Furthermore, alteration of the
normal microbial flora of the nose and sinuses in CRS
resulting from mucosal disruption, long-term use of anti-
biotics, and surgical intervention may contribute to the
failure to restore homeostasis and resolve inflammation.

Biofilms and Inflammation

Biofilms are organized communities of microorganisms
protected by a polysaccharide matrix, allowing enhanced

survival and resistance to host defenses and antimicrobial
agents. First described in CRS in 2004, biofilms are
proposed to mediate chronic inflammation and recalcitrant
infection [21]. Clinically, biofilms are associated with more
severe disease preoperatively and persistence of postoper-
ative symptoms, infection, and mucosal inflammation [22,
23]. Several microbes have been described in the compo-
sition of CRS biofilms including Staphylococcus aureus,
Haemophilus influenzae, Pseudomonas aeruginosa, and
fungus [24, 25]. S. aureus biofilms have been hypothesized
to facilitate the production of superantigen toxin, as
described previously, and may present with more severe
disease [26]. Biofilms in CRS patients are associated with
significantly elevated levels of Thl-associated inflammato-
ry mediators and neutrophils [27]. At the same time, it has
also been demonstrated that biofilms in CRS are associated
with decreased levels of the antimicrobial peptide lactofer-
rin, which may imply that a diminished innate immune
response predisposes to microbial colonization and biofilm
development [28].

Interpretation of the role of biofilms in CRS is
complicated by the fact that bacteria more commonly exist
in this organized form in nature, rather than as individual
planktonic organisms. Additionally, biofilms can be dem-
onstrated at the surface of healthy paranasal sinus mucosa,
suggesting that they may be a normal part of the regular
respiratory mucosal blanket [29]. In the absence of direct
evidence that biofilms can initiate inflammation in CRS,
their existence may be best viewed as a secondary effect of
chronic mucosal immune and mucociliary dysfunction. It is
likely that colonizing bacteria and fungi within a chroni-
cally static mucus blanket will develop naturally into
biofilms. To what extent biofilms, once they occur,
exacerbate preexisting inflammation and/or confer disease
resistance to medical and surgical therapy is under active
investigation. To date, no direct evidence exists that
eradication of biofilms reverses inflammation in CRS.

Fungus

The role of fungus in CRS has been vigorously debated for
the past decade. Like bacteria, fungi are transiently present
in the nose under normal conditions and can be isolated
from both CRS patients and normal subjects [30, 31]. A
hypothesis has been strongly advanced that all cases of
CRS are caused by abnormal host responses to common
airborne fungi. The proposed mechanism is a non-IgE-
mediated induction of T-cell responses via fungal antigens
and a direct activation of eosinophils at the mucosal
surface, with resulting collateral mucosal damage. The
primary evidence involves hyperreactivity of peripheral
blood mononuclear cells from CRS patients to high levels
of fungal antigen, as well as in vitro studies of eosinophil
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degranulation in response to fungi [32]. After an initial
period of widespread interest, the fungal hypothesis has
largely been discarded as the primary cause of CRS,
because of a lack of reproducibility of scientific results
and the failure of systemic and topical antifungal agents to
modify the disease process in double-blind, placebo-
controlled trials [33, 34]. Like bacterial colonization and
biofilm formation, the increased burden of fungus at the
mucosal surface in CRS likely reflects decreased innate
immune function and impaired mucociliary clearance. In
this sense, fungus may act as a disease modifier in a subset
of patients with preexisting sinonasal inflammation in
whom colonization elicits an excessive host response.

Viruses, Cigarette Smoke, and Environmental Irritants

Inflammation in patients with CRS may be exacerbated by
environmental factors that cause mucosal irritation or
stimulate local immune responses. Although viral infections
are often implicated as triggers of CRS flares, few studies
have examined whether viruses contribute to the pathogen-
esis of mucosal inflammation. In mice, sinonasal inflam-
mation and hyperresponsiveness, associated with
significantly elevated levels of tissue T-suppressor and T-
regulatory cells, persist for over a month after infection
with Sendai virus [35]. In vitro studies with human
sinonasal epithelial cells demonstrate that viral infection
or exposure to a synthetic viral analogue, poly(I:C), causes
increases in expression of innate immune effectors, includ-
ing [3-defensin [36] and matrix metalloproteinase (MMP)
[37]. There is no direct evidence that viral infection can
initiate CRS, but it is possible that abnormal host immune
responses to upper respiratory viruses may play a role in
some individuals. As with fungus, host defense mecha-
nisms against virus involving expression of proteolytic
enzymes may damage the epithelium and contribute to
chronic mucosal inflammation [38].

In addition to infectious agents, nasal inflammation is
frequently precipitated by exposure to various inhaled
particulates, such as those found in cigarette smoke. In a
case-control study of adults exposed to second-hand
smoke, an increased risk for development of CRS was
demonstrated [39], and it is broadly speculated that a
predisposition to inflammatory reactions to cigarette
smoke and other irritants may increase susceptibility to
CRS. In addition to its cytotoxic effects, cigarette smoke
also impacts the innate immune function of sinonasal
epithelial cells. The combination of cigarette smoke with
poly(I:C) causes exaggerated expression of the chemotac-
tic cytokine regulated on activation normal T-cell
expressed and secreted (RANTES) and the antimicrobial
peptide human -defensin 2 in CRS patients compared to
controls, suggesting that cigarette smoke can augment
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virus-induced inflammation and exacerbate eosinophilic
infiltration [40]. There is evidence in mice that smoke
extract may damage the epithelium via complement
activation, which is ameliorated in mice deficient in
complement components C3 and factor B [41].

Inflammation Caused by Intrinsic Host Factors

The vast majority of CRS is idiopathic in origin, with only
a minority of cases caused by identifiable genetic disorders
(eg, cystic fibrosis, ciliary dyskinesia) or systemic inflam-
matory processes (eg, sarcoidosis, Wegener’s granuloma-
tosis) [15, 42, 43]. Ultimately, regardless of the cause, the
defining characteristic of CRS is inflammation of the
sinonasal mucosa with obstruction of sinus outflow. Current
medical and surgical therapies that target inflammation and
infection are effective for the majority of CRS patients, but
for those in whom all treatments are ineffective or the
response is not durable, various mechanisms have been
invoked to explain persistent inflammation. The high
incidence of radiographic and pathologic evidence of
osteitis in CRS (53%) has been cited as supporting
evidence that bony inflammation plays a role [44].
Increasingly, CRS may develop in the context of previous
surgery, where mucosal trauma and bony exposure can be
the impetus for poor healing and ongoing mucosal
dysfunction. CRSwNP patients undergoing revision surgery
have a significantly higher incidence of osteitis than in
patients undergoing primary surgery [45], which may either
imply a relationship between osteitis and disease severity,
or alternatively may reflect the fact that surgery itself
increases the incidence of osteitis.

In the final analysis, inflammation in CRS appears to arise
from abnormalities of normal mucosal immune function that
disrupt maintenance of homeostasis. Although several inter-
esting observations have been made that shed light on potential
inflammatory mechanisms and suggest different host-centered
hypotheses of CRS pathogenesis, it must again be recognized
that characterization of the active disease state does not
necessarily imply causality. Just as with putative infectious
triggers, many host derangements identified in a chronic state
of sinonasal mucosal disequilibrium may reflect downstream
effects of inflammation, rather than the basis of the disease.

Allergy and CRS

The eosinophilic inflammatory infiltrate seen in both allergy
and CRSwNP has led to speculation that allergy plays a role in
CRS pathogenesis [46]. Although clinical experience sug-
gests that allergic inflammation exacerbates CRS and
diminishes the response to therapy, epidemiologic and
outcomes data are mixed on this topic. The prevalence of
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allergy in patients with CRSwWNP has variably been reported
to be higher or lower than the general population [2, 47, 48],
and the presence of allergy has not consistently been shown
to affect the extent of radiographic disease, symptom
severity, or the need for surgery [49]. The prevalence of
polyps among patients with allergic rhinitis is also estimated
to approximate the 0.5% to 4.5% seen in the general
population. In contrast, the prevalence of food allergies
may be significantly higher in patients with CRSWNP (up to
81%) as compared to controls (34%) [50, 51]. Even if type I
hypersensitivity cannot be clearly identified as a causative
factor in CRSwWNP, it is clear that local IgE, mast cell, and
eosinophil numbers are prominent features of polyps,
suggesting that similar mechanisms may underlie both
diseases. In one subset of CRSwNP, allergic fungal sinusitis,
allergy is a believed to be the main driver of inflammation.

Innate and Adaptive Mucosal Immunity

At the interface between the host and the environment, the
sinonasal mucosa functions critically to provide protection

against infection. Until recently, the epithelium was viewed
as a passive mechanical barrier, but research has since
revealed it to be a remarkably active participant in airway
immunity [13]. Innate and adaptive immune components
act cooperatively to identify and eliminate infectious threats
from the sinonasal tract (Fig. 2). Innate mechanisms do not
require prior exposure to antigens, nor do they rely on
combinatorial rearrangement of receptors. Evolutionary
ancient and genetically fixed innate pathways provide
multiple first lines of defense, which may be constitutively
active or inducible. The primary innate defense of the
sinonasal tract is the mucus blanket, which serves to entrap
and remove foreign materials. Secreted antimicrobials such
as lysozyme, lactoferrin, 3-defensins, cathelicidins, and
surfactant proteins inhibit microbial growth in the mucus,
and may be up-regulated in response to activation of pattern
recognition receptors by bacterial, fungal, or viral proteins.
In recent years, there has been an increased focus on the
potential role of the sinonasal innate immune system in
CRS pathogenesis. In theory, defects in the innate immune
system may predispose to infection and increased antigenic
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Fig. 2 Innate immunity of the sinonasal tract. The primary mecha-
nism of sinonasal innate immune defense is orderly mucociliary
clearance. The mucus blanket, which contains many secreted
antimicrobials and opsonins, is continuously propelled to the
nasopharynx, providing constitutive, nonspecific protection of the
sinonasal mucosal surface. In addition, sinonasal epithelial cells
actively participate in innate immunity, using pattern-recognition
receptors to detect luminal pathogens and responding directly with
selective expression of targeted antimicrobial effectors. At the same
time, epithelial cells signal to adaptive immune cells through
cytokines and costimulatory molecules to coordinate a vigorous
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defense of the mucosal surface. Emerging evidence suggests that
predominance of certain T-helper populations (Th1, Th2, and Th17) in
the mucosa, as well as the presence of T-regulatory cells (Tregs) may
play a role in chronic rhinosinusitis pathogenesis. Epithelial cells
guide the recruitment of adaptive immune cells by producing signaling
molecules that interact locally with resident dendritic cells and T cells.
Cytokines produced by specific T-cell subclasses modulate the innate
immune responses of epithelial cells by influencing the pattern of
antimicrobial gene expression. Chronic sinonasal inflammatory
disease may result from the loss of mucosal homeostasis due to
dysregulation of these innate immune pathways. (From Lane [3].)
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exposure or may stimulate inflammation directly via interac-
tion with adaptive immune cells. Once inflammation is
present, failure of innate mechanisms to promote resolution
and repair may also contribute to disease persistence.

Mucociliary Dysfunction

The paranasal sinuses are lined by ciliated columnar epithe-
lium and protected by a continuously flowing mucus blanket
composed of a complex network of immunoglobulins,
carbohydrates, enzymes, glycoproteins, electrolytes, and
water. Impairments in mucociliary clearance contribute to
mucus stasis, infection, and inflammation. In systemic
diseases such as primary ciliary dyskinesia (dysfunction of
ciliary movement) or cystic fibrosis (dysfunction of mucus
secretion), CRS is common [52, 53]. Cytokines and other
inflammatory mediators present in CRS (eg, IL-8 and IL-13)
may impact ciliary function [54]. Respiratory pathogens and
particulates also have been shown to impair ciliary function
and may contribute to pathologic inflammation [55, 56].

Glycoproteins are important components of mucus that
are responsible for determining viscosity and whose
expression is altered in CRS. The genes MUC5AC and
MUCSB are up-regulated in both CRSWNP and CRSsNP,
contributing to secretory cell hyperplasia and metaplasia
[57]. Significantly increased concentration of the glycopro-
tein galactose 3 1,3 GalNAc are described in CRS
sinonasal mucosa, perhaps contributing to the high viscos-
ity of mucus and acting as potential innate receptors for
pathogenic bacteria [58].

Adaptive Immunity

Chronic sinonasal inflammation is associated with lympho-
cytic infiltration and prominent expression of inflammatory
cytokines [1]. Although it is recognized that CRSwNP and
CRSsNP have distinct mediator profiles and cellular
phenotypes, the mechanism underlying polarization into
T-helper cell subtype responses is unknown. Naive T cells
differentiate into memory and effector cells upon interac-
tion with antigen presenting cells in the context of specific
co-stimulatory signals provided by cytokines and ligand-
receptor interactions. Thl cells characteristically secrete
interferon-y (IFN-y) and tumor necrosis factor-o« (TNF-x),
which potently activate macrophages and cytotoxic T cells,
and promote B-cell antibody production. Th2 cells secrete
IL-4, IL-5, IL-9, and IL-13, which promote eosinophil
survival and activation, as well as production of IgE.
Investigation of cytokine expression in CRS has revealed
both Thl and Th2 cytokines, reflecting crosstalk between
the two inflammatory responses.

However, it is overly simplistic to view these disease
subtypes only in terms of Th1 versus Th2, because there is
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growing evidence that regulatory T cells (Treg) and Th17
cells are important in controlling and directing mucosal
immune responses. Because Tregs can suppress Th2-driven
inflammation, impairment of Tregs is hypothesized to
contribute to CRSWNP pathogenesis. Decreased expression
of forkhead box protein 3 (Foxp3) in nasal polyp tissue has
been identified in CRSWNP in comparison to CRSsNP,
suggesting a local Treg deficiency or dysfunction [59ee].
IgE-mediated mast cell degranulation has also been
implicated as a factor reducing the expression of Treg
cytokines [60]. Thl7 cells—an additional subset of T-
helper cells distinct from Thl and Th2 cells—have only
recently been described, and their role in chronic inflam-
mation remains to be defined. IL-17 and other Thl7
mediators produced by Th17 cells may mediate interactions
between innate and adaptive pathways in the epithelium,
although elevations of IL-17 in CRSwNP have not been
identified. To the contrary, nasal polyps have been
associated with diminished signal transducer activator
transcription factor 3 (STAT3) and IL-6 activity, which
has been speculated to contribute to a possible Thl7
deficiency [61].

In addition to T and B cells, dendritic cells are
important components of the adaptive immune system
within the sinonasal mucosa. Sinonasal mucosal dendritic
cells likely play a critical role in local T- and B-cell
differentiation. B-cell proliferation and antigen-specific
IgE are increased in polyps, and up-regulation of B-cell
activators and proliferation factors are described in
patients with CRSwWNP in comparison to those with
CRSsNP and controls [62]. Increased proliferation and
maturation of B cells promotes immunoglobulin isotype
switch recombination, potentially exacerbating eosinophilic
inflammation in CRSwNP. A relative deficit of myeloid
dendritic cell subsets in CRSwWNP has been thought to favor
priming of T cells to a Th2 phenotype contributing to
persistent inflammation [63¢]. The epithelium communi-
cates with dendritic cells via thymic stromal lymphopoetin
and other inflammatory cytokines and signaling molecules.

Sinonasal Epithelial Cell Innate Immune Function

Deficiencies in the antimicrobial activity of the sinonasal
mucosa can create a permissive environment for microbial
colonization. Pattern recognition receptors (PRRs), includ-
ing Toll-like receptors (TLRs) allow sinonasal epithelial
cells (SNEC) to detect and initiate responses against
pathogens present in the airway lumen. Messenger RNA
(mRNA) for all 10 TLRs have been identified in SNECs,
and their function has been demonstrated by induced
production of innate immune effectors such as human (-
defensin 2, serum amyloid A, and surfactant proteins A and
D [64]. The activity of SNEC TLRs is abnormally
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diminished in recalcitrant CRSwWNP [65-67]. In addition,
expression of the antimicrobial protein, lactoferrin, is
decreased at the mRNA and protein level in the nasal
mucosa of CRS patients [28e, 68]. Although decreased
antimicrobials may contribute to colonization, abnormal
innate immune responses of SNEC may also promote
inflammation through stimulation of adaptive immune
elements and effector leukocytes.

Interaction of Innate and Adaptive Immunity within
the Epithelium

SNEC elaborate a wide range of mediators that interact
with lymphocytes and antigen presenting cells. Although
mediators induced by TLR activation tend to favor Thl
(neutrophilic) inflammation, the pathogen-associated mole-
cule chitin, acting through an undefined PRR, induces
expression of acidic mammalian chitinase and eotaxin-3,
which directly promote and modify eosinophilic Th2
inflammation. Chitins are commonly found in insects,
fungi, and parasitic nematodes, and chitinases produced
by mammals are thought to act as innate immune effectors
to target these potential pathogens. In addition, SNEC
derived from recalcitrant CRSwNP patients display in-
creased baseline expression of the pro-Th2 cytokine IL-33,
which can be further increased by prolonged exposure to
the TLR9 agonist CpG [69¢]. CpG molecules composed of
single-stranded DNA possess motifs found in the microbial
genome and are capable of stimulating proinflammatory
immune responses. The complement system provides
another link between the innate and adaptive immune
systems, regulating lymphocyte function. Increased com-
plement factor B, C3, and C5 is reported in patients with
CRS and allergic fungal rhinosinusitis compared to controls
[70], suggesting that complement pathway activation may
modify or exacerbate Th2-mediated inflammation.

Communication between SNEC and the adaptive immune
system is bidirectional, and cytokines elaborated by infiltrat-
ing inflammatory cells can modulate the immune function of
the epithelium. In vitro, the expression of multiple antimicro-
bial innate immune markers can be down-regulated by IL-4 or
IL-13 in SNEC derived from patients with CRSWNP [71e¢].
At the same time, Th2 cytokines greatly stimulate expression
of pro-eosinophilic mediators by SNEC. The normal balance
of innate inflammatory signals in the healthy sinonasal tract
seems to be neutrophilic and Thl-biased, implying that
mechanisms that promote eosinophilic inflammation are
normally tightly regulated or suppressed. Imbalance of this
counter-regulation in the epithelium may be responsible for
Th2-biased inflammation. Microarray studies have revealed
increased levels of the receptor c-met, whose ligand,
hepatocyte growth factor, can antagonize the effects of Th2
cytokines on SNEC in vitro [72].

Barrier Hypothesis

The broad concept of epithelial barrier dysfunction has also
been invoked as an underlying cause of mucosal inflam-
mation in CRS. It is theorized that defects in the immune
barrier in CRS patients increases susceptibility to microbial
colonization, with consequent sensitization of the immune
system [73]. This hypothesis is derivative of similar
mechanisms proposed with respect to the lower airway,
intestine, and skin. The evidence for barrier dysfunction in
CRS relates to decreased expression of S100 proteins,
which play a role in epithelial defense and repair, as well as
the serine protease inhibitor SPINKS in CRS tissue [74].
The observation that multiple epithelial innate immune and
barrier proteins are diminished in ongoing CRS again must
be interpreted in light of the state of inflammation and
disequilibrium. Although epithelial dysfunction is clearly a
feature of active CRSwNP and CRSsNP, evidence is
lacking that barrier defects are a cause rather than an effect.
Because CRS varies in severity over time and anatomic
location within an individual patient, it remains to be
demonstrated whether barrier or innate immune dysfunction
exists beyond areas of ongoing chronic inflammation.
Grossly, mucosal edema and mucociliary function often
improve clinically with anti-inflammatory corticosteroid
therapy. Although the beneficial effects of corticosteroids
in CRS have traditionally been thought to derive from
immunosuppression, it is notable that steroids also enhance
epithelial cell innate immunity and repair [75]. Future
prospective studies in humans and the use of genetically
modified animal models will be necessary to clarify the role
of the epithelium as a causative factor in chronic sinonasal
inflammatory disease.

Asthma and CRS

Associated comorbidities of CRS may shed light on
shared pathogenetic mechanisms. Up to 50% of CRS
patients have asthma, the presence of which is predic-
tive of radiographic disease and the presence of nasal
polyps [76]. It is estimated that 1% of the general
population and 10% of people with asthma have Samter’s
triad, characterized by aspirin sensitivity, asthma, and
nasal polyposis [77]. CRSwNP patients with Samter’s
triad have particularly high rates of symptom and polyp
recurrence, but benefit from desensitization therapy [78,
79]. Long-term treatment with aspirin leads to suppres-
sion of IL-4 and down-regulation of MMP-9 [80°]. In
microarray expression analysis, polyps in patients with
Samter’s triad are associated with up-regulation of
periostin, c-met, and protein phosphatase 1 regulatory
subunit 9B, and down-regulation of prolactin-induced
protein and zinc x2-glycoprotein [81].
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Genetic Contribution to CRS

Genetic predisposition is frequently cited as a contributing
factor in CRS pathogenesis, although direct evidence is
lacking. CRS appears to occur sporadically, and, with the
exception of certain systemic diseases with sinonasal
manifestations, patterns of heritability are not described.
Nevertheless, attempts to define the role of genetics have
used genotyping and analysis of polymorphisms. Single-
nucleotide polymorphisms (SNPs) in the TNF-o [82] and
MMP-9 [83] genes have been associated with increased
susceptibility to CRSwWNP, whereas polymorphisms in IL-
13 [84], IL-33 [85], and IL-1A [86] genes have also been
described in relation to CRS populations. One genome-
wide screen for CRS susceptibility identified a locus on
7q31.1-7q32.1, with the largest linkage signal near the
CFTR gene [87], which is intriguing because of the known
increased proportion of CFTR mutations in CRS patients
compared to controls [52]. Alterations in the 6p22, 22ql3,
and 1q23 chromosomal regions have been demonstrated in
both CRS and aspirin-sensitive asthma phenotypes [81].
Genome-wide surveys are potentially powerful screening
methods for detecting gene transcription changes in CRS
that have produced interesting but heterogeneous results,
likely reflecting differences in study populations. The
challenge remains to obtain and interpret meaningful
information from large volumes of data derived from small
sample sizes.

Conclusions

CRS is a commonly diagnosed health condition with a
significant impact on quality of life, but the highly
heterogenous nature of the disease confounds identification
of an underlying cause. Numerous potential etiologic and
disease-modifying factors have been proposed in CRS,
leading to a belief that the chronic inflammation must be
multifactorial. Certainly, a complex interplay normally
exists between the host and the environment at the
boundary surfaces of the sinonasal tract, and homeostasis
requires a properly functioning mucosal immune system.
Episodic inflammatory responses must be precisely regu-
lated and terminated to control infectious threats without
damaging the host. In CRS, when inflammation is
perpetually unresolved, homeostatic balance cannot be
restored, resulting in a state of immune disequilibrium.
Study of chronically inflamed CRS tissue reveals numerous
cellular and molecular derangements of host defense and
repair mechanisms, which in turn are associated with
alterations in microbial flora. Abnormalities in the adaptive
immune response likely contribute importantly to the
chronicity of the disease process. At the current time, the

@ Springer

initial drivers of inflammation in CRS remain unclear, but
the local features of the chronically inflamed epithelium are
becoming better characterized. Although CRS is currently
perceived as multifactorial in origin, a more complete
understanding of the pathophysiology of active CRS will
allow differentiation among disease initiators, disease
modifiers, and unrelated epiphenomena. Ultimately, identi-
fication of the etiologic factors responsible for initiating
inflammation in CRS may be less important than elucida-
tion of deficient pathways responsible for its down-
regulation and resolution.
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