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Abstract

Chronic rhinosinusitis (CRS) is a broad clinical syndrome that is characterized by prolonged
mucosal inflammation of the nose and paranasal sinuses, and is typically divided into two
subtypes based on the presence or absence of nasal polyps. The etiology and pathogenesis of both
forms remain areas of active research. Over the last 15 years, a number of hypotheses have been
proposed to explain all or part of the clinical CRS spectrum. These hypotheses reflect the concept
that CRS results from a dysfunctional interplay between individual host characteristics and factors
exogenous to the host. Six broad theories on CRS etiology and pathogenesis are discussed as
follows: (1) the “fungal hypothesis,” (2) the “superantigen hypothesis,” (3) the “biofilm
hypothesis,” and (4) the “microbiome hypothesis,” all of which emphasize key environmental
factors, and (5) the “eicosanoid hypothesis” and (6) the “immune barrier hypothesis,” which
describe specific host factors. These theories are reviewed, and the evidence supporting them is
critically appraised.
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Introduction

Chronic rhinosinusitis (CRS) is a clinical syndrome defined by persistent symptomatic
inflammation of the mucosa of the nasal cavities and paranasal sinuses, with a prevalence
estimated to be approximately 10 % of the population in the Western world [1ee, 2, 3]. The
syndrome is defined by the subjective presence of at least two of the following symptoms for
a minimum of 12 weeks: nasal obstruction, nasal discharge, facial pain, or olfactory
dysfunction. Due to symptomatic overlap with other common conditions, objective
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confirmation of sinonasal mucosal inflammation is required using nasal endoscopy or
diagnostic imaging [1e¢]. This definition of CRS is purposely broad, encompassing a
spectrum of clinical variants, inflammatory profiles, histologic features, and associated co-
morbidities. While this definition intentionally avoids causation, a small fraction of CRS
cases occur in association with known genetic disorders [e.g., Kartagener's syndrome or
cystic fibrosis (CF)], autoimmune disorders (e.g., Wegener's granulomatosis), or
immunodeficiencies (e.g., human immunodeficiency virus infection). Cases of CRS that
occur in these settings are local manifestations of a systemic disease and will typically
exhibit a somewhat more specific histology and clinical course. The overwhelming majority
of CRS cases are idiopathic however, with classification systems commonly dividing the
disorder into two phenotypes based on nasal endoscopy: chronic rhinosinusitis without nasal
polyps (CRSsNP) and chronic rhinosinusitis with nasal polyps (CRSwNP). Although quite
simplistic, the separation remains useful in many clinical settings, since the vast majority of
nasal polyps in Western countries are eosinophilic and steroid responsive, which helps to
guide therapy [1ee].

Historically, CRSsNP was considered the result of an incompletely treated or unresolved
bacterial infection, while CRSWNP was regarded as a noninfectious disorder linked to atopy
[1ee]. Research over the last 20 to 30 years has indicated that the etiology and pathogenesis
for both forms are far more complex and overlapping [1ee, 4-7]. To be precise, the terms
etiology and pathogenesis are often used interchangeably, but etiology more commonly
refers to a primal cause, while pathogenesis describes the cellular or molecular pathways
leading from the etiology to the clinical phenotype. The development of a detailed
classification system for CRS based on molecular pathways or endotypes is a goal, but this
awaits a much more detailed understanding of the inflammatory disease processes and the
correlation of proposed endotypes with clinical course and response to therapy [8¢]. Strict
definition of endotypes at this juncture could limit, rather than enable, CRS research by
reducing the ability of investigators to recruit patient groups of ample size. At present for
CRS, several broad hypotheses have been proposed that emphasize one or more host or
environmental factors that have been associated with CRS etiology. While the relative
importance of each factor remains a matter of debate, there is an emerging consensus on two
points: (1) specific factors likely vary in importance in individual patients and (2) CRS is an
antegrade process in that the mucosal inflammation is most commonly triggered by
exogenous agents inhaled through the nose. Overall, this leads to the concept that CRS is
most inclusively described as a dysfunctional interaction that occurs at the site of interface
between the host and the environment—the sinonasal mucosa [1ee, 4-7].

Environmental factors implicated in CRS include allergens, toxins, and microbial agents,
while host factors center on defects of the immune system. Nasal allergens have been found
to induce pathophysiologic changes within the paranasal sinuses that are somewhat similar
in kind, if not degree, to the responses seen in CRS [9, 10]. However, inflammatory profiles
associated with atopy include skin test responsiveness and elevated immunoglobulin (Ig) E,
and this is not universal in CRS patients [11, 12]. In addition, the severity of CRS, as
measured by both clinical and radiographic parameters, has not been found to demonstrate
significant correlations with atopic status [13, 14]. Overall, most investigators do not view
allergic rhinitis as a causative factor in CRS but rather as a superimposed problem that
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contributes to a variable but relatively mild degree to the inflammation seen in CRS [1ee].
Environmental toxins are intriguing albeit largely theoretical causes of CRS, as evidence is
weak. Some data exist for tobacco smoke as an etio-logic factor, but it is not clear how this
could account for the type 2 cytokine profile seen in severe forms of CRS (see below) [1ee].
The most prominent environmental factors in CRS are believed to be microbial, including
both fungi and bacteria. Among host factors implicated in CRS are defects in the
mechanical, innate, and adaptive components of the immune system. Overall, six broad
hypotheses on CRS etiology and pathogenesis have thus far been proposed, each describing
a central role for one or more aspects of these factors: (1) the “fungal hypothesis,” (2) the
“superantigen hypothesis,” (3) the “biofilm hypothesis,” and (4) the “microbiome
hypothesis,” all of which emphasize key environmental factors, and (5) the “eicosanoid
hypothesis” and (6) the “immune barrier hypothesis,” which focus on host factors.

Fungal Hypothesis of CRS

Investigators from the Mayo Clinic were the first to hypothesize that all or nearly all cases of
CRS were driven by host responses to common airborne fungal elements [15, 16]. Using
specialized detection techniques, fungal microorganisms were identified in the sinonasal
cavities of essentially 100 % of both CRS and healthy control patients [17]. These novel
findings, later confirmed by other investigators, were combined with in vitro studies
demonstrating a hyperreactivity of peripheral blood mononuclear cells (PBMCs) to
Alternaria antigens [18]. This response was obtained in CRS patients but was absent in
controls and thus was proposed to reflect an immunologic sensitization to fungal antigens
independent of atopy. It was hypothesized to occur in both polypoid and non-polypoid CRS,
varying only in disease intensity [19]. Later studies demonstrated that nasal mucus from
patients with CRS triggered eosinophil migration [20] and that a 60-kDa component of
Alternaria elicited eosinophil degranulation via protease-activated receptors (PARS) [21]. In
summary, Alternaria and possibly other fungi were proposed to serve a dual role: first,
inhaled and processed fungal proteins were presented to sensitized T cells triggering a
cytokine response that activated and attracted eosinophils to the mucosal surface. Second,
these eosinophils then targeted the fungi as an aberrant host defense response, with
degranulation and collateral tissue damage mediating the symptoms of CRS. Activated
eosinophils, obtained from CRS patients, were shown on videos attacking fungi, providing
persuasive visual evidence to support this hypothesis.

Despite widespread initial interest in this theory involving Alternaria as a primary etiologic
agent in CRS, the fungal hypothesis as originally proposed has been largely abandoned for
multiple reasons. First, eosinophils are not generally considered important cell types in the
defense against fungi, and the videos of eosinophils attacking fungi were felt to reflect non-
specific eosinophil “activation” as opposed to any immunologic specificity for the fungi in
vivo. Secondly, two separate attempts to replicate the sensitization of PBMCs to fungal
antigens in CRS patients failed, indicating that the original findings were clearly not
universal [22, 23]. Third and most importantly, double-blind, placebo-controlled trials
involving antifungal agents failed to show any evidence of efficacy in modifying the disease
process of CRS [24, 25]. Follow-up studies on the mucus of CRS patients treated with
topical amphotericin also failed to show effects on any relevant CRS-related cytokine or
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chemokine [26]. While fungi are no longer viewed as primary etiologic agents for the
development of CRS, an increased burden of fungal colonization is still regarded as an
important disease modifier. Fungi contain intrinsic proteases that can induce cytokines via
activation of PAR receptors on numerous cell types, possibly driving T helper type (Th) 2
responses [25, 27-30]. Fungal extracts can inhibit JAK-STAT1 signaling in epithelium, an
effect that may inhibit Th1 and promote Th2 responses [31]. Fungi also likely play a key
role in classic allergic fungal sinusitis or AFS [32]. Lastly, fungal cell walls contain chitin,
which has been shown to induce a Th2 response in some human and animal models,
although any role in CRS remains unclear [33-35]. Currently, most investigators suspect that
fungi likely play a significant role in a subpopulation of CRS patients.

Bacteria-Based Hypotheses of CRS

In addition to fungi, bacteria also colonize the sinonasal tract of both healthy and CRS
patients, but the microbiome of this area of the body remains relatively poorly characterized,
with only a few studies thus far utilizing sensitive 16s molecular techniques [1ee, 36, 37¢].
Historical data, however, using mostly culture-based techniques, have long suggested the
importance of bacteria, most prominently Staphylococcus aureus, in CRS [38, 39]. In
addition to surface colonization, Staphylococcus is also capable of residing within the
epithelial cells and macrophages of CRS patients [40-42]. Under normal circumstances,
bacteria, including Staphylococcus, elicit a Th17 inflammatory host defense response, and
one of the most problematic issues confounding a bacterial hypothesis for CRS etiology is
therefore the difficulty in explaining the Th2 response seen in the tissues of the most
recalcitrant patients [1e¢]. Nevertheless, three bacterial-based hypotheses have been
proposed as follows: (1) the superantigen hypothesis, (2) the biofilm hypothesis, and (3) the
microbiome hypothesis.

Superantigen Hypothesis

The superantigen hypothesis proposes that superantigenic (SAGs) exotoxins produced by the
Staphylococcus bacteria amplify local eosinophilic responses via an array of mechanisms,
thereby fostering polyp formation [43, 44]. In support of this theory, studies from CRSWNP
have demonstrated the presence of S. aureus in a high percentage of polyp patients [45, 46].
Staphylococcal superantigens have also been detected in polyp homogenates, but not in
control or CRSsNP tissues [47]. These toxins act by triggering a massive and uncontrolled
immunologic response activating as many as 30 % of the T cell population in affected
individuals, compared to the 0.001 % that is activated in a normal antigen-specific immune
response [48]. They bind to the T cell receptor outside the antigen-binding groove, as well as
the human leukocyte antigen (HLA) class Il histocompatibility complex of antigen-
presenting cells. By this mechanism, superantigens bypass the normal steps of antigen
recognition and promote polyclonal T lymphocyte proliferation and massive cytokine
release, which in the case of typical nasal polyps, has a strong Th2 component. Many other
cell types are affected, including B cells, resulting in a local polyclonal IgE response in nasal
polyps [43, 47, 49-56].
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The T and B cell responses seen in polyp tissues are considered immunologic “footprints” of
SAG effects, contrasting with the lack of evidence for any Alfernaria-specific effects [1ee].
These footprints are demonstrated in only about half of the studied CRSwWNP cases,

however. Furthermore, significant portions of controls, CRSsNP patients, and CF patients
are colonized with Staphylococcus, but none of the tissues from these groups demonstrate
any SAG effects [7]. Consequently, it is not clear if SAGs are causative per se, but they may
only accentuate the inflammatory response already present in the tissues. In eosinophilic
polyps, a SAG effect would therefore greatly enhance the intensity of a Th2-skewed
response that had already been established, creating a more clinically severe phenotype. As a
consequence, Staphylococcus superantigens are generally seen as disease modifiers for the
development of nasal polyposis, rather than discrete etiologic agents.

Biofilm Hypothesis

Bacterial biofilms have been implicated as important features of the endogenous sinonasal
bacteria in both CRSsSNP and CRSwWNP with detection rates of 42—75 % in patients
undergoing sinus surgery [57-61]. Biofilms are highly organized, complex structures
composed of communities of bacteria encased within a protective extracellular matrix. This
external matrix, composed of polysaccharides, nucleic acids, and proteins, provides a
mechanism for bacteria to reduce their metabolic rates in conditions that are less than
optimal for growth, protecting them from both host defenses and conventional antibiotics.
Prior studies have shown that in the sinonasal cavities, bacterial biofilms contribute to a 10-
to 1000-fold decrease in the susceptibility to antibiotics when compared with that of free-
floating, planktonic bacteria of the same species. Bacteria within these biofilms, however,
retain the capacity to release planktonic bacteria and possibly exotoxins, which may be
responsible for stimulating the inflammatory responses in CRS. Multiple bacterial species,
including S. aureus, Pseudomonas aeruginosa, Streptoccoccus pneumonia, Haemophilus
influenza, and Moraxella catarrhalis, are known to produce biofilms, but S. aureus biofilms
are most commonly associated with recalcitrant CRS. Moreover, unlike other bacteria, S.
aureus has the theoretical capability through SAG release or possibly other means to
enhance the robust Th2 adaptive immune response seen in most cases of severe CRS [62].

A biofilm hypothesis for CRS etiology has not been fully articulated, and there is no direct
evidence to suggest that bacterial biofilms play a role in the initial establishment of CRS
[63]. Furthermore, it is likely that while the density and type may vary, biofilms are a
common bacterial property present in both healthy and diseased states. In theory, chance
elements could permit the establishment of pathogenic biofilms or more extensive biofilms
on the mucosal surface, whereupon these structures might aid in the perpetuation of the
prolonged sinonasal mucosal inflammation seen in resistant CRS. Absent superantigen,
however, biofilms have no accepted mechanism whereby they can facilitate or even enhance
the type 2 cytokine pattern exhibited in most severe forms of CRS. Consequently, based on
current data, any biofilm hypothesis would default to the superantigen hypothesis from the
standpoint of CRS pathogenesis [1e¢].
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Microbiome Hypothesis

The sinonasal microbiome has not been extensively studied using more sensitive culture-
independent 16s molecular techniques. The limited studies comparing normal controls and
CRS patients indicate similar overall bacterial burden but marked differences in relative
abundance and diversity [36, 46, 64, 65]. In other better-studied organ systems, most notably
the gastrointestinal tract and skin, evidence suggests that externally induced changes in the
microbiome may mediate chronic inflammation via the secondary proliferation of
pathogenic flora that would normally be suppressed by commensals [66]. These commensal
microrganisms act in part by secreting antimicrobial proteins and producing lipid byproducts
that help maintain homeostasis by depressing pathogen growth [67, 68¢]. This has been
interpreted to suggest that restoration of the microbiome via probiotics or inoculation with a
sample of healthy bacteria may be associated with resolution of inflammation [69]. A
preliminary study in CRS has suggested that antibiotics or perhaps virally induced changes
in the sinonasal microbiome would similarly permit the emergence of pathogenic organisms
mediating CRS [65]. This microbiome hypothesis of CRS will require a more extensive
study, but even if validated to some extent, it will likely need to invoke other elements to
account for the Th2 inflammation seen in CRS. It is also likely that the microbiome varies
within the anatomic sites of the nose and sinuses, precluding simple inoculation methods of
treatment [70¢]. Lastly, it should also be noted that probiotics and microbial transplants have
been successful primarily in pseudomembraneous enterocolitis, an antibiotic-induced
disorder with an underlying normal immune system, potentially very much unlike CRS.
These treatments have been far less effective in the management of inflammatory bowel
disease, a complex genetic and environmentally driven disorder more analogous to CRS [6,
71].

Host-Related Hypotheses of CRS

The mucosal immune system possesses the inherent capability to protect the host from
injury induced by environmental agents, and defects in this system could theoretically
account for the chronic inflammation characteristic of CRS. Under normal circumstances,
multiple integrated components act in a coordinated fashion to provide effective immune
defense against foreign material, including microbial agents, at the mucosal interface. First
in contact with the outside world is the physical or mechanical barrier, consisting of airway
mucus, the mucociliary escalator, and tight junctional complexes between epithelial cells, all
acting to limit stimulation of the immune system by foreign material. Backing up this
mechanical barrier is the innate immune system, which in part consists of endogenous
antimicrobials secreted either constitutively or inducibly by various host cell types into the
nasal mucus. Nevertheless, if the foreign pathogenic stimulus is sufficiently strong, an
adaptive immune response with highly specific T and B proliferation will be initiated. In
overview, the nature, strength, and duration of the immune response will be matched to the
exogenous stimulus. In CRS, the inflammatory response becomes chronic, suggesting
sustained stimulation of the immune system or an excessive, inappropriate response. Thus
far, two broad host-related hypotheses have been suggested: the eicosanoid hypothesis and
the immune barrier hypothesis.
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Eicosanoid Hypothesis

Eicosanoids are signaling molecules secreted by a wide variety of cell types with
immunologic and inflammatory properties generated by metabolism of arachidonic acid.
Defects in the eicosanoid pathway, which have long been closely associated with aspirin
intolerance, have more recently been implicated as a contributing cause to CRSWNP in
general [7, 72]. Increased synthesis of pro-inflammatory leukotrienes and decreased
synthesis of anti-inflammatory prostaglandins have been identified in both aspirin-tolerant
and aspirin-sensitive polyps, suggesting a broader role in chronic Th2 sinonasal disease. In
addition, some data suggests that eicosanoids may modulate the effects of Staphylococcal
superantigens as well [73, 74]. While intriguing, the amount of evidence is still relatively
scant; hence, the eicosanoid hypothesis has been implied, rather than more formally
articulated. Furthermore, the relatively modest clinical efficacy of leukotriene inhibitors in
the management of nasal polyposis has dampened widespread interest in this pathway as a
major factor in the development of CRS.

Immune Barrier Hypothesis

The immune barrier hypothesis proposes that defects in the physical barrier and the innate
immune response predispose to the development of CRS when challenged by relatively
common microbial agents [5, 6]. This emphasis on events at the mucosal interface stands in
contrast to most prior work, which emphasized downstream cellular infiltration and most
importantly, a Th2-skewed adaptive response. Upstream, the physical barrier consists of
airway mucus that traps foreign matter and intercellular tight junctions between respiratory
epithelial cells, forming a semi-permeable barrier limiting access across the mucosa. The
first evidence for upstream defects leading to CRS came from CF patients, who have an
established abnormal mucociliary flow and a very high incidence of CRS, both with and
without nasal polyps [75]. Even carriers of the CF mutation without the clinical disease have
a significantly higher prevalence of CRSsNP, emphasizing the importance of mucocilairy
flow to nasal and sinus homeostasis [76]. Later studies indicated that defective mucociliary
clearance was present more broadly in CRS, increasing transit time and, secondarily,
exposure to foreign material [77, 78]. Subsequent studies have suggested a weakened
mechanical barrier as well, with diminished tight junctional proteins and increased
susceptibility to exogenous protease degradation [79-81]. Functional studies demonstrated
that the barrier was porous in CRSWNP, permitting increased access of foreign material
across the epithelium [82, 83]. Recently, elevated levels of Oncostatin M, which is a
cytokine that can cause the disassembly of tight junctions, have been reported in affected
tissues, and may be hypothesized to play a role in barrier defects in CRS [84]. Overall, these
data suggest that mucociliary dysfunction is present in both forms of CRS, but a porous
barrier is more closely linked to CRSWNP.

The innate immune system functions as the next level of defense after the mechanical
barrier. One prominent component consists of innate antimicrobials that are secreted by
epithelial cells, glands, and innate effector cells. A partial list includes the following:
defensins, lysozyme, S100s, cathelicidins, lactoferrin, pentraxin-3, complement, PLUNC,
and the collectins [1ee]. The distribution of these proteins varies at distinct anatomic
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subsites, and there is considerable regional variation in expression within the nose and
sinuses [85]. Presumably, this regional variation in host defense molecules is a reflection of
regional differences in the nasal microbiome or vice versa [70¢]. Tonic levels of
antimicrobial proteins are secreted at the basal state, increasing upon the stimulation of
pattern recognition receptors (PRRs) present on most cell types, including epithelial cells. In
CRS, the expression of some antimicrobials is increased, and this is presumably the
appropriate response to exogenous stimulation. Others, including lactoferrin, PLUNC,
S100s, and possibly more, are decreased in CRS [86-89]. Lactoferrin and the S100s are
decreased in both forms of CRS, while PLUNC is decreased only in nasal polyposis.
PLUNC may be particularly relevant to CRS, since it has anti-biofilm properties and is
secreted in high levels at the uncinate process. The S100 family is important for
differentiation, wound healing, and barrier re-constitution, in addition to its antimicrobial
effects. Overall, the presence of these presumed immune defects in CRS supports the
hypothesis that primary abnormalities in host defense molecules contribute to an abnormal
microbiome, increased pathogen access, and the inducement of a sustained compensatory
adaptive response.

PRR signaling, including the Toll receptor family, is important in the secretion of the
aforementioned innate antimicrobials for host defense. A decreased number or perhaps
diminished function of some PRRs may account for the data observed in CRS patients. For
the most part, results are inconsistent in regard to changes in PRR expression or signaling in
CRS patients (for review, see Fokkens et al. [1+¢]). Recent data, however, has indicated that
bitter taste receptors (T2R), which are present in the nose and normally not associated with
host defense, may be defective in some subtypes of CRSsNP patients [90]. Physiologically,
these receptors respond to bacterial products inducing increased ciliary beat frequency and
the release of nitric oxide (NO), defensins, and possibly other innate antimicrobials.
Variations in the T2R genes have been associated with diminished signaling properties,
which may predispose to CRSsSNP. Another potentially relevant pathway involves the
cytokine IL-22, the IL-22r, and the transcription factor STAT3, which are important in the
broad regulation of mucosal immunity, including host defense and post-injury regeneration
[91-94]. In CRS, diminished IL-22r has been demonstrated in CRSwWNP [95] and
diminished STAT3 activity is present in both forms of CRS when compared to controls [96].
Although suggestive, further studies will be necessary to validate the clinical significance of
these observations.

The immune barrier hypothesis proposes that mechanical and innate immune barrier defects
are broadly present in CRS, including CRSWNP and CRSsNP, resulting in an abnormal
microbiome, increased exposure to foreign material, and excessive compensatory innate
cellular and adaptive immune responses. This hypothesis, however, does not account for the
variation in the type of adaptive inflammation seen in the various phenotypes of CRS. As
discussed above, CRS is currently divided into two groups based on the presence or absence
of nasal polyps but more comprehensive classification systems have been considered based
on cellular infiltrates, cytokine expression, or tissue remodeling patterns. Polyps in
Caucasians are most commonly characterized by high levels of tissue eosinophils,
neutrophils, mast cells, and B cells; a type 2 biased cytokine profile; and a remodeling
pattern consisting of decreased collagen, increased fibrin, and increased tissue edema. In
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contrast, CRSWNP in Asian populations exhibits a more variable pattern of tissue infiltration
and cytokine expression, with more neutrophils and fewer eosinophils, but demonstrates a
somewhat similar remodeling pattern. Likewise, CF polyps exhibit neutrophilic infiltration
with a Th17 cytokine bias. CRSsNP variants in Caucasian and Asian populations are less
well characterized, but both typically demonstrate increased collagen (for review, see
Fokken et al. [1]). As a result, attempts have been made to classify CRS based on differences
in the adaptive response, such as the pattern of T helper cells within the tissue [97¢]. In
regard to the immune barrier hypothesis, these collective observations suggest that besides
deficits in the mechanical barrier or innate antimicrobials, additional variations in the host
immune response are likely necessary to explain the full range of the CRS syndrome. In
short, while a defective immune barrier may predispose to the development of CRS,
additional defects likely exist in the communication with innate effector responses or the
transition to the adaptive response. Variations in this second component may therefore
grossly account for the separation of CRSsNP and CRSwNP, as well as the other patterns
described above.

Nasal polyps in Caucasians are by far the most thoroughly studied form of CRS, 80 % of
which display the cellular infiltration and cytokine patterns described above. The molecular
mechanism driving this process is not completely clear, but the epithelial cytokines TSLP
and IL-33 have been implicated [98ee, 99]. These cytokines have the capacity to directly
activate innate lymphocyte populations (ILC2s), which then release substantial amounts of
type 2 cytokines, including IL-5 and I1L-13 [100¢]. In addition, IL-33 and TSLP directly bind
dendritic cells, helping to skew the adaptive response in a Th2 direction [101, 102]. Nasal
polyps also exhibit extensive B cell infiltrates with local IgA, IgE, and 1gG production,
while some CRS patients, furthermore, express autoreactive antibodies through the
regulation of the protein BAFF [103-105]. The presence of these antibodies in proximity to
innate effector cells that possess Fc receptors may lead to degranulation and the observed
tissue damage and remodeling changes seen in nasal polyposis [106, 107¢]. Evidence for
specific cytokines or signaling pathways that may address the other phenotypes of CRS is
thus far relatively scant.

The immune barrier hypothesis is the broadest and most inclusive hypothesis for CRS
etiology and pathogenesis thus far proposed, as it can account for, rather than conflict with,
the most prominent data supporting the other theories [see Fig. 1]. It remains unclear
whether any barrier defects are due to primary genetic variation in the host, epigenetic
changes induced by environmental insults, or both. It should be kept in mind, however, that
epidemiological studies indicate, for the most part, that CRS patients exhibit chronic
inflammation in the nose, sinuses, and often the lower respiratory tract [108, 109]. This
makes it more likely that the host genes mediating CRS pathogenesis will primarily be those
that govern the immunobiology of the respiratory mucosa, as opposed to the systemic
immune response.

Conclusions

The etiology and pathogenesis of CRS remain an active area of research. Fungi and bacteria
have been implicated as important environmental factors contributing to chronic mucosal
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inflammation and have thus formed the basis of the fungal hypothesis, the superantigen
hypothesis, the biofilm hypothesis, and the microbiome hypothesis. Increasing evidence,
however, shows that these exogenous agents are unable to explain the full gamut of clinical
variants, inflammatory profiles, and histologic patterns of CRS. Fungi and bacteria are thus
generally viewed as disease modifiers of CRS, which accentuate, rather than cause, a
dysfunctional immune response in CRS hosts. The eicosanoid hypothesis and the immune
barrier hypothesis, in contrast, highlight the contribution of host variables in CRS
pathogenesis. The immune barrier hypothesis specifically emphasizes the likely role of
genetics and epigenetics in the development of functional deficits at the level of the
sinonasal epithelium. These defects ultimately result in a dysfunctional inflammatory
response when triggered by external stimuli, with some supporting data provided by the
environmentally based hypotheses. In summary, while there is strong evidence supporting an
important role for both host and environmental factors in CRS pathophysiology, we have a
very incomplete understanding of the molecular pathways that lead to the tissue
manifestations and clinical symptomatology that define CRS. Much work is thus necessary
at the clinical level to define distinct phenotypes of disease beyond with and without polyps
and then to link those phenotypes with molecular pathways of disease.
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Fig. 1.
The “immune barrier hypothesis” posits that the chronic inflammation associated with CRS

is linked to a defective mechanical and innate immune barrier. This deficit leads to a
compensatory innate effector cell recruitment and activation, coupled with a robust adaptive
immune response. The nature of this compensatory response likely varies among CRS
phenotypes. Describes the proposed pathway for a typical case of Caucasian nasal polyposis.
Reduced host defense molecules (1) lead to an abnormal microbiome (2), likely in biofilm
format. Impaired mucociliary flow and a porous mechanical barrier lead to increased access
of PAMPS stimulating a compensatory response (3). In Caucasian polypoid CRS, the
cytokines BAFF and TSLP have been implicated in the observed innate and adaptive
response. TSLP acts on type 2 innate lymphocytes (ILC2s) to release the type 2 cytokines
IL-5 and IL-13. TSLP also acts on dendritic cells, fostering Th2 lymphocyte differentiation
with an amplified type 2 cytokine response. Superantigens, if present, will accentuate the T
cell response expressed in the tissue; in this case, the response is skewed to Th2. BAFF
drives a strong local B cell immunoglobulin response, including autoreactive antibodies in
severe cases (4). Collectively, this results in the recruitment and activation of innate effector
cells that possess Fc receptors for the locally produced immunoglobulins. In the presence of
large amounts of antigen that penetrate the weakened barrier, this should lead to widespread
effector cell degranulation and tissue damage
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