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Functional Defense Mechanisms
of the Nasal Respiratory

Epithelium
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Core Messages

e Sinonasal epithelium provides both a physical
and immunologic barrier to infection.

e Intracellular junctions, mucus composition,
and mucociliary clearance compose the
mechanical barrier to pathogen invasion.

e Innate and adaptive immune responses form
the immunologic barrier.

* Innate immunity provides the first-line defense
to pathogens that circumvent the physical
mucosal barrier by recognizing conserved
pathogen-associated markers and activating a
nonspecific inflammatory response.

e Adaptive immunity confers memory to par-
ticular pathogens, providing a faster response
to repeated infections.

e Sufficient stimulation of the innate immune
system results in activation of and directs the
type of subsequent adaptive immune response.

* Fungus and staphylococcal superantigens
appear to be disease modifiers in chronic rhi-
nosinusitis rather than the direct cause.
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e Dysregulation in the adaptive immune
response is the key factor in the pathogenesis
of chronic rhinosinusitis.

e Understanding of host-specific sinonasal
immune defenses will influence future thera-
pies for CRS.

4.1 Overview

The sinonasal epithelium is an important biologi-
cal point of interface with the external environ-
ment, clearing foreign materials without significant
collateral tissue inflammation. Multiple compo-
nents carry out this task, and while they are typi-
cally considered separately, they are functionally
integrated. The first component is mucus produced
by nasal glands and the epithelial goblet cells
which trap particulate matter to be swept into the
nasopharynx via mucociliary flow. The mucus also
contains tonic levels of host defense molecules
with antimicrobial properties, limiting microbial
survival and proliferation. The next anatomic bar-
rier is the epithelial layer with cells bound together
via junctional complexes. Breaching these
mechanical barriers brings exogenous agents in
contact with receptors that activate the innate
response. Secretion of host defense molecules is
augmented, and chemokines and cytokines are
secreted. The latter initiates inflammation and fos-
ters the accumulation and activation of innate
effector cells. If the stimulus is sufficiently strong,
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dendritic cells are activated to initiate the adaptive
response consisting of T and B lymphocytes. The
nature of this adaptive response is shaped, in large
measure, by input from the epithelial cells. In
aggregate, this allows the response to be tailored
against the particular pathogen(s) that breach the
barrier. Three responses have been broadly
defined: Type 1, Type 2, and Type 3 which address
viruses, parasites, and bacteria/fungi, respectively.
Hence the epithelium plays a pivotal role in main-
taining homeostasis as well as initiating and tailor-
ing the immune response across the nasal interface.
In CRS, a chronic inflammatory response devel-
ops that, in large measure, utilizes these physio-
logical immunodefense mechanisms present in the
mucosa. Most commonly, these CRS endotypes
are characterized as Type 1, Type 2, and Type 3
immune responses, which trigger the symptoms
and remodeling changes associated with these
CRS subtypes [1]. The components of this system
will be reviewed with a focus on the epithelium,
and potential areas of dysfunction will be dis-
cussed as these may play a role in the development
of CRS.

4.2 Anatomic Barrier

4.2.1 Epithelium Structure

The anterior nasal epithelium consists of strati-
fied squamous epithelium with structural and
barrier functions similar to skin. In addition to
typical sebaceous and sweat glands, the nasal
vestibule contains vibrissa—thick specialized
hairs that assist in trapping particles—and many
fine hairs for filtering smaller particles [2]. At the
internal nasal valves, the sinonasal epithelium
transitions to pseudostratified ciliated columnar
epithelium; this respiratory-type epithelium is
found throughout the remainder of the sinonasal
tract [3].

Sinonasal epithelium is respiratory epithelium
with the goblet, ciliated, and basal cells bound
tightly to each other and the basement membrane.

Sinonasal epithelium consists primarily of
ciliated cells, with variable concentrations of
mucus-producing goblet cells and glands, and

relatively few basal cells. The ciliated cells com-
prise approximately 70% of the sinonasal epithe-
lium and are responsible for mucous clearance
from the sinonasal cavities. Each ciliated cell has
hundreds of motile cilia at the apex that beat in
unison as well as small, immotile microvilli that
increase surface area and prevent drying [4].
Each ciliated cell extends from the basement
membrane to the surface of the mucosa with the
cilia extending into the overlying mucous layer.
Goblet cells comprise approximately 20% of epi-
thelial cells, but their density is irregularly dis-
tributed throughout the sinonasal epithelium.
Goblet cells have a narrow area of basement
membrane attachment and are packed with
mucin-containing secretory granules. Their api-
ces extend to the mucosal surface, are also cov-
ered with microvilli, and contain a large apical
pore for the secretion of mucin. Basal cells com-
prise less than 5% of the respiratory epithelium.
They do not have an epithelial surface component
and thus are exposed to fewer inhaled particu-
lates and pathogens. Basal cells contain large
numbers of hemidesmosomes that attach them
firmly to the basement membrane and function as
respiratory cell progenitors [5].

4.2.2 Ciliaand Mucus

The sinonasal respiratory epithelium is special-
ized to effectively trap and remove foreign mate-
rials from the nasal cavity before it can cause
inflammation or infection. When inspired partic-
ulates are removed, a reduction in irritation, aller-
gic response, and pathogen invasion is achieved.
The rheologic and immunologic properties of
nasal mucous composition combine with ciliary
function to produce the phenomenon of
mucociliary clearance that maintains a healthy
sinus tract.

Respiratory mucus is responsible for trapping
and neutralizing inspired environmental particu-
lates. Nasal secretions from the goblet cells and
submucous glands are augmented by fluid from
the lacrimal glands and transudate from the
underlying capillary bed to produce 600-
1800 mL of mucous per day. The composition of
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mucus is designed to trap and bind to particulates
and allow for transport by cilia [6]. Nasal mucous
exists as a bilayer fluid overlying the epithelium
comprised of an outer gel layer and pericellular
sol layer. The gel layer is composed primarily of
hydrated mucin, a thick mesh of glycoproteins
produced by the respiratory goblet cells along
with secretions from submucosal mucus glands.
As the mucin is secreted, it hydrates and coalesces
into mucin rafts overlying the watery pericellular
sol layer. The viscous nature of the gel layer
allows it to trap inspired pathogens and particu-
lates larger than 0.5 pm [7].

In addition, mucous also contribute to the
respiratory host defense system directly. Mucins
are known to recognize and bind to microorgan-
ism surface adhesins promoting the microorgan-
ism—mucin bond and promoting clearance.
Mucin is known to bind to Mycoplasma pneu-
moniae, Streptococcus pneumoniae,
Pseudomonas aeruginosa, influenza virus, and
Escherichia coli. Mucins may bind and thus con-
centrate secreted innate immune defense mole-
cules such as lactoferrin and lysozyme, which
recognize and kill bacterial pathogens [8].

Mucus contains a variety of innate defense
molecules to bind and neutralize pathogens.

Ciliated cells in human respiratory mucosa
each contain 50-200 motile cilia extending from
the apical surface. In humans, these respiratory
cilia are approximately 6 pm in length and are
anchored by centriole-like basal bodies [6]. Each
cilium consists of an axoneme covered by an
extension of the cell membrane. The axoneme is
comprised of the “9 + 2” microtubular pattern
that is preserved in ciliated cells throughout the
body. The nine outer microtubule doublets are
each connected radially to the two central micro-
tubules and circumferentially to each other by
dynein arms. It is these dynein arms that slide
along the microtubules, generating force that is
translated into microtubule movement [9].

Ciliary motility generates a forward power
stroke with the cilium fully extended, delivering
force through the tip into the overlying gel phase
of the mucous layer. This is followed by a recov-
ery stroke with the cilium tip bent to sweep
through the thin pericellular sol layer as it returns

to its starting position [7]. Recovery is followed
by a quiescent phase. Coordinated beating of the
respiratory cilia creates a metachronous wave
that propels the mucin rafts of the gel phase in the
direction of the power stroke [10]. The combina-
tion of mucus composition and ciliary beating
creates the phenomenon of mucociliary trans-
port, which is critical in the maintenance of
healthy sinonasal mucosa.

4.2.3 Mucociliary Clearance

The remarkable phenomenon known as mucocil-
iary clearance (MCC) combines the biphasic
properties of nasal mucus with coordination of
the ciliated cellular beating to effectively clear
the mucus blanket with trapped particulates from
the nasal cavity. Nasal MCC function responds to
environmental factors and is under continual
dynamic modulation. Ciliary beat frequency
increases as a reaction to stressors including
increased breathing, cold air, exercise, or inflam-
mation to accelerate mucus clearance [11]. The
mucus blanket is swept out of the sinus cavities in
predefined patterns via natural ostia then into the
posterior nasopharynx where it is swallowed and
neutralized in the stomach.

Messerklinger classically described the
defined mucus clearance patterns of the paranasal
sinuses in 1966 [12]. In the maxillary sinuses,
mucus is swept upwards against gravity along the
walls and roof towards the superomedially based
maxillary ostium, into the ethmoid infundibulum,
and then into the middle meatus. The anterior
ethmoid cells each drain through inferiorly based
individual ostia into the middle meatus. The pos-
terior ethmoids drain into the superior meatus
and then sphenoethmoid recess. The sphenoid
sinus sweeps mucus anteriorly toward its natural
ostium and also drains into the sphenoethmoid
recess. The frontal sinus has the most complex
clearance pattern. Mucus is cleared from the
medial portion of the sinus in a retrograde fash-
ion superiorly along the posterior wall away from
the natural ostium, laterally along the roof to the
anterior wall, and then carried inferiorly and
medially toward the ostium [13].
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Ciliated cells beat in a coordinated metachro-
nous wave that rapidly clears the overlying mucus
blanket.

The basis of modern endoscopic sinus surgery
is to maintain functional MCC patterns. Surgical
goals include relief of obstruction while utilizing
mucosal-sparing techniques and preserving natu-
ral drainage pathways. Failure to incorporate
natural ostia when opening a sinus can lead to
recirculation particularly in the maxillary sinuses
[14]. Preservation of normal mucosa promotes
restoration of natural mucociliary flow patterns.
This is particularly true at the narrow nasofrontal
duct where disruption of normal mucosa can lead
to circumferential scarring with narrowing of the
frontal duct, obstruction, and mucostasis.

4.2.3.1 Diseases Affecting Mucociliary
Clearance

The sinonasal epithelium utilizes a mechanical
barrier, effective mucociliary clearance, and opti-
mal healing to maintain mucosal health. However,
disease processes affecting ciliary function, rheo-
logic properties of mucus, or obstruction of natu-
ral ostia results in altered MCC effectiveness and
resultant infection [15]. These include genetic
conditions, allergy, asthma, and acute and chronic
rhinosinusitis.

Mucociliary clearance efficiency declines
with changes in mucus rheology, ciliary impair-
ment, or narrowed sinus ostia.

Primary ciliary dyskinesia (PCD) is a disorder
of the ciliary dynein arms resulting in systemi-
cally immotile cilia. These patients may have
infertility and are unable to effectively transport
mucus out of the sinorespiratory tract. The resul-
tant mucus stasis results in chronic rhinosinusitis,
bronchiectasis, and recurrent respiratory infec-
tions [16]. Cystic fibrosis (CF) is an autosomal-
recessive disorder of the CFTR gene resulting in
abnormal electrolyte transport. Clinically, there
is an abnormal function of the goblet cells and
highly viscous mucus. CF patients have defective
MCC clearance due to the inability of the cilia to
adequately transport the thick mucus rafts and
are subject to bronchiectasis and severe sinopul-
monary infections [17]. Nasal polyps are found
in approximately 40% of CF patients and show a

neutrophilic rather than eosinophilic pattern [18].
However, these patients still display a wide spec-
trum in the severity of their sinus disease despite
having identical CFTR gene mutations [19].

Nasal irritants, allergy, and acute infection
result in inflammation and mucosal edema that
negatively affect mucociliary clearance. Acute
upper respiratory infection has been shown to
alter mucus composition, reduce ciliary motility,
and create mucosal edema [20]. When MCC
function fails to clear sinuses in key areas such as
the osteomeatal complex or eustachian tube ori-
fice, associated sinusitis results.

Allergic challenge has been shown to increase
transudate levels in nasal mucus. As a result, the
depth of the periciliary layer increases, and the
cilia tips cannot reach the overlying gel phase to
effectively propel the mucin rafts [21]. Swelling
of the nasal mucosa in allergic rhinitis is also
thought to obstruct sinus ostia leading to poor
ventilation and mucostasis [22]. While the role of
allergy in the causal development of chronic rhi-
nosinusitis is unclear, failure to address the aller-
gic component clearly lowers the success of
surgical intervention in CRS [23].

Failure to address nasal allergies or smoke
exposure leads to worse outcomes in the treat-
ment of CRS.

Exposure to cigarette smoke has been shown
to significantly alter ciliary beat frequency and
secretions resulting in reduced mucociliary clear-
ance [24]. Long-term exposure has been pro-
posed to cause epithelial and submucosal gland
hyperplasia, squamous metaplasia, and increase
epithelial permeability [25, 26] and to foster the
formation of bacterial biofilms [27]. In addition,
cigarette smoking and second-hand smoke have
been shown to be independently associated with
CRS [28, 29]. As such, exposure to cigarette
smoke should obviously be avoided in patients
with recurrent or chronic sinus disease.

In addition to relatively rare genetic disorders
such as PCD and CF, multiple investigations have
also demonstrated significant impairment of
sinonasal mucociliary clearance in idiopathic
CRS. Inflammatory changes seen in chronic rhi-
nosinusitis with and without nasal polyposis can
cause secondary ciliary dyskinesia. Possible
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pathophysiologic explanations include reduced
ciliary beating, changing depth or viscosity of
respiratory mucus, or alterations in epithelial
integrity. CRS patients exhibit blunted ciliary
beat frequency responses to adrenergic and cho-
linergic stimulation in explanted nasal epithelial
cultures [30]. Additional studies showed that
when removed from the chronic inflammatory
environment, cilia resume normal basal and stim-
ulated beat frequency though recovery takes
time. This suggests that a chronic inflammatory
nasal environment reversibly suppresses normal
ciliary function [31, 32].

4.2.4 Epithelial Integrity

Sinonasal cells contain several types of intercel-
lular junctions that serve both communication
and attachment functions. Maintenance of epi-
thelial integrity is important for cellular commu-
nication and prevention of pathogen invasion or
foreign protein exposure to the underlying tis-
sues. Sloughing of epithelial cells leaves a
denuded basement membrane and evokes an
inflammatory response.

Gap junctions primarily allow cell—cell trans-
fer of ions and signaling molecules; they do not
contribute significantly to adhesion [33].
Respiratory cells are held together on their lateral
surfaces with adherens junctions and desmo-
somes, both of which contain cadherin proteins.
Hemidesmosomes, which contain integrin pro-
teins, attach cells tightly to the basement mem-
brane and prevent cellular sloughing. The most
important junctions, tight junctions, are critical in
epithelial barrier integrity against invasion. Tight
junctions attach adjacent epithelial cells in a nar-
row band just beneath their apical surface [34].
The resultant epithelial surface is a watertight
barrier to chemicals and particulates including
proteins and pathogens at the surface.

Below the basement membrane lies the lamina
propria, a network of blood vessels and loose
fibrous stroma that contains immune cells respon-
sible for pathogen detection and initial inflamma-
tory response. Here reside the lymphocytes,
plasma cells, macrophages, and dendritic cells

which monitor the health of the epithelium.
Pathogens that overcome the protective barriers
of mucus and epithelium activate the innate and
adaptive immune systems. Breakdown of the
intracellular connections of the epithelium plays
an important role in permitting stimulation of an
immune response.

4.2.4.1 Diseases Affecting Epithelial
Integrity

Invasion of pathogens into the underlying stroma
requires disruption of the epithelium and penetra-
tion through the basement membrane. Viral patho-
gens, the initial cause of many upper respiratory
tract infections, have developed mechanisms for
epithelial disruption that target tight and adherens
junctions, allowing for subsequent invasion into
the underlying tissues [35, 36]. Respiratory
viruses disrupt the upper airway epithelial barrier,
resulting in inflammation and predisposing for
additional exposure to foreign material and poten-
tial tissue invasion [37]. Nasal epithelial explant
studies show that viruses loosen epithelial tight
junction bonds and penetrate the basement mem-
brane within 24 h [38]. Rhinoviruses, a major
cause of the common cold, bind to intercellular
adhesion molecule-1 (ICAM-1) on nasal epithe-
lial cells, allowing RNA entry into the cell [39].

Fungi, bacteria, and allergens all carry signifi-
cant intrinsic protease and virulence activity with
the capacity of weakening tight junctions permit-
ting access into the underlying tissues [40, 41].
Intrinsic alterations in tight junction barrier func-
tion may be responsible for the increase in epi-
thelial permeability seen in allergic responses
[42]. Penetration of antigenic proteins through
the epithelium has been proposed as a major fac-
tor in asthma and atopy [43].

Respiratory viruses disrupt epithelial tight
junctions and increase susceptibility to infection
and inflammation.

Chronic inflammatory disorders may weaken
the epithelial barrier function and predispose to
infection. CRSwNP with a Type 2 cytokine envi-
ronment exhibits disruption of normal intercellu-
lar junctions including decreased levels of the
desmosome cadherin proteins DSG2 and DSG3
[44] as well as tight junction proteins claudin and
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occludin [45]. Disruption of intercellular tight
junction connections is seen in nasal polyposis
[46]. Decreased production of protease inhibitors
such as LEKT1, encoded by the gene SPINKS,
has been found in CRSwNP [41]. This molecule
acts as a proteinase inhibitor and regulates the
processing of epithelial tight junctions critical to
maintaining a barrier to infection. In addition,
altered intercellular ion transport is seen in CRS
and may interfere with the coordination of cili-
ated cells leading to ineffective mucociliary
clearance [47]. Interestingly, it has been recently
suggested that epithelial turnover may be altered
by a Type 2 cytokine milieu that created a leaky,
immature barrier. Furthermore, this leaky barrier
may be responsible for the high rate of recurrence
seen with T2 CRS. (EPOS 2020) Substantiating
this concept are recent single-cell transcriptomic
studies, which have suggested that the epithelial
changes are epigenetically programmed and will
therefore be durable [48]. Periostin is associated
with this process and high levels of this protein in
the serum may be a sign of the T2 endotype [49].

4.3 Immunologic Barrier
Function of the Sinonasal

Epithelium

In addition to forming a physical barrier and pro-
viding clearance of pathogens from the nasal cav-
ity, sinonasal epithelial cells (SNECs) contribute
to the innate and adaptive immune responses.
When the various mucosal barrier functions are
circumvented by irritant or pathogenic particu-
lates, the mucosal immune system must distin-
guish between normal commensal organisms and
invading pathogens. In addition, the immune sys-
tem must determine how to mount an appropriate
level or intensity of response. The first of these
responses, the innate immune system, consists of
receptors, defense molecules, and cells that
respond to microbial organisms in a relatively
nonspecific manner. This innate response is an
inborn, germ line-coded defense to generalized
pathogen invasion and does not typically exhibit
memory. Should the innate immune system be
sufficiently challenged, it activates the adaptive

arm of the immune system, with a delayed but
highly specific T and B cell response capable of
memory against specific pathogens. Emerging
evidence also indicates that a diminished innate
response coupled with a compensatory overacti-
vation of adaptive immunity may play a role in
the pathogenesis of the chronic mucosal inflam-
mation seen in CRS.

Pathogen recognition by the innate immune
system results in a cascade of cytokines and che-
mokines that determine the type and strength of
the inflammatory response.

4.3.1 Receptor Molecules

Innate immune responses in the sinonasal epithe-
lium are initiated by membrane-bound and cyto-
plasmic pattern-recognition receptors (PRRs)
that recognize highly conserved pathogen-
associated molecular patterns (PAMPs) found in
various bacteria, mycobacteria, viruses, and para-
sites as well as necrotic debris from cellular dam-
age [50]. PRRs are also expressed on various
types of antigen-presenting cells including den-
dritic cells, macrophages, and B cells. In addi-
tion, SNECs express genes associated with
antigen-presenting function [51]. Once the innate
immune response is activated, SNECs may also
serve as antigen-presenting cells, increasing local
tissue inflammatory response. Overall, stimula-
tion of PRRs facilitates both the innate and the
adaptive response.

Recognition of PAMPs by PRRs results in the
secretion of the endogenous antimicrobial factors
that directly aid in pathogen clearance. PRR acti-
vation also stimulates SNECs and antigen-
presenting cells (APCs) to release inflammatory
cytokines and chemokines that attract other
innate cellular defenses such as phagocytes.
Other receptors detect cellular injury through
damage-associated molecular patterns DAMPs
[52, 53]. If the combination of cellular damage
and PRR activation is sufficiently strong, the
resultant innate immune response triggers cyto-
kine patterns that initiate, and determine the
nature of, the subsequent adaptive immune
response [54] (see Fig. 4.1).
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Fig. 4.1 Innate immunity at the epithelial surface
involves PAMP activation of epithelial PRRs leading to
release of host defense molecules. Exogenous proteases
may activate PAR receptors or degrade tight junctional
proteins. Secreted IgA, mucins, antiproteases, and host
defense molecules are released into the nasal mucus to
form a second line of innate defense. Sufficient PRR stim-
ulation activates dendritic cells causing migration to local

PRRs can be separated into three main
classes: endocytic, secreted, and signaling.
Endocytic PRRs are found on the surface of
phagocytes, which recognize pathogenic
PAMPs, engulf the pathogens, and present the
antigens to lymphocytes of the acquired immune
system. One example is the mannose receptor
found on macrophages [55].

Secreted PRRs are used as opsonins that trig-
ger the complement cascade or signal phagocyto-
sis. The most abundant of the secreted
antimicrobial peptides in the nasal mucosa
include lactoferrin, mannose-binding lectin,
secretory leukocyte proteinase inhibitor, and
lysozyme [56]. These are released into the mucus
by nasal epithelial cells in response to activation
of PRRs and confer protection by inhibiting epi-
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lymph nodes to present antigen fragments to naive ThO
lymphocytes. The type and strength of antigen stimulation
drive the adaptive immunity through polarized Thl, Th2,
Th17, or Treg responses. B cells are stimulated to undergo
proliferation, class switch recombination, and differentia-
tion leading to production of IgE, IgA, and other immuno-
globulins as well as stimulation of the cells of the adaptive
immune system. See text for details

thelial invasion or directly lysing the microorgan-
ism [57].

Signaling PRRs trigger the production of anti-
microbial peptides and cytokines by epithelial
cells in response to PAMPs [58]. Signaling PRRs
found in nasal epithelium include the toll-like
receptor (TLR) family, the nucleotide binding
and oligomerization domain (NOD)-like receptor
family (NLRs), and the retinoic acid-inducible-
like receptors (RLRs).

Important pathogen recognition receptors
(PRRs) include the TLR, NOD, Bitter Taste
receptors, and PAR families.

TLRs are transmembrane receptors expressed
on various cell types including SNECs that rec-
ognize extracellular or intracellular PAMPs such
as bacterial lipopolysaccharide (LPS) [59].
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TRL2, TRL3, TRL4, TRLY, and possibly others
are expressed in sinonasal epithelium and con-
tribute to the host defense. TLR2 responds to
gram-positive bacterial as well as fungal PAMPs,
TLR 3 recognizes viral replication products,
TLR4 recognizes bacterial endotoxin, and
unmethylated CpG areas on pathogenic DNA
activate TLRO [33]. TLR activation triggers inter-
cellular signaling through proteins MyD88 and
TRIF, which affects gene expression through
transcription factors NF-k3, AP-1, and IRF3 [60].

The NOD-like receptor family includes
NOD-1 and -2, which have been shown to recog-
nize bacterial cell walls including staphylococci
[61]. NOD levels were increased in CRSwNP
and levels decreased after nasal steroid use [62].
RLRs are intracellular receptors important for
recognizing RNA derived from RNA and DNA
viruses, though their role in sinonasal epithelial
response is still being investigated [63].

Bitter taste receptors (T2Rs) are recently iden-
tified group of pathogen recognition molecules
also present on epithelial cells, function as non-
classical PRRs. They are G protein-coupled
receptors (GPCRs), which are widely expressed
in host airway epithelial membranes. Airway
T2R-mediated immune responses are activated
by bacterial quinolones as well as acyl-
homoserine lactones [64] secreted by gram-
negative bacteria, including Pseudomonas
aeruginosa [65]. Linkage studies have demon-
strated associations between taste receptor genet-
ics with CRS [66].

The protease-activated receptors (PARs) are a
distinct set of receptors found on sinonasal epi-
thelial cells that are activated by endogenous and
exogenous proteases including those from bacte-
ria, fungi, and allergens. Once activated, PARs
evoke the NF-«kp signaling pathway, the results in
chemokine and cytokine production, and phago-
cytic recruitment and potentially influence the
subsequent acquired immune response based on
the cytokine milieu [67]. PAR-2 activation by
Staphylococcus aureus proteases results in
increased levels of cytokine IL-8 [68]. Fungal
proteases may drive the eosinophilic as well as

neutrophilic response via PARs [69]. SNECs
secrete antiproteases such as LEKT1 coded by
the Spink 5 gene, which likely acts to protect
PARs from both exogenous and endogenous pro-
tease stimulation. Reduced levels of LEKT1 have
been associated with CRSwNP, suggesting that
excessive PAR activation may play a role in polyp
pathogenesis [70].

4.3.2 Host Defense Molecules

Sinonasal epithelial cells secrete a multitude of
antimicrobial molecules into the surrounding
mucus. Enzymes break down pathogen cell walls
and include lysozyme, chitinases, and peroxi-
dases. Foreign material is marked for phagocyto-
sis by opsonins such as complement and
pentraxin-3. Permeabilizing proteins include
defensins and cathelicidins. Defensins are induc-
ible and provide broad antimicrobial activity and
inhibit invasion of bacteria and viruses [71].
Cathelicidins are a family of secreted peptides
that are active after extracellular cleavage. In
humans, cathelicidin LL-37 directly disrupts
bacterial membranes [72]. They are chemotactic
for effector cells of both the innate and adaptive
immune system including neutrophils, mono-
cytes, mast cells, and T cells and may modulate
their activity [73]. Collectins include surfactant
proteins (SP-A, SP-D) and mannose-binding
lectin; these proteins, long studied in lower
respiratory mucosa, are also found in sinonasal
secretions. They are important in reducing nasal
bacterial colonization, inflammation, and infec-
tion [74]. Decreased surfactant levels are found
in patients with cystic fibrosis, poorly controlled
COPD, allergic fungal sinusitis, and CRS [75-
77]. Binding proteins include mucin, discussed
previously, and lactoferrin, which attaches to
foreign material and facilitates its removal by
MCC. PLUNC, another secreted antimicrobial,
has  important  anti-biofilm  properties.
Diminished secretion of many but not all of these
host defense molecules has been proposed as a
common mechanism broadly underlying the eti-
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Fig. 4.2 Inferior turbinate and uncinate process tissue
from healthy patients were compared for levels of the
mucosal innate defense molecules PLUNC, lactoferrin,
pentraxin, SI00A7, and hBD2. While levels of pentraxin
remained the same between the two sites, polarization was
noted with the remaining molecules. In nasal uncinate tis-

ology and pathogenesis of CRS [41, 78] (see
Fig. 4.2). The cause for this selective reduction is
unclear but may be [1] a primary defect in the
innate response or [2] a downstream secondary
effect of the Type 2 cytokine milieu associated
with some forms of CRS [79]. Mechanistic stud-
ies to evaluate this have not been completed, but
IL-22 and the STAT 3 pathway appear to broadly
govern innate nasal mucosal host defense and
mechanical barrier integrity [80-82]. Diminished
STAT 3 activity in the sinonasal epithelium has
been identified in CRS supporting a primary
innate defect [83].

A decrease in innate host defense molecules
contributes to the pathogenesis of CRS

Inferior turbinate host defense

sue, low levels of PLUNC and lactoferrin but high levels
of SI00A7 and hBD2 were found. In inferior turbinate
tissue, the converse was true, suggesting that host defense
molecules show regional specialization in human nasal
airways

4.3.3 Epithelial Chemokines
and Cytokines

In response to PRR and PAR stimulation, sinona-
sal epithelial cells produce a variety of cytokines,
which are small proteins that regulate inflamma-
tion and mediate associated pain, swelling, and
vascular dilatation [84]. A partial list include
IL-1, TNF, IFN, GM-CSF, eotaxins, RANTES,
IP-10, IL-6, IL-8, MDC, SCF, TARC, MCP-4,
BAFF, osteopontin, IL.-25, IL.-33, and TSLP [85—
87]. These cytokines have a diverse array of func-
tions including triggering  inflammatory
responses, activating and recruiting innate effec-
tor cells, and facilitating and shaping the adaptive
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response. To the last point, IL-1, IL-6, and IL-8
have all been identified as particularly important
in modulating the transition between the two
arms of the immune response [86]. Newly identi-
fied epithelial-derived cytokines, including TSLP,
IL-25, IL-33, and BAFF, help shape the local
adaptive responses more directly. They foster B
cell proliferation with immunoglobulin produc-
tion and shaping the T helper profile via dendritic
cell polarization [88, 89]. Defective regulation of
these processes has been proposed as playing a
role in the pathogenesis of CRSwNP. It has been
noted that corticosteroids, a mainstay for treating
inflammation and CRS, act in part via the down-
regulation of epithelial cytokine secretion but
spare or even augment the epithelial secretion of
host defense molecules [90, 91]. In this fashion,
corticosteroids effectively upregulate the innate
immune response and downregulate the adaptive
response.

Epithelial-derived molecules directly contrib-
ute to the innate immune defense and shape-
associated B cell and T cell responses.

4.3.4 Epithelial Co-stimulatory
Molecules and Inflammatory
Enzymes

SNECs express co-stimulatory molecules, par-
ticularly homologs of the B7 family of cell-
surface ligands [92]. Expression results in
downregulation of T cell-acquired response and
is induced by TNF-a and IFN-y [93]. Increased
B7 family expression is induced by viral infec-
tion and CRS [94]. Reactive oxygen species
(ROS) are important in many of the processes
discussed: mucin production, epithelial healing,
response to toxins, and innate immunity [95].
They can be beneficial, generating hypothiocya-
nite and peroxide which aid in the microbial
killing. In addition, they may be induced by tox-
ins, requiring neutralization by antioxidants in
airway epithelial cells. ROS can also interact
with reactive nitrogen species (RNS) to create
tissue damage in disease [37]. Of particular
interest is nitric oxide (NO), an intracellular
messenger that mediates inflammation and anti-

microbial effects and regulates apoptosis. In
particular, NO is produced in high concentra-
tions in the paranasal sinuses and may limit bac-
terial colonization [96].

4.3.5 Cells of the Innate Immune
System

Important cells of the innate immune response
that respond to cytokines secreted by the sinona-
sal epithelium include innate lymphocytes (ILC),
dendritic cells, macrophages, neutrophils, eosin-
ophils, natural killer (NK) cells, basophils, and
mast cells. The ILCs are divided into three sub-
sets (ILC 1, 2, and 3) and they help tailor the
subsequent innate cellular and adaptive response
to the address the particular inciting pathogen
[1]. Macrophages and neutrophils are primary
phagocytes which recognize and bind to patho-
gens that have been opsonized, or marked as for-
eign, by antibodies, complement, or collectins
[57]. They then engulf the opsonized pathogens
and neutralize them by a variety of methods
including nitric oxide and radical oxygen spe-
cies. In addition, macrophages assist in tissue
homeostasis, removal of particulates, and tissue
repair and influence the adaptive immune
response. Two pathways of macrophage differ-
entiation and activation exist: the M1, or classi-
cal, pathway and the M2, or alternative, pathway.
The M1 pathway is driven by Type 1 cytokines
and fosters macrophages directed against intra-
cellular pathogens. The M2 pathway is driven by
Type 2 cytokines and fosters macrophages spe-
cialized against helminthes, with additional roles
in tissue repair and antibody formation [97].
High levels of M1 macrophages are seen in sinus
mucosa and polyps of CF patients, while high
levels of M2 macrophages are seen in CRSwNP
tissues [98, 99]. Neutrophils are among the first
cells to respond to infection and are important in
early phagocytosis of extracellular microbes.
Mucosal recruitment is triggered by PRR stimu-
lation creating chemokines, particularly IL-8,
which is also secreted in response to PAR-2
stimulation [100]. Neutrophils kill using free
radicals and many of the same antimicrobial
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peptides that are secreted in the nasal mucus.
Their overactivation may contribute to the patho-
genesis of CRS, inflammation related to tobacco
smoking, and CF-associated polyposis [27, 101].

High numbers of eosinophils are seen in
mucosal surfaces in allergy and asthma.
Eosinophils are granulocytes that respond to
mucosal inflammation by degranulating and
releasing stored cytokines. They are prominent in
fungal and parasitic responses and release major
basic protein, eosinophil-derived neurotoxin, and
neutrophil elastase [102]. Eosinophilia is also an
important component of CRS where it contrib-
utes to mucosal damage and chronic inflamma-
tion [103]. Multiple studies have shown that
tissue eosinophilia is correlated with severity of
CRS and comorbid asthma [104, 105]. The high-
est levels of tissue eosinophils are seen in
CRSwNP, particularly in Western populations
[106]. Eosinophil recruitment and activation is in
large measure via epithelial cytokines and che-
mokines, including eotaxins, RANTES, and
MCP [36, 107-109]. The regulation of this secre-
tion is in part not only through PRR stimulation
but also via Type 2 cytokines IL-4, IL-5, and
IL-13 [110, 111]. The primary cellular sources of
these Type 2 cytokines include Th 2 and ILC-2
cells. (EPOS 2020) Other factors that may foster
eosinophil activation and recruitment include
staphylococcal superantigens, IL-25, IL-33,
TSLP, SCF, and eicosanoids [112-115].

Upregulation of eosinophils is seen in allergy,
asthma, and CRSwNP.

Mast cells are resident cells in the sinonasal
mucosa that not only function in innate immunity
and tissue repair but also play key roles in the
pathogenesis of allergic rhinitis and possibly
nasal polyposis. Stem Cell Factor (SCF), secreted
by SNECs, is likely important in mast cell recruit-
ment [85]. Mast cell activation results in the
secretion of preformed granules including hista-
mine, prostaglandins, serotonin, and serine prote-
ases. In addition, de novo synthesis and secretion
of various cytokines, chemokines, and eico-
sanoids also takes place. They can be induced to
phagocytose pathogens as well, though this is not
their primary function. Physiological activation
occurs typically through stimulation of PRRs. In

nasal disease states such as allergic rhinitis, mast
cells are activated strongly via surface IgE bound
to antigen [116]. In CRSwNP, both IgE-dependent
and IgE-independent pathways for mast cell acti-
vation likely contribute to pathogenesis [117,
118]. Specifically, mast cells may be able to
induce and maintain eosinophilic inflammation
leading to polyposis as well as influence the sub-
sequent adaptive immune response.

Dendritic cells (DCs) are key cells in both the
innate and adaptive responses via antigen cap-
ture, antigen presentation to immature T cells,
and the secretion of soluble mediators. DCs
phagocytose and thereby sample commensal
organisms and pathogens at the sinonasal epithe-
lial surface. Cytokine cross talk between SNECs
and DCs helps determine DC polarization [88].
Polarized DCs then migrate to local lymph nodes
and present a fragment of the engulfed pathogen,
via major histocompatibility complex (MHC)
type II on the cell surface, to immature T cells.
DC cytokines strongly influence the subsequent
T cell profile, secondarily polarizing the helper
response [119]. Overall, DCs act as a bridge from
the innate to the adaptive immune response.
SNECs acting through cytokines that influence
DCs to play a significant upstream role in shap-
ing the subsequent adaptive response, which will
be discussed below. Defects in this cross talk
pathway may foster the development of CRSwNP.

4.3.6 Adaptive Immunity

The adaptive immune response is mediated by T
and B cells and includes immunoglobulin and T
effector processes that augment the faster, but
less specific innate response. Sinonasal epithe-
lial responses connect with ILCs and together
play a key upstream role in the adaptive response
including the recruitment of cells of the T and B
lineage. In addition, as mentioned above, the
type, duration, and intensity of PRR activation
by PAMP stimulus in SNECs, ILCs, DCs, and
other cell types are believed to shape the resul-
tant T lymphocyte profile and to ensue antibody
and cell-mediated response at the mucosal sur-
face [120].
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B lymphocytes secrete immunoglobulins, or
antibodies, to specific antigens, playing an impor-
tant role in the memory of the adaptive immune
response. Immunoglobulins help bind and trap
commensal organisms and pathogens, aiding
mechanical clearance and facilitating active kill-
ing via multiple mechanisms. In the nasal
mucosa, B cells respond to antigen presentation
by proliferating and undergoing differentiation
into mature plasma cells that produce immuno-
globulin. In normal mucosal defense, the primary
antibody class is secreted IgA from extrafollicu-
lar B cells. This response works to limit bacterial
colonization with a minimum of inflammation, is
T cell independent, and helps maintain mucosal
homeostasis. SNECs and other cell types secrete
cytokines and chemokines that foster this base-
line B cell activity with the capacity for upregula-
tion in response to an immune challenge.

Staphylococcal superantigens and fungal ele-
ments act as disease modifiers in CRS.

During frank mucosal infection, secretory IgA
is joined by IgG, resulting in the development of
a robust inflammatory response. This response
exhibits high affinity for the invading pathogens,
is T cell dependent, and utilizes immunoglobu-
lins generated by both tissue plasma cells and fol-
licular B cells. Other immunoglobulins play a
role in mucosal inflammation including IgM,
IgE, and IgD [121]. IgM is an early-response
antibody that precedes the development of long-
term IgG. IgE is important in allergic response,
mast cell activation and survival, and homeosta-
sis as well as defense against pathogens, espe-
cially parasitic infections. IgD, though little
understood, may influence antigen binding and
basophil activation against respiratory bacteria
[122].

In chronic inflammatory conditions such as
CRS, immunoglobulin profiles are skewed from
the normal, apparently in response to bacterial
and fungal antigens. CRSwNP appears to show a
particularly dysregulated B cell response. Higher
levels of IgA, IgE, and IgG are seen in nasal
polyp tissues compared to controls and to
CRSsNP, and this may have pathophysiological
significance. IgE facilitates mast cell degranula-
tion and IgA is a potent activator for eosinophil

degranulation [123]. The combined presence of
these antibodies with mast cells and eosinophils
within nasal polyps may facilitate degranulation
and tissue damage. It should be noted that these
immunoglobulin levels do not reflect the sys-
temic profile, indicating a localized mucosal
response [124]. Not surprisingly, higher levels of
immunoglobulin-producing B cells and plasma
cells are also found in nasal polyps, and the pro-
cess of polyp growth may be orchestrated by
abnormal local B cell proliferation and recruit-
ment [125]. Evidence suggests that this process
may be driven by the epithelial cytokine BAFF, a
TNF family member that influences B cell prolif-
eration and class switching [89]. BAFF is found
at higher levels in nasal polyps and correlates
with the number of B cells within the tissue. In
mouse models, excessive BAFF has been associ-
ated with the development of autoimmunity. This
process has also been documented in recalcitrant
CRSwNP with the presence of high levels of
local autoantibodies in the polyp tissue [126].

Abnormal B cell proliferation creates inflam-
mation and tissue damage that may lead to
polyposis.

Staphylococcal superantigenic toxins (SAGs)
have been proposed as disease modifiers of nasal
polyposis through the generation of a polyclonal
IgE response including IgE directed against the
SAGs themselves. The presence of IgE to these
toxins within polyp tissue has been correlated
with overall increases in polyclonal IgE, eosino-
phils, asthma, and severity of CRSwWNP [126,
127]. It is unclear whether this superantigen-
driven process works through BAFF or another,
superimposed, pathway.

4.3.7 T Cells and Cytokine Response

Homeostasis across the nasal mucosa is typically
maintained via the mechanical barrier, innate
immune responses, and tonic IgA secretion.
When the mucosal barrier is breached, a protec-
tive response is initiated with SNECs, DCs, and
other innate immune cells helping to guide the
adaptive response and match it to the inciting
stimulus. Minor damage is likely handled by acti-
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vation augmentation of innate responses from
SNECs and migrating innate effector cells. A
more substantial breach will activate the adaptive
response; IL-6 has been proposed as a key cyto-
kine mediating the transition, suppressing innate
responses and triggering production of chemo-
kines that promote the adaptive response [89]. At
homeostasis, DCs still regularly phagocytize for-
eign material, but when activated and exposed to
sufficient PAMP activation, such as would occur
in a mucosal breach, they cease phagocytosis and
acquire  additional = chemokine receptors.
Chemokines, stimulated into production during
the innate immune response, cause the DCs to
migrate to nearby lymph nodes and to secrete the
cytokine IL-1 [128]. Antigen from the phagocy-
tosed pathogens is presented to naive CD4+ T
helper (Th) cells in the lymph tissue. These lym-
phocytes will differentiate into a specific T cell
lineage, determining the type of adaptive immune
response. This process is further activated by
IL-1. The types, duration, and intensity of the
PRR activation by PAMP stimulus are believed to
influence the resultant cytokine production and
shape the resultant T lymphocyte profile [129].
As mentioned above, cytokines from SNECs and
other innate cell types play a critical upstream
role in this process matching the response to the
pathogen.

Signaling cross talk between innate immune
cells drives T cell differentiation.

Mature T cells migrate back to the sinonasal
mucosa to mediate the adaptive response upon
subsequent antigen challenge. T helper lympho-
cyte responses are divided based on cytokine pro-
files generated in response to the presented
antigen stimulus. Classically, Thl or Th2
responses were thought to be the primary adap-
tive sinonasal inflammatory pathways. The Thl
pathway shows high levels of IL-12 and IFN-y
and has a macrophage-rich cellular infiltrate. Th1
responses facilitate defense against intracellular
pathogens, particularly viruses and intracellular
bacteria including mycobacteria. They appear to
be blunted in chronic obstructive pulmonary dis-
ease (COPD), psoriasis, Crohn’s disease, and
CRSsNP [130]. The Th2 pathway results in high

levels of cytokines IL-4, IL-5, and IL-13 and has
a more eosinophilic cellular response. Th2
responses are important in parasitic infections
and are also seen in frequently allergic and asth-
matic responses [79]. They are reduced in asthma,
atopic dermatitis, ulcerative colitis, and CRSwNP
[131]. More recent data indicate that additional
Th profiles are important in mucosal immunity.
Th17 responses aid in defense against extracel-
lular  bacteria and  fungi, particularly
Staphylococcus aureus [132]. This response is
fostered primarily by IL-17A as well as cytokines
IL-6, TGF-P1, and IL-23 and has a neutrophilic
cellular response [133]. Tregs are regulatory lym-
phocytes that foster immune tolerance with the
goal of limiting excessive responses from other
Th lineages; Treg differentiation is facilitated by
TGF-p [131].

4.3.8 T Cell Response Modulation

Differentiation of CD4+ T cells into a specific
lineage is determined in part by innate immune
response, co-stimulatory signals, and the cyto-
kine profile [134]. Signaling cross talk between
local DCs, SNECs, and resident innate immune
cells, including eosinophils, mast cells, NK cells,
and macrophages, generates the cytokines that
drive the T cell differentiation [135, 136]. In
addition, circulating innate lymphoid cells (ILCs)
migrate to the local site of immune stimulus and
also play a role. These cells are presumably
responding to chemokine homing signals ema-
nating from resident cells and are termed “innate”
because they recognize foreign substances via
PRRs rather than immunoglobulin or T cell
receptors. Capable of responding rapidly, ILCs
bridge innate and adaptive immunity and may
play the pivotal role in orchestration of the adap-
tive response as Th1, Th2, and Th17 ILC subsets
have been described [137]. In terms of pathology,
exceptionally high levels of ILC2s have been
observed in polyp homogenates from Western
CRSwNP patients [138, 139] (see Fig. 4.3).
Innate lymphoid cells play a key role in
orchestrating Th1, Th2, and Th17 responses.
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Fig. 4.3 Environmental
agents stimulate the
immune system inciting
an innate response. If
strong enough, an
adaptive response is
recruited as well.
Typical protective
responses include
activation of the T1 and
T3 pathways which
includes the Thl and
Th17 subsets. If a T2
response (with Th2 or
Treg activation) is
generated, the innate
response may be
suppressed

Epithelial barrier
defect

Th2
response

4.3.9 NKT Cells, NK Cells, Cytotoxic
T Cells, and Memory T Cells

In addition to the Th subsets discussed above,
other T cell subsets play a role in mucosal immu-
nity. Naive CD8+ T cells differentiate and prolif-
erate following exposure to antigen presented by
DCs. Cytotoxic T cells are generated whose pri-
mary function is to eliminate intracellular
microbes mainly by killing infected cells. These
infected cells display microbial antigens on their
surface, which the T cells recognize via their T
cell receptors (TCR). Although not technically T
cells, NK cells have a function similar to cyto-
toxic T cells but lack TCRs, recognizing foreign
proteins by PRRs on their surface. NKT cells
have characteristics of both T cells and NK cells
with TCRs but with limited variability. Memory
T cells are generated along with the effector T
subsets and are numerically the predominant sub-
set in nasal polyps [140]. These cells are present
in the mucosa and respond to subsequent antigen
challenge.

4.4  Conclusion

The sinonasal mucosal defenses are a highly
sophisticated interplay involving the local struc-
tural cells, resident innate response cells, and cir-

Environmental irriants,

antigens,
pathogens
Innate immune
defect
Acquired Th2
immune response
system

culating innate and adaptive immune cells. In
approximately 10% of the Western population,
this system fails in that foreign agents, while still
cleared, trigger collateral inflammation of the
mucosa of varying types and intensities. The
associated clinical syndrome is broadly termed
“CRS.” Recent research in the field of CRS has
been geared toward a better understanding of the
specific pathway defects in the host. These spe-
cific genetic and epigenetic defects in the local
immunologic pathways should eventually be
associated with the various CRS phenotypes.
Ultimately, greater understanding of sinonasal
immune defenses will lead to more effective ther-
apies for CRS in the future.
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