Current perspectives

Alterations in epithelial barrier function and host defense
responses in chronic rhinosinusitis

David D. Tieu, MD,? Robert C. Kern, MD,*? and Robert P. Schleimer, PhD*"

Chronic rhinosinusitis (CRS) is characterized by a chronic
symptomatic inflammation of the nasal and paranasal sinus
mucosae and is one of the most frequently reported chronic
diseases in the United States, with an estimated prevalence of
greater than 10% of the general population. Although the
pathogenesis of CRS remains poorly understood, there is
evidence for a role of bacteria and fungi, as well as the presence
of a robust adaptive immune response in the upper airways and
sinuses. Recent studies of CRS, as well as several other diseases
in the skin and respiratory epithelium, have uncovered evidence
that deficiencies in epithelial immune barrier function might
compromise the interaction between the host and external
immune stimuli. Recent studies suggest the hypothesis that
reduced expression of antimicrobial S100 proteins, particularly
psoriasin and calprotectin, might lead to increased susceptibility
to bacterial and fungal colonization in patients with CRS. The
main emphasis of this review will be to highlight the current
literature that suggests that a defect in the expression of a broad
set of epithelially derived genes might lead to barrier
compromise and subsequently a dysfunctional host immune
response to environmental agents in patients with CRS. (J
Allergy Clin Immunol 2009;124:37-42.)
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Chronic rhinosinusitis (CRS) is one of the most commonly
reported diseases in the United States, with an estimated preva-
lence of greater than 10% of the general population. Defined as a
persistent symptomatic inflammation of the nasal mucosa result-
ing from the interaction of multiple host and environmental
factors, the cause of CRS remains elusive. Clinically, CRS might
be suspected if 2 or more of the following symptoms are present
and resistant to medical therapy: anterior, posterior, or both
types of mucopurulent discharge; facial pain/pressure/fullness;
decreased sense of smell; and nasal obstruction. Nasal endoscopy
and sinus computed tomographic scans are recommended to

From “the Department of Otolaryngology—Head and Neck Surgery and "the Division of
Allergy and Immunology, Northwestern University Feinberg School of Medicine.

*These authors contributed equally to this work.

Disclosure of potential conflict of interest: R. C. Kern has served as a consultant for the
National Institutes of Health and has provided legal consultation or expert witness
testimony on the topic of zinc toxicity. The rest of the authors have declared that they
have no conflict of interest.

Received for publication March 2, 2009; revised April 24, 2009; accepted for publication
April 27, 20009.

Reprints requests: Robert P. Schleimer, PhD, Northwestern University, Feinberg School
of Medicine, 240 E Huron, Room M-318, McGaw Pavilion, Chicago, IL 60611.
E-mail: rpschleimer@northwestern.edu.

0091-6749/$36.00

© 2009 American Academy of Allergy, Asthma & Immunology

doi:10.1016/j.jaci.2009.04.045

Chicago, 11l

Abbreviations used
AD: Atopic dermatitis

CRS: Chronic rhinosinusitis

CRSsNP: Chronic rhinosinusitis without nasal polyps

CRSwNP: Chronic rhinosinusitis with nasal polyps
KLK: Kallikrein-related peptidase

SPINKS: Serine peptidase inhibitor Kazal type 5

TLR: Toll-like receptor

verify the diagnosis because of the high false-positive rate with
subjective criteria alone. CRS is commonly subdivided into 2
subtypes: CRS with nasal polyps (CRSwWNP) and CRS without
nasal polyps (CRSsNP).! The tissue inflammatory response in
patients with CRSsNP has been shown to be highly neutrophilic
with a tendency toward Tyl polarization, whereas CRSwNP in-
flammatory responses are characterized by eosinophilia with a
T2 skewing.2 Although complex host genetic factors are widely
believed to influence the pathogenesis of CRS, recent investiga-
tions have highlighted environmental factors, such as fungal or
bacterial colonization, the presence of biofilms or superantigens,
osteitis, and allergen exposure.’

Recent studies of allergic diseases in the skin and lungs, such as
atopic dermatitis (AD), psoriasis, asthma, allergic rhinitis, and
chronic obstructive pulmonary disease, have uncovered evidence
that there might be intrinsic or induced deficiencies in the barrier
function of the skin and airway mucosal epithelium in these
diseases, underscoring the importance of the epithelial interface
with the environment and the importance of the genes that
influence barrier function.® As one example, a line of investigation
has implicated defects in the barrier gene filaggrin in patients with
AD, as well as in atopic sensitization associated with asthma and
rhinitis.* As with the skin, the respiratory epithelium is a dynamic
tissue involved in both innate and acquired host defense.’ In addi-
tion to providing a barrier to entry of pathogens through tight junc-
tions, epithelial cells lining the airways have been shown to resist
the presence of microorganisms by producing natural antimicro-
bial factors constitutively and after stimulation and by mounting
an inflammatory response under intense stimulation. Because of
the importance of the epithelium as a mediator of immune de-
fense, defects in a broad set of epithelium-related genes, in theory,
could contribute to a dysfunctional immune response to environ-
mental agents in patients with CRS.® This review will highlight
the current literature on the pathogenesis of CRS, with an empha-
sis on emerging studies on epithelial barrier dysfunction.

PATHOGENIC TRIGGERS OF CRS
Many current theories on the cause of CRS and its exacerba-
tions postulate that infectious agents and their products mediate
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the inflammatory mucosal changes observed. Ponikau et al” have
suggested that fungi, especially Alternaria species, are important
sources of antigens that drive CRS. Their studies have demon-
strated the presence of fungi and eosinophilic mucin in most pa-
tients with CRS, as well as the presence of fungi in healthy
subjects. Corresponding in vitro studies have shown that lympho-
cytes from patients with CRS, but not control subjects, respond to
fungal antigens in vitro and produce IL-5, a cytokine that most in-
vestigators find to be increased in patients with CRS.® They have
advanced the hypothesis that patients with CRS mount an eosin-
ophilic response to environmental fungi. This eosinophilic re-
sponse, which can be observed as both tissue eosinophils and
clusters of activated eosinophils in mucus, is proposed to lead
to damage to the mucosal surface. To date, studies evaluating an-
tifungal treatment have met with mixed success in patients with
CRS, and a role of chronic colonization with fungi is as yet uncer-
tain. The failure of many studies with antifungal drugs to diminish
CRS symptoms does not eliminate the possibility that sensitiza-
tion to fungi and fungal products in ambient air leads to an IgE-
independent eosinophilic inflammation that is important in
CRS. Indeed, such a sensitization would appear to be more likely
if there were an epithelial barrier dysfunction in this disease.

Another school of thought proposes a role for bacteria in CRS,
a view supported but not proved by the fact that antibiotics remain
the most commonly prescribed medications for management of
CRS. The role of bacteria has been suggested by studies in which
sinonasal cultures of patients with CRS were shown to yield
results distinct from those seen in either healthy patients or those
with acute rhinosinusitis. Specifically, CRS cultures have been
shown to frequently include coagulase-negative Staphylococcus
species, Staphylococcus aureus, anaerobes, and Streptococcus
pneumoniae.9 Some recent studies have supported a superantigen
hypothesis, suggesting that toxins secreted by S aureus, in some
cases protected by biofilms or sequestered within epithelial cells,
mediate inflammation in patients with CRS through direct stimu-
lation of T cells, leading to cytokine release and local polyclonal
IgE responses.'” In this model the inflammatory pathway in com-
mon with that of the fungal hypothesis is one in which Ty2 lym-
phocytes, especially those producing IL-5, play a role in
recruiting and activating eosinophils.

EPITHELIUM AND PATHOGEN RECOGNITION

There is considerable evidence for the occurrence of epithelial
cell activation in patients with CRS; this activation could reflect
the frequent colonization with bacteria or the inflammatory
response to fungi and other environmental antigens discussed
above. Increased levels of cytokines, such as GM-CSF; chemo-
kines, such as CCL5 (RANTES) and eotaxins; growth factor
receptors, such as epidermal growth factor receptor; costimula-
tory molecules, such as programmed death ligand 1 and 2; and
other molecules involved in inflammation and immunity are
observed in epithelium in patients with CRS. Airways epithelium
plays an important role in innate host defense.'' Epithelial de-
fense mechanisms are both constitutive and can be activated by
membrane-bound and cytoplasmic pattern recognition receptors
that recognize pathogen-associated molecular patterns commonly
found in parasites, viruses, bacteria, yeast, and mycobacteria.5
One of the best characterized classes of pattern recognition recep-
tors is the Toll-like receptor (TLR) family, which are transmem-
brane receptors expressed on multiple cell types, including
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respiratory epithelial cells.'*'* TLR2 and TLR4 play prominent
roles in responses to fungi, gram-positive bacteria, and endotoxin.
TLR3 recognizes viral double-stranded RNA, TLRS recognizes
bacterial flagellin, and TLR7 and TLRS are activated by single-
stranded RNA." Although there are some studies suggesting
increased TLR expression or function in patients with CRS,'®!”
one study reported the absence of TLR2, TLR3, and TLR4 in nasal
polyps of patients whose nasal vestibules were positive for culture of
either bacteria or fungi.'® Our unpublished studies on nasal epithelial
cells suggest a modest and product-selective decrease in TLR2
responses and no decrease in TLR3 responses in epithelial cells
derived from either the turbinates or uncinate process of patients
with CRS compared with cells from healthy subjects, suggesting
that any deficiency that might exist in vivo does not reflect a stable
phenotype observed in cultured cells. Because exposure to TLR lig-
ands can initiate production of chemokines, cytokines, and growth
factors that trigger the inflammatory response, epithelial TLR, espe-
cially TLR3, which drives the strongest response in vitro, might be
involved in triggering exacerbations of sinonasal disease.

ANTIMICROBIAL RESPONSES OF EPITHELIAL
CELLS

In addition to their function in mucociliary clearance, sinonasal
epithelial cells secrete a large array of molecules that are known to
kill or neutralize microorganisms.5 These antimicrobial factors,
first described by Sir Alexander Fleming in sputum and tears,
are produced by both mucosal and glandular epithelium and prob-
ably play a critical role in the immediate host defense against in-
vasion of potential pathogens at the epithelial interface. Epithelial
host defense molecules include small peptides that lyse bacteria,
such as defensins and cathelicidins, as well as enzymes and larger
proteins, such as lysozyme, lactoferrin, and secretory leukocyte
proteinase inhibitor. Lysozyme, a major antibacterial enzyme
secreted by nasal and glandular epithelial cells, targets glycosidic
bonds in the peptidoglycan cell wall of bacteria, typically leading
to an enzymatic lysis, and is highly effective against many com-
mon upper airway gram-positive bacteria, such as streptococci.
Lactoferrin sequesters iron, leading to inhibition of bacterial
growth, and is produced by serous mucosal gland epithelium.
Secretory leukocyte proteinase inhibitor kills both gram-positive
and gram-negative bacteria. Defensins are small cysteine-rich
cationic proteins that are directly toxic to many bacteria, fungi,
and viruses. Most defensins function by binding microbial cell
membrane and, once embedded, form pore-like membrane de-
fects that allow efflux of essential ions and nutrients. Similarly,
the cathelicidin LL-37 is an antimicrobial peptide that contributes
to innate immune defense against invasive bacterial infection.
Although this is not an exhaustive list of antimicrobials produced
by epithelial cells, it should be clear that epithelial cells routinely
protect the interface between the external environment and the
mucosal surface and that disruption of this antimicrobial action
might lead to the risk of colonization or infection by
microorganisms.

FOCUS ON THE S100 GENES IN EPITHELIA

The S100 proteins comprise a multigene family consisting of
more than 20 low-molecular-weight proteins that have numerous
effects, including influences on cell differentiation and transfor-
mation, barrier function, and direct antimicrobial actions.'? The
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majority of the S100 protein genes are encoded on chromosome
1921 among the genes of the epidermal differentiation complex.
This region is of heightened interest because it encodes several
other families of important genes that are expressed in epidermal
keratinocytes. Of particular interest are the proteins S100A7,
S100A8, and S100A9, which were initially found to be overex-
pressed in patients with psoriasis.”® S1I00A7, also called psoria-
sin, is an S100 protein that has the calcium binding-properties
typical of this family. It was originally identified in patients
with psoriasis, in whom it was found to be highly upregulated.?
In normal human epidermis SI00A7 is present at the cell periph-
ery in terminally differentiated keratinocytes. SI00A7 has been
shown to function as a potent chemotactic agent that attracts
CD4™ lymphocytes and neutrophils. Perhaps more importantly,
S100A7 kills bacteria, and Meyer et al*' showed that SI00A7 is
the principal antimicrobial peptide that kills Escherichia coli in
the human tongue. S100A7 has been shown to play a key antimi-
crobial role in human keratinocytes as well, particularly in the
defense against E coli.** Cutaneous levels of S100A7 are
increased in patients with AD, in wound exudates, and after
skin barrier disruption.”*** Recently, SI00A7 was detected in
nasal lavage fluid from allergic and nonallergic individuals by
using 2-dimensional gel electrophoresis and mass spectrometry.25
Interestingly, SIO0A7 levels in nasal lavage fluid were found to be
reduced in lavage fluid from patients with allergic rhinitis com-
pared with that from nonallergic individuals. It is not clear
whether the presence of allergic inflammation diminishes its
expression, although if that were true, one might expect reduced
rather than increased levels in patients with AD. With regard to
the antimicrobial effects of SI00A7, recent evidence has suggested
a strong similarity between the 3-dimensional structures of ST00A7
and that of amoebapore A, an ancient antimicrobial pore-forming
peptide from Entamoeba histolytica. SI00A7 exerts its antimicro-
bial activity through disruption of microbial membranes at low
pH.26 The varying roles of SI00A7 in the epithelium, along with
its implication in the allergic airway, served as a rationale to study
a possible contributing role in the pathogenesis of CRS.

A recent study from our laboratory demonstrated that ST00A7
mRNA is profoundly reduced in epithelial scrapings taken from
uncinate tissue of patients with either CRSsNP or CRSWNP.?” We
have recently studied SI00A7 in patients with CRS more compre-
hensively and found that levels of SI00A7 protein in nasal lavage
fluid of patients with CRS are lower than levels in control sub-
jects. Furthermore, immunohistochemical staining indicates a
large reduction in epithelial expression of this antimicrobial pep-
tide in both mucosal and glandular epithelium (Tieu et al, unpub-
lished observations). In cultured keratinocytes the TLRS ligand
flagellin is the most potent inducer of SI00A7.?® If this is also
true in the upper airways, our recent results might possibly reflect
a deficient response of nasal epithelium to flagellated bacteria in
patients with CRS. The expression of S100 proteins is regulated
by the T-cell cytokine IL.-22 and its receptor, IL-22R.* It will
be worthwhile to determine whether the reduced levels of S100
proteins in patients with CRS might reflect a defect in the produc-
tion of IL-22 and related IL-10 family cytokines (eg, IL-19, IL-20,
and IL-24) or a defect in their signaling.30

S100A8 and S100A9 are produced by epithelial cells, neutro-
phils, and other cells and are important participants in the innate
immune response. SI00A8 and S100A9 are produced primarily
as a heterodimeric complex (S100A8/A9) known as calprotectin,
and the subunits are not readily found individually.31 Calprotectin
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is released into inflammatory exudates and saliva and is a potent
proinflammatory chemoattractant for neutrophils and monocytes.
Calprotectin is involved in transendothelial migration of leuko-
cytes by inducing neutrophil adhesion to fibrinogen through acti-
vation of the [(,-intergrin Mac-1 in response to LPS and
monosodium urate crystals.*>** Calprotectin manifests both anti-
bacterial and antifungal properties. Squamous mucosal epithelial
cells have been shown to constitutively express cytoplasmic cal-
protectin, and it confers resistance to intracellular invading bacte-
ria, such as Listeria monocytogenes, Porphyromonas gingivalis,
and Salmonella enterica.>* Calcium-binding loops I and II within
the molecule are essential for bacterial resistance in keratino-
cytes.” Given its expression by epithelium, abundance in neutro-
phils, and upregulation in various inflammatory diseases, there is
a considerable amount of evidence supporting a role for calpro-
tectin as a first-line defense in innate immune responses. Al-
though data suggest that calprotectin is important in dermal
inflammation and wound repair and critical in pancreatic epider-
mal cell-cell contacts, the role of this protein in the epithelium re-
mains elusive.>®*” In our studies of patients with CRS, we found
greater than 80% reductions in the levels of mRNA for S100A8
and SI100A9 in freshly collected uncinate epithelial cells.*’
More recently, we have found that nasal lavage fluids taken
from patients with either CRSsNP or CRSwNP have dramatic re-
ductions in levels of these proteins and that reduced epithelial ex-
pression is supported by immunohistochemical evaluation (Tieu
et al, unpublished observations). Interestingly, detergent extracts
of surgical samples of nasal polyps had large increases in levels of
these proteins, and the levels correlated with increased presence
of neutrophil elastase. Taken together, these findings suggest
that epithelium from patients with CRS expresses diminished
levels of calprotectin and that the influx of neutrophils might rep-
resent a compensatory response. Although reduced calprotectin
levels might compromise innate immunity, a recent study indi-
cates that these proteins bind to TLR4 and are necessary for endo-
toxic shock in mice, suggesting that they might have diverse roles
in the innate immune response.*® Clearly, further studies are nec-
essary to determine how important constitutive calprotectin is in
innate immunity in the upper airways.

EPITHELIAL BARRIER FUNCTION AND CRS

The importance of barrier maintenance in a variety of allergic
diseases has recently become elucidated. Studies on filaggrin
strongly support the necessity of full function of this barrier
protein in the skin to avoid allergic sensitization in patients with
AD, as well as in patients with allergic rhinitis and asthma.*
Considerable evidence supports the concept that sensitization
in patients with AD is related to dysfunction of the epidermal
barrier.*® One of many proteins involved in barrier maintenance
is serine peptidase inhibitor Kazal type 5 (SPINKSY), a serine
protease inhibitor thought to regulate the function of numerous
proteases that might compromise barrier. Although it appears
that polymorphisms of SPINKS are only weakly associated
with AD, mutations in this protein have been identified in Neth-
erton syndrome, an autosomal recessive disorder characterized
by trichorrhexis invaginata (“bamboo hair”) and congenital ich-
thyosis.‘m’41 In patients with asthma, several studies suggest that
the formation, maintenance, or both of epithelial tight junctions
is compromised.*? This probably results from poor proliferative
epithelial repair responses and improperly formed tight
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FIG 1. Potential points of influence of proteases, SPINK5, and S100 proteins on the immune barrier in the
upper airways. See text for discussion. PAR, Protease-activated receptor.

junctions having reduced Zonula Occludens-1 (ZO-1). Anchor-
age of epithelial cells is also disrupted in patients with asthma
and is in agreement with the long known observation of Creola
bodies (ie, clusters of shed epithelial cells) found in the sputum
of asthmatic patients.

Some early studies with nasal airway epithelial cells have
indicated that the epithelial barrier might be compromised in
patients with CRS. Bernstein et al*> demonstrated that cultured
epithelial cells from nasal polyps manifest a greater absorption
of sodium and water than cells from turbinate and propose that
this is cytokine induced and contributes to pathogenesis. More re-
cently, Kejima et al** generated air-liquid interface monolayers of
sinonasal epithelial cells from control subjects and patients with
CRS and found that basal and amiloride-sensitive short-circuit
currents were greater in the CRS cultures. Although they con-
cluded that increased rates of ion transport might be pathophysio-
logically relevant in patients with CRS, the molecular mechanism
of the increased transport/permeability in patients with CRS is not
clear. We recently studied the protease inhibitor SPINKS in
patients with CRS and found highly reduced levels expressed in
the epithelial cells taken from patients with CRS.?” Immunohisto-
chemistry supported the observation that this protein, previously
observed primarily in skin, is indeed expressed in the airways and
confirmed reduced levels of SPINKS (Lympho-epithelial Kazal-
type-related inhibitor, LEKTI) in CRS. SPINKS contains 15 dis-
tinct protease inhibitory domains that are cleaved by complex
processes in the skin. Many of the fragments generated by cleav-
age of SPINKS inhibit a host of kallikrein enzymes that are impor-
tant in cleaving desmosomal proteins during formation of the
cornified layer of the skin, especially kallikrein-related peptidase
(KLK) 1, KLK5, KLK6, KLK13, and KLK14.%° Thus it is quite
possible that SPINKS also inhibits host proteases that regulate
desmosomal integrity in the nasal cavity as well. Although the en-
zymes that might be targeted by SPINKS in the airways are un-
known, based on the wide specificity of this molecule as an
inhibitor of diverse proteases, our finding of substantial levels
of expression of SPINKS in the nose and sinuses, as well as in

airway epithelial cells, suggest that it also functions in the respi-
ratory tract. Also, our finding of reduced expression of SPINKS in
patients with CRS is notable, considering the essential role of this
protein in normal formation and function of the skin. SPINKS5
might protect gap junctions from attack by proteases derived
from microbes and allergens, as well as host proteases. Addition-
ally, SPINKS might also decrease the effect of exogenous prote-
ases on protease-activated receptors (PARs), which are present on
multiple cell types in the nasal mucosa.

The influence of S100 proteins on barrier function is not clear.
Certainly, any failure of innate immunity leading to bacterial or
fungal colonization would influence the epithelial barrier (Fig 1).
To the extent that these proteins are centrally important antimicro-
bials in the upper airways, as has been shown for SI0O0A7 in the
tongue, a deficiency in their production would promote microbial
growth and have indirect effects on the barrier.”’ As to direct ef-
fects on epithelial maintenance and repair, several S100 proteins
have been implicated in cancer progression and have been found
to promote tumor cell growth, possibly through enhancing epider-
mal growth factor receptor signaling in some cases. Recently, cal-
protectin was found to be critical for inflammatory cell
transmigration into epithelial tissues in pancreatitis and directly
dissociated epithelial cell-cell contacts in a highly calcium-
dependent manner.*® Thus based on presently available informa-
tion, a reduction in S100 proteins in patients with CRS could (1)
lead to increased susceptibility to infection by organisms that are
directly sensitive to these proteins, (2) diminish transepithelial
migration of leukocytes, and (3) lead to reduced repair and prolif-
eration of epithelium. Although studies on short-circuit current
suggest a dysfunction in barrier function of epithelial cells from
patients with CRS with respect to transport of water and ions, it
is not clear whether this defect and the reduced expression of
S100 proteins are mechanistically related. In patients with psori-
asis, barrier function is believed to be poor, and yet S100 proteins
are expressed at high quantities. Further studies will be needed to
determine the role of S100 proteins in epithelial repair, differen-
tiation, and proliferation in the upper airways.
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CONCLUDING REMARKS

In patients with asthma, disruption of the epithelial barrier
through reduced gap junction integrity has been suggested to
result in increased epithelial cell death, leading to a heightened
inflammatory cascade with exposure of tissue TLR receptors to
pathogen-associated molecular patterns (PAMPs).*? In patients
with CRS, diminished innate immune responses and diminished
barrier function can have several consequences. Observations of
diminished barrier and reduced levels of antimicrobial peptides
in CRS might be compatible with both leading theories of the
pathogenesis of CRS discussed above. If the immune barrier is in-
deed disrupted (and this has yet to be formally demonstrated in
patients with CRS), then sensitization to ambient fungi, such as
Alternaria species, would be more likely to occur as a result of in-
creased penetration of fungal allergens. This would be particu-
larly true if SPINKS is involved in the inhibition of fungal or
host proteases that activate epithelial cells and increase their per-
meability. Likewise, reduced levels of key antimicrobial peptides,
such as SI00A7 and calprotectin, could increase the likelihood of
bacterial colonization in the upper airways, even if this does not
lead to acute sinus disease. Interestingly, calprotectin is more
toxic to S aureus than E coli, whereas SI00A7 is more toxic to
E coli. Poor expression of both SI00A7 and calprotectin might
lead to inadequate innate resistance to diverse strains of extracel-
lular and intracellular bacteria. Increased colonization of the up-
per airways with bacteria and fungi or increased epithelial
activation and permeability by the products of bacteria and fungi
might explain the robust adaptive immune response that is ob-
served in patients with CRS.* Because levels of SI00A7 and
S100A8/S100A9 appear to be reduced in both patients with
CRSsNP and patients with CRSwNP, there might be some com-
mon pathogenic mechanisms in these 2 related diseases. The
well-known observation that CRS tissue, especially nasal polyps,
contains large numbers of B lymphocytes that produce IgA and
IgE might reflect increased access of antigenic material to the
lamina propria. In future studies, it will be important to determine
whether defects in barrier function serve as one of the primary
causative mechanisms in the pathogenesis of CRS and whether
this renders the host susceptible to colonization by pathogens,
leading to a heightened inflammatory response.
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