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The purpose of this review is to discuss recent findings made during
studies of the upper airways and sinuses of people with chronic
rhinosinusitis (CRS) in the context of the literature. CRS is a chronic
inflammatory disorder affecting nearly 30 million Americans and is
generally resistant to therapy with antibiotics and glucocorticoids
(Meltzer EO and coworkers, | Allergy Clin Immunol 2004;114:155-
212). We have formed a collaboration that consists of otolaryngol-
ogists, allergists, and basic scientists to address the underlying
immunologic and inflammatory processes that are occurring in,
and possibly responsible for, this disease. The main emphasis of
ourworkhas beentofocus on theroles that epithelium, in the sinuses
and upper airways, plays as both a mediator and regulator of
immune and inflammatory responses. It is not our intention here
to provide a comprehensive review of the literature in this area, but
we will try to put our work in the context of the findings of others
(Kato A and Schleimer RP, Curr Opin Immunol 2007;19:711-720;
Schleimer RP and coworkers, | Allergy Clin Inmunol 2007;120:1279-
1284). In particular, we discuss the evidence that epithelial cell
responses are altered in CRS, including those relevant to regulation
of dendritic cells, T cells, B cells, and barrier function.
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THE USE OF CHRONIC RHINOSINUSITIS TO STUDY
EPITHELIUM IN INFLAMMATORY DISEASE

There are perhaps no mucosal surfaces in human beings that are
more accessible to the study of the immune response than the
upper airways and sinuses. The upper airways play an important
filtering role, and as a consequence there is considerable
exposure to particulates, antigens, and potential pathogens.
Under optimal conditions, the upper airways and sinuses readily
clear these materials and destroy or eliminate them without
involvement of the adaptive immune system. When this process
fails, micro-organisms may flourish on the mucosa, and acute or
chronic inflammation can result. Likewise, if the barrier func-
tion of the epithelial layer fails, otherwise innocuous materials
may gain access to cells of the immune response in and below
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the lamina propria, further stimulating the inflammatory pro-
cess. Moreover, well-studied allergic nasal mucosal responses
may also play a supportive role, but the degree and importance
is unclear (1). Overall, the etiology and pathogenesis of CRS
remains a matter of rigorous debate and while there is, in
particular, a significant amount of literature supporting a role
for either fungi or bacteria in chronic rhinosinusitis (CRS), this
remains controversial and will not be addressed here (2-7).

The clinical presentation of CRS in individual patients
covers a spectrum of severity, and CRS is probably best
considered as a syndrome with persistent characteristic symp-
toms rather than a discrete disease entity. Until recently, re-
search has been hampered by many factors, including most
prominently the lack of a universally accepted definition. For
the purposes of this review, CRS will be defined as symptomatic
inflammation of the mucosa of the nose and paranasal sinuses
of greater than 12 weeks duration, confirmed by computed
tomography (CT) scan and nasal endoscopy (1). The most
common symptoms, including nasal obstruction, smell loss,
rhinorrhea, and facial pressure, have been well characterized,
but confirmatory measures (CT scan and nasal endoscopy) are
necessary for research purposes due to the high false-positive
rate using clinical criteria alone (1). Furthermore, endoscopic
analysis subdivides CRS into a form without visible nasal
polyps (CRSsNP) and a form with nasal polyps (CRSwNP)
(1). Although some investigators further subdivide the disease
based on numerous other criteria such as the presence of fungi
and fungal mucins, the presence of hyperplasia of connective
tissue or mucosal glands, the presence of aspirin sensitivity or
asthma, and so on, we will restrict our discussion to these two
forms (1). In general, CRSWNP is associated more closely with
the clinical complaints of nasal obstruction and smell loss; nasal
polyp mucosa exhibits a high degree of tissue eosinophilia as
well as T cells demonstrating a skewing toward Th2 cytokine
expression. CRSsNP is associated more closely with facial pain
and drainage, Thl polarization, and a lesser degree of eosino-
philic infiltration (8).

Regardless of the inciting antigen or the precise etiology and
pathogenesis, it is clear from the cellular constituents that are
elevated in CRS that a vigorous immune response is underway.
We hasten to say that this immune response, though not
infrequently of at least partly an allergic nature involving IgE
and aeroallergens, is frequently not accompanied by demon-
strable atopic sensitization; therefore, CRS should not be
viewed as an allergic disease (note that there is a literature
suggesting the existence of a significant number of patients with
CRS with local allergen responses but not skin test sensitivity)
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(5,9). Due to the value and necessity for sinus surgery to manage
the disease of a significant proportion of people suffering from
CRS, investigators have access to the substantial quantities of
tissue that is removed during the surgical procedures. This
includes sinus mucosa, turbinate mucosa, uncinate process tissue,
and nasal polyps (when present) in patients with CRSsNP or
CRSwNP, as well as in normal control subjects without CRS. In
our studies, the primary source of normal control tissue is from
patients undergoing transnasal resection of intracranial lesions.

To study the immune and inflammatory process in CRS, we
routinely collect epithelial cell scrapings and nasal lavage
samples in addition to the above-mentioned surgical tissue.
We obtain DNA, mRNA, and protein extracts of the tissues and
also retain some of the tissue for frozen sections and for fixation
to perform immunohistochemistry. Protein extracts and nasal
lavage are exceedingly useful to monitor production of cyto-
kines, chemokines, host defense molecules, immunoglobulins,
and so on. Messenger RNA is converted into cDNA for analysis
of gene expression by real-time RT-PCR, and cells are cultured
for comparative studies of responses in vitro. Data on mediators
and tissue responses can be correlated with diagnosis or disease
severity determined by the Lund-McKay sinus CT scoring
system or by symptom-based questionnaires. It is important
to note that the samples collected in our studies are from
patients whose disease is of a severity sufficient to warrant
surgery and is therefore not necessarily reflective of the whole
CRS population.

REGULATION OF INNATE IMMUNE RESPONSES OF
EPITHELIUM IN CRS AND THE ACTIONS
OF GLUCOCORTICOIDS

A number of our studies have focused on the innate immune
response of epithelium, both in vitro and in vivo. Studies by Sha
and coworkers several years ago demonstrated that bronchial
epithelial cells express mRNA for nearly all Toll-like receptors
(TLR), and that stimulation resulted in a clear response
especially with ligands for TLR2, TLR3, and TLRS (10). Not
only did these stimuli activate the epithelial cells to express
inflammatory genes such as chemokines and cytokines, but the
cells also produced a number of pathogen recognition molecules
that are likely to be involved in host defense. Studies of TLR
expression or responses in epithelial cells from patients and
control subjects suggest that there are some alterations in
expression and function of TLR2 (11). Epithelial cells from
patients with CRS produce less IL-8 and respond less well to
TLR?2 ligands; although TLR2 mRNA appears to be elevated in
nasal scrapings, flow cytometry indicates that TLR2 protein is
reduced on the epithelial cells (R.P.S., unpublished observa-
tions). Other studies focusing on IL-6, the soluble IL-6 receptor,
and the soluble signaling molecule gp130 that suppresses IL-6
signaling have shown that all three of these molecules are
elevated in CRSWNP (A. Peters and coworkers, unpublished
data). IL-6 is a STAT3 activator that is known to inhibit innate
immune responses and may be important as a mediator of the
shift to adaptive immunity (12). In studies by Peters and
colleagues, G-CSF, another STAT3 activator, was found to be
elevated in nasal lavage from patients with CRSWNP (13).
Expecting to see elevated activation of STAT3 in polyp tissue as
evidence of increased signaling by IL-6 and G-CSF, we were
surprised to see just the opposite; Peters and coworkers found
that pSTAT3 levels measured by Western blotting are de-
creased in nasal polyp tissue (13). Since STAT3 mediates signals
for many other cytokines, including IL-10, growth hormone, and
other members of the IL-6 family, this observation could be
relevant to mucosal responses to numerous stimuli. In light of
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recent studies showing that nonfunctional mutant alleles of
STATS3 lead to the hyper IgE syndrome (Job’s syndrome), it is
possible that the decline in activation of STAT3 that we observe
bears some relevance to the pathology of polypoid CRS, which
is known to include several features of hyper IgE syndrome,
such as high levels of IgE, tissue structural rearrangements,
eosinophilic inflammation, increased colonization with Staphy-
lococcus aureus, and so on (14). Along these lines, it is
interesting to note that loss of STAT3 function in hyper IgE
syndrome leads to a deficiency in the formation of Th17 cells,
which are induced in part by the presence of IL-6. T. Carr and
L. Suh analyzed levels of IL-17 family members by ELISA and
could not detect them in nasal lavage samples or tissue extracts
from patients with CRSwNP, suggesting that a local Thl7
response may not be occurring despite the inflammation and
frequent colonization by S. aureus (13). A hypothesis that we
are presently evaluating is that there is a diminished IL-6/
STATS3 response that occurs in nasal polyp tissue, leading to
a minimal Th17 response, increased IgE, and S. aureus coloni-
zation, as if there were a local equivalent of the hyper IgE
syndrome.

During the course of our studies on TLR activation of
bronchial epithelial cells, we performed some microarray anal-
yses of the influence of glucocorticoid effects on the production
of cytokines, chemokines, and host defense molecules by
epithelial cells activated by the TLR3 ligand double-stranded
RNA (dsRNA). As expected, we found that glucocorticoids
strongly inhibited the expression of many TLR-induced in-
flammatory cytokines (e.g., GM-CSF, IFN-B, TNF, etc.) and
chemokines (IL-8, RANTES, MCPs, MIPs, etc.). Surprisingly,
we found that the steroid directly induced the expression of
several host defense molecules and, when combined with
dsRNA, synergistically induced these molecules. Careful review
of the literature revealed that a few laboratories had observed
enhancement by glucocorticoids of the expression of host
defense molecules such as C3, SLPI, MBL, SpA, SpD, and so
on (15, 16). We view this finding as paradoxical in the light of
the widely held view that glucocorticoids are highly immuno-
suppressive drugs. We also note, however, that these drugs are
the most effective drugs in treating several diseases in which
exacerbations of disease are triggered by infections, including
asthma, chronic obstructive pulmonary disease, allergic broncho-
pulmonary aspergillosis (ABPA), allergic fungal sinusitis, CRS,
and others. It seems clear now that glucocorticoids actually
enhance many aspects of innate immunity, including epithelial
barrier function, mucociliary function, neutrophil survival and
activity, alveolar macrophage phagocytosis, and epithelial release
of a range of molecules, many of which interact directly with
microorganisms (such as collectins, pentraxins, the alternate
pathway of complement, etc.).

These effects in the airways are reminiscent of the ability of
glucocorticoids to enhance the hepatic acute phase response,
a response to TLR ligands and inflammatory cytokines that
includes the release of many host defense molecules from the
liver. Some of the enhancing effects of glucocorticoids on the
hepatic acute phase are mediated through the transcription
factor C/EBPB. When we tested whether the epithelial response
to TLR3 activation is reminiscent of a local acute phase
response, we found that many, but not all, of the same proteins
are produced, and found that C/EBPB plays an important role
in the response, based on siRNA knockdown, Western blot, and
EMSA assays (16). We have concluded from these studies that
the antiinflammatory effects of glucocorticoids, whether they
are released from the adrenal gland during systemic inflam-
mation or whether they are administered therapeutically, may
be accompanied by beneficial effects that promote innate
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immunity at the mucosal surface, an effect that might mitigate
some of their other known immunosuppressive effects on adap-
tive immunity. Such an innate immune-enhancing effect could
be lifesaving in a situation in which a local infection drives
systemic inflammation to a degree great enough to induce
adrenal glucocorticoid production, by minimizing the extent to
which the steroids compromise local immunity to the infection.
To what extent these enhancing effects of glucocorticoids are
important in the therapeutic benefit of inhaled or systemic
glucocorticoids is uncertain, but is an area of active investiga-
tion for us.

REGULATION OF DENDRITIC CELLS BY EPITHELIUM

During our initial studies of TLR activation of epithelial cells,
we noticed that some of the chemokines and cytokines induced
were ones that would be expected to activate dendritic cells
(DC), namely CCL20 (MIP-3a) and GM-CSF (10). GM-CSF is
a powerful inducer of DC formation from monocytes, a cell type
that can be a major component of inflammatory cell infiltrates,
and CCL20 is a ligand for CCR6 and can recruit mature DC (17,
18). These studies raised the reasonable conclusion that TLR
activation of epithelium could mobilize DC formation and
recruitment in the airways. More recently, we have performed
some studies on a recently recognized product of epithelial cells,
thymic stromal lymphopoietin (TSLP), an IL-7 family member
that stimulates DC to become activated and to subsequently
skew T cells to become Th2 cells (19, 20). We found that TSLP
is produced by epithelial cells from the airways or nasal cavity
after stimulation with dsRNA, a ligand for TLR3. Interestingly,
while IL-4 was not a particularly good stimulus for TSLP
production in vitro, it did synergize with dsRNA to induce
production of substantial quantities of TSLP (20). This led us to
conclude that the simultaneous presence of TLR3 and Th2
stimulation is the most powerful inducer of TSLP, and we
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speculate that this could happen in vivo when RNA viruses
infect airways from individuals with allergic disease. This
speculation is of particular relevance to sinus disease and to
asthma, since upper respiratory viruses such as rhinovirus are
major activators of disease exacerbation. To test this hypothesis
further, we challenged epithelial cells with rhinovirus 16 in the
presence or absence of IL-4 and found the same pattern—that
activation with both was clearly the strongest stimulus. TSLP
has been shown to be elevated in both atopic dermatitis and in
asthma (21, 22). We find TSLP mRNA to be elevated in
CRSwNP, but do not find impressive changes in TSLP protein
to date (A. Kato and coworkers, unpublished observations).
Future studies will be required to determine whether exacer-
bations of asthma or CRS induced by rhinoviruses are accom-
panied by strong induction of TSLP in human subjects. To-
gether, these studies suggest that epithelial activation can play
an important role in determining DC maturation, recruitment,
and differentiation in the airways. Considering that one subset
of DC, the so-called interepithelial DC that are fractalkine
receptor positive, is intimately associated with epithelial cells,
some future studies will focus on the special interactions between
these DC and epithelium (23).

REGULATION OF T CELLS BY EPITHELIUM

Increased numbers of T cells have been reported in CRS, and
increased activation of the T cells that are present in nasal
polyps has been reported (see Figure 1) (24). We have pursued
several lines of investigation that relate to the T cell participa-
tion in sinus disease and the role that epithelial cells play in
regulating these T cell responses. One line of investigation has
focused on the roles that Staphylococcus aureus and the super-
antigens that it produces play in CRS. These studies followed
up the earlier studies of and Bernstein and colleagues (25) and

Figure 1. (A) T cells in chronic
rhinosinusitis (CRS). (B) BAFF
staining in CRS with nasal
polyp (CRSWNP). (C) BAFF in
nasal polyp tissue. (D) SPINK5
in sinus mucosa.
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Figure 2. Hypothesis regarding the role that local cytokine responses play in the recruitment and activation of B lymphocytes in CRS. (1) Activation
of epithelium with Toll-like receptor (TLR) agonist (especially TLR3) leads to BAFF production via an autocrine stimulation pathway that involves IFN-
B. (2) BAFF is released by epithelial cells as well as hematopoietic lineage cells in CRSWNP. (3) B cells are stimulated to undergo proliferation, class
switch recombination, differentiation, and survival by BAFF and other local factors, leading to production of IgA, IgE, and other immunoglobulin
isotypes. (4) The processes of local B cell activation and IgA production as well as IgA transport are regulated by the 12/15 lipoxygenase pathway.

See text for details.

Van Zele and coworkers (26) providing evidence for increased
presence of S. aureus organisms and providing evidence for
activation of CRS tissues by superantigens. Using flow cyto-
metric analysis of tissue from patients with CRSwNP, we found
evidence for a superantigen effect on T cells based on clear
evidence for skewing of the T cell receptor VB expressed on
cells in the tissue (27-30). This agreed with evidence from
L. Suh (unpublished observations) showing the presence of SEB
and SEA in many of the CRS nasal samples and the presence of
IgE that is specific for the superantigens in the serum. At this
point, it is our impression that S. aureus colonization and
a superantigen effect are common but not consistent features
of CRS, especially in CRSWNP, and it is not clear whether these
are primary drivers of disease or secondary manifestations
resulting from increased susceptibility to colonization.
Another line of investigation has focused on the role of
epithelial cells in the functional regulation of the T cells that are
in the airways and sinuses. Like DC, there are special subsets of
interepithelial T cells that interact intimately with the epithe-
lium and express adhesion molecules, such as the « ER7 integrin,
that maintain their proximity to the mucosa (31). This raises the

possibility that physical interactions between epithelium and T
cells can regulate the function of both cell types. Several years
ago, we found that epithelial cells express members of the B7
family of costimulatory molecules, notably B7-H1 (PD-L1),
B7-H2 (ICOS-L), and B7-DC (PD-L2). B7-H1 and B7-DC are
of interest because they are able to reduce T cell activation via
binding to PD-1, an ITIM-containing regulatory molecule (32).
B7-H1 and B7-DC are both inducible on epithelial cells by
stimulation with either TLR3 ligand or rhinovirus (33, 34).
Interestingly, we found clear up-regulation of these two B7
homologs in nasal scrapings after rhinovirus challenge of
normal volunteer subjects (34). In CRS, we found elevation of
these same homologs by analysis of mRNA and found eleva-
tions of B7-H1 by immunohistochemistry, especially in Samter’s
triad, a particularly severe form of CRSwNP that is character-
ized by nasal polyps, asthma, and aspirin sensitivity (33). At
present, it is not clear whether increased levels of B7-H1 and
B7-DC are reflective of a feedback inhibitory mechanism that is
activated during disease or whether they are involved in the
pathology of CRS, since these molecules can also play a proin-
flammatory role via reverse signaling (35). Regardless of the
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precise role, if any, played in pathogenesis, increased expression
of B7-H1 and B7-DC is likely to be valuable as a marker
of epithelial activation in diseases of the upper airways and
sinuses. Since PD-1 is expressed and functionally active on B
lymphocytes as well as T lymphocytes, the epithelial expression
of B7-H1 and B7-DC may reflect epithelial regulation of the B
cell responses discussed below (35).

REGULATION OF B CELLS BY EPITHELIUM

It has become increasingly clear that B lymphocytes undergo
local recruitment, activation, class switch recombination, and
differentiation to plasma cells in the lamina propria and mucosa
of the airways and sinuses, and that these processes play a role
in asthma and hay fever (36, 37). Class switch recombination to
produce IgE and IgA is of particular relevance to both allergic
diseases and immunity in the airways and sinuses, and has been
one area of investigation by our laboratory and others. Both of
these immunoglobulin isotypes are highly elevated in CRS,
especially the polypoid form (38, 39). Like T cells, B cells can
be found in isolated lymphoid follicles in CRSWNP and there
are numerous plasma cells in nasal polyp tissue. We have
recently demonstrated that BAFF (also known as BLyS and
TNFSF13B), a member of the TNF family of molecules, is
produced by airway epithelial cells in the lungs and upper
airways (40). This molecule is induced by stimulation with
several cytokines and TLR3 activation. Studies in mice and
humans indicate that BAFF and one of its receptors, BAFFR,
are essential for B cell development and that another receptor,
TACI, is essential in class switch recombination for the forma-
tion of IgA (41, 42).

Analysis of tissues from the upper airways and sinuses from
control subjects and patients with CRS showed that BAFF
mRNA and protein are highly elevated in nasal polyp tissue but
not in unaffected tissue in CRSWNP or in tissue from control
subjects or patients with CRSsNP. BAFF was also elevated in
nasal lavage samples from patients with CRSWNP. Levels of
BAFF mRNA in tissues correlated with levels of mRNA for
CD20 and TACI, suggesting that BAFF may be involved in the
increase in B cells in CRS (39). Along with elevated levels of
IL-6 (discussed above), BAFF may help to provide a milieu for
the expansion of B cells in sinus disease. We have recently
confirmed this finding in the lower airways in a segmental
bronchial challenge model in humans, showing that BAFF was
increased dramatically after antigen challenge and that the
BAFF that was detected was probably produced locally (43).
As to the increased levels of IgA found in nasal polyps, recent
studies have given insight into the potential role of an IL-13—
induced enzyme, 15-lipoxygenase-1, in regulating both IgA
production in the airway mucosa and in regulating the expres-
sion, and possibly function, of the IgA transport molecule
polymeric immunoglobulin receptor (pIgR). Mice deficient in
the murine equivalent of this enzyme (12/15LO) have been
found to have dramatic elevations of IgA in the airway lumen
in conjunction with increased pIgR expression (44). Together,
these results suggest that induction of 15-LO-1 by Th2 re-
sponses may decrease IgA transport and lead to accumulation
of IgA in tissue. Recent studies in CRSwWNP suggest that IgA
is elevated in the tissue but not in the nasal lavage (39). On the
other hand, secretory IgA does appear to be increased in the
lavage fluid of patients with CRSwNP. We are presently
uncertain what the role of IgA is in CRS pathogenesis. As to
the mechanisms of B cell recruitment, recently M. Patadia has
detected elevated levels of BLC (CXCL13) and SDF-la
(CXCL12) in extracts from nasal polyps, suggesting that in-
creased recruitment of B cells may be another mechanism by
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which they accumulate in the upper airways (45). Following
along with this line of investigation, Julian Dixon has recently
found elevated levels of mRNA encoding receptors for these
chemokines, namely, CXCR4 and CXCR?7, in nasal polyp tissue
extracts (J. Dixon and colleagues, unpublished observations).
Together, these findings suggest the hypothesis that during the
formation of nasal polyps there are processes that induce the
recruitment, activation, class switch recombination, immuno-
globulin production, and differentiation of B cells to plasma
cells (see Figure 2). Two important questions that we are
presently attempting to evaluate are: (/) Is local production of
immunoglobulins pathogenic? and (2) What is the antigen
specificity of the immunoglobulins produced?

ALTERATIONS IN BARRIER FUNCTION IN
CHRONIC RHINOSINUSITIS

Recent studies of allergic diseases in the skin and lungs such as
atopic dermatitis, psoriasis, asthma, and allergic rhinitis have
uncovered evidence that there may be deficiencies in the barrier
function of the skin or airway mucosal epithelium (46, 47).
These studies led us to determine whether several molecules
that are known to be members of the epidermal differentiation
complex, including S1I00A7, SI00A8, S100A9, and SPINKS, are
differentially expressed in the epithelium of patients with CRS.
To do this, S. Richer performed real-time RT-PCR analysis on
epithelial scraping samples from control subjects and patients,
and found a marked decrease in the expression of mRNA for
S100A7, S100A8, S100A9, and SPINKS (48). S100A7 (psoria-
sin) is an antimicrobial peptide that is elevated in psoriasis and
is induced along with other members of the S100 family by
IL-22 and related IFN/IL-10 family cytokines (49-51). Interest-
ingly, IL-22 is a major product of Th17 cells and these cells
appear to not be elevated in CRS in our studies based on
ELISA of the various IL-17 family cytokines. S100 proteins are
also nonchemokine chemoattractants of inflammatory cells, and
appear to have a role in epithelial cell growth dynamics and
repair. The decreased expression of S100 genes in CRS has
recently been confirmed at the level of protein expression by D.
Tieu (unpublished observations). D. Vermylen and D. Carter
have confirmed the reduced levels of SPINKS by immunohis-
tochemical analysis of samples from patients with CRSwNP
(48). SPINKS is a protease inhibitor that is necessary for barrier
function in the skin, as patients lacking this molecule develop
Netherton’s syndrome, a form of ichthyosis in which dramatic
scaling of the cornified layer of the skin occurs (52). J. Norton
has been studying polymorphisms of the filaggrin gene in CRS,
and his preliminary results to date indicate that known loss of
function variants are associated with atopy but may or may not
be associated with CRS (J. Norton, unpublished data). These
studies suggest a hypothesis that deficiencies of expression of
S100 and SPINKS genes in CRS compromise maintenance of
barrier function in the upper airways and sinuses (53). This
hypothesis is presently under evaluation.

CONCLUSIONS

The current review suggests the hypothesis that CRS results, at
least in part, from a dysfunction of the nasal epithelium in
its ability to orchestrate appropriate and regulated immune
responses to foreign matter. As an implied corollary, defects in
the mechanical barrier and innate immune response would
result in appropriate recruitment and persistence of adaptive
immune responses with development of the clinical symptoms
characteristic of the disease. As is clear from this review and the
hypotheses that we have advanced based on our preliminary
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results, this is very much a work in progress and a great deal is
yet to be learned about CRS, what causes it and how to treat it
better. We hope that testing of these and other hypotheses will
lead to some new concepts regarding the pathogenesis and
treatment of CRS as well as other diseases of the airways and
will give some insight into the normal innate and adaptive
immune responses that protect us from microorganisms that
might otherwise inhabit our upper airways and cause disease.
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