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Abstract

Chronic rhinosinusitis (CRS) is a common inflammatory disease that results in a significant 

decrease in patient quality of life and a large economic burden. However, the lack of population-

based epidemiologic studies and robust model systems has made it difficult to fully elucidate the 

key inflammatory pathways that drive the chronic inflammatory responses observed in CRS. This 

review will highlight the wide variety of factors that likely contribute to CRS disease pathogenesis. 

Defects in the innate immune function of the airway epithelium, including decreases in barrier 

function, mucociliary clearance, and production of antimicrobial peptides, all likely play a role in 

the initial inflammatory response. Subsequent recruitment and activation of eosinophils, mast 

cells, and innate lymphoid cells (ILCs) further contributes to the chronic inflammatory response 

and directly activates adaptive immune cells, including T and B cells. However, development of 

new tools and model systems is still needed to further understand the chronicity of this 

inflammatory response and which specific factors are necessary or sufficient to drive CRS 

pathogenesis. Such studies will be critical for the development of improved therapeutic strategies 

aimed at treating this highly prevalent and costly disease.
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 Introduction

Chronic rhinosinusitis (CRS) is a common disease that is associated with significant patient 

morbidity and socio-economic burden. Despite the large impact of CRS, there have been few 

population-based epidemiologic studies focused on elucidating the prevalence and 

characterization of this disease, and the mechanisms that drive inflammation in CRS remain 

unclear. In general, CRS patients are divided into two distinct subgroups, those without nasal 

polyps (CRSsNP) and those with nasal polyps (CRSwNP). It is now well accepted that these 

two forms of disease are driven by unique inflammatory mechanisms and do not represent 
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different ends of a single disease spectrum. Despite this, much of the published data focus 

either on CRSwNP pathogenesis alone or group all CRS patients together and do not 

comment on any specific properties associated with a particular subgroup. As a result, there 

is a large literature available on the distinct inflammatory characteristics associated with 

CRSwNP, but few studies have identified any unique inflammatory signature profiles 

associated with CRSsNP. Thus, this review will highlight the more recent advances in our 

understanding of the mechanisms that underlie CRS pathogenesis, and will focus mainly on 

CRSwNP.

 Epidemiology

As a whole, CRS is characterized by inflammation of the sinonasal mucosa lasting for 

greater than 12 weeks and resulting in four cardinal symptoms: nasal obstruction, smell loss, 

drainage, and facial pain or pressure [1••]. It has been estimated that CRS is associated with 

over $8 billion in annual spending in the USA for medical and surgical management [2]. 

Patients are most often treated with extended courses of antibiotics and intranasal and 

systemic steroids. If these treatments are unsuccessful in alleviating symptoms, patients can 

undergo functional endoscopic sinus surgery to remove their inflamed sinus tissues. Due to 

the lack of population-based epidemiology studies, it is not clear what proportion of CRS 

patients eventually require sinus surgery, but it is thought that patients with more severe 

disease are less likely to respond to medical therapy alone [3••]. Surgical treatment has been 

shown to result in significant long-term improvement for many patients, but some patients 

do require multiple sinus surgeries to adequately control their symptoms. Again, it has been 

suggested that patients with more severe disease will require multiple surgeries, and these 

patients are also much more likely to have CRSwNP [3••].

It is estimated that CRS affects up to 10 % of the population in the USA, with similar 

prevalence estimates in Europe and Asia [4–6]. Interestingly, few studies have evaluated the 

frequency of patients with CRSsNP compared to those who have CRSwNP in the general 

population. Overall, it is estimated that CRSsNP patients make up the majority of patients. 

Importantly, however, studies have suggested that CRSwNP and CRSsNP patients are 

equally represented among those undergoing sinus surgery. Thus, CRSwNP appears to be 

more severe and requires surgical intervention more often than CRSsNP [3••]. Studies also 

indicate a predominance of men among the CRSwNP population, while women are more 

likely to have CRSsNP [1••]. Interestingly, our data from a single tertiary care population 

suggest that while women are less likely to have CRSwNP than men, women tend to have 

more severe sinus inflammation and require more surgeries than men [7]. This suggests that 

women with CRSwNP have more severe disease than men, although the mechanisms 

responsible for this apparent gender difference remain unclear. Gender-based differences in 

disease severity are well established in asthma and autoimmunity [8–10], but more work is 

needed to replicate these findings in CRSwNP and to determine whether a similar gender 

difference in disease severity occurs in CRSsNP patients.

CRS is also associated with significant morbidity and decreases in quality of life. It is 

important to note that the majority of studies on patient quality of life have been done in 

tertiary care patient populations, and many do not distinguish between the two subsets of 
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CRS patients. CRS patients seen by tertiary care specialists have a significantly decreased 

quality of life that is on par with patients who suffer from congestive heart failure or chronic 

obstructive pulmonary disease [11]. Interestingly, the most bothersome symptoms reported 

by patients with CRSsNP are distinct from those reported by CRSwNP patients. While 

CRSsNP are more bothered by facial pain and pressure, those with CRSwNP are more 

bothered by rhinorrhea and smell/taste loss [12]. It is also well established that patients with 

CRS, especially those with CRSwNP, are more likely than the general population to suffer 

from comorbid respiratory diseases, including asthma and allergic rhinitis [13•, 14]. A recent 

study investigated the association of a wide variety of premorbid medical conditions in the 5 

years before a patient was diagnosed with CRS [13•]. This study found that prior to 

diagnosis, CRSwNP patients had a higher prevalence of acute rhinosinusitis, allergic rhinitis, 

and asthma, while CRSsNP patients had a higher prevalence of upper and lower respiratory 

tract infections [13•]. These data further support the notion that pathogenesis of these two 

forms of CRS is likely distinct, and suggest that CRSsNP is more associated with specific 

infections, while CRSwNP is more associated with inflammatory airway disease. Finally, 

there is accumulating evidence that indicates that the mechanisms that drive CRSwNP 

pathogenesis are not uniform in different populations throughout the world [1••]. CRSwNP 

is characterized by type 2 inflammation and eosinophilia in the USA and Europe (see 

below), but it is characterized by a more mixed inflammatory phenotype and neutrophilia in 

many Asian countries, especially in China [15]. The mechanisms that drive these unique 

regional phenotypic differences are not yet clear, although recent work suggests that there 

may be a strong genetic component [16, 17]. As such, this review will focus on the 

pathogenesis of CRSwNP characterized by type 2 inflammation. Larger studies of the 

general population are still needed in order to gain a better overall understanding of the 

factors that contribute to CRS pathogenesis and morbidity as it applies to the general 

population.

 Innate Immune Functions of Epithelial Cells

Although not traditionally thought of as immune cells, epithelial cells play a critical role in 

innate immune responses, and they can help to shape the nature of ensuing adaptive 

responses (Fig. 1) [3••, 18]. The specialized tight junctions that form between epithelial cells 

form the first line of defense against pathogens. These junctions provide a physical barrier 

that prevents entry of microbes and antigens to the underlying mucosal tissue. Sinonasal 

epithelial cells from CRSwNP patients have been shown to have defects in their ability to 

form tight junctions [19•]. Moreover, stimulation of airway epithelial cells with either IL-4 

or IFN-γ, but not IL-17, resulted in decreased epithelial barrier function in vitro [19•]. Since 

type 2 cytokines are elevated in CRSwNP, this may provide one mechanism to account for 

the decreased barrier function seen in cells from these patients. In another study levels of the 

IL-6 family member oncostatin M (OSM) were found to be highly elevated in nasal polyps, 

and the authors found that stimulation of airway epithelial cells with OSM resulted in a loss 

of barrier function and mis-localization of tight junction proteins to the cytoplasm [20]. 

Together, these studies suggest that inflammatory cytokines may play an important role in 

diminishing the barrier function of airway epithelial cells in CRSwNP. This defective barrier 

may cause and/or perpetuate chronic inflammation by allowing microbes, antigens, and 

allergens into the mucosal tissue, where they can trigger immune responses.
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Another function of airway epithelial cells that relates to innate immunity is their ability to 

produce mucus and clear away potentially harmful antigens through mucociliary clearance. 

It has long been established that patients with CRS have defects in their nasal mucociliary 

clearance function, but the mechanisms that drive this defect were not known [21]. Seshadri 

and colleagues recently reported increased expression of the epithelial anion transporter 

pendrin in nasal polyp tissue from CRSwNP patients [22]. Pendrin functions to increase 

mucus production, and its elevated expression in CRSwNP may lead to the increased mucus 

production and impaired mucociliary clearance seen in these patients. In addition, the 

authors found that pendrin expression by epithelial cells was enhanced by the type 2 

inflammatory cytokines IL-4 and IL-13, and the addition of IL-17 or the TLR3 agonist 

polyI:C synergistically elevated pendrin expression [22]. These data suggest that the pro-

inflammatory milieu within nasal polyps might function to perpetuate defects in mucociliary 

clearance and promote chronic inflammation [23]. Other recent studies have suggested an 

important role for bitter and sweet taste receptors in the mucociliary function of airway 

epithelial cells [24]. Cohen and colleagues first identified a role for the bitter taste receptor 

T2R38 in regulating ciliary beat frequency in airway epithelial cells, and they found that a 

specific polymorphism in the T2R38 gene resulted in non-functional receptors [25•]. This 

particular polymorphism was also strongly associated with CRS patients who did not 

respond to medical therapy and required surgical treatment, suggesting that defects in 

mucociliary clearance may play an important role in CRS disease severity [26, 27]. In a 

follow-up study, the same group demonstrated that the function of the T2R family of bitter 

taste receptors could be negatively regulated by the T1R family of sweet taste receptors, and 

they linked increased glucose concentration in the mucus from CRS patients to a potential 

increased function of the T1R sweet taste receptors, providing another mechanism for the 

decreased mucociliary function in CRS [28••]. Interestingly, the defects in the T2R38 bitter 

taste receptor were also associated with a decreased capacity of airway epithelial cells to kill 

bacteria [25•]. Production of innate antimicrobial peptides is yet another function of normal 

airway epithelial cells that helps to protect the underlying tissue mucosa from harmful 

microbes and antigens. Along with defects in the bitter taste receptor, defects in expression 

of other innate antimicrobials in CRSwNP have also been reported [1••]. These include 

S100A7, S100A8/A9, and PLUNC [29, 30]. Taken together, these studies suggest that the 

airway epithelium in CRS, especially in CRSwNP, cannot adequately prevent entry of 

microbes or antigens to the underlying tissue, and this may be an important trigger of 

chronic inflammation in CRS.

 Innate Immune Effector Cells

Given the defects in the innate function of the airway epithelium in CRS, it is not surprising 

that a wide variety of innate immune effector cells have been reported to be elevated in CRS, 

particularly in CRSwNP (Fig. 1). These include eosinophils, neutrophils, basophils, mast 

cells, type 2 macrophages, and group 2 innate lymphoid cells (ILC2s) [3••]. Classically, 

CRSsNP has been described as neutrophilic and CRSwNP as eosinophilic. However, it is 

clear that neutrophils are present in roughly equal numbers in both forms of disease, and it is 

unclear whether neutrophils are truly elevated in CRSsNP compared to sinus tissues from 

control patients [31]. Eosinophils have long been known to play an important role in the type 

2 inflammatory response and tissue damage seen in nasal polyps of CRSwNP patients, and 

Hulse Page 4

Curr Allergy Asthma Rep. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



elevations in key eosinophil chemoattractants and cytokines, such as the eotaxins and IL-5, 

are well documented in this tissue [1••, 3••, 31, 32•, 33]. Recent work has also uncovered a 

new role for eosinophils in the promotion of plasma cell survival and antibody production 

and the activation of T cells [34, 35]. Given the large increases in T cells, B cells, and 

antibodies reported in nasal polyps (see below), it is likely that eosinophils play an important 

part in driving these adaptive immune responses as well.

Mast cells have also long been associated with pathogenesis in diseases associated with type 

2 inflammation, such as asthma. These cells are uniquely located at mucosal sites where 

they function as sentinels and early inducers of immune responses. Recently, a unique 

phenotype of mast cells was found to be highly elevated in the glandular epithelial cells of 

nasal polyp tissues [36]. These mast cells expressed tryptase, carboxypeptidase A3, and 

chymase, which was distinct from the mast cells found near the tissue epithelium that lacked 

chymase expression. Because chymase is a known stimulator of mucus secretion, it is 

possible then that the chymase+ mast cells found in the glandular epithelium play an 

important role in the increased production of mucus in CRSwNP patients [3••, 36]. 

Similarly, basophils have long been associated with type 2 inflammatory responses. 

However, until recently, there were no studies that investigated whether basophils might play 

a role in CRSwNP pathogenesis. Mahdavinia and colleagues have now reported that 

basophils are indeed elevated in nasal polyps, and their levels are positively correlated with 

levels of eosinophils [37•]. This suggests that the recruitment of these two potent innate 

effector cells may be coordinated in nasal polyps.

Innate lymphoid cells (ILCs) are a newly identified subset of innate effector cells. ILCs 

share many properties with CD4+ T cells, but they lack expression of specific lineage 

markers, such as CD3 [38]. Group 2 ILCs (ILC2s) are known to produce type 2 cytokines, 

especially IL-5 and IL-13, and are activated by cytokines from epithelial cells such as IL-25, 

IL-33, and thymic stromal lymphopoietin (TSLP), which are also associated with type 2 

inflammatory responses [39]. Spits and colleagues have demonstrated that ILC2s are highly 

elevated in nasal polyp tissues [40•]. Since ILC2 function has been associated with 

pathogenesis of allergic asthma, it is possible that they play a similar pathogenic role in 

CRSwNP [41]. In addition, while it remains unclear whether protein expression of IL-25 and 

IL-33 is elevated in polyps, it has been demonstrated that expression and activity of TSLP 

are elevated, which could contribute to ILC2 activation in this tissue [3••, 42].

 Adaptive Immunity

Along with increased numbers of innate immune effector cells, CRS tissues are associated 

with increased numbers of adaptive immune cells (Fig. 1). These adaptive immune cells are 

likely recruited to the sinonasal mucosa as a result of the activation of the innate immune 

effector cells discussed above. Many studies have focused on the potential role of T cells in 

CRS. As previously mentioned, CRSwNP has classically been associated with type 2 

inflammatory responses, and Th2 cells have been thought to play an important role in nasal 

polyps. CD3+ T cells have been found to be elevated in both CRSsNP and CRSwNP tissues, 

but early studies relied on measuring cytokine expression in tissue homogenates to classify 

responses as Th1 or Th2 [1••, 31]. The discovery of ILC2s in nasal polyps has now called 
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into question whether the elevated levels of IL-5 and IL-13 found in nasal polyps are truly 

due to T cells, and it is likely that both cell types contribute to the production of these 

cytokines in nasal polyps. More recently, Gevaert and colleagues used intracellular cytokine 

staining and flow cytometry analysis to identify specific subsets of cytokine-positive T cells 

in sinus tissues from both CRSsNP and CRSwNP patients [43••]. Interestingly they did find 

an elevated level of CD3+ T cells in CRSwNP tissues, but not in CRSsNP [43••]. Further, 

they found that T cells from both subsets of CRS patients, as well as those from controls, 

expressed a wide array of cytokines. Overall, there did not appear to be a difference in the T 

cell subsets found in CRSsNP tissue compared to control sinus tissue, but the CRSwNP 

tissue did contain an elevated frequency of IL-5+CD3+CD4+ T cells [43••]. However, the T 

cell profile was not restricted to Th2 cells in CRSwNP tissues, and the authors found cells 

expressing a wide variety of cytokines, including IFN-γ, IL-17, and IL-10 [43••]. Altogether, 

this study suggests that the patterns of T cell-associated inflammation in the sinus tissue of 

CRS patients are more complex than originally thought.

In addition to inflammatory T cell subsets, some groups have also investigated whether there 

are defects in T regulatory cells (Tregs) in CRS patients. Some early studies relied on semi-

quantitative methods to identify Tregs in CRS, such as measuring expression of the 

regulatory transcription factor Foxp3 by PCR or immunohistochemistry. These studies found 

decreased expression of Foxp3 in CRSwNP, along with decreased expression of the 

regulatory cytokines IL-10 and TGF-β, but no differences in these markers in CRSsNP [44, 

45]. More recently, one study has reported elevated expression of Foxp3 and regulatory 

cytokines in CRS tissue, and another found no differences in the frequencies of Tr1 cells 

between either CRS subgroup and control sinus tissues [46, 47]. Interpretation of much of 

these data is somewhat limited by the fact that both Foxp3 and CD25, markers which 

specifically identify regulatory T cells in mice, are expressed by activated T cell subsets in 

humans as well as Tregs, and additional markers to identify true Tregs were not used.

B cells have also been thought to play a role in the pathogenesis of CRSwNP [48]. While 

early studies found no difference in the presence of CD20+ B cells in sinus tissues from CRS 

patients, it has become clear that CD19+ B cells and CD138+ plasma cells are highly 

elevated in polyps from CRSwNP patients [31, 49, 50]. In addition, antibodies of almost 

every isotype have been found to be elevated in nasal polyp tissue, but not in sinus tissue 

from CRSsNP [49, 50]. These findings are in line with other studies demonstrating elevated 

expression of the B cell attracting chemokines CXCL12 and CXCL13 in polyp tissues [51]. 

In addition, expression of the key B cell survival and activation cytokines IL-6 and B cell-

activating factor of the TNF family (BAFF) is elevated in nasal polyps [52]. Other studies 

also demonstrate elevated expression of germline transcripts for IgE and the presence of 

tertiary lymphoid structures in polyps, which would support the notion that B cells can 

become activated and undergo class switch recombination locally in nasal polyps [53]. 

While we have been unable to detect an elevated presence of tertiary lymphoid structures, 

we have identified increased expression of the extrafollicular plasmablast marker Epstein-

Barr virus-induced protein 2 (EBI2) in nasal polyps, which also supports the notion that 

local activation of B cells can occur in nasal polyps [50]. To date, the antigen specificity of 

the majority of the antibody repertoire is not known, although, IgE to S. aureus enterotoxin 

B and IgG and IgA to a variety of auto-antigens have been reported to be elevated [54, 55•, 
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56]. Whether these antibodies contribute to pathogenesis also remains unclear. A recent 

study by Geveart and colleagues investigated the effects of the humanized anti-IgE, 

omalizumab, in a specific subset of CRSwNP patients [57•]. They found that treatment 

resulted in a significant reduction in the total nasal polyp score and a significant increase in 

many quality of life measures compared to placebo [57•]. This suggests that, at least in some 

CRSwNP patients, IgE does play a critical role in pathogenesis. In addition, many cells that 

express Fc receptors, including eosinophils and mast cells, are elevated in nasal polyps [3••]. 

Thus, it is plausible that antibody binding and crosslinking of these receptors could play an 

important role in the activation of these cells. Finally, recent work from Tan and colleagues 

suggests that antibody-mediated complement activation is highly elevated in nasal polyps, 

which is also likely to contribute to inflammation at this site [58].

 Conclusions

A substantial amount of progress has been made towards understanding the mechanisms of 

inflammation that drive CRS, and it is clear that many distinct processes likely play a role in 

this process. These include defects in the innate immune function of airway epithelial cells 

and the recruitment and activation of both innate and adaptive effector immune cells. It is 

also important to note that, due to the lack of a robust animal model of CRS, it is difficult to 

know whether any of these factors truly contribute to disease pathogenesis or if they are 

simply the consequence of the ongoing inflammation. Currently there have been some 

efforts at developing a murine model of CRSwNP, which may help to address these 

questions [59], but models of CRSsNP are still lacking. Thus, it is clear that new model 

systems are still needed in order to fully elucidate the mechanisms that underlie this 

prevalent and costly disease. Until a better understanding of the inflammatory mechanisms 

associated with CRS is obtained, it will be difficult to design improved therapeutic strategies 

for these patients, and this disease will continue to present a large socio-economic burden.
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BAFF B cell-activating factor of the TNF family
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ILC Innate lymphoid cell

OSM Oncostatin M

PLUNC Palate lung and nasal epithelium clone protein

TLR Toll-like receptor

TSLP Thymic stromal lymphopoietin
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Fig. 1. 
Mechanisms of inflammation associated with CRS. 1 A defective epithelial barrier likely 

plays a critical role in the initiation and maintenance of chronic inflammation in CRS. These 

defects include reduced secretion of innate host defense molecules and loss of the airway 

epithelial barrier, along with decreased mucociliary clearance. 2 This in turn may result in 

increased colonization by S. aureus and, in some cases, fungi. 3 As a result, there is a local 

accumulation of PAMPS, and other antigens and/or allergens, in the sinonasal cavity that can 

easily access the underlying mucosal tissues through the defective epithelial barrier. 4 
Altogether, this results in the activation of innate effector immune cells (eosinophils, mast 

cells, ILC2s, etc.) and recruitment and activation of adaptive effector immune cells (T and B 

cells) to the tissue mucosa
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