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Summary

Chronic rhinosinusitis with nasal polyps (CRSwNP) is a complex inflammatory condition that 

affects a large proportion of the population world-wide and is associated with high cost of 

management and significant morbidity. Yet, there is a lack of population-based epidemiologic 

studies using current definitions of CRSwNP, and the mechanisms that drive pathogenesis in this 

disease remain unclear. In this review, we summarize the current evidence for the plethora of 

factors that likely contribute to CRSwNP pathogenesis. Defects in the innate function of the 

airway epithelial barrier, including diminished expression of antimicrobial products and loss of 

barrier integrity, combined with colonization by fungi and bacteria likely play a critical role in the 

development of chronic inflammation in CRSwNP. This chronic inflammation is characterized by 

elevated expression of many key inflammatory cytokines and chemokines, including IL-5, thymic 

stromal lymphopoietin and CCL11, that help to initiate and perpetuate this chronic inflammatory 

response. Together, these factors likely combine to drive the influx of a variety of immune cells, 

including eosinophils, mast cells, group 2 innate lymphoid cells and lymphocytes, which 

participate in the chronic inflammatory response within the nasal polyps. Importantly, however, 

future studies are needed to demonstrate the necessity and sufficiency of these potential drivers of 

disease in CRSwNP. In addition to the development of new tools and models to aid mechanistic 

studies, the field of CRSwNP research also needs the type of robust epidemiologic data that has 

served the asthma community so well. Given the high prevalence, costs and morbidity, there is a 

great need for continued research into CRS that could facilitate the development of novel 

therapeutic strategies to improve treatment for patients who suffer from this disease.

Introduction

The purpose of this review is to summarize the current state of knowledge regarding the 

pathogenesis of nasal polyposis. In this review, we focus on chronic rhinosinusitis with nasal 

polyps (CRSwNP), rather than other conditions associated with nasal polyp formation such 
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as antrochoanal polyps, cystic fibrosis or allergic fungal sinusitis, due to the significantly 

higher prevalence and associated costs of management of CRSwNP.

Epidemiology of CRSwNP

Chronic rhinosinusitis (CRS) is characterized by the presence of four cardinal symptoms: 

nasal obstruction, drainage, smell loss and facial pain or pressure, which last for at least 3 

months. In some patients with CRS, exuberant hyperplastic inflammatory growth of nasal 

polyps into the nasal airway is observed [1–3]. There is a paucity of large population-based 

epidemiologic studies conducted using current definitions of CRS, and fewer studies yet that 

specifically delineate the proportion of patients who have CRSwNP. Two recent population-

based studies conducted in Europe and South Korea that used both symptom histories and 

endoscopic exams estimated the prevalence of CRS in the general population at 10.9% and 

7.0% of adults, respectively, but they did not define the proportion of CRS patients with 

nasal polyps [4, 5]. Studies that have specifically examined CRSwNP suggest its population 

prevalence is around 2.7% of adults in a single municipality of Sweden [6], and its incidence 

has been estimated at 0.63 or 0.83 patients per thousand per year based on studies in a 

Danish county or in central Pennsylvania, respectively [7, 8]. Based on these studies, there is 

a predominance of men with CRSwNP, with a male to female ratio varying from 1.3 to 2.2, 

and a peak incidence between the ages of 45 and 65. While CRSwNP is the less common 

form of CRS, we have noted that the proportion of CRS patients with nasal polyps is 

substantially higher in surgical cohorts of tertiary care patients who had failed medical 

management (~ 50%) when compared with incident cases where the proportion of CRS 

patients with nasal polyps may be as low as 7% [9, 10]. Together, these studies suggest that 

compared to CRSsNP, CRSwNP may persist for a longer duration, be relatively recalcitrant 

to medical management, more frequently lead to surgical management and/or require more 

surgeries to address. While total CRS management costs are estimated to be over $8 billion 

annually in the United States [11], there are no studies, to our knowledge, that have provided 

estimates of direct costs associated with CRSwNP management. In addition to direct costs 

of management, studies have shown that patients with CRS seen in a tertiary care setting 

suffer a significantly impaired quality of life comparable to congestive heart failure and 

chronic obstructive pulmonary disease [12]. Although our unpublished data suggest that 

patients with CRSwNP may have marginally less impairment of quality of life than those 

without polyps, other studies have shown that patients with CRSwNP are more bothered by 

rhinorrhoea and smell/taste disturbances and less bothered by facial pain [13]. Certainly, it is 

well established that patients with CRSwNP do have more frequent impairment from co-

morbid conditions such as asthma and atopic multi-sensitization than the general population 

[8, 10]. While epidemiologic study of CRSwNP is in its infancy, sorely needed studies in 

primary care populations will hopefully yield important information regarding the 

environmental or occupational factors that drive disease formation and persistence.

Aspirin-exacerbated respiratory disease (AERD)

It is important to emphasize that there is a specific subset of patients with CRSwNP with 

severe disease that suffers from aspirin-exacerbated respiratory disease (AERD), otherwise 

known as Samter's triad. These patients have asthma and CRSwNP and develop exacerbated 

airway responses following ingestion of medications that inhibit the cyclooxygenase (COX) 
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1 enzyme. Although patients with AERD often present with the most severe manifestations 

of both asthma and nasal polyposis, this disease is less common than either CRSwNP or 

asthma and is currently understudied. The prevalence of AERD has been estimated to be as 

much as 0.6–2.5% in the general population, with higher prevalence among patients with 

asthma and CRSwNP [14–16]. However, the published work on AERD has been hampered 

by differing definitions of AERD used by different groups of investigators. For example, 

while some require documented airway reactions to COX-1 inhibitors along with asthma 

and CRSwNP for AERD diagnosis, others do not specify the type of reaction to COX-1 

inhibitors in their patients, and some studies do not require patients to have CRSwNP for 

their definition of AERD. Thus, the population prevalence estimates above may not truly 

reflect the population of patients who have the triad of asthma, CRSwNP and airway 

responses to COX-1 inhibitors. As such it is unclear whether AERD represents the severe 

end of the CRSwNP disease spectrum, or whether it is a distinct clinical entity. However, it 

is clear that patients with AERD uniquely respond to aspirin desensitization therapy [17] and 

have higher baseline levels of urinary leukotriene E4 [18], suggesting that distinct molecular 

mechanisms, such as dysregulation of arachidonic acid metabolism, drive this unique 

disease [19–21]. The pathogenesis of AERD is not discussed further in this review.

Allergic fungal rhinosinusitis (AFRS)

Patients with allergic fungal rhinosinusitis (AFRS) represent another distinct subset of 

CRSwNP. These patients are often atopic and have highly elevated serum IgE levels [22], 

and they can be distinguished from other patients with CRSwNP by the presence of 

eosinophilic mucin without fungal invasion of the mucosa, mucus with positive fungal 

staining and often bony erosion [23]. Interestingly, the estimated prevalence of AFRS varies 

widely across different geographic regions of the United States such that AFRS has been 

estimated to account for > 20% of all patients undergoing endoscopic sinus procedures in 

southern areas of the country, such as Memphis, but only 0–4% of these same patients in 

northern regions of the country [24]. Like AERD, it is not clear whether AFRS is driven by 

distinct pathogenic mechanisms from CRSwNP or is simply part of the CRSwNP disease 

spectrum [23], and we will not discuss the pathogenesis of AFRS further in this review.

Eastern vs. western presentations of CRSwNP

Chronic rhinosinusitis with nasal polyps in Western populations is often characterized by 

type 2 inflammation, with elevated levels of type 2 cytokines, such as IL-5 and IL-13, along 

with eosinophilia. However, there is accumulating evidence from Asian countries, especially 

in China, Korea and Japan, that CRSwNP in their populations may be characterized by a 

mixed type 1 or type 3 inflammation, with a more neutrophilic inflammation than observed 

in NP in patients from the United States or Europe [25]. The mechanisms that drive these 

different phenotypes are unclear at this time. Interestingly, recent work from our group 

found that tissue from NP from second-generation Asian patients born in and living in the 

United States was considerably less eosinophilic than NP tissue from Caucasian, African 

American and Hispanic patients living in the greater Chicago area, suggesting that genetic 

differences may play a critical role in the development of eosinophilia in NP [26]. Due to 

space constraints, we will focus the discussion in this review on the pathogenesis of NP 

associated with type 2 inflammation.
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Pathogenesis of CRSwNP

Potential role for microbial colonization

It has been well documented that the upper airways or sinuses of patients with CRSwNP are 

often chronically colonized with fungi and bacteria and that these microbes may play an 

important role in CRSwNP pathogenesis [27]. Although there are numerous hypothetical 

mechanisms that could account for this colonization, it is not yet clear whether this 

accumulation of microbes is an initial cause of CRSwNP or a downstream effect of the 

underlying inflammatory disease mechanism. A fungal hypothesis was suggested by 

Ponikau et al. to be the main cause of all CRS pathologies [28–30]. In brief, it was proposed 

that exposure to, and colonization by, alternaria and other fungal species could drive many 

of the cardinal features of CRS, including epithelial damage and activation of adaptive 

immune responses. However, it has become clear that while fungi may play a role in a 

subset of patients, such as those with AFRS, they do not play a central role in the majority of 

patients with CRS [27]. Staphylococcus aureus (SA) is another microbe that has been the 

focus of much research in CRSwNP. Many investigators believe that SA and its 

superantigens play a critical role in the pathogenesis of CRSwNP, as has been established in 

atopic dermatitis [31, 32]. Superantigens have the potential to activate large numbers of T 

cells, due to their ability to bind a large fraction of T cell receptors via the Vβ region, 

independent of peptide processing and MHCII recognition mechanisms required by 

traditional antigens. Elevated levels of superantigen-binding T cells in NP have been 

identified by flow cytometry [33–35], and it has been demonstrated that some patients with 

CRSwNP have superantigen-specific IgE in their NP [36, 37]. These data suggest that SA 

plays at least some role in the chronic inflammatory response of patients with CRSwNP.

Defects in airway epithelial cell innate immune functions associated with CRSwNP

The epithelial layer of the airways provides a first line of defence against foreign antigens 

and is critical for maintaining homeostasis of the underlying tissue mucosa. Perhaps the 

most basic function of this epithelial layer is its ability to form tight junctions between cells 

that create a physical barrier between the airway lumen, which is constantly exposed to 

foreign antigens, and the underlying submucosal tissue. It is well documented that defects in 

airway epithelial barrier function are associated with chronic airway diseases such as asthma 

[38]. Importantly, defects in the sinonasal epithelial barrier of patients with CRSwNP have 

also been documented [39–42]. These include diminished expression, or mislocalization, of 

tight junction proteins and increased epithelial permeability. To date, it has been 

demonstrated that type 2 cytokines, such as IL-4 and IL-13, may play an important role in 

decreasing tight junction function [39]. Pothoven et al. [43] have demonstrated that pro-

inflammatory cytokines, such as oncostatin M (OSM), may also play a role in disrupting 

tight junctions and increasing epithelial permeability. As has been shown in asthma, these 

defects in barrier function could play a critical role in the pathogenesis of CRSwNP by 

allowing an influx of foreign antigens into the submucosa where they may trigger or 

exacerbate an inflammatory response.

Another mechanism used by the airway epithelial layer to prevent the interaction of lumenal 

antigens and pathogenic organisms with underlying tissue is the production of mucus and 
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clearance of antigens by cilia. This mechanism also appears to be defective in CRSwNP 

[44]. Overproduction of mucus can lead to an imbalance in the air-surface liquid levels that 

make it difficult for cilia to efficiently clear away antigens and debris. This can result in the 

accumulation of foreign antigens in the lumen that can contribute to inflammation [45–47]. 

Some of the molecules that are altered in CRSwNP, and that may cause dysfunction in the 

formation of nasal lining fluid, include pendrin, periostin and PLUNC family members, that 

can affect uptake or extrusion of various electrolytes and maintenance of the proper sol and 

gel phase of the mucus blanket [45]. Interestingly, individuals that are carriers of one 

mutated CFTR gene, the well-known ABC transporter of chloride and isocyanate associated 

with cystic fibrosis (CF), but do not have CF, are at considerably increased risk to develop 

CRSwNP, further supporting the concept that the components of the nasal lining fluid may 

be disturbed in CRS [46].

In addition to their constitutive barrier and clearance functions, airway epithelial cells have 

inducible innate immune functions that are important for recognition of potential pathogens, 

killing of these microbes and alerting immune cells in the underlying mucosa of potential 

danger. Airway epithelial cells express pattern recognition receptors (PRRs), such as toll-

like receptors (TLRs), that function to sense potential pathogens and initiate downstream 

immune responses [47]. Several groups have assessed expression of TLRs in either whole 

NP or epithelial cells from patients with CRSwNP in order to attempt to determine whether 

there are defects in the expression of these important receptors that are associated with 

CRSwNP. Unfortunately, the results from these studies are often conflicting, and a clear 

picture of the role of TLR signalling in CRSwNP pathogenesis has not emerged. For 

example, some studies have reported elevated expression of TLR2, TLR4, TLR7 and/or 

TLR9 [48–51], while others found no changes in expression of TLRs compared to controls, 

or decreased expression of these same molecules [52, 53]. As a result, some suggest that 

increased TLR expression may contribute to CRSwNP pathogenesis by triggering 

unnecessary inflammatory responses to commensal microbes, while others suggest that 

decreased expression of TLRs may contribute to disease by failing to properly control the 

pathogenic organisms. Some of these discrepancies may be due to the use of whole tissues 

vs. epithelial scrapings, or due to differences in the anatomical source of the control tissue 

that was used for comparison. It is also important to note that all of these studies based their 

conclusions on mRNA expression or protein staining by immunohistochemistry or flow 

cytometry, and it is not clear whether the activation and downstream signalling mechanisms 

of TLRs are altered in disease. In one study that found decreased expression of TLR9 in 

epithelial cells from CRSwNP, there was no apparent defect in the ability of those cells to 

up-regulate inflammatory genes upon TLR9 activation, suggesting that the changes in 

protein expression found did not have functional consequences [53]. Interestingly, one study 

from Korea found that two different polymorphisms in the TLR2 gene were associated with 

increased risk of CRS, although it is not known whether these polymorphisms result in any 

biologically relevant functional consequences, and these investigators did not separate 

patients with CRS into those with or without polyps for this study [54]. Given the potential 

important role that TLRs could play in CRSwNP pathogenesis, further studies aimed at 

elucidating their function in disease are warranted.
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Another important inducible immune function of airway epithelial cells is their ability to 

produce potent antimicrobial peptides. These peptides can function to directly kill specific 

pathogens and/or induce an inflammatory response. Several families of antimicrobial 

peptides have been shown to be expressed by airway epithelial cells, and each has its own 

unique target and function. We, and others, have found decreased expression of 

antimicrobial products, including S100A7 and PLUNC family proteins, in nasal lavage and 

tissue from patients with CRSwNP [45, 55, 56]. Currently, it appears that decreased 

production of some antimicrobial products may be due to an overall reduction in the 

numbers of submucosal glands in NP, the increased presence of type 2 cytokines, and/or 

defects in the activation of STAT3, a key transcription factor for some of these peptides [45, 

57, 58]. Regardless of the mechanisms responsible, loss of expression of these key 

molecules may result in a situation in which the sinonasal epithelium of CRSwNP is unable 

to provide adequate defence against pathogens, which could contribute to the accumulation 

of microbes within the lumen.

Altered expression of cytokines and chemokines in CRSwNP

There are numerous cytokines and chemokines that have been reported to be expressed at 

altered levels in CRSwNP tissues. Unfortunately, the sheer number of different mediators is 

too numerous for us to discuss the importance of each in detail in this brief review. We have 

summarized the major cytokines and chemokines whose expression is thought to be altered 

in CRSwNP in Table 1, and we will briefly discuss the potential role in pathogenesis of a 

few of these important mediators here.

Chemokines important for the attraction of eosinophils, neutrophils, macrophages, dendritic 

cells, T cells and B cells, have all been reported to be elevated in CRSwNP tissues. Given 

the large increase in eosinophils, as well as their ability to promote type 2 inflammation, 

many groups have focused on studying the mechanisms that account for the accumulation of 

these cells in NP. Eotaxin 1 (CCL11), along with eotaxins 2 and 3 (CCL24 and CCL26, 

respectively), is among the main CCR3-activating chemokines responsible for recruitment 

of eosinophils, which have been shown to be highly elevated in NP [59–61]. Importantly, 

the expression of CCL11 by NP-derived fibroblasts, or airway epithelial cells, has been 

shown to be increased by the combination of IL-4, or IL-13, and TNF in vitro, suggesting 

that there may be a positive feedback loop for eosinophil recruitment that is further 

enhanced in a pro-inflammatory type 2 inflammatory environment [62, 63]. Pulmonary and 

activation-related chemokine (PARC; CCL18) is another chemokine associated with type 2 

inflammation and has been shown to recruit naïve T cells, B cells and immature dendritic 

cells. Recently, this important chemokine was also shown to be elevated in NP and 

positively correlated with levels of M2 macrophages, suggesting that it may play an 

important role in facilitating type 2 responses in NP [64]. Two other chemokines that are 

important for the recruitment of lymphocytes, including B cells, have also been reported to 

be elevated in NP. Both stromal cell-derived factor 1 (SDF-1; CXCL12) and B lymphocyte 

chemoattractant (BLC; CXCL13) were found to be elevated in NP, and CXCL13 

significantly positively correlated with expression of B cell markers in NP [65]. Altogether, 

the evidence suggests that a variety of chemokines are highly elevated and may play critical 

roles in facilitating the recruitment of key immune effector cells to NP that can then promote 
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chronic type 2 inflammatory responses. Studies aimed at elucidating the relative importance 

of these chemokines during ongoing inflammation could provide insights for the 

development of treatments to target these molecules and reduce infiltration of inflammatory 

cells.

Cytokines that play an important role in the skewing of adaptive immune responses and the 

survival of a variety of immune effector cells are also highly elevated in NP. Due to space 

limitations, we will not discuss the role of traditional type 2 cytokines (IL-4, IL-5 and IL-13; 

see Figure 3 and Table 2), but will instead focus on more recently identified cytokines that 

could play an important role in CRSwNP. It is important to point out, however, that recent 

unpublished studies by Sanofi/Regeneron (multiple press releases are available) indicate that 

dupilumab, an antibody against the alpha chain of the IL-4 and IL-13 receptors, has 

impressive beneficial effects in polypoid CRS, supporting an important role for cells that 

respond to these type 2 cytokines. It has been clear for some time that epithelial-derived 

chemokines play an important role in driving type 2 inflammatory responses. More recently, 

three epithelial cytokines in particular have been implicated in skewing towards type 2 

inflammatory conditions. These are IL-25 (IL-17E), IL-33 and thymic stromal 

lymphopoietin (TSLP). Currently, there is little evidence to support a role for IL-25 in 

CRSwNP [66], and a potential role for IL-33 is still somewhat controversial, as it is not clear 

whether this cytokine is elevated in NP or not [67–69]. In addition, our own data indicate 

that IL-33 is not elevated in nasal polyps (A. Kato et al., unpublished observations). 

However, it is clear that the expression of TSLP mRNA is elevated in NP, and activity of 

TSLP is also enhanced in NP [67, 70]. TSLP potentially plays an important role in 

establishing a type 2 inflammatory milieu within NP and may enhance the activation of 

group 2 innate lymphoid cells (ILC2) and the Th2-skewing potential of NP-resident DCs. 

Finally, elevations of the B cell activating factor of the TNF family (BAFF) have also been 

documented in NP [71]. This cytokine is known to play an important role in the activation 

and survival of B cells in secondary lymphoid organs and could play an important role in the 

accumulation of activated B cell subsets and antibodies in NP. Future studies aimed at 

clarifying the role of TSLP and BAFF, along with the potential role of IL-33, would be of 

great value.

Innate immune effector cells in CRSwNP pathogenesis

As mentioned above, cytokines and chemokines are important for initiating and perpetuating 

tissue inflammatory responses. Given the increased expression of many of these pro-

inflammatory mediators in NP of patients with CRSwNP (Tables 1 and 2), it is not 

surprising that a variety of innate immune effector cells are elevated in the NP of these 

patients compared to control tissues (Fig. 1). This includes monocytes, macrophages, 

dendritic cells, neutrophils, mast cells, eosinophils, basophils and ILC2s. Due to space 

limitations, we cannot expand in depth on all of these important cell types, but will instead 

focus on a few interesting findings from the recent literature.

Mast cells are important sentinels of the immune system, and they are ideally located to 

detect and rapidly respond to pathogens at mucosal surfaces. Recent work by Takabayashi et 

al. has confirmed earlier reports of elevated mast cells in NP and has also identified elevated 
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levels of unique subsets of mast cells in NP [72, 73]. This work revealed that mast cells 

associated with the epithelium expressed both tryptase and carboxypeptidase A3, while 

those associated with the glandular epithelium in NP expressed these proteases in 

conjunction with chymase. These results are particularly interesting because chymase is 

known to induce secretion of mucus, and the close localization of the chymase+ mast cells to 

glandular epithelium may play a critical role in the overproduction of mucus in CRSwNP 

[72]. Like mast cells, basophils also play an important role in type 2 immune responses. 

Until recently, however, there were no published studies addressing whether basophils play 

a role in CRSwNP. Work by Mahdavinia et al. [74] has now reported that basophils are 

indeed elevated in NP compared to control sinus tissues. Interestingly, basophil levels were 

significantly positively correlated with eosinophil levels in NP, suggesting a coordinated 

recruitment or survival of these two important effector cells in type 2 immune responses in 

NP.

It is well documented that eosinophils are highly elevated in NP tissues as well. These cells 

are known to produce toxic cationic proteins that can injure epithelial cells, and have been 

associated with CRSwNP for over a century [75, 76]. More recently, it has been established 

that not only do eosinophils produce a variety of proinflammatory molecules that can 

contribute to type 2 inflammation, they also play an important role in the long-term 

maintenance of plasma cells and antibody production in the bone marrow and have been 

shown to activate T cells during inflammatory responses [77, 78]. Given the elevations of 

activated T and B cell subsets and antibody production found in NP, eosinophils may do 

more than simply promote type 2 immune responses in NP. Tan et al. have recently found 

that local eosinophils may further contribute to the anosmia from which many patients with 

CRSwNP suffer (unpublished observations). They were able to show that increased levels of 

eosinophils within the olfactory tissue of the sinuses significantly positively correlated with 

loss of smell in those patients. Interestingly, an antibody against IL-5 has been shown to 

have some efficacy in CRSwNP, including improvement of smell loss, presumably by 

reducing eosinophil numbers [79]. Altogether, these data suggest that eosinophils play many 

important roles in driving various aspects of CRSwNP disease and that research focused on 

targeting these cells specifically could be very beneficial.

Innate lymphoid cells (ILCs) are a newly identified class of innate immune cells that have 

recently been characterized. These cells share many features of CD4+ T cells, but they lack 

expression of all lineage markers and do not express adaptive immune cell receptors, such as 

the T cell receptor. Recently, Spits et al. demonstrated that group 2 ILCs (ILC2s) were 

significantly elevated in NP compared to control tissue [80]. As their name suggests, ILC2s 

are closely associated with type 2 inflammatory responses and have been shown to play 

critical roles in parasite expulsion and allergic airway responses in murine models [81–83]. 

These cells are capable of producing large amounts of IL-5 and IL-13 and can be activated 

by the epithelial-derived cytokines IL-25, IL-33 and TSLP (see Fig. 1). Some reports 

suggest that ILC2s may be very important at early stages of the immune response and may 

facilitate the development of the type 2 milieu through the production of cytokines and/or 

direct interactions with other cells, such as T cells [84, 85]. This initial ILC2 activation then 

affects multiple other cell types and results in skewing of the entire response to a type 2 

response. Further studies are needed to more fully elucidate whether ILC2s play an 
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important ongoing role in CRSwNP pathogenesis and whether they are critical in the early 

stages of disease.

Adaptive immunity

Given the pro-inflammatory environment created within NP by the epithelium and innate 

immune effector cells, it is no surprise that there are also several reports of elevations in 

adaptive immune cells (Fig. 1). Many studies have focused on the potential role of Th2 cells 

in CRSwNP, and elevations in T cells have been well documented in NP [27, 86, 87]. The 

presence of activated T cells within NP could play many important roles in CRSwNP 

pathogenesis. These cells are important for the activation of B cell responses and can 

produce pro-inflammatory cytokines within the tissue. Given the abundance of DC subsets 

in NP, it is also likely that some T cells can be reactivated and expanded locally [88, 89]. 

The elevated presence of T cell-attracting chemokines in NP also suggests that new T cells 

could be continually trafficking to this site to participate in the inflammatory response. 

Aside from the elevated frequencies of T cells with receptors capable of binding SA 

superantigens discussed above [33, 34], few studies have investigated the specificity of the 

NP-resident T cells. Many early studies aimed at quantifying T cells in NP used semi-

quantitative methods, such as immunohistochemistry (IHC) to identify CD3+ T cells in NP 

tissues. More recently, investigators have turned to using flow cytometry to more accurately 

count and identify different T cell subsets. Studies using flow cytometry have revealed 

elevated levels of Th2 cells in NP, both by expression of CCR4 and by intra-cellular staining 

of IL-4 and IL-5. Interestingly, a recent study by Derycke et al. [86] found that Th cell 

subsets from sinus tissues of CRSsNP and CRSwNP were actually quite similar. This study 

did find that CRSwNP tissue, especially from patients who also had asthma, did have higher 

levels of Th2 cells, but it also showed that there were many different subsets of cytokine-

positive Th cells in both CRSsNP and CRSwNP tissues, including IFN-γ+, IL-17+ and 

IL-10+ subsets. These data suggest that the inflammatory environment within NP tissue may 

be more complex than a simple Th2 response. In addition, we now know that ILC2s are 

elevated in NP and express many of the same markers that were previously thought to be 

exclusive to Th2 cells, including GATA-3, CRTH2, IL-5 and IL-13. Thus, previous studies 

reporting elevated Th2 cells, or a Th2 inflammatory environment, may have actually been 

quantifying both ILC2 and Th2 cells, and the environment within NP may be more 

accurately classified as `type 2', as both of these cell types make contributions.

Other studies have focused on determining whether there is a deficiency in regulatory T 

cells in NP or the peripheral blood of patients with CRSwNP. Again, early studies relied 

heavily on mRNA expression or IHC staining of FoxP3 to identify potential regulatory T 

cells, and more recent studies have used flow cytometry to more accurately identify these 

cells. Interestingly, early data suggested there was a decrease in FoxP3 expression in NP 

tissue compared to controls, along with decreased levels of regulatory cytokines IL-10 and 

TGF-b in NP tissue [90–92]. However, a recent study found elevated levels of FoxP3+ 

regulatory T cells in NP, and no differences in regulatory cytokine expression in NP [93]. It 

is important to remember that in humans, FoxP3 can be expressed by activated effector T 

cells; thus, studies that examined only mRNA or single protein expression may not have 

identified true FoxP3+ regulatory T cells. In addition, elevations of FoxP3+ regulatory T 

Hulse et al. Page 9

Clin Exp Allergy. Author manuscript; available in PMC 2016 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells in an inflammatory environment may be an unsuccessful attempt by the immune 

system to control the inflammation. Importantly, some subsets of inducible regulatory T 

cells do not express FoxP3; thus, the current literature does not adequately address whether 

there are any differences in these potentially important subsets of regulatory T cells in 

patients with CRSwNP.

In addition to T cells, significant elevations in B cells in NP have also been demonstrated by 

several groups [94, 95]. This finding fits well with the reported elevations of the B cell-

attracting chemokines CXCL12 and CXCL13 in NP. Again, early studies focused on basic 

identification of B cells by IHC and CD19 or CD20 expression. More recently, it has 

become apparent that the elevated levels of B cells in NP are not just re-circulating memory 

B cells, but instead, they represent several different B cell subsets, including naïve B cells, 

plasmablasts and plasma cells [94, 95]. Gevaert et al. [96] reported evidence for the 

formation of lymphoid follicle-like structures in NP, which could promote the local 

activation of B cells, but we have searched extensively for these structures, and although 

they can be found in polyp tissue, we cannot find any convincing evidence that they occur 

more frequently in NP than they do in control tissue from non-CRS patients (Hulse, Carter 

et al., unpublished observations). Instead, we have found evidence that the local B cell 

response in NP may be similar to the extrafollicular response that is known to occur in 

lymph nodes and spleen. In support of this hypothesis, we have found significantly elevated 

expression of Epstein-Barr virus-induced protein 2 (EBI2), which is critical for the 

development of extrafollicular B cell responses, in NP compared to control sinus tissue [95].

Total antibody levels are highly elevated in NP, but not within the systemic circulation, of 

patients with CRSwNP [60, 94, 95]. Our preliminary data suggest that the antibody 

repertoire in NP is polyclonal, and the antibody variable regions have not accumulated a 

large number of mutations (Hulse et al., unpublished observations). Together with the lack 

of evidence for increased formation of follicles in NP, these data further support the notion 

that the B cell response in NP resembles an extrafollicular response. While the antigen 

specificity of these antibodies is largely unknown, it has been demonstrated that some of the 

IgE in NP is specific for SEB [36], and some of the IgG and IgA are autoantigen specific 

[97, 98]. Given that a high proportion of patients with CRS are systemically atopic (likely 

over 50%), it is not surprising that some of the IgE found in CRSwNP nasal tissue is specific 

to aeroallergens [99, 100]. Interestingly, these studies indicate that even patients with 

CRSwNP who are not systemically sensitized have local elevations of IgE in their nasal 

tissues, which is similar to what has been found in patients with allergic rhinitis [101]. There 

is also evidence that at least some of the antibody-secreting B cells are directly activated 

within the NP. Gevaert et al. [102] have reported elevated expression of markers of local 

class switch recombination in NP tissues, including expression of ε germline transcripts and 

RAG genes that are important for this process. We have recently confirmed this finding and 

discovered evidence for local switching to other isotypes and elevated expression of AID 

(Hulse et al., unpublished observations).

Whether locally produced antibodies contribute directly to CRSwNP pathogenesis is 

unclear. Recently, Gevaert et al. investigated the effects of the anit-IgE antibody 

omalizumab, compared to placebo, in a small cohort of patients with CRSwNP. They found 
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that treatment with omalizumab significantly reduced the nasal polyp score, as well as 

several quality of life measures, compared to placebo, suggesting that IgE may play an 

important role in CRSwNP pathogenesis in some patients [103]. Given the large number of 

cells that express Fc receptors in NP, it seems likely that antibodies of several isotypes could 

play an important role in CRSwNP pathogenesis through the activation of these cells locally. 

Moreover, we have evidence of elevated levels of markers of complement activation via the 

classical (antibody mediated) pathway (Tan et al., unpublished observation). Together with 

elevated antibody levels, activated complement could also contribute to the chronic 

inflammation in NP. Finally, B cells themselves may also play an important role in 

CRSwNP pathogenesis aside from their immunoglobulin products. They can act as antigen-

presenting cells for T cells and can secrete pro-inflammatory cytokines.

Tissue remodelling

Edematous stromal tissue and the formation of pseudocysts are common features of NP, and 

it has been suggested that the retention of plasma proteins, such as albumin, may contribute 

to NP growth [27]. Recent work by Takabayashi et al. [104, 105] has provided some insight 

into the mechanisms that may drive the formation of NP (Fig. 2). This work found that 

levels of fibrin and an initiator of the coagulation cascade, Factor XIII-A, were both 

significantly elevated in NP. Further, they found that levels of tissue plasminogen activator 

(tPA), an important enzyme involved in the breakdown of fibrin, along with a marker of 

fibrin breakdown (D-dimers) were decreased in NP. Importantly, Factor XIII-A was shown 

to be produced by M2 macrophages, which develop under type 2 inflammatory conditions 

and are elevated in NP, and levels of tPA were diminished in epithelial cells in vitro in the 

presence of type 2 cytokines [104]. Together, these data suggest that the type 2 

inflammatory milieu within NP may contribute to the remodelling and growth of NP, as well 

as to the chronic inflammatory state of the tissue.

Summary and conclusions

In summary, CRSwNP is a complex inflammatory condition, and many factors likely 

contribute to its pathogenesis. Defects in the basic functions of the airway epithelium 

coupled with elevated pro-inflammatory cytokines and chemokines likely combine to drive 

the chronic adaptive immune response found in NP (Fig. 3). Although CRSwNP provides 

investigators with a unique opportunity to study an ongoing inflammatory response in a 

human system, studies of the mechanisms that are responsible for disease pathogenesis have 

been limited by a lack of animal models and a reliance on descriptive and correlative data. 

As such, there is a paucity of data that demonstrates the necessity or sufficiency of any of 

these potential drivers of CRSwNP, and clinical studies in patients with new drugs that 

target defined cytokines, cytokine receptors or signalling molecules are sorely needed. In 

addition to the development of new tools and models to aid mechanistic studies, the field of 

CRSwNP research also needs the robust epidemiologic data that has served the asthma 

community so well. Given the high prevalence, costs and morbidity associated with this 

disease, there is a great need for continued research into CRS that could facilitate the 

development of novel therapeutic strategies to improve treatment for patients who suffer 

from this disease.
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Fig. 1. 
Summary of the events and cell types involved in the pathogenesis of chronic rhinosinusitis 

with nasal polyps. Immune cells shown on the top of the figure are elevated in polyp tissue 

from most European and American patients and a subset of Asian patients. Recent studies 

discussed in the text provide the basis for a model in which local expansion of T cells, B 

cells and plasma cells occurs with the help of local dendritic cells, resulting in the 

production of cytokines and immunoglobulins at high levels in the tissue (top left). 

Recruitment and/or activation of effector cells, shown on the top right, is likely a 

consequence of the activation of adaptive immune cells, tissue cells (e.g. epithelium and 

endothelium) and innate lymphoid cells. Activation of structural cells can contribute to 

cellular recruitment, leak and activation of plasma proteins, deposition of fibrin and 

modification of the extracellular matrix. The actions of both the immune and the structural 

cells lead to tissue remodelling, as summarized in part on the lower right.
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Fig. 2. 
Theoretical role of local activation of fibrin deposition by type 2 inflammatory responses in 

type 2 diseases. Recent studies by Takabayashi et al. have shown that type 2 cytokines can 

promote deposition of fibrin by two important mechanisms. The first is the enhancement of 

fibrin cross-linking by the induction of factor XIII-A (FXIII-A in the figure) in M2 

macrophages. This factor cross-links fibrin that has been liberated from fibrinogen by the 

action of thrombin or other fibrinogen activators. The second mechanism is by diminishing 

levels of tissue plasminogen activator (tPA), which is a major enzyme in the dissolution of 

fibrin clots or cross-linked fibrin. Within airways, tPA is expressed by epithelial cells, and 

IL-13 and IL-4 diminish expression of this important fibrinolytic enzyme. We hypothesize 

that these mechanisms may have originally evolved as part of the normal antiparasite 

response, but are inappropriately activated in CRSwNP and may contribute to polyp 

formation.
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Fig. 3. 
Predominant role of type 2 inflammation in the mediation of CRSwNP. Type 2 cytokines are 

traditionally viewed as being derived from Th2 cells within an adaptive immune response. 

Th2 cells are activated by antigen-presenting cells (APC), including DC, B cells and others, 

along with a Th2-skewing cytokine milieu (lower left – APC shown are DC and B cell). The 

namesake cytokines of Th2 cells include IL-4, IL-5 and IL-13; these cytokines drive the 

recruitment and/or activation of mast cells, eosinophils, basophils, goblet cells, M2 

macrophages, B cells, etc., as well as many of the tissue responses resulting from the factors 

that these inflammatory cells produce. Mast cells are further activated by specific antigen 

after local or systemic synthesis of antigen-specific IgE. Recent findings have shown that 

type 2 cytokines can also be produced by group 2 innate lymphoid cells, known as ILC2, 

that do not require direct activation by APC and antigen. ILC2 nonetheless produces a 

similar spectrum of cytokines and elicits similar effector responses as Th2 cells. ILC2 can be 

activated by proteases, pathogens and other stimuli. Multiple pathways by which ILC2 are 

activated by such stimuli have been described, especially in murine systems, and the precise 

mechanisms by which ILC2 are activated in CRS are under intensive scrutiny (see top of the 

figure).
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Table 1

Chemokines in CRS

Chemokines Potential role in 
CRSwNP

Finding Source Technique Patient population References

CCL2 (MCP-1) Monocyte, T cell and 
DC recruitment

Not 
different 
between 
NP and 
control or 
CRSsNP

Tissue Multiplex bead array USA C. J. Ocampo, 
unpublished 
observations

CCL5 (RANTES) Eosinophil recruitment Not 
different 
between 
NP and 
control

Tissue Semi-quantitative PCR Germany Barrels et al. [59]

Not 
different 
between 
NP and 
control

Tissue ELISA Germany Bachert et al. [106]

Decreased 
in NP 
compared 
to control 
and 
CRSsNP

Tissue Multiplex bead array USA C. J.Ocampo, 
unpublished 
observations

CCL7 (MCP-3) Monocyte recruitment Not 
detectible 
in NP or 
control

Tissue Semi-quantitative PCR Germany Barrels et al. [59]

CCL11 (Eotaxin-1) Eosinophil recruitment Not 
different 
between 
NP and 
control

Tissue Semi-quantitative PCR Germany Barrels et al. [59]

Elevated 
in NP 
compared 
to control

Tissue ELISA Belgium Bachert et al. [60]

Elevated 
in NP 
compared 
to control

Tissue ELISA Germany Olze et al. [107]

Elevated 
in NP 
compared 
to control 
and 
CRSsNP

Tissue ELISA Belgium Van Zele et al. [87]

Elevated 
in NP 
compared 
to control

Tissue ELISA Belgium* Zhang et al. [90]

Not 
different 
between 
NP and 
control

Tissue ELISA China* Zhang et al. [90]

Elevated 
in 
CRSwNP 
compared 
to control 

Nasal secretion Multiplex bead array USA Cho et al. [108]
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Chemokines Potential role in 
CRSwNP

Finding Source Technique Patient population References

and 
CRSsNP

Elevated 
in NP 
compared 
to control 
and 
CRSsNP

Tissue Multiplex bead array USA C. J.Ocampo, 
unpublished 
observations

CCL13 (MCP-4) Eosinophil and 
basophil recruitment

Elevated 
in NP 
compared 
to control 
and 
CRSsNP

Tissue Multiplex bead array USA C. J.Ocampo, 
unpublished 
observations

CCL17 (TARC) T cell recruitment Elevated 
in NP 
compared 
to control 
and 
CRSsNP

Tissue Multiplex bead array USA C. J.Ocampo, 
unpublished 
observations

CCL18 (PARC) Lymphocyte and DC 
recruitment

Elevated 
in NP 
compared 
to control 
and 
CRSsNP

Tissue PCR and ELISA USA Peterson et al. [64]

CCL23 (MIP-3) Monocyte and 
macrophage 
recruitment

Elevated 
in NP 
compared 
to control 
and 
CRSsNP

Tissue PCR USA Poposki, 2011 [109]

CCL24 (Eotaxin-2) Eosinophil recruitment Elevated 
in NP 
compared 
to control

Tissue ELISA Germany Olze et al. [107]

Elevated 
in NP 
compared 
to control 
and 
CRSsNP

Tissue Multiplex bead array USA C. J.Ocampo, 
unpublished 
observations

CCL26 (Eotaxin-3) Eosinophil recruitment Elevated 
in NP 
compared 
to control

Tissue ELISA Germany Olze et al. [107]

Elevated 
in NP 
compared 
to control 
and 
CRSsNP

Tissue Multiplex bead array USA C. J.Ocampo, 
unpublished 
observations

CXCL9 (MIG) T cell recruitment Elevated 
in 
CRSwNP 
compared 
to control 
and 
CRSsNP

Nasal secretion Multiplex bead array USA Cho et al. [108]

CXCL1 (GRO-a) T cell recruitment Not 
different 
between 
NP and 
control

Tissue ELISA Germany Bachert et al. [106]

Clin Exp Allergy. Author manuscript; available in PMC 2016 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hulse et al. Page 24

Chemokines Potential role in 
CRSwNP

Finding Source Technique Patient population References

CXCL12 (SDF-1a) B cell recruitment Elevated 
in NP 
compared 
to control 
and 
CRSsNP

Tissue PCR and ELISA USA Patadia et al. [65]

CXCL13 (BLC) B cell recruitment Elevated 
in NP 
compared 
to control 
and 
CRSsNP

Tissue PCR and ELISA USA Patadia et al. [65]

Elevated 
in NP 
compared 
to control 
and 
CRSsNP

Tissue Multiplex bead array USA C. J.Ocampo, 
unpublished 
observations

*
This work investigated patients from Belgium and China; for clarity, we have separated the results from these two distinct populations.
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