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Abstract

Chronic rhinosinusitis (CRS) is one of the most common chronic diseases worldwide. It is a 

heterogeneous disease, and geographical or ethnic differences in inflammatory pattern in nasal 

mucosa are major issues. Tissue eosinophilia in CRS is highly associated with extensive sinus 

disease, recalcitrance, and a higher nasal polyp (NP) recurrence rate after surgery. The prevalence 

of eosinophilic CRS (ECRS) is increasing in Asian countries within the last 2 decades, and this 

trend appears to be occurring across the world. International consensus criteria for ECRS are 

required for the accurate understanding of disease pathology and precision medicine. In a 

multicenter large-scale epidemiological survey, the “Japanese Epidemiological Survey of 

Refractory Eosinophilic Chronic Rhinosinusitis study,” ECRS was definitively defined when the 

eosinophil count in nasal mucosa is greater than or equal to 70 eosinophils/hpf (magnification, 

×400), and this study proposed an algorithm that classifies CRS into 4 groups according to disease 

severity. The main therapeutic goal with ECRS is to eliminate or diminish the bulk of NP tissue. 

NPs are unique abnormal lesions that grow from the lining of the nasal and paranasal sinuses, and 

type 2 inflammation plays a critical role in NP development in patients with ECRS. An imbalance 

between protease and endogenous protease inhibitors might play a pivotal role in the initiation and 

exacerbation of type 2 inflammation in ECRS. Intraepithelial mast cells in NPs, showing a 

tryptase1, chymase2 phenotype, may also enhance type 2 inflammation. Intense edema and 

reduced fibrosis are important histological features of eosinophilic NPs. Mucosal edema mainly 

consists of exuded plasma protein, and excessive fibrin deposition would be expected to contribute 

to the retention of proteins from capillaries and thereby perpetuate mucosal edema that may play 

an etiological role in NPs. Upregulation of the coagulation cascade and downregulation of 

fibrinolysis strongly induce abnormal fibrin deposition in nasal mucosa, and type 2 inflammation 

plays a central role in the imbalance of coagulation and fibrinolysis.
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Chronic rhinosinusitis (CRS) is one of the most common chronic diseases worldwide, with a 

prevalence of approximately 5% to 12% in the adult population. It is characterized by 

inflammation of the nasal mucosa and paranasal sinuses, and by definition, patients with 

CRS must report the presence of anterior or posterior rhinorrhea, nasal congestion, 

hyposmia, and/or facial pressure or pain that lasts for more than 12 weeks.1,2 Although CRS 

is not life-threatening, symptoms such as nasal congestion, nasal discharge, pain or facial 

pressure, loss of smell, and cough impair the patient’s quality of life and economic activity.
3,4 CRS is heterogeneous and is generally classified into 2 phenotypes, namely, CRS with 

nasal polyps (CRSwNP) and CRS without nasal polyps. In Western countries, the sinonasal 

tissue of patients with CRS without nasal polyps can be either eosinophilic or neutrophilic, 

whereas polyp tissue from patients with CRSwNP is mostly characterized by extreme 

eosinophilic infiltration. Consequently, identifying whether nasal polyps (NPs) are present or 

absent is useful for estimating the likelihood of eosinophilic inflammation and can influence 

treatment strategies. In Asian countries, NP tissues from patients with CRS have fewer 

eosinophils than do those from patients with CRS in Europe and the United States.5,6 

However, the degree of eosinophilia in NPs has increased in Asia in the past 2 decades.7–9 

The geographical differences and changes in histological characteristics of Asian NPs may 

be related to genetic, nutritional, or environmental factors.10,11 Therefore, compared with 

phenotyping by presence of NPs, classifying CRS by inflammatory endotypes can improve 

the accuracy of identifying the underlying pathophysiology and provide guidance for 

specific treatment. The most common CRS classification by endotype divides CRS into 2 

subtypes, namely, eosinophilic CRS (ECRS) and noneosinophilic CRS (non-ECRS). ECRS 

is characterized by severe type 2 inflammation and is difficult to treat. In addition, NP 

recurrence after medical treatment or surgical intervention is frequent in ECRS. Comorbid 

asthma, including aspirin/ nonsteroidal anti-inflammatory drug intolerance, is also common 

in ECRS.12–15 The main therapeutic goal with patients with ECRS is to eliminate or 

diminish the bulk of NP tissue and reduce the sinonasal inflammation, and treatment of 

CRSwNP can not only alleviate upper airway symptoms such as persistent stuffiness, facial 

pain, headache, and impairment or loss of smell but also sometimes suppress comorbid 

asthma.16,17 Polypoid sinus mucosa, including NP tissue, may be a primary source of 

cysteinyl leukotrienes (CysLTs), which may contribute to comorbid asthma.18,19 

Consequently, precise understanding of the pathogenesis of NP formation is particularly 

significant for improving the efficacy of ECRS therapy.

This review article highlights the recent information on CRS endotypes and phenotypes and 

clarifies the role of imbalances of coagulation and fibrinolysis in the pathophysiology of 

eosinophilic NP development.
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HETEROGENEITY AND DISEASE SEVERITY OF CRS

Tissue eosinophilia in CRS is highly associated with extensive sinus disease, recalcitrance, 

and a higher NP recurrence rate after endoscopic sinus surgery.20,21 To our knowledge, 

Okuda5 was the first to report the differences in the inflammation pattern of CRS nasal 

mucosa between European and Asian (in this case, Japanese) patients. The prevalence of 

eosinophilic CRSwNP is increasing in Asian countries within the last 2 decades however, 

and this trend appears to be occurring across the world, possibly due to the rapid global 

adoption of a Western lifestyle.7,8,10,22 Therefore, intractable CRSwNP, which exhibits 

eosinophilia in NPs, has been referred as ECRS in Japan and we will use that terminology 

here.23 However, no international consensus criteria exist for ECRS, and the variable use of 

criteria in different studies can cloud understanding of disease pathology. Globally, mucosal 

eosinophilia is defined by determining the mucosal eosinophil count or eosinophil 

percentage in the total inflammatory cells, an end point that can provide prognostic 

information about disease severity or outcome.24,25 In a multicenter large-scale 

epidemiological study of 1716 patients with CRS titled “Japanese Epidemiological Survey 

of Refractory Eosinophilic Chronic Rhinosinusitis (JESREC) study,” ECRS was definitively 

defined as whether the eosinophil count in the nasal mucosa was greater than or equal to 70 

eosinophils/hpf (magnification, ×400). Although this number is rather high and may not be 

applicable internationally, this cutoff value provided the most significant assessment of the 

likelihood of CRS recurrence in Japan.26 In addition, this study created an algorithm that 

classifies CRS according to blood eosinophilia, ethmoid sinus-dominant shadow in 

computed tomography, and comorbidity (bronchial asthma and aspirin/nonsteroidal anti-

inflammatory drug intolerance). Eventually, CRS was classified into the following 4 groups: 

non-ECRS, mild ECRS, moderate ECRS, and severe ECRS. These 4 groups varied 

significantly in the rate of recurrence and treatment refractoriness (Fig 1).26 In this 

classification scheme, moderate and severe ECRS were considered refractory. Molecular and 

cellular identification of diverse inflammatory pathological mechanisms and associated 

immunologic endotyping of CRS will likely be important for establishing the prognosis of 

disease severity and recurrence after surgery, and appropriate use of biologics in the near 

future.4,13,27,28 Two recent studies investigated whether the JESREC algorithm is 

appropriate for classifying CRS subgroups into endotypes by unsupervised statistical 

analysis. The moderate/severe ECRS groups showed type 2–dominant inflammation, 

whereas non-ECRS/mild ECRS groups showed type 1/type 3 mixed inflammation, 

suggesting that the CRS clinical scoring system from the JESREC study to some extent 

reflects the underlying inflammatory endotype.29,30 However, the applicability of the 

JESREC algorithm, which was developed in a Japanese population and validated by 2 Asian 

studies, to other regions outside of Asia remains unknown. So far, for definition of nasal 

mucosal eosinophilia, various cutoff values of tissue eosinophil counts (5–350/hpf) and 

eosinophil percentage (5%−50%) were proposed by different researchers.25 Besides tissue 

eosinophil counts, inflammatory endotype markers including IFN-γ (type 1), Charcot-

Leyden crystal galectin (type 2), IL-5 (type 2), and IL-17A (type 3) are useful. Genetics, 

lifestyle, and environmental factors might affect the relationship between endotype and 

phenotype of CRS, and global studies are required to address this issue.
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ESTABLISHMENT OF TYPE 2 INFLAMMATION IN ECRS

Regardless of ethnicity and geographic region, eosinophilia in patients with CRS strongly 

correlates with type 2 inflammatory response and generally demonstrates severe symptoms 

and high recurrence rate, and high prevalence and severity of asthma.6 Therefore, 

understanding the mechanisms of establishing type 2 inflammation in nasal and paranasal 

sinus mucosa is therapeutically important. It is clear that type 2 cytokines, especially IL-5 

and IL-13 but possibly also IL-4, play important roles mediating inflammation in ECRS and 

NP development.31 In NPs, these cytokines are produced by mast cells, group 2 innate 
lymphoid cells (ILC2s), and TH2 cells. Current thinking suggests that an innate response to 

exogeneous proteases from allergens, such as pollen, mite, fungi, and microorganisms, can 

induce the epithelial-derived cytokines IL-33, IL-25, and thymic stromal lymphopoietin 

(TSLP), which drive the activation of ILC2s to release type 2 cytokines in an antigen-

independent manner (Fig 2).32 The protease activity of allergens is critical for the secretion 

of epithelial-derived cytokines, which are involved in the initiation and development of type 

2 inflammation. Endogenous protease inhibitors (EPIs) of both endogenous and exogenous 

proteases are present in various organs to control the adverse effects of proteases, and EPIs 

may prevent the initiation or exacerbation of type 2 inflammation.33,34 Kouzaki et al35 have 

recently reported that the endogenous cysteine and serine protease inhibitors, namely, 

cystatin A and serine protease inhibitor Kazal-type 5 (SPINK5), are less expressed in the NP 

tissues of patients with ECRS than in the NP tissues of patients with non-ECRS or healthy 

control subjects. In cell culture and animal experiments, these EPIs decreased the allergen-

induced secretion of IL-33, IL-25, and TSLP.35 Taken together, an imbalance between 

allergen proteases and EPIs might play a role in the initiation and exacerbation of type 2 

inflammation in ECRS (Fig 2). The expression of cystatin SN, which is a cysteine protease 

inhibitor, is significantly increased in the epithelium of NPs from patients with ECRS versus 

non-ECRS. In addition, the expression of cystatin SN was positively correlated with the 

eosinophil count and the levels of TSLP, CCL11 (eotaxin-1), and periostin in NPs.36 In vitro 
experiments revealed that treatment with cystatin SN further increased TSLP expression 

stimulated by double-stranded RNA plus IL-4 and that stimulation with TSLP or IL-33 

increased cystatin SN expression in nasal epithelial cells. Cystatin SN may thus participate 

in an innate immune type 2 inflammation positive-feedback loop with epithelial-derived 

cytokines in ECRS. Fibroblasts are also increased in NPs and are associated with the disease 

severity of CRSwNP.37 The release of CCL11, which belongs to the CC chemokine family, 

leads to the selective recruitment of eosinophils through binding with CCR3. Hulse et al38 

reported that CCL11 expression is increased in NPs and is closely associated with eosinophil 

infiltration in CRSwNP. Periostin is an extracellular matrix protein that is produced by 

fibroblasts and is associated with the activation and migration of eosinophils.39,40 

Reportedly, periostin levels were increased in ECRS, and cystatin SN stimulation increased 

periostin expression in cultured fibroblasts isolated from NPs.36,41 These results further 

reinforce the possible role of cystatin SN in eosinophilic inflammation (Fig 2). According to 

a report from China, cystatin SN promotes the activation and recruitment of eosinophils 

through IL-5 induction, further supporting this hypothesis.42 Extracellular endogenous 

proteases, proteases from allergens, and mast cell proteases may all play key roles in allergic 

inflammation.43 Mast cells are significantly increased in NPs and are primarily accumulated 

Takabayashi and Schleimer Page 4

J Allergy Clin Immunol. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the epithelium.44,45 Interestingly, mast cell levels are higher in NPs from patients with 

ECRS than in NPs from patients with non-ECRS.46 Furthermore, intraepithelial mast cells in 

NPs showed a mast cell-tryptase (MC-T) but not MC-T/chymase phenotype.44,45 Similar 

mast cells (MC-T) were increased in a subset of patients with asthma and eosinophilic 

esophagitis that displayed type 2–dominant inflammation.47,48 Although the mechanisms 

underlying how these differences in mast cell phenotype influence ECRS pathogenesis 

remain unclear, several possibilities are noted. Proteinase-activated receptor 2 (PAR-2) 

contributes to the development of type 2 immunity and eosinophilic inflammation of the 

airways, and PAR-2 levels were increased in the epithelium of patients with asthma, allergic 

rhinitis, and ECRS.49,50 Among epithelial-derived cytokines, TSLP is most highly expressed 

in ECRS, and it strongly enhances the expression of substantial quantities of type 2 

cytokines, especially IL-5 and IL-13 in both ILC2s and mast cells, independent of TH2 cells 

and adaptive immunity.30,51,52 The production of TSLP is induced by airway epithelial cells 

through PAR-2 signaling.49 Considering that tryptase is a potent activator of PAR-2,53 

tryptase/PAR-2 signaling might be involved in the production of TSLP in ECRS. Although 

mast cells are generally associated with proinflammatory functions, some anti-inflammatory 

effects of chymase were observed in airway allergic inflammation.54,55 Chymase, but not 

tryptase, can degrade cytokines such as IL-6, IL-13, and IL-33,55–57 and further supporting a 

protective role of chymase, clinical evidence showed a positive correlation between 

chymase-positive mast cells and lung function in severe asthma.58,59 According to these 

findings, the absence of mast cell chymase in NP epithelium may lead to an excessive 

accumulation of IL-33, thereby exaggerating type 2 inflammation (Fig 2). It has been 

reported that IL-33 plays a pivotal role in chronic inflammation of CRSwNP by enhancing 

TH2-type cytokine production, which could contribute to a further increase of an established 

TH2 profile in CRSwNP.60 Baba et al61 and Cao et al62 reported that local IgE production 

and IgE class-switch recombination were increased in ECRS. Because polyclonal IgE 

antibodies can activate mast cells in NPs,63 increased levels of local IgE production might 

contribute to eosinophilic inflammation in the patients with CRS. The net impact of mast 

cells may be a result of a balance between detrimental and protective effects, mediated by 

distinct mast cell proteases in the main 2 mast cell phenotypes. Further studies are necessary 

to determine the precise mechanisms by which the interaction between mast cells and NP 

epithelium influences mucosal immunity. It is also important to point out at this juncture that 

the relative importance of adaptive (ie, antigen-driven) and innate (eg, protease and epithelial 

cytokine-driven) activation of mast cells, ILC2s, and TH2 cells is currently unknown and 

under active investigation.

NATURE OF NP AND FIBRIN DEPOSITION

NPs are painless benign lesions that originate from around the middle nasal meatus or 

paranasal sinus cavity, and unlike polyps in the digestive tract or bladder, malignant 

transformation is extremely rare. NPs have a semitranslucent pale gray appearance, 

resembling a cystic lesion; nonetheless, the content is mostly a jelly-like solid. Striking 

histological features of NPs include intense edematous stroma filled with plasma proteins, 

mainly albumin, and less collagen production and fibrosis.64,65 Shi et al66 compared the 

remodeling pattern between ECRS and non-ECRS and found more edematous and less 
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fibrotic nasal mucosa in ECRS.21 TGF-β promotes fibroblast proliferation and collagen 

production, may participate in various pathological inflammation in the upper and lower 

airway, and is involved in the initiation and maintenance of tissue fibrosis.67 Although 

conflicting reports exist, TGF-β is reportedly downregulated in ECRS.67,68 Some 

mechanisms of NP development overlap with asthma remodeling. However, NP-like lesions 

or intense mucosal edema have not been reported in the lower respiratory tract mucosa in 

asthma. Interestingly, Nonaka et al69 demonstrated that TGF-β stimulation induced 

procollagen type 1 synthesis in the lungs but not in nasal fibroblasts, indicating organ 

specificity of fibroblast responses.

Most studies of ECRS focus on the mechanisms underlying type 2 skewing in nasal mucosa. 

Although conflicting reports exist, previous clinical trials revealed that biologics directed 

against IL-5 reduce eosinophils and shrink NPs.70 An important recent clinical trial 

demonstrated that a biologic directed against IL-4/IL-13 receptor alpha chain significantly 

decreased NP size.71 These data support a role of type 2 cytokines in NP pathogenesis. IL-5 

is a key activation and survival factor for eosinophils in NPs. In contrast, IL-4 and IL-13 are 

factors that control IgE responses in B cells and plasma cells, enhance mucus and 

chemokine production in epithelial cells, and activate the endothelium for recruitment of 

VLA4+ cells such as eosinophils and basophils. A deeper understanding of the mechanisms 

by which type 2 inflammation drives the formation of NPs will be indispensable for 

precision medicine. Various inflammatory mediators such as eosinophil granule proteins, 

mast cell tryptase, and CysLTs increase plasma exudation from capillaries and cause 

mucosal edema. A high level of CysLTs is a hallmark of aspirin-exacerbated respiratory 

disease (also recently referred to as nonsteroidal anti-inflammatory drug–exacerbated 

respiratory disease [N-ERD]), which has very recalcitrant NPs. Recent studies have reported 

that mutual activation of platelets and eosinophils enhances the production of CysLTs via 

transcellular metabolism of arachidonic acid in eosinophils.72,73 However, since plasma 

proteins also pass through the airway epithelial layer, plasma may not only induce and 

perpetuate edema. Antigen stimulation induces the influx of plasma proteins into the nasal 

lumen in allergic rhinitis, and substantial levels of plasma proteins also exist in the airway 

lumen in asthma.74,75 We previously reported excessive fibrin deposition in NP tissue from 

the patients with CRSwNP.65 Excessive fibrin deposition would be expected to contribute to 

the retention of exuded plasma proteins from capillaries and thereby perpetuate mucosal 

edema and play an etiological role in NPs. Our recent study demonstrated that nattokinase, a 

serine protease possessing strong fibrinolytic activity, effectively shrunk surgically removed 

NP tissue in vitro through degradation of fibrin in the tissue, whereas papain, a well-known 

representative of the cysteine protease family, did not.76 Interestingly, fibrin mesh was also 

shown to be responsible for the viscosity of mucus in these studies. These results reinforce 

the view that profound fibrin deposition might be involved in the retention of plasma 

proteins, apparent tissue remodeling, intense edema, and mucosal adherence of mucus in 

NPs. Fibrin is an end product of the coagulation cascade and plays a major role in blood 

clotting at the site of vascular injury. In addition, because components of the coagulation 

factors reside in, or are transported to, tissue and can stimulate extravascular fibrin 

formation, fibrin production in response to inflammation can be integral to normal repair and 

restoration of tissues.75 This is believed to play a role in the confinement of toxic agents or 
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microbial organisms to a limited area and in the formation of a provisional matrix for the 

influx of fibroblasts, endothelial cells, and monocytes.77 Suppression of fibrin turnover 

facilitates fibrin deposition and can have proinflammatory properties.78 Indeed, several 

studies demonstrated that removal of fibrin can ameliorate disease development and 

symptoms.75,78–80

INCREASES IN LEVELS OF COAGULATION FACTORS IN NPs

Tissue factor (TF) initiates the extrinsic coagulation cascade and subsequent fibrin 

deposition. Leakage of coagulation factors contained in the exuded plasma into tissues 

facilitates factor VIIa binding to TF on cell surfaces, and the formed complex activates 

factor Xa, which in turn leads to thrombin generation and subsequent fibrin clot formation. 

Eosinophils were found to express TF, which initiates the extrinsic coagulation cascade and 

subsequent fibrin deposition, and significant positive correlations were observed between 

eosinophil numbers and fibrin deposition levels in NP tissue.81,82 It is reasonable to propose 

that TF expressed in eosinophils has a role in the formation of excessive fibrin deposition, 

which might be involved in tissue remodeling in ECRS. Although binding of TF to factor 

VIIa on cell surfaces is necessary for the initiation of the extrinsic coagulation cascade, 

preformed TF is stored in the intracellular compartment of eosinophils under resting 

conditions.75 Proteomic analysis revealed that L-plastin, a leukocyte-specific actin-binding 

protein, was upregulated in NPs from patients with aspirin-exacerbated respiratory disease, 

which is the most severe type of ECRS. Immunohistochemistry data showed that TF was 

most prominently located on the periphery of eosinophils and colocalized with L-plastin in 

NPs. In a cell culture experiment using Eol-1 cells, a human eosinophil cell line, silencing 

L-plastin disrupted TF translocation to the cell surface.81 Therefore, it is reasonable to 

speculate that L-plastin might be involved in the translocation of TF to the eosinophil cell 

surface, which in turn initiates the extrinsic coagulation cascade by binding to factor VIIa 

and induces subsequent excessive fibrin deposition in the nasal mucosa of patient with 

ECRS (Fig 3).

Thrombin, as a component of the coagulation cascade, also regulates fibrinolysis. In the 

fibrinolysis cascade, the initial cleavage of fibrin by plasmin generates C-terminal lysine 

residues on fibrin that are capable of binding both plasminogen and plasminogen activator. 

Generation of C-terminal lysine residues stimulates plasminogen activator–mediated 

plasminogen activation and further accelerates fibrinolysis. Thrombin activatable fibrinolysis 

inhibitor (TAFI) regulates this feedback by cleaving the newly formed C-terminal lysine 

residues from the fibrin surface and decreasing cofactor activity. TAFI is a carboxypeptidase 

zymogen originally identified in plasma, which is synthesized mainly in the liver and by 

megakaryocytes. Increased levels of TAFI have been reported in several inflammatory 

diseases and reflect the degree of inflammation.83 Imoto et al84 recently reported that the 

levels of TAFI were significantly increased in NPs from patients with CRSwNP. They also 

found that the levels of TAFI in all subjects with CRS were significantly elevated in subjects 

with asthma compared with those without asthma. Taken together, thrombin might play a 

central role in forming a vicious cycle, leading to activation of the coagulation and 

attenuation of fibrinolysis, that may result in tissue remodeling in NP (Fig 3).
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We previously reported that coagulation factor XIII (FXIII) A levels are increased in NP 

tissue from patients with CRSwNP and that M2 macrophages are the sole or major FXIII-A–

producing cells in NPs.74 FXIII is a transglutaminase that participates in the final stage of 

the coagulation cascade. There are 2 forms of FXIII. Plasma FXIII consists of 2 

enzymatically active A subunits and 2 inhibitor/carrier B subunits, whereas cellular FXIII is 

a dimer of FXIII-A, present in platelets, monocytes, and macrophages. FXIII catalyzes the 

formation of covalent cross-links between γ-glutamyl and ε-lysyl residues on adjacent fibrin 

chains in polymerized fibrin to yield the mature clot and cross-links α2-antiplasmin with 

fibrin. The cross-linking of fibrin enhances its stiffness and rigidity, which allows it to retain 

plasma proteins. Cross-linking of α2-antiplasmin to fibrin in the matrix has the predominant 

role of protecting the newly formed fibrin from degradation by the fibrinolytic enzyme 

plasmin.85 Macrophages are now widely recognized to be polarized by their 

microenvironment, especially by TH cytokines and pathogens. Classically activated 

macrophages (also known as M1 macrophages) develop in response to proinflammatory 

stimuli, such as type 1 cytokines (IFN-γ) or bacterial products (LPS). In contrast, 

alternatively activated macrophages are induced by exposure to type 2 cytokines, including 

IL-4 and IL-13, and are therefore called M2 macrophages. The numbers of M2 

macrophages, but not M1 macrophages, were dramatically increased in NPs.74,86 It is 

possible that the increased numbers of M2 macrophages could be explained by either the 

type 2 inflammatory milieu of CRSwNP or the presence of mast cells and ILC2s, as 

demonstrated in recent reports.3 A strong role for colonization with Staphylococcus aureus 
in driving ECRS has been advocated by several researchers. Krysko et al86 reported that the 

phagocytic capacity of M2 macrophages is impaired in NP tissue, indicating that decreased 

phagocytosis of S aureus and predominance of M2 macrophages in CRSwNP could 

potentially contribute to the persistence of chronic inflammation in CRSwNP (Fig 3).86

FIBRINOLYTIC IMPAIRMENT CAUSES ABNORMAL FIBRIN DEPOSITION IN 

NPs

The serine protease plasmin is responsible for the degradation of cross-linked fibrin (ie, 

fibrinolysis) to prevent or reverse excess fibrin deposition in tissue. Plasmin is generated 

through cleavage of the proenzyme plasminogen by 2 physiological plasminogen activators, 

urokinase plasminogen activator (uPA) and tissue plasminogen activator (tPA). The activities 

of uPA and tPA are inhibited by plasminogen activator inihibitor-1.

We have previously found that NPs from patients with CRSwNP have significantly 

decreased levels of tPA, but not uPA, which could diminish fibrinolysis and in turn 

contribute to excessive fibrin deposition in this disease.65 In addition, Stevens et al87 

reported further reduction of tPA gene expression in NPs from patients with aspirin-

exacerbated respiratory disease. Such profound reduction of tPA in nasal mucosa could 

nearly completely eliminate the fibrinolytic mechanism and potentially lead to greatly 

enhanced fibrin deposition in nasal mucosa, forming NPs (Fig 3).

It has long been known that type 2 inflammation with predominant mucosal eosinophilia 

significantly correlates with disease severity of CRS. Levels of tPA, but not uPA, were 
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significantly negatively correlated with eosinophil cationic protein as a marker of type 2 

inflammation, and immunohistochemical analysis revealed that tPA expression was mainly 

observed in epithelial cells in nasal mucosa. We have also found that nasal epithelial cells 

constitutively express tPA and that stimulation with type 2 cytokines IL-4 and IL-13 

significantly downregulated tPA expression while leaving uPA expression unaltered.65 These 

findings suggest that type 2 inflammation in NPs might downregulate the expression of tPA 

and play a role in the induction of excessive fibrin deposition through suppression of 

fibrinolysis (Fig 3). A recent large phase 3 clinical trial demonstrated that dupilumab, a fully 

human mAb that inhibits signaling of IL-4 and IL-13, significantly decreased NP size.71 

Although it was not tested, it is reasonable to speculate that dupilumab blocks IL-4/IL-13 

signaling and may subsequently restore tPA production in nasal epithelial cells, which would 

then activate fibrinolysis and result in NP shrinkage. We do note that fibrin deposition is not 

restricted to NPs associated with type 2 inflammation, and are aware of studies by Z. Liu et 

al showing that fibrin deposition is a feature of noneosinophilic polyps in Wuhan, China 

(personal communication, 2020). This suggests that fibrin deposition can be a feature of 

more than just the type 2 endotype of CRSwNP.

Gene expression patterns are strongly influenced by epigenetic changes. Hypermethylation 

of a promoter region can result in silencing gene expression by folding the chromatin 

structure and inhibiting transcription initiation. Conversely, hypomethylation of an inactive 

gene promoter region can increase gene expression levels by spreading chromatin 

compaction.88 It has been reported that DNA methylation changes were induced by type 2 

cytokines in asthmatic airway tissues and might contribute to asthma phenotype.89 

Kidoguchi et al90 have reported that the proximal promoter, especially at the −618 CpG site 

of PLAT (tPA; gene name PLAT), was hypermethylated in NPs, and the degree of 

methylation was negatively correlated with expression levels of PLAT.90 They concluded 

that hypermethylation of the proximal PLAT promoter may lead to decreased gene 

expression in NPs, leading to abnormal fibrin deposition by impairment of fibrinolysis.

If it is the case that regulation of tPA expression can be a key factor for NP development, 

particularly in type 2 inflammatory milieu, then it may be feasible to diminish NP formation 

by inducing tPA, which would cause fibrinolysis and NP dissolution. The underlying 

mechanisms of the induction of tPA gene and tPA activity in various cells were reported.91 

Short-chain fatty acids (SCFAs) are carboxylic acids with 1 to 6 carbon atoms. Acetic acid, 

propionic acid, and butyric acid are important species of SCFAs and produced by microbiota 

in the distal small intestine and colon. Beneficial effects of SCFAs on human health have 

been reported, and SCFAs exhibit their function via specific SCFA receptors, including G 

protein–coupled receptor (GPR) 41/free fatty acid receptor 3 and GPR43/free fatty acid 

receptor 2.92 Imoto et al93 recently showed that SCFAs, especially propionic acid, butyric 

acid, and valeric acid, induced the expression and release of tPA by airway epithelial cells 

and that the tPA released was in the active form. They also found that the SCFA receptors 

GPR41 and GPR43 are expressed by nasal epithelial cells and can mediate the induction of 

tPA after stimulation with SCFAs.93 These findings support the rationale of topical 

administration of SCFAs or other agonists of these receptors in patients with NPs to induce 

tPA and potentially shrink NPs.
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A growing body of evidence suggests that tPA can function as a cytokine and bind to the cell 

membrane receptor low-density-lipoprotein receptor–related protein-1 (LRP-1). Independent 

of its proteolytic effect, binding by t-PA to LRP-1 induces receptor tyrosine 

phosphorylation, triggers intracellular signaling, and induces collagen production by 

fibroblasts.94 LRP-1 is ubiquitously expressed, and it can be detected in nasal mucosa (our 

unpublished data, 2019). Thus, the reduction in levels of tPA that has been reported in 

CRSwNP may also explain the reduction in collagen production that has been reported in 

NPs.65 In addition, it has been reported that the t-PA/LRP-1 pathway facilitates nitric oxide 

(NO) production in the central nervous system.95 We have recently demonstrated that nasal 

NO levels were significantly decreased in patients with ECRS compared with patients 

without ECRS and that nasal NO may be useful as a marker of ECRS severity.96 It is not 

clear whether downregulation of the t-PA/LRP-1 pathway is responsible for the decreased 

levels of nasal NO in ECRS however. The upper airway, especially the paranasal sinuses, is 

the major source of NO in the respiratory tract, and studies have demonstrated the 

multifunctional role of NO in homeostasis. NO contributes to local host defenses against 

bacterial, viral, and fungal infection and helps to maintain a bacteriostatic state in the nasal 

and paranasal sinuses.97 It has been reported that low NO levels impair mucociliary function 

in the upper airways.98 Indeed, low nasal NO levels in patients with cystic fibrosis and 

primary dyskinesia tend to increase the susceptibility of these patient groups to airway 

infection. It has been well documented that the nasal or paranasal sinuses of patients with 

CRSwNP are often chronically colonized with fungi and bacteria and that these microbes 

may play an important role in skewing toward type 2 inflammatory condition in CRS.38 S 

aureus colonization is also common in NPs, and many studies have demonstrated that S 

aureus and its superantigens play an important role in the pathogenesis of ECRS. Wang et 

al99 have shown that the presence of Staphylococcal enterotoxin–specific IgE within the NP 

tissue varied in parallel with the type 2 inflammation signature. Because NO contributes to 

the local host defense against bacterial infection and because it regulates ciliary motility for 

adequate clearance of foreign material from the respiratory tract, decreased nasal NO 

production might be involved in the pathogenesis of ECRS.

Area specificity of NP formation is one of the most intriguing questions in the study of CRS. 

The mechanisms explaining why NPs arise from only in and around the middle nasal meatus 

and paranasal sinuses but not inferior turbinate (IT) have so far not been elucidated. We 

previously reported that protein levels of plasminogen activator, uPA and tPA, were lower in 

uncinate process tissue in comparison with those seen in IT in disease and control.65 This 

suggests that lower levels of plasminogen activators might confer an increased susceptibility 

to excess fibrin deposition in uncinate tissue and explain why NPs arise from the mucous 

membrane in and around the middle nasal meatus but not in the IT. Our previous studies 

demonstrated that IT and uncinate tissue differ dramatically in levels of host defense 

molecules, so such a regional difference might also influence the area specification of NP 

formation.100,101

SUMMARY AND CONCLUSIONS

CRS is a heterogeneous disease, and geographical or racial differences in inflammatory 

pattern in nasal mucosa are major issues. Although it was believed that eosinophilic NPs are 
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most common in Western countries and neutrophilic NPs are most common in Asian 

countries, recent studies reported that the prevalence of eosinophilic NPs is increasing in 

Asian countries within the last 2 decades, and this trend will possibly be seen throughout the 

world. International consensus criteria for CRS are required for the accurate understanding 

of disease pathology and precision medicine. In a multicenter large-scale epidemiological 

survey, the “JESREC study,” ECRS was definitively defined when the eosinophil count in 

nasal mucosa is greater than or equal to 70/hpf. In addition, this study proposed an algorithm 

that classifies CRS into 4 groups according to disease severity. Further detailed studies are 

required to verify the CRS endotypes that are valid internationally and allow comparison 

between patient groups and populations around the world. Eosinophilia in patients with CRS 

correlates strongly with type 2 inflammation response and demonstrates severe symptoms 

and high recurrence rate and greater prevalence of comorbid asthma. An imbalance between 

proteases and EPI might play a pivotal role in the initiation and exacerbation of type 2 

inflammation in ECRS. Intraepithelial mast cells in NPs, showing a tryptase+, chymase− 

phenotype (MC-T), may enhance type 2 inflammation. Intense edema and reduced fibrosis 

are important histological features of eosinophilic NPs, and the main therapeutic target for 

ECRS is to control NP development. Mucosal edema mainly consists of exuded plasma 

protein, and excessive fibrin deposition would be expected to contribute to the retention of 

proteins from capillaries and thereby perpetuate mucosal edema that may play an etiological 

role in NPs. Upregulation of the coagulation cascade and downregulation of fibrinolysis 

strongly induce abnormal fibrin deposition in nasal mucosa, and type 2 inflammation plays a 

central role in the imbalance of coagulation and fibrinolysis. This strong promotion of the 

formation of a large fibrin mesh is likely to be a primary driver of the formation of NP 

tissue.
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Abbreviations used

CRS Chronic rhinosinusitis

CRSwNP CRS with nasal polyps

CysLT Cysteinyl leukotriene

ECRS Eosinophilic CRS

EPI Endogenous protease inhibitor

FXIII Factor XIII

GPR G protein–coupled receptor

ILC2 Group 2 innate lymphoid cell
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IT Inferior turbinate

JESREC Japanese Epidemiological Survey of Refractory Eosinophilic Chronic 

Rhinosinusitis

LRP-1 Lipoprotein receptor–related protein-1

MC-T Mast cell-tryptase

NO Nitric oxide

NP Nasal polyp

PAR-2 Proteinase-activated receptor 2

SCFA Short-chain fatty acid

TAFI Thrombin activatable fibrinolysis inhibitor

tPA Tissue plasminogen activator

TSLP Thymic stromal lymphopoietin

uPA Urokinase plasminogen activator

GLOSSARY

CCL11 (EOTAXIN-1)
A CC (2 adjacent cysteine residues near the amino terminus) chemokine that is a strong 

eosinophil and basophil chemoattractant. Binds to CCR3

CYSTEINYL LEUKOTRIENES
Inflammatory mediators produced from arachidonic acid by 5-lipoxygenase in mast cells, 

eosinophils, and other inflammatory cells. Cysteinyl leukotrienes include leukotriene C4, 

leukotriene D4, and leukotriene E4

FIBROBLASTS
Cells that synthesize most of the extracellular matrix of connective tissue via secretion of 

collagen and elastin

GROUP 2 INNATE LYMPHOID CELLS (ILC2s)
Cells possessing lymphoid morphology, but without antigen receptors. They can quickly 

respond to multiple tissue-derived factors, such as cytokines, eicosanoids, and alarmins, by 

producing multiple proinflammatory and immunoregulatory cytokines. ILCs’ classification 

into groups based on their transcription factors and cytokines parallels helper T-cell subsets

hpf
An area visible by light microscopy under a slide at a magnification of approximately 400 to 

500 times

IL-33
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A member of the IL-1 superfamily that functions as an endogenous alarmin. IL-33 helps 

promote TH2 immune deviation and is a chemoattractant for TH2 cells. IL-33 exists in both a 

nuclear form and a secreted form. The nuclear form is believed to function as a transcription 

factor

MC-T
The “tryptase-only” phenotype of mast cells. MC-T cells are distinguished from MC-T 

chymase cells by a “scroll” granule pattern under electron microscopy after antitryptase 

staining. MC-T cells have a relatively low IL-4 and IL-13 cytokine profile in comparison to 

MC-T chymase cells

SPINK5
Serine protease inhibitor Kazal type 5. Loss-of-function mutations in SPINK5 result in 

Netherton syndrome, an autosomal-recessive disorder characterized by profound ichthyosis, 

as well as atopy

SUPERANTIGENS
A class of T-cell receptor ligands that have the ability to activate large fractions of the T-cell 

population. They do not require processing to bind to MHC class II molecules. They bind to 

polymorphic residues on the periphery of the class II molecule and interact with the T-cell 

receptor via their Vβ domain

THROMBIN
One of the key enzymes in blood coagulation. Thrombin was first discovered in the 19th 

century. Prothrombin (factor II) is converted to thrombin (factor IIa). Thrombin can factor as 

both a procoagulant and an anticoagulant. Anticoagulant activity occurs when thrombin is 

bound to thrombomodulin. During coagulation, thrombin cleaves fibrinogen, which activates 

factor XIII to form a cross-linked fibrin clot

TISSUE FACTOR
A transmembrane protein important in the extrinsic pathway of coagulation. Tissue factor is 

usually not expressed on surfaces of cells in contact with blood, but can be upregulated on 

cell surfaces by proinflammatory mediators. Exposed tissue factor binds to circulating factor 

VIIa and the complex activates both factor IX and factor X

UNCINATE PROCESS
A thin, hook-shaped portion of the ethmoid bone that usually overlies the ostium of the 

maxillary sinus in the lateral wall of the nasal cavity

VLA41 CELLS
Very late antigen 4. Also known as α4β1 integrin. VLA-4 expression is thought to help 

promote cellular attachment to the endothelium, a prerequisite for transmigration
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FIG 1. 
JESREC score criteria for the diagnosis of ECRS (left). Diagnostic algorithm for ECRS 

severity. Patients with CRS would be classified into 4 groups by JESREC score: blood 

eosinophilia, ethmoid dominant shadow in CT, and comorbidity (bronchial asthma, aspirin/

NSAID intolerance). The moderate/severe ECRS groups showed type 2–dominant 

inflammation, and non-ECRS/mild ECRS groups showed type 1/type 3 mixed inflammation 

(right). CT, Computed tomography; NSAID, nonsteroidal anti-inflammatory drug.
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FIG 2. 
Establishment of type 2 inflammation in ECRS. Innate response to exogeneous proteases 

from allergens, such as pollen, mite, fungi, and microorganisms, can induce the epithelial-

derived cytokines IL-33, IL-25, and TSLP, which drive the activation of ILC2s to release 

type 2 cytokines in an antigen-independent manner. An imbalance between allergen 

proteases and EPIs might play a role in the initiation and exacerbation of type 2 

inflammation in ECRS. Intraepithelial mast cells, showing a tryptase+, chymase− phenotype 

(MC-T), enhance type 2 inflammation. Cystatin SN enhances TSLP expression, and that 

stimulation with TSLP or IL-33 increased cystatin SN expression in nasal epithelial cells. 

Cystatin SN plays a role in eosinophilic inflammation in ECRS through inducing CCL11 

and periostin expression in NPs fibroblast. Downregulation of the tPA/LRP-1 pathway 

reduces NO production. NO contributes to the local host defense through regulation of 

ciliary motility. mDC, Myeloid dendritic cell.
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FIG 3. 
Hypothetical models to explain the role of coagulation and fibrinolysis in excessive fibrin 

deposition and low fibrosis in eosinophilic NPs. L-plastin might be involved in the 

translocation of TF to the eosinophil cell surface, which in turn initiates coagulation cascade 

and induces subsequent fibrin deposition in nasal mucosa. Increased expression of TAFI 

downregulates plasmin activity. Type 2 inflammation leads to the recruitment of M2 

macrophages and the subsequent production of FXIII-A, which induces fibrin cross-linking. 

Type 2 cytokine and DNA methylation attenuates tPA expression, causing impaired plasmin 

generation, which in turn decreased fibrinolysis. Nattokinase shrinks NPs through strong 

fibrinolytic activity. SCFAs mediate tPA expression in nasal epithelial cells.
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