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The Development of the Mucosal Concept in
Chronic Rhinosinusitis and Its Clinical Implications
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In the last 2 decades, an increasing understanding of
pathophysiological mechanisms in chronic rhinosinusitis (CRS)
opened an avenue from phenotyping to endotyping, from
eosinophilic inflammation to type 2 immunity, and from the
ventilation and drainage paradigm to the mucosal concept for
therapeutic considerations. With the advent of type 2
endotyping and targeted biomarkers, precise endotype-driven
therapeutic options are possible including biologics and adapted
surgical approaches. We here aim to focus on the complexity and
heterogeneity of the features of CRS endotypes, especially for
those with nasal polyps, including its history, latest
developments, clinical associations, and endotype-driven
solutions. In order to better manage uncontrolled severe CRS in
clinical practice, medical decisions based on a profound
understanding of the pathology and immunology of this
heterogeneous disease, aiding a precision-medicine based
approach for patient’s treatment, are pivotal. © 2021 American
Academy of Allergy, Asthma & Immunology (J Allergy Clin
Immunol Pract 2021;m:m-m)
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Chronic rhinosinusitis (CRS) is a common inflammatory
disease characterized by the presence of 2 or more symptoms
including nasal congestion, nasal discharge, facial pain, or
headache, and loss of smell for more than 12 weeks. Supportive
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objective evidence is either endoscopic findings or computed
tomography scan. Clinically, it is usually divided into 2 pheno-
types, CRS with nasal polyps (CRSWNP) and CRS without nasal
polyps (CRSsNP) based on nasal endoscopic findings. Patients
with CRSWNP tend to experience more severe clinical symp-
toms, higher postoperative recurrence rates, and more asthma
comorbidity than patients without nasal polyps (NPs)."

Over the past 20 years, especially in the last decade, attempts
have been made to introduce endotypes within the phenotypes of
CRS, especially for severe disease. In 2013, an international
Practical Allergy (PRACTALL) document clarified that defining
a CRS phenotype merely based on clinical observations was
insufficient because it did not provide comprehensive insight into
its underlying cellular and molecular pathophysiological mecha-
nism. The introduction of endotypes, for example, based on
pathophysiological characteristics, might provide a better un-
derstanding of the heterogeneous nature of CRS” and support
diagnosis and treatment.” This review focuses on the complexity
and heterogeneity of the features of CRS endotypes, including
tracing back to its history, clinical associations, and latest de-
velopments with endotype-driven solutions. This discussion
highlights not only the developmental path over recent years,
from a cellular trait to molecular features, from physical princi-
ples such as ventilation and drainage to the importance of
mucosal inflammation in the mucosal concept, from clinical
phenotypes to biomechanical endotypes, from the pharmaco-
logical standard of care to biologics, from functional endoscopic
sinus surgery to a variety of approaches, but also endotype-driven
medical algorithms that could be applied in daily clinical
practice.

THE DEVELOPMENT OF ENDOTYPING IN CRS
From physical condition to heterogeneous disease
Back in the 1980s, rhinologists considered sinusitis as a
physical condition owing to secretion retention and poor venti-
lation, with consequent infection of adjacent sinuses and ciliary
activity impairment; they also deemed that NPs originated from
areas of intense mucosal contact, causin4g considerable pressure
on the mucosa leading to discomfort.” Forerunners such as
Messerklinger, Stammberger, Wigand, and Kennedy advocated
and popularized novel endoscopic surgical approaches into
clinical practice with considerable efficacy throughout the world.
The concept of functional endoscopic sinus surgery aiming to
reestablish sinus drainage and ventilation through the natural
ostia was born.” It was Messerklinger who first proposed and
emphasized the importance of functional surgery, which further
popularized the English-speaking world by his successor Heinz
Stammberger and U.S. colleague David Kennedy building upon
his ideas. During the same period of time, people recognized the
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Abbreviations used
CRS- Chronic rhinosinusitis
CRSsNP- Chronic rhinosinusitis without nasal polyps
CRSwNP- Chronic rhinosinusitis with nasal polyps
ECP- Eosinophil cationic protein
IgE- Immunoglobulin E
IFN- y-Interferon-gamma
IL- Interleukin
ILC2s- Type 2 innate lymphoid cells
M?2- Macrophage
N-ERD- Nonsteroidal anti-inflammatory drug—exacerbated
respiratory disease
NP- Nasal polyp
Th-T helper
TSLP- Thymic stromal lymphopoietin

coexistence of rhinitis and sinusitis with the close physiological
and pathophysiological association; thus, the term rhinosinusitis
was then introduced and later widely accepted by international
scholars. The Messerklinger technique had a wide range of in-
dications but excluded nasal polyposis.s In his experience, pa-
tients with diffuse nasal polyposis suffered from a high recurrence
rate, and this condition was considered a general mucosal disease
not fully understood at that time’ rather than a sinus disease.
Later, being curious about its underlying mechanisms, in the first
decade of the 21st century, researchers aimed to understand the
pathological and immunological mechanisms, unveiling the po-
tential of pathoimmunological elements in CRS such as eosin-
ophils, neutrophils, leukotrienes, and other cells and mediators.
Thanks to the understanding of inflammatory mechanisms, CRS
began to be accounted as a heterogeneous disease, although it was
still not clear why NPs would occur.”®

From eosinophilic
inflammation

inflammation to T helper 2

Eosinophil. The first attempt to quest the underlying patho-
physiological mechanism of CRS was to explore the histopath-
ological pattern in sinonasal mucosa. Eosinophils, which were
first discovered and identified in the blood by German scientist
Paul Ehrlich in 1879, is a lineage of granulocyte that develop
during hemopoiesis in bone marrow responsible for combating
parasites and inflammation in the human body.” For years, sci-
entists strived to figure out the mechanism of eosinophil acti-
vation, recruitment, retention, and survival within certain tissues
in different diseases, exploring effector functions, granule protein
(major basic protein, eosinophil cationic protein [ECP], Charcot-
Leyden crystal protein [galectin 10]), and lipid mediators (such
as leukotriene C4, 5-hyrdoxyeicosatetraenoic acid, arachidonate
15-lipoxygenase, and platelet-activating factor). In 1973, Kaliner
et al were the first to demonstrate that NP tissue released leu-
kotrienes and histamine, regardless of the atopic status.” In 1988,
rhinologists first identified tissue hypereosinophilia in CRS and
found it associated with a higher likelihood of extensive CRS.®
Newman and colleagues'’ first reported a case series of 104
patients with CRS whose severity was assessed by computed
tomography scans correlating well with eosinophilia; approxi-
mately 65% of patients with extensive CRS showed tissue or
serum eosinophilia, whereas eosinophilia was present in less than
10% of CRS patients with less extensive disease. Subsequently,
studies confirmed that patients with extensive CRS indeed
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widely demonstrated eosinophilia regardless of their atopic sta-
tus.'"'? Two distinctive histological patterns were found in
CRS, eosinophilia-dominated CRS with NPs and CRS charac-
terized by glandular hyperplasia and hypertrophy without NPs, "’
indicating that CRSWNP should be considered a distinct disease
entity from CRSsNP. Later studies further supported the
concept that CRSWNP and CRSsNP were indeed 2 different
disease entities in many aspects (Table I)."*"'® The inflammatory
infiltration in NPs included a mixture of eosinophils, neutro-
phils, lymphocytes, and plasma cells.'” Nasal polyposis was
characterized by an eosinophilic inflammation, which appeared
even in the early formation of nasal polyposism; this inflamma-
tion was closely associated with higher recurrence rates and less
postoperative improvement in symptoms and quality of life.'”'
Of interest, CRSWNP patients from southern China did not
show a similar eosinophilic pattern as the white population from
the previously discussed studies because they were more
neutrophilic and lacked the typical increase in eosinophilic in-
dicators.”*** As a result, evidence supporting a variety of in-
flammatory phenotypes was accumulating and, therefore, unmet
needs toward understanding endotypes were obvious.

In the last 2 decades, the percentage and absolute counts of
cosinophils in CRS are increasing not only in Asian countrie,”
although ethnic and geographical differences are still major dif-
ferentiators. Second-generation U.S. Asian patients with
CRSwNP were found to be significantly less eosinophilic and
showed lower levels of ECP, a marker of eosinophil activation,
than the Caucasian population,”” similar to native Asian patients.
However, no consensus has yet to be found for the criteria of
eosinophilic CRS in the international scientific community, and
current cut-off criteria vary from 5 to as high as 350 eosinophils
per high power field.”

Indeed, eosinophils were considered cardinal effectors in the
classical type 2 inflammation. Elevation of blood eosinophils
(>150 cells/pL) and sputum eosinophils (>2%) were proposed
to define type 2 inflammation.”” Similarly, peripheral eosinophil
levels of more than 150 cells/lIL, together with high serum
immunoglobulin E (IgE) and comorbidity of asthma or
nonsteroidal anti-inflammatory drug—exacerbated respiratory
disease (N-ERD) was also proposed as a strong indicator of type
2 CRSwNP.?® However, the count might vary with different
biopsy locations.”” Notably, the status of eosinophilia is easily
affected by drugs; oral corticosteroid treatment could signifi-
cantly downregulate the level of peripheral eosinophils,”’ and
even local nasal corticosteroids could dramatically decrease the
level of tissue eosinophil percentages but not affect the level of
inflammatory mediators (interleukin -5 [IL-5], ECP, albumin)
and subsets of T cells (T helper 1 [Th1], Th2, Thl7, Treg
cells),”’ indicating type 2 inflammation still persists in the
circumstances.

TABLE I. Major immunological distinctions between CRSwNP and
CRSsNP at the beginning of the 21st century

CRSwNP CRSsNP
Inflammatory mediators”® IL-5 and ECP 1 INF-y1
Tissue remodeling'(’ MMP-7 1 MMP-9 and TIMPs 1
Prominent inflammation'* Eosinophilic Neutrophilic

MMP, Matrix metallopeptidase; TIMPs, tissue inhibition of metalloproteinases.



J ALLERGY CLIN IMMUNOL PRACT
VOLUME M, NUMBER B

Chemokines and cytokines. At the same time, because a
large proportion of NPs were associated with prominent eosin-
ophilic inflammation, scientists sought to explore what is
beneath eosinophilic inflammation and elaborated insights on
the possible regulation of eosinophil proliferation, migration,
activation, and survival through measuring chemokines and ac-
tivators such as IL-5, eotaxin, and regulated upon activation,
normal T cell expressed and presumably secreted.'® The current
concept and mechanism of eosinophilic inflammation were
originally elaborated by immunologists and then were gradually
applied to CRS. For instance, IL-5 is the cardinal cytokine in
eosinophils’ life span, promoting the activation, proliferation,
development, and survival of eosinophils cooperating with other
B common chain cytokines such as IL-3 and granulocyte-
macrophage colony—stimulating factor.” In the bone marrow,
it stimulates the growth and differentiation of eosinophil lineage;
it promotes the release of eosinophil granular proteins; in the
peripheral tissue compartment, IL-5 induces eosinophilic accu-
mulation by upregulating its adhesion; for activated mature eo-
sinophils, IL-5 inhibits eosinophilic apoptosis.” Both IL-5 and its
receptor, the secreted form of IL-5Rd. rather than the membrane-
anchored isoform, were found upregulated in NPs.>>? Further
study revealed that high levels of Charcot-Leyden crystals in type
2 CRSwNP remained after eosinophilic extracellular traps and
then promoted neutrophilic inflammation toward neutrophilic
extracellular trap cell death eventually, suggesting a complex
regulatory network® contributing to persistent disease.

T-cell subsets. T-cell subsets were also widely introduced
and studied in mice and human models of airway diseases during
this time period.””””* Upon stimulation of dendritic cells, T
cells are activated to differentiate and stimulate immune re-
sponses; Th cell subsets direct immune responses and promote
controlling pathogens by producing signature cytokines: Thl
cells express tumor necrosis factor (TNF) and interferon-gamma
(IFN-Y), Th2 cells express IL-4, IL-5, and IL-13, Th17 cells
produce IL-17.”” As 2 main regulators of Th1/Th2 differentia-
tion, T-bet induces differentiation along the Thl pathway, and
GATA-3 enhances Th2 cytokine production and polarization.””
Van Zele et al™ reported that the Th1/Th2 ratio (calculated by
IFN-Y/IL-5 ratio) characterized CRSsNP as a Thl polarized
disease whereas CRSWNP showed Th2 polarization with eosin-
ophilic inflammation and hyper-IgE expression. As a matter of
fact, asthma, also characterized by eosinophilic inflammation,
was the first airway disease to be explored with respect to the
immune responses, and much was learned from translating this
research to CRS. After decades of experiments carried out in
animal models, a seminal work in human asthma by means of
airway epithelial brushings from asthmatic patients and healthy
controls identified 2 distinct subgroups based on the extent of
Th2 inflammation, which was in accordance with previous re-
sults in mice models.> Subsequently, cluster analysis, an unbi-
ased statistical method, was for the first time used to study the
inflammatory endotypes in CRS in 2016."" This study demon-
strated that clinical traits such as asthma comorbidity as well as
postoperative recurrence were related to increased expression of
ECP, IL-5, IgE, and Staphylococcus aureus enterotoxin—specific
IgE, markers of Th2-biased inflammation, whereas within the
non-Th2 group, inflammation was more multidimensional,
involving Th1, Th17, and Th22.“%%? For NPs from southern
China, as mentioned previously, a mixed Th1/Th17
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inflammatory pattern was observed, accompanied by a decrease
in the Th2 transcription factor GATA-3, but an increase in
ROR-c and IL-17.”" Recently, the heterogeneity of the airway
inflammation within CRSsNP was also demonstrated; among
240 CRSsNP patients, 49% expressed upregulated IL-4, IL-5,
ECP, and IgE together with a lower IL-17, associated with higher
asthma comorbidity and recurrence rates, showing a similar but
less severe type 2 immune response compared with CRSwNP.*
Thus, both CRSWNP and CRSsNP do show type 2 and
non—type 2 inflammatory reactions, which differ in distribution
and severity.

From Th2 inflammation to type 2 inflammation

In recent years, with the development of endotypes, a
comprehensive body of knowledge was built up on cells and
mediators relevant in CRS, primarily based on findings estab-
lished in basic immunology and finally asthma. Inidally, as
mentioned previously, Th2 cells were considered to be the pri-
mary source of the inflammatory cytokines and early studies
supported this theory. However, studies in mice models indi-
cated the existence of another cytokine source apart from Th2
cells, including invariant T cells, Th1, eosinophil/basophil pro-
genitor cells, and type 2 innate lymphoid cells (ILC-2s).**¢

Epithelial cells. It was recognized that, as the first line of
defense of innate immunity against external stimuli including
pathogens, chemicals, and antigens, epithelial cells were already
important sensors capable of producing a wide range of Th2-
promoting cytokines, also called the alarmins, such as IL-25,
IL-33, and thymic stromal lymphopoietin (TSLP)."* A
recent study that used single-cell sequencing technique demon-
strated that the reduced epithelial cell diversity might play a role
in type 2 inflammation of CRSWNP and the secretory cells were
characterized by several genes such as ALOXI5, cystatin SN,
SERPINB3, and periostin.”’ Cystatin SN and ALOXI5 were
later confirmed to be essential in type 2 NPs.”"””

Other Th2-cytokine producers. Further, several landmark
publications using mouse helminth infection models identified a
group of potent lineage-negative Th2-cytokine producing cells
distinct from T and B cell, ILC-2s, which now widely are
accepted as substantial Th2 cytokine producers.”””® Later, the
expression and activity of TSLP were found to increase signifi-
cantly in CRS,”” which might promote CD4+ T cells differ-
entiating into Th2 cells.’® In addition, TSLP could induce Th2
inflammation by activating ILC-2 to overproduce Th2-cytokines
(IL-4, IL-5, and IL-13).”” In addition, IL-33 was found to be
positively correlated with Th1/17 inflammation as well as local
neutrophil recruitment in CRSWNP.®’ Further, macrophages
were also found to represent a potential player in type 2
inflammation, with the concept of alternative activation macro-
phage (M2) induced by Th2 cytokines IL-4 and IL-13 being
introduced by immunologists.”"*** In mouse bacterial infection
models and IL-21R—deficient mice, it was found that IL-21
accentuated M2-induced type 2 inflammation by upregulating
IL-4Ro. and IL-13R0.®’ In human and mouse lung macro-
phages, the IL-33/ST2 pathway could amplify M2 polarization
in an IL-13—dependent manner and contribute prominently to
airway inflammation.®”®> In addition, IL-33 signaling was also
essential for the development of remodeling by alternative acti-
vation of macrophages in murine lungs.””®” We and others also
demonstrated IL-21 to be increased in NPs, associated with
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disease severity.(’g’w Moreover, the IL-33/ST2 pathway was
found to be the critical pathway for S. aureus and its bacterial
allergen.”””" Alternatively activated M2 macrophages are more
prevalent in CRSWNP than in CRSsNP, which is also positively
correlated with upregulated IL-5, ECP and IgE as well as
downregulated IFN—‘Y.72 Nevertheless, the mechanism of tissue
remodeling and the role of macrophages in type 2 inflammation
are still unclear and future studies are urgently needed.

B cells and local immunoglobulin. Originally, B cells
were thought to be pivotal in type 2 inflammation because of the
upregulated local IgE synthesis. As a matter of fact, besides IgE,
other subtypes of immunoglobulins (IgG, IgA, and IgM) were
also significantly upregulated locally in NPs.”” This over-
production of IgM, IgGl, IgG2, IgG4, IgA, and IgE in NP
tissues can be predominantly found in patients with type 2
inflammation. Interestingly, local IgE in NPs appears to be
polyclonal and functional, contributing to the continuous
chronic inflammation via mast cell activation.”* Further, a high
level of B-cell activation and class switching was found in NP
tissues, either via the classical sequential way or via direct
switching.””’® Staphylococcus aureus enterotoxins in NP upre-
gulate local IgG and IgE, indicating its role was not limited to the
upregulation of local IgE.”” Although superantigens may explain
the high levels of local immunoglobulins in NPs in a typical type
2 inflammation, it also can be observed in some patients without
S. aureus colonization.

Further, the organization of secondary or ectopic lymphoid
tissues was described in NP tissues,”””’® with B cell—activating
factor’” and CXCL13*" levels being upregulated. However, to
date, the underlying regulatory mechanism on local immuno-
globulin hyperproduction and upstream drivers, as well as
importantly the polyclonality of local immunoglobulin in NP
tissues, are still poorly understood.

Microbiome. The dysbiosis of bacterial community compo-
sition and less richness or diversity are also contributing to the
pathogenesis and development of CRS.*"** However, a recent
study reported differential bacterial composition at the genus
level between control and CRSwWNP, but no significant differ-
ences between these 2 groups in sinus bacterial diversity.*
Another large multicenter study identified that the most abun-
dant genera in human nasal sinus with or without CRS were (1)
Corynebacterium and Staphylococcus (the most abundant), (2)
Streptococcus, Hemophilus, and Moraxella (the most abundant
cocolonizers).** Reduction of Corynebacterium in CRSwNP
might allow S. aureus to switch from commensalism to viru-
lence.®* Conversely, Corynebacterium was enriched in CRSsNP
and the presence of Corynebacterium-dominant community was
associated with elevated IL-5 expression.8S Thus, the balance of
the germs is of utmost importance.

The nomenclature for asthma first evolved from the original
Th2 inflammation concept toward type 2 inflammation,
including several immune cells (Figure 1) and associated type 2
cytokines to regulate relevant immune responses such as
epithelial cell activation; mucus secretion; CD4+ T cell activa-
tion; B cell differentiation and immunoglobulin production;
eosinophil mobilization, activation, and survival; macrophage
activation; and finally, airway remodeling.% Later, the termi-
nology was also appreciated for the upper airways.”® Today, the
type 2 and non—type 2 inflammation differentiation (including
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types 1 and 3) is used for inflammatory endotypes because the
importance of such differentiation for asthma comorbidity and
risk of recurrence have been recognized.”’ An increasing shift
toward the type 2 endotype of CRS has been reported not only
in Asia but also in the European population, proven by long-
termed follow-up studies.***’

How to identify type 2 inflammation in CRSwNP

Recently, the European Forum for Research and Education in
Allergy and Airway Diseases (EUFOREA) developed a consensus
on the definition and practical algorithms of uncontrolled severe,
type 2 inflammation of CRSWNP, as well as the indication for
biologics.”® As mentioned previously, this approach was initially
originated in a cluster analysis, which was later further supported
by another group in the U.S. population.”” Similarly, asthma is
viewed as an umbrella term for varying endotypes and pheno-
types,”” and an endotyping approach based on type 2 inflam-
mation has been introduced. Besides asthma, other type 2
diseases, such as N-ERD, atopic dermatitis, allergic rhinitis, ur-
ticaria, food allergy, and eosinophilic esophagitis are closely
associated with CRSWNP and increase the likelihood of type 2
inflammation in the upper airways. Apart from comorbidities,
biomarkers like blood eosinophils of greater than 300 cells/UL
and a total serum IgE of greater than 150 kU/L represent strong
indicators for type 2 CRSwNP, but algorisms for clinical use
have to be defined per population.

Apart from nasal tissue, nasal lavage fluid, nasal secretions,
nasal swab/scraping and peripheral blood could be used to
identify endotypic biomarkers. A most recent study suggested
that CXCL9 and CXCL10, ECP, and CCL26, together with
colony-stimulating factor 3 in nasal lavage fluid could be bio-
markers to help distinguish tissue endotypes of CRSsNP.”’

Defining the severity of type 2 inflammation is also important.
According to the endotypes of CRS based on unsupervised
cluster analysis, 3 endotypes includin§ non—type 2, moderate
type 2, and severe type 2 were defined,”’ based on cytokines and
mediator concentrations. The latter was characterized by highest
recurrence risk, higher local IgE, and expression of Staphylococcus
aureus enterotoxin specific IgE. Moderate type 2 had 10% to
40% asthma risk, and the severe group had 40% to 70% risks.

CONSEQUENCES FOR THE CLINIC: ENDOTYPE-
DRIVEN DECISIONS

Endotype-driven clinical decisions are the only way toward
precision medicine for treating CRS. A number of studies have
shown the high recurrence and reoperation rates in type 2 CRS,
especially for those uncontrolled severe CRSWNP patients. ">
What is more, for patients with other severe type 2 comorbid
diseases such as late-onset asthma, endotype-driven biologics
could be a valuable alternative to surgery because they can control
both local and systemic symptoms and reduce systemic cortico-
steroid use and sinonasal surgery rate.'**

Surgical approaches

From the 1970s until recently, the main concept of surgical
treatment of CRS remained functional mucosa-sparing surgery,
reestablishing sinus drainage and ventilation through the natural
ostia. Thus, CRSWNP was treated in an identical approach as
CRSsNP, although it was already clear that the approach for NPs
was not providing long-lasting results. The list of publications
reporting NP recurrence is long."”*'"” Recurrence rates ranged



J ALLERGY CLIN IMMUNOL PRACT
VOLUME M, NUMBER B

%@ET

HUANG ETAL 5

IL-25, IL-33 TSLP

CST-1, etc.
Neut .o‘:.o
L, 15, ces® Th2 - ECs >
IL-13,etc. £ ° o
o: L4
Ses ’ MC
) % O Type 2 -
Y EET DC Inflammation ILC-2
3 Yoy e
2\\)) _ 4 -
; M2 B cell _, Baso
CLC o ®
" o Polyclonal
onel IgEs
Eos

FIGURE 1. Participants in type 2 inflammation in CRSwNP. Multiple cells participate in type 2 inflammation of CRSwNP. The inner circle
indicates major promoter cells including Th2 cells, epithelial cells (ECs), ILC-2, B cells, M2, and dendritic cells (DCs). The outer circle
indicates downstream effector cells and molecules. Baso, Basophil; CS7-7, cystatin SN; EETs, extracellular eosinophilic traps; Fos,
eosinophils; MC, mast cell; NETs, neutrophilic extracellular traps; Neut, neutrophil.

from 13.4% to 78.9% and are strongly dependent on the time
frame of observation (Table 11""7*'%%). However, as discussed
previously, type 2 NPs representing 85% of the cases are prone
to recur whereas non—type 2 NPs do not; also for CRSsNP, such
differentiation has been shown, with a moderate type 2 inflam-
mation present in about 50% of cases.”® Therefore, specifically in
CRSwNP, endotype-driven surgical approaches should be

adapted, taking into account the mucosal inflammation, the high
likelihood of recurrence, the likely long-term duration of disease,
and the disturbed mucosal healing under type 2 inflammatory
conditions. For non—type 2 and moderate type 2 CRSWNP, the
surgical procedure may still consist of opening up all sinuses (full
house), removing all polyps but preserving sinus mucosa, and
applying topical corticosteroids after surgery, in the United States

TABLE Il. Long-term postoperative recurrence rates of CRSwNP after endoscopic sinus surgery as reported in the literature

First author Year Patient number Study design Follow-up (mo) NPs recurrence rate (%)
Nakayama’ 2011 175 Prospective 17.5 229
Tkeda” 2013 130 Prospective 48 36.2
Vlaminck ' 2014 221 Prospective 36 39.6
Brescia”® 2016 179 Prospective 18—47 13.4
Grgi¢” 2015 30 Prospective 24 36.7
Lou”® 2015 387 Retrospective 29-39 55.3
Tokunaga®’ 2015 1,716 Retrospective 22.6 23.1
Brescia”* 2015 143 Prospective 9-29 14.7
DeConde' 2017 129 Prospective 18 40
Veloso-Teles'"” 2017 85 Retrospective 9—108 31
Calus” 2019 47 Prospective 148 78.9
Saratziotis'"! 2021 150 Prospective 12 21.7
Vlaminck'" 2021 133 Prospective 120 62
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1986 —O‘—: CRS as a “ventilation and drainage” disease*
Demonstration that mouse Th2 cytokine characteristics3®

1988
1990
1992

—04— Identification of tissue hypereosinophilia in CRS®

—04— Identification Th2 profile in human38
—°<— Murine alternative activation macrophage induced by 1L-451

1997 —04— IL-5 synthesis upregulation in human nasal polyps32

| ¢——————— Discovery of lineage negative cells producing Th2 cytokines*4

2001

2002 |4 Human airway produced TSLP and triggered Th2 inflammation*’

2003 | 4= CRSsNP and CRSWNP are 2 distinctive disease entities'3

2004 <+ Specific IgE against Staphylococcus aureus enterotoxins in CRS*2

2010 4———————— Characterization of ILC-2s producing Th2 cytokines53-55

2011 — Role of type 2 response in tissue remodeling in mice®
— Delineation of alternative activation macrophage in CRS72

Demonstration of polyclonal IgEs in CRSWNP74

2016 —04— CRS endotyping approach based on Th cytokines*'

2018 —04— Type 2 immune response in CRS7°

2020 —04— Mucosal concept in CRS3

FIGURE 2. A timeline of important discoveries in inflammation of airway mucosa and conceptual developments in CRS. Since the
characterization of Th2 cytokine profile in mice,*® a number of important discoveries have continuously expanded our view on type 2
inflammation in humans. The concept of CRS has now shifted from a physical ventilation and drainage paradigm to the mucosal concept.

also as coated implants.l()s’”)(‘ However, a prospective study
showed that, with endoscopic sinus surgery and continuous
medical treatment, there were still 40% patients experiencing
polyp recurrences over 18 months." Recently, a novel approach
of completely removing both polyps and the diseased sinus
mucosa (reboot approach) from the sinuses was, therefore, pro-
posed with a lower recurrence rate and better improvement in
symptoms and quality of life.'”” Such a complete removal of
sinus mucosa was following a study that demonstrated that the
inflammation in type 2 severe CRSWNP was not limited to NPs
but widely expressed also in the nonpolypoid sinus mucosa of all
sinuses, with similarly high levels of IgE, ECP, and IL-5.1%8
Reboot surgery in severe type 2 CRSwWNP should be per-
formed by experienced surgeons.

Although about two-thirds of patients with biologics did
not need surgical procedures,m‘) surgery may also be per-
formed under treatment with biologics for type 2 immune
disease, if patients responded to the biologic and still suffered
from uncontrolled symptoms. According to recent data from
our clinic, sinus surgery during the course of a biologic is safe,
and postoperative wound healing is undisturbed (publication
pending).

Biologic treatment and available biomarkers

Several biologics targeting type 2 inflammation (anti-IL4Ra
[dupilumab], anti-IL5 [reslizumab, mepolizumab], anti-IL5R
[benralizumab], and anti-IgE [omalizumab]) have been devel-
oped and partially already proven efficacy in phase 3 clinical
wrials'”” (dupilumab [NCT 02912468 and NCT02898454] and
omalizumab [NCT03280550 and NCT03280537]). Significant
improvements in polyp size, nasal symptoms, and smell
impairment as well as the quality of life among other parameters
were observed.'’”""” These novel treatments for uncontrolled
severe CRSWNP may be used alone or in combination with
surgery as discussed.”'

In clinical practice, it is essential to identify patients who
might benefit from biologics. Currently, identification of patients
with type 2 CRSWNP could rely on both clinical traits such as
comorbid late-onset asthma or N-ERD and biomarkers (blood
eosinophils, high level of serum total IgE and serum S. aureus-
endotoxin—IgE positivity).”® Clinical traits and biomarkers will
be helpful to select severe patients with type 2 immune reactions,
uncontrolled by the current standard of care, and may in the
future predict response to specific biologic treatment; currently,
no such markers have been identified.
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DISCUSSION

With the advent of endotyping and the concept of mucosal
inflammation (Figure 2), multiple type 2—targeting biologics
and adapted surgical approaches are available on the way to
precision medicine for CRS patients. In the near future, we will
eventually gain more insight into the optimal clinical patient
selection, drug selection, appropriate duration of treatment,
evaluation of responsiveness, continue or stop rules, and the
optimal care pathways also including adapted surgical in-
terventions for severe type 2 CRSWNP patients.

However, there are still unmet needs to current knowledge of
the disease. Although we realize the importance of type 2
inflammation, we do not understand its initiation. Potential type
2 drivers maintaining the disease even after treatment, and reli-
able biomarkers for optimizing the selection of patients for
biologic treatments need to be more elucidated. Apart from
inflammation, which has been widely studied, mechanisms such
as remodeling need to be further clarified.

Yet no non—type 2 targeted biologics have been registered,
and biologics have just entered in trials for CRSsNP. Surgical
concepts for type 2 CRSWNP patients, and also the relatively
small CRSsNP population, need to be further developed and
confirmed in appropriate clinical trials. This process needs to be
accompanied by the search for adequate biomarkers. However, it
is clear that the recent achievements undoubtedly shift our un-
derstanding from a physical ventilation and drainage paradigm to
the mucosal concept because it has been clearly demonstrated
that chronic sinusitis is a mucosal disease. Type 2 immune re-
actions are the key to understand the clinical prognosis and
severity of the disease. The concept of adapted surgical ap-
proaches and targeted type 2 biologics as innovative treatment
options, often in combination, will change our care pathways
profoundly and offer the currently uncontrolled severe CRSWNP
patients so far unexperienced progress.

Acknowledgments

C. Bachert, N. Zhang, and L. Zhang contributed to the sci-
entific concept of the review. N. Zhang and Y. Huang conceived
the article structure, wrote the article, and searched the literature.
All these authors read, revised, and approved the final

manuscript.

REFERENCES

1. DeConde AS, Mace JC, Levy JM, Rudmik L, Alt JA, Smith TL. Prevalence of
polyp recurrence after endoscopic sinus surgery for chronic rhinosinusitis with
nasal polyposis. Laryngoscope 2017;127:550-5.

2. Akdis CA, Bachert C, Cingi C, Dykewicz MS, Hellings PW, Naclerio RM,
et al. Endotypes and phenotypes of chronic rhinosinusitis: a PRACTALL
document of the European Academy of Allergy and Clinical Immunology and
the American Academy of Allergy, Asthma and Immunology. J Allergy Clin
Immunol 2013;131:1479-90.

3. Bachert C, Marple B, Schlosser RJ, Hopkins C, Schleimer RP, Lambrecht BN,
et al. Adult chronic rhinosinusitis. Nat Rev Dis Primers 2020;6:86.

4. Stammberger H. Nasal and paranasal sinus endoscopy. A diagnostic and
surgical approach to recurrent sinusitis. Endoscopy 1986;18:213-8.

5. Stammberger H, Posawetz W. Functional endoscopic sinus surgery. Concept,
indications and results of the Messerklinger technique. Eur Arch Oto-
rhinolaryngol 1990;247:63-76.

6. Harlin SL, Ansel DG, Lane SR, Myers J, Kephart GM, Gleich GJ. A clinical
and pathologic study of chronic sinusitis: the role of the eosinophil. J Allergy
Clin Immunol 1988;81:867-75.

7. Kaliner M, Wasserman SI, Austen KF. Immunologic release of chemical
mediators from human nasal polyps. N Engl J Med 1973;289:277-81.

10.

11.

12.

13.

14.

15.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

HUANG ETAL 7

. Hamilos DL, Leung DY, Wood R, Meyers A, Stephens JK, Barkans J, et al.

Chronic hyperplastic sinusitis: association of tissue eosinophilia with mRNA
expression of granulocyte-macrophage colony-stimulating factor and inter-
leukin-3. J Allergy Clin Immunol 1993;92:39-48.

. Aoki A, Hirahara K, Kiuchi M, Nakayama T. Eosinophils: Cells known for

over 140 years with broad and new functions. Allergol Int 2021;70:3-8.
Newman LJ, Platts-Mills TA, Phillips CD, Hazen KC, Gross CW. Chronic
sinusitis. Relationship of computed tomographic findings to allergy, asthma,
and eosinophilia. JAMA 1994;271:363-7.

Szucs E, Ravandi S, Goossens A, Beel M, Clement PAR. Eosinophilia in the
ethmoid mucosa and its relationship to the severity of inflammation in chronic
rhinosinusitis. Am J Rhinol 2002;16:131-4.

Ferguson BJ. Categorization of eosinophilic chronic rhinosinusitis. Curr Opin
Otolaryngol Head Neck Surg 2004;12:237-42.

Malekzadeh S, McGuire JF. The new histologic classification of chronic rhi-
nosinusitis. Curr Allergy Asthma Rep 2003;3:221-6.

Huvenne W, van Bruaene N, Zhang N, van Zele T, Patou J, Gevaert P, et al.
Chronic rhinosinusitis with and without nasal polyps: what is the difference?
Curr Allergy Asthma Rep 2009;9:213-20.

Van Crombruggen K, Van Bruaene N, Holtappels G, Bachert C. Chronic
sinusitis and rhinitis: clinical terminology "chronic rhinosinusitis" further
supported. Rhinology 2010;48:54-8.

. Watelet JB, Bachert C, Claeys C, Van Cauwenberge P. Matrix metal-

loproteinases MMP-7, MMP-9 and their tissue inhibitor TIMP-1: expression in
chronic sinusitis vs nasal polyposis. Allergy 2004;59:54-60.

. Wenig BM. Atlas of Head and Neck Pathology. Elsevier Health Sciences;

2015.

. Bachert C, Gevaert P, Holtappels G, Cuvelier C, van Cauwenberge P. Nasal

polyposis: from cytokines to growth. Am J Rhinol 2000;14:279-90.

. Kountakis SE, Arango P, Bradley D, Wade ZK, Borish L. Molecular and

cellular staging for the severity of chronic rhinosinusitis. Laryngoscope 2004;
114:1895-905.

Soler ZM, Sauer DA, Mace J, Smith TL. Relationship between clinical mea-
sures and histopathologic findings in chronic rhinosinusitis. Otolaryngol Head
Neck Surg 2009;141:454-61.

Van Zele T, Holtappels G, Gevaert P, Bachert C. Differences in initial
immunoprofiles between recurrent and nonrecurrent chronic rhinosinusitis with
nasal polyps. Am J Rhinol Allergy 2014;28:192-8.

Zhang N, Van Zele T, Perez-Novo C, Van Bruaene N, Holtappels G,
DeRuyck N, et al. Different types of T-effector cells orchestrate mucosal
inflammation in chronic sinus disease. J Allergy Clin Immunol 2008;122:
961-8.

Zhang N, Holtappels G, Claeys C, Huang G, van Cauwenberge P, Bachert C.
Pattern of inflammation and impact of Staphylococcus aureus enterotoxins in
nasal polyps from southern China. Am J Rhinol 2006;20:445-50.
Takabayashi T, Schleimer RP. Formation of nasal polyps: The roles of innate
type 2 inflammation and deposition of fibrin. J Allergy Clin Immunol 2020;
145:740-50.

Mahdavinia M, Suh LA, Carter RG, Stevens WW, Norton JE, Kato A, et al.
Increased noneosinophilic nasal polyps in chronic rhinosinusitis in US second-
generation Asians suggest genetic regulation of eosinophilia. J Allergy Clin
Immunol 2015;135:576-9.

Lou H, Zhang N, Bachert C, Zhang L. Highlights of eosinophilic chronic
rhinosinusitis with nasal polyps in definition, prognosis, and advancement. Int
Forum Allergy Rhinol 2018;8:1218-25.

Akdis CA, Arkwright PD, Bruggen M-C, Busse W, Gadina M, Guttman-
Yassky E, et al. Type 2 immunity in the skin and lungs. Allergy 2020;75:
1582-605.

Cardell L-O, Stjarne P, Jonstam K, Bachert C. Endotypes of chronic rhinosi-
nusitis: impact on management. J Allergy Clin Immunol 2020;145:752-6.
Weibman AR, Huang JH, Stevens WW, Suh LA, Price CPE, Lidder AK, et al.
A prospective analysis evaluating tissue biopsy location and its clinical rele-
vance in chronic rhinosinusitis with nasal polyps. Int Forum Allergy Rhinol
2017;7:1058-64.

Van Zele T, Gevaert P, Holtappels G, Beule A, Wormald PJ, Mayr S, et al.
Oral steroids and doxycycline: two different approaches to treat nasal polyps.
J Allergy Clin Immunol 2010;125:1069-76.

Zhang Y, Lou H, Wang Y, Li Y, Zhang L, Wang C. Comparison of cortico-
steroids by 3 approaches to the treatment of chronic rhinosinusitis with nasal
polyps. Allergy Asthma Immunol Res 2019;11:482-97.

Bachert C, Wagenmann M, Hauser U, Rudack C. IL-5 synthesis is upregulated
in human nasal polyp tissue. J Allergy Clin Immunol 1997;99:837-42.
Gevaert P, Hellman C, Lundblad L, Lundahl J, Holtappels G, van
Cauwenberge P, et al. Differential expression of the interleukin 5 receptor


http://refhub.elsevier.com/S2213-2198(21)01244-7/sref1
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref1
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref1
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref2
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref2
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref2
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref2
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref2
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref3
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref3
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref4
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref4
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref5
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref5
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref5
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref6
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref6
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref6
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref7
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref7
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref8
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref8
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref8
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref8
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref9
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref9
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref10
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref10
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref10
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref11
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref11
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref11
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref12
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref12
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref13
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref13
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref14
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref14
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref14
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref15
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref15
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref15
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref16
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref16
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref16
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref17
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref17
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref18
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref18
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref19
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref19
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref19
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref20
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref20
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref20
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref21
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref21
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref21
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref22
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref22
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref22
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref22
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref23
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref23
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref23
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref24
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref24
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref24
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref25
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref25
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref25
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref25
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref26
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref26
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref26
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref27
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref27
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref27
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref28
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref28
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref29
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref29
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref29
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref29
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref30
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref30
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref30
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref31
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref31
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref31
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref32
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref32
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref33
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

HUANG ET AL

alpha isoforms in blood and tissue eosinophils of nasal polyp patients. Allergy
2009;64:725-32.

Gevaert E, Delemarre T, De Volder J, Zhang N, Holtappels G, De Ruyck N,
et al. Charcot-Leyden crystals promote neutrophilic inflammation in patients
with nasal polyposis. J Allergy Clin Immunol 2020;145:427-30.

Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL. Two
types of murine helper T cell clone. I. Definition according to profiles of
lymphokine activities and secreted proteins. J Immunol 1986;136:2348-57.
Woodruff PG, Modrek B, Choy DF, Jia G, Abbas AR, Ellwanger A, et al. T-
helper type 2—driven inflammation defines major subphenotypes of asthma.
Am J Respir Crit Care Med 2009;180:388-95.

Nakae S, Komiyama Y, Nambu A, Sudo K, Iwase M, Homma I, et al. Antigen-
specific T cell sensitization is impaired in IL-17—deficient mice, causing
suppression of allergic cellular and humoral responses. Immunity 2002;17:
375-87.

Wierenga EA, Snoek M, de Groot C, Chrétien I, Bos JD, Jansen HM, et al.
Evidence for compartmentalization of functional subsets of CD2+ T lym-
phocytes in atopic patients. J Immunol 1990;144:4651-6.

Nakayama T, Hirahara K, Onodera A, Endo Y, Hosokawa H, Shinoda K, et al.
Th2 cells in health and disease. Ann Rev Immunol 2017;35:53-84.

Van Zele T, Claeys S, Gevaert P, Van Maele G, Holtappels G, Van
Cauwenberge P, et al. Differentiation of chronic sinus diseases by measure-
ment of inflammatory mediators. Allergy 2006;61:1280-9.

Tomassen P, Vandeplas G, Van Zele T, Cardell L-O, Arebro J, Olze H, et al.
Inflammatory endotypes of chronic rhinosinusitis based on cluster analysis of
biomarkers. J Allergy Clin Immunol 2016;137:1449-56.

Van Zele T, Gevaert P, Watelet JB, Claeys G, Holtappels G, Claeys C, et al.
Staphylococcus aureus colonization and IgE antibody formation to entero-
toxins is increased in nasal polyposis. J Allergy Clin Immunol 2004;114:
981-3.

Delemarre T, Holtappels G, De Ruyck N, Zhang N, Nauwynck H, Bachert C,
et al. Type 2 inflammation in chronic rhinosinusitis without nasal polyps:
another relevant endotype. J Allergy Clin Immunol 2020;146:337-43.

Fort MM, Cheung J, Yen D, Li J, Zurawski SM, Lo S, et al. IL-25 induces IL-
4, IL-5, and IL-13 and Th2-associated pathologies in vivo. Immunity 2001;15:
985-95.

Motomura Y, Kitamura H, Hijikata A, Matsunaga Y, Matsumoto K, Inoue H,
et al. The transcription factor E4BP4 regulates the production of IL-10 and IL-
13 in CD4+ T cells. Nat Immunol 2011;12:450-9.

Robinson D, Humbert M, Buhl R, Cruz AA, Inoue H, Korom S, et al. revis-
iting type 2-high and type 2-low airway inflammation in asthma: current
knowledge and therapeutic implications. Clin Exp Allergy 2017;47:161-75.
Soumelis V, Reche PA, Kanzler H, Yuan W, Edward G, Homey B, et al.
Human epithelial cells trigger dendritic cell mediated allergic inflammation by
producing TSLP. Nat Immunol 2002;3:673-80.

Kim DW, Cho SH. Emerging endotypes of chronic rhinosinusitis and its
application to precision medicine. Allergy Asthma Immunol Res 2017;9:
299-306.

Wang C, Yan B, Zhang L. The epithelium-derived inflammatory mediators of
chronic rhinosinusitis with nasal polyps. Expert Rev Clin Immunol 2020;16:
293-310.

Ordovas-Montanes J, Dwyer DF, Nyquist SK, Buchheit KM, Vukovic M,
Deb C, et al. Allergic inflammatory memory in human respiratory epithelial
progenitor cells. Nature 2018;560:649-54.

Yan B, Lou H, Wang Y, Li Y, Meng Y, Qi S, et al. Epithelium-derived cystatin
SN enhances eosinophil activation and infiltration through IL-5 in patients with
chronic rhinosinusitis with nasal polyps. J Allergy Clin Immunol 2019;144:
455-69.

Stevens WW, Staudacher AG, Hulse KE, Carter RG, Winter DR, Kato A, et al.
Activation of the 15-lipoxygenase pathway in aspirin-exacerbated respiratory
disease. J Allergy Clin Immunol 2021;147:600-12.

Saenz SA, Siracusa MC, Perrigoue JG, Spencer SP, Urban JF Jr, Tocker JE,
et al. [L25 elicits a multipotent progenitor cell population that promotes T(H)2
cytokine responses. Nature 2010;464:1362-6.

Neill DR, Wong SH, Bellosi A, Flynn RJ, Daly M, Langford TKA, et al.
Nuocytes represent a new innate effector leukocyte that mediates type-2 im-
munity. Nature 2010;464:1367-70.

Fallon PG, Ballantyne SJ, Mangan NE, Barlow JL, Dasvarma A, Hewett DR,
et al. Identification of an interleukin (IL)-25-dependent cell population that
provides IL-4, IL-5, and IL-13 at the onset of helminth expulsion. J Exp Med
2006;203:1105-16.

Moro K, Yamada T, Tanabe M, Takeuchi T, Ikawa T, Kawamoto H, et al.
Innate production of T(H)2 cytokines by adipose tissue-associated c-Kit(+)
Sca-1(+) lymphoid cells. Nature 2010;463:540-4.

57.

58.

59.

60.

61.

62.

63.

65.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

1.

78.

79.

80.

J ALLERGY CLIN IMMUNOL PRACT
MONTH 2021

Nagarkar DR, Poposki JA, Tan BK, Comeau MR, Peters AT, Hulse KE, et al.
Thymic stromal lymphopoietin activity is increased in nasal polyps of patients
with chronic rhinosinusitis. J Allergy Clin Immunol 2013;132:593-600.

Ito T, Wang YH, Duramad O, Hori T, Delespesse GJ, Watanabe N, et al.
TSLP-activated dendritic cells induce an inflammatory T helper type 2 cell
response through OX40 ligand. J Exp Med 2005;202:1213-23.

McKenzie ANJ, Spits H, Eber]l G. Innate lymphoid cells in inflammation and
immunity. Immunity 2014;41:366-74.

Kim DK, Jin HR, Eun KM, Mo JH, Cho SH, Oh S, et al. The role of
interleukin-33 in chronic rhinosinusitis. Thorax 2017;72:635-45.

Stein M, Keshav S, Harris N, Gordon S. Interleukin 4 potently enhances
murine macrophage mannose receptor activity: a marker of alternative
immunologic macrophage activation. J Exp Med 1992;176:287-92.

Gordon S, Martinez FO. Alternative activation of macrophages: mechanism
and functions. Immunity 2010;32:593-604.

Pesce J, Kaviratne M, Ramalingam TR, Thompson RW, Urban JF Jr,
Cheever AW, et al. The IL-21 receptor augments Th2 effector function and
alternative macrophage activation. J Clin Invest 2006;116:2044-55.

. Kurowska-Stolarska M, Stolarski B, Kewin P, Murphy G, Corrigan CJ,

Ying S, et al. IL-33 amplifies the polarization of alternatively activated mac-
rophages that contribute to airway inflammation. J Immunol 2009;183:
6469-77.

Paul WE, Zhu J. How are T(H)2-type immune responses initiated and
amplified? Nature Rev Immunol 2010;10:225-35.

. Monticelli LA, Sonnenberg GF, Abt MC, Alenghat T, Ziegler CG,

Doering TA, et al. Innate lymphoid cells promote lung-tissue homeostasis after
infection with influenza virus. Nat Immunol 2011;12:1045-54.

de Kleer IM, Kool M, de Bruijn MJ, Willart M, van Moorleghem J,
Schuijs MJ, et al. Perinatal activation of the interleukin-33 pathway promotes
type 2 immunity in the developing lung. Immunity 2016;45:1285-98.

Xiao L, Wei Y, Zhang YN, Luo X, Yang BY, Yu SF, et al. Increased IL-21
expression in chronic rhinosinusitis with nasalpolyps. Clin Exp Allergy
2015:45:404-13.

Calus L, Derycke L, Dullaers M, Van Zele T, De Ruyck N, Pérez-Novo C,
et al. IL-21 is increased in nasal polyposis and after stimulation with Staph-
ylococcus aureus enterotoxin B. Int Arch Allergy Immunol 2017;174:
161-9.

Lan F, Zhang N, Holtappels G, De Ruyck N, Krysko O, Van Crombruggen K,
et al. Staphylococcus aureus induces a mucosal type 2 immune response via
epithelial cell-derived cytokines. Am J Res Crit Care Med 2018;198:
452-63.

Teufelberger AR, Nordengruen M, Braun H, Maes T, De Grove K,
Holtappels G, et al. The IL-33/ST2 axis is crucial in type 2 airway responses
induced by Staphylococcus aureus—derived serine protease—like protein D.
J Allergy Clin Immunol 2018;141:549-59.

Krysko O, Holtappels G, Zhang N, Kubica M, Deswarte K, Derycke L, et al.
Alternatively activated macrophages and impaired phagocytosis of S-aureus in
chronic rhinosinusitis. Allergy 2011;66:396-403.

Van Zele T, Gevaert P, Holtappels G, van Cauwenberge P, Bachert C. Local
immunoglobulin production in nasal polyposis is modulated by superantigens.
Clin Exp Allergy 2007;37:1840-7.

Zhang N, Holtappels G, Gevaert P, Patou J, Dhaliwal B, Gould H, et al.
Mucosal tissue polyclonal IgE is functional in response to allergen and SEB.
Allergy 2011;66:141-8.

Baba S, Kondo K, Toma-Hirano M, Kanaya K, Suzukawa K, Ushio M, et al.
Local increase in IgE and class switch recombination to IgE in nasal polyps in
chronic rhinosinusitis. Clin Exp Allergy 2014;44:701-12.

Gevaert P, Nouri-Aria KT, Wu H, Harper CE, Takhar P, Fear DJ, et al. Local
receptor revision and class switching to IgE in chronic rhinosinusitis with nasal
polyps. Allergy 2013;68:55-63.

Gevaert P, Holtappels G, Johansson SG, Cuvelier C, Cauwenberge P,
Bachert C. Organization of secondary lymphoid tissue and local IgE formation
to Staphylococcus aureus enterotoxins in nasal polyp tissue. Allergy 2005;60:
71-9.

Song J, Wang H, Zhang YN, Cao PP, Liao B, Wang ZZ, et al. Ectopic
lymphoid tissues support local immunoglobulin production in patients with
chronic rhinosinusitis with nasal polyps. J Allergy Clin Immunol 2018;141:
927-37.

Wang ZZ, Song J, Wang H, Li JX, Xiao Q, Yu Z, et al. B cell—activating
factor promotes B cell survival in ectopic lymphoid tissues in nasal polyps.
Front Immunol 2021;11:625630.

Wang ZZ, Song J, Wang H, Li JX, Xiao Q, Yu Z, et al. Stromal cells and B
cells orchestrate ectopic lymphoid tissue formation in nasal polyps. Allergy
2021;76:1416-31.


http://refhub.elsevier.com/S2213-2198(21)01244-7/sref33
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref33
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref34
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref34
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref34
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref35
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref35
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref35
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref36
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref36
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref36
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref36
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref37
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref37
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref37
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref37
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref37
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref38
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref38
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref38
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref38
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref39
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref39
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref40
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref40
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref40
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref41
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref41
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref41
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref42
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref42
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref42
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref42
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref43
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref43
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref43
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref44
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref44
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref44
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref45
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref45
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref45
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref45
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref46
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref46
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref46
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref47
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref47
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref47
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref48
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref48
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref48
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref49
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref49
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref49
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref50
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref50
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref50
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref51
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref51
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref51
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref51
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref52
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref52
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref52
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref53
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref53
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref53
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref54
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref54
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref54
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref55
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref55
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref55
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref55
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref56
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref56
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref56
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref56
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref56
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref57
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref57
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref57
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref58
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref58
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref58
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref59
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref59
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref60
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref60
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref61
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref61
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref61
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref62
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref62
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref63
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref63
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref63
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref64
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref64
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref64
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref64
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref65
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref65
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref66
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref66
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref66
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref67
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref67
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref67
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref68
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref68
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref68
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref69
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref69
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref69
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref69
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref70
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref70
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref70
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref70
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref71
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref71
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref71
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref71
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref71
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref71
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref72
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref72
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref72
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref73
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref73
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref73
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref74
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref74
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref74
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref75
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref75
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref75
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref76
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref76
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref76
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref77
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref77
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref77
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref77
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref78
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref78
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref78
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref78
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref79
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref79
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref79
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref79
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref80
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref80
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref80

J ALLERGY CLIN IMMUNOL PRACT
VOLUME M, NUMBER B

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

De Rudder C, Calatayud Arroyo M, Lebeer S, Van de Wiele T. Modelling
upper respiratory tract diseases: getting grips on host-microbe interactions in
chronic rhinosinusitis using in vitro technologies. Microbiome 2018;6:75.
Abbas EE, Li C, Xie A, Lu S, Tang L, Liu Y, et al. Distinct clinical pathology
and microbiota in chronic rhinosinusitis with nasal polyps endotypes. Laryn-
goscope 2021;131:E34-44.

Kim JH, Kim SH, Lim JY, Kim D, Jeong IS, Lee DK, et al. Association be-
tween the sinus microbiota with eosinophilic inflammation and prognosis in
chronic rhinosinusitis with nasal polyps. Exp Mol Med 2020;52:978-87.
Paramasivan S, Bassiouni A, Shiffer A, Dillon MR, Cope EK, Cooksley C,
et al. The International Sinonasal Microbiome Study: a multicentre, multina-
tional characterization of sinonasal bacterial ecology. Allergy 2020;75:
2037-49.

Cope EK, Goldberg AN, Pletcher SD, Lynch SV. Compositionally and
functionally distinct sinus microbiota in chronic rhinosinusitis patients have
immunological and clinically divergent consequences. Microbiome 2017;5:53.
Kato A. Immunopathology of chronic rhinosinusitis. Allergol Int 2015;64:
121-30.

Wei B, Liu F, Zhang J, Liu Y, Du J, Liu S, et al. Multivariate analysis of
inflammatory endotypes in recurrent nasal polyposis in a Chinese population.
Rhinology 2018;56:216-26.

Bachert C, Han JK, Wagenmann M, Hosemann W, Lee SE, Backer V, et al.
EUFOREA expert board meeting on uncontrolled severe chronic rhinosinusitis
with nasal polyps (CRSwNP) and biologics: definitions and management.
J Allergy Clin Immunol 2021;147:29-36.

Stevens WW, Peters AT, Tan BK, Klingler AI, Poposki JA, Hulse KE, et al.
Associations between inflammatory endotypes and clinical presentations in
chronic rhinosinusitis. J Allergy Clin Immunol Pract 2019;7:2812-20.
Kuruvilla ME, Lee FE, Lee GB. Understanding asthma phenotypes, endotypes,
and mechanisms of disease. Clin Rev Allergy Immunol 2019;56:219-33.
Klingler Al, Stevens WW, Tan BK, Peters AT, Poposki JA, Grammer LC,
et al. Mechanisms and biomarkers of inflammatory endotypes in chronic rhi-
nosinusitis without nasal polyps. J Allergy Clin Immunol 2021;147:1306-17.
Nakayama T, Yoshikawa M, Asaka D, Okushi T, Matsuwaki Y, Otori N, et al.
Mucosal eosinophilia and recurrence of nasal polyps—new classification of
chronic rhinosinusitis. Rhinology 2011:;49:392-6.

Ikeda K, Shiozawa A, Ono N, Kusunoki T, Hirotsu M, Homma H, et al.
Subclassification of chronic rhinosinusitis with nasal polyp based on eosino-
phil and neutrophil. Laryngoscope 2013;123:E1-9.

Brescia G, Marioni G, Franchella S, Ramacciotti G, Velardita C, Giacomelli L,
et al. Can a panel of clinical, laboratory, and pathological variables pinpoint
patients with sinonasal polyposis at higher risk of recurrence after surgery? Am
J Otolaryngol 2015;36:554-8.

Grgi¢ MV, Cupié H, Kalogjera L, Baudoin T. Surgical treatment for nasal
polyposis: predictors of outcome. Eur Arch Otorhinolaryngol 2015;272:
3735-43.

Lou H, Meng Y, Piao Y, Wang C, Zhang L, Bachert C. Predictive significance
of tissue eosinophilia for nasal polyp recurrence in the Chinese population. Am
J Rhinol Allergy 2015;29:350-6.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

HUANG ETAL 9

Tokunaga T, Sakashita M, Haruna T, Asaka D, Takeno S, Ikeda H, et al. Novel
scoring system and algorithm for classifying chronic rhinosinusitis: the JES-
REC Study. Allergy 2015;70:995-1003.

Brescia G, Marioni G, Franchella S, Ramacciotti G, Giacomelli L, Marino F,
et al. A prospective investigation of predictive parameters for post-surgical
recurrences in sinonasal polyposis. Eur Arch Otorhinolaryngol 2016;273:
655-60.

Calus L, Van Bruaene N, Bosteels C, Dejonckheere S, Van Zele T,
Holtappels G, et al. Twelve-year follow-up study after endoscopic sinus sur-
gery in patients with chronic rhinosinusitis with nasal polyposis. Clin Transl
Allergy 2019;9:30.

Veloso-Teles R, Cerejeira R. Endoscopic sinus surgery for chronic rhinosi-
nusitis with nasal polyps: clinical outcome and predictive factors of recurrence.
Am J Rhinol Allergy 2017;31:56-62.

Saratziotis A, Emanuelli E, Zanotti C, Mireas G, Pavlidis P, Ferfeli M, et al.
Endoscopic sinus surgery outcomes in CRS: quality of life and correlations
with NOSE scale in a prospective cohort study. Eur Arch Otorhinolaryngol
2021;278:1059-66.

Vlaminck S, Vauterin T, Hellings PW, Jorissen M, Acke F, Van
Cauwenberge P, et al. The importance of local eosinophilia in the surgical
outcome of chronic rhinosinusitis: a 3-year prospective observational study.
Am J Rhinol Allergy 2014;28:260-4.

Vlaminck S, Acke F, Prokopakis E, Speleman K, Kawauchi H, van Cutsem JC,
et al. Surgery in nasal polyp patients: outcome after a minimum observation of
10 years. Am J Rhinol Allergy 2021;35:449-57.

Desrosiers M, Mannent LP, Amin N, Canonica GW, Hellings PW, Gevaert P,
et al. Dupilumab reduces systemic corticosteroid use and sinonasal surgery rate
in CRSwNP. Rhinology 2021;59:301-11.

Smith TL, Singh A, Luong A, Ow RA, Shotts SD, Sautter NB, et al. Ran-
domized controlled trial of a bioabsorbable steroid-releasing implant in the
frontal sinus opening. Laryngoscope 2016;126:2659-64.

Kern RC, Stolovitzky JP, Silvers SL, Singh A, Lee JT, Yen DM, et al. A phase
3 trial of mometasone furoate sinus implants for chronic sinusitis with recur-
rent nasal polyps. Int Forum Allergy Rhinol 2018;8:471-81.

Alsharif S, Jonstam K, van Zele T, Gevaert P, Holtappels G, Bachert C.
Endoscopic sinus surgery for type-2 CRS wNP: an endotype-based retro-
spective study. Laryngoscope 2019;129:1286-92.

Jonstam K, Alsharif S, Bogaert S, Suchonos N, Holtappels G, Jae-Hyun Park J,
et al. Extent of inflammation in severe nasal polyposis and effect of sinus
surgery on inflammation. Allergy 2020;76:933-6.

Bachert C, Han JK, Desrosiers M, Hellings PW, Amin N, Lee SE, et al.
Efficacy and safety of dupilumab in patients with severe chronic rhinosi-
nusitis with nasal polyps (LIBERTY NP SINUS-24 and LIBERTY NP
SINUS-52): results from two multicentre, randomised, double-blind, pla-
cebo-controlled, parallel-group phase 3 trials. Lancet 2019;394:
1638-50.

Gevaert P, Omachi TA, Corren J, Mullol J, Han J, Lee SE, et al. Efficacy and
safety of omalizumab in nasal polyposis: 2 randomized phase 3 trials. J Allergy
Clin Immunol 2020;146:595-605.


http://refhub.elsevier.com/S2213-2198(21)01244-7/sref81
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref81
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref81
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref82
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref82
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref82
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref83
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref83
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref83
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref84
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref84
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref84
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref84
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref85
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref85
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref85
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref86
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref86
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref87
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref87
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref87
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref88
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref88
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref88
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref88
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref89
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref89
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref89
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref90
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref90
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref91
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref91
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref91
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref92
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref92
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref92
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref93
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref93
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref93
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref94
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref94
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref94
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref94
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref95
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref95
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref95
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref95
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref95
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref95
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref96
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref96
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref96
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref97
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref97
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref97
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref98
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref98
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref98
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref98
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref99
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref99
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref99
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref99
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref100
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref100
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref100
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref101
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref101
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref101
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref101
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref102
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref102
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref102
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref102
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref103
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref103
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref103
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref104
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref104
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref104
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref105
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref105
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref105
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref106
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref106
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref106
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref107
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref107
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref107
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref108
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref108
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref108
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref109
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref109
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref109
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref109
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref109
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref109
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref110
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref110
http://refhub.elsevier.com/S2213-2198(21)01244-7/sref110

	The Development of the Mucosal Concept in Chronic Rhinosinusitis and Its Clinical Implications
	The Development of Endotyping in CRS
	From physical condition to heterogeneous disease
	From eosinophilic inflammation to T helper 2 inflammation
	Eosinophil
	Chemokines and cytokines
	T-cell subsets

	From Th2 inflammation to type 2 inflammation
	Epithelial cells
	Other Th2-cytokine producers
	B cells and local immunoglobulin
	Microbiome

	How to identify type 2 inflammation in CRSwNP

	Consequences for the Clinic: Endotype-Driven Decisions
	Surgical approaches
	Biologic treatment and available biomarkers

	Discussion
	Acknowledgments
	References


