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It is with great pleasure and enthusiasm that we present to you this Special Issue of Medical
Sciences. In this issue, we present a comprehensive and contemporary review of the relationship
between chronic rhinosinusitis and other respiratory disorders and, moreover, how our medical and
surgical interventions as otolaryngologists impact those respiratory conditions. Our understanding of
chronic rhinosinusitis has evolved tremendously over the last two decades. As we have learned, chronic
rhinosinusitis—a chronic inflammatory condition of the nasal cavity and paranasal sinuses—is often
a local inflammatory response to a systemic or mucosal disorder. The underlying systemic medical
conditions not only influence the presentation and diagnosis of chronic rhinosinusitis, but also modify
patients’ responses to medical and surgical interventions. Chronic rhinosinusitis associated with
cystic fibrosis, for example, is a disorder quite distinct from that associated with aspirin-exacerbated
respiratory disease.

A clear understanding of the nuances that distinguish these unique and challenging disorders is
critical for the practicing otolaryngologist. Equally important, however, is a clear understanding of the
powerful benefits that our interventions as otolaryngologists can have for our patients’ rhinologic and
systemic health. Knowing that our rhinologic interventions might spare an asthma patient a trip to an
emergency room, or reduce lung infections in a cystic fibrosis patient, makes this a very exciting time
to be a rhinologist.

This compendium includes basic science, translational, and clinical evidence demonstrating
the pathophysiology and treatment outcomes of inflammatory respiratory disorders. Dr. Kanda
and colleagues examine the impact of eosinophilic inflammation, seen in clinical disorders such as
asthma and aspirin-exacerbated respiratory disease, on airway epithelium in a murine model [1].
Dr. Safi et al. [2] and Dr. Zheng et al. [3] respectively explore the contemporary medical and
surgical management paradigms of cystic fibrosis, in addition to treatment impact on pulmonary and
systemic health. Dr. Massoth and colleagues [4] discuss the relationship between asthma and chronic
rhinosinusitis, and Dr. Li and colleagues [5] further examine aspirin-exacerbated respiratory disease.
Finally, Dr. Belcher et al. [6] and Dr. Marcus et al. [7] explore the common comorbidities of adenoiditis
and allergic rhinitis, respectively, and how such concomitant disorders may impact the presentation,
management, and outcomes of these patients.

We hope you enjoy this Special Issue of Medical Sciences.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Cystic fibrosis patients frequently develop chronic rhinosinusitis as a result of their
propensity to form inspissated mucus and impairment of mucociliary clearance. They exhibit
variable symptom burden even in the setting of positive radiographic and endoscopic findings.
Current evidence suggests a positive effect of managing sinonasal disease on pulmonary health.
Topical antimicrobial and mucolytic therapies are frequently required to manage the disease with
surgery reserved for refractory cases. Endoscopic sinus surgery has been demonstrated to be safe
and efficacious in controlling symptoms of chronic rhinosinusitis in patients with comorbid cystic
fibrosis. However, the impact of surgery on pulmonary health remains an active area of investigation.
In addition, a growing body of research has suggested a more extended surgical approach creating
large sinonasal cavities with gravity-dependent drainage pathways, followed by adjuvant medical
therapies, as an ideal strategy to optimally control disease and prevent pulmonary exacerbations. In
this manuscript, we provide an up-to-date review of current evidence in the surgical management of
chronic rhinosinusitis in cystic fibrosis patients.

Keywords: rhinosinusitis; cystic fibrosis; endoscopic sinus surgery; medial maxillectomy

1. Introduction

Cystic fibrosis (CF) is an autosomal recessive disease characterized by a defect in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene on chromosome 7, which encodes for
a chloride ion transporter on the apical membrane of epithelial cells. It predominantly affects the
Caucasian population, with a prevalence of ~30,000 patients in the United States and ~70,000 patients
worldwide [1]. As a result of defective trans-membrane anion transport, CF patients develop increased
epithelial sodium and water resorption and produce thick inspissated secretions, which then cause
mucociliary stasis, chronic inflammation, bacterial colonization, and infection in multiple organ
systems, including the upper and lower airways. The average life expectancy of CF patients is
48.5 years, and the majority of CF-related mortalities are due to progressive pulmonary decline, with
many patients eventually requiring lung transplantation [2,3].

Impaired sinonasal mucociliary clearance mechanisms predispose CF patients to develop chronic
rhinosinusitis (CRS) and nasal polyposis. On computed tomography (CT), CF patients also have
under-developed paranasal sinuses due to chronic inflammation, further complicating ventilation and
drainage [4]. Furthermore, a growing body of research has demonstrated a significant link between
sinonasal and pulmonary health with regards to bacterial colonization, with an 80% concordance of
bacterial isolates from sinonasal and bronchoalveolar lavages (BAL) [5]. The mainstays of medical
therapies for CF CRS include oral and topical antibiotics directed at Pseudomonas aeruginosa and
Staphyloccocus aureus species, topical mucolytic agents, and more recently CFTR modulators [6].
Refractory to medical therapy, endoscopic sinus surgery (ESS) has been shown to improve sinonasal

Med. Sci. 2019, 7, 57; doi:10.3390/medsci7040057 www.mdpi.com/journal/medsci3
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symptoms and quality of life outcomes and reduce pulmonary bacterial colonization [5,7]. However,
currently available data on the effect of ESS on pulmonary functions are conflicting [5,8]. In this
manuscript, our objective is to provide an up-to-date review of current evidence in the surgical
management of CRS in CF patients.

2. Unified Airway Health

Drawing a parallel with the unified airway model in reactive airway disease, mounting evidence
has demonstrated a significant correlation between the health of paranasal sinuses and lungs. Studies
have shown a possible mechanism of bacterial translocation from upper to lower airways. Therefore,
in addition to alleviating symptoms of CRS in CF, ESS has the added benefit of creating an open
and accessible sinonasal cavity to topical therapies and reducing bacterial seeding of the lungs.
Furthermore, the reduction or eradication of pulmonary pathogenic colonization is critically important
to prevent allograft rejection in post-lung transplant CF patients. A recent study compared microbiota
composition from the sinuses and lung brushings using 16s RNA sequencing techniques, and
microbiome diversity was found to be diminished in both the sinuses and lungs in CF CRS patients.
Interestingly, non-CF CRS patients had distinct niches of microorganisms in their upper versus lower
airways, while CF CRS patients had indistinguishable niches at both anatomic sites, lending further
evidence to the theory of sinonasal cavity as a reservoir for bacterial translocation to lower airway
in CF patients [9]. Walter and colleagues followed a cohort of 11 CF patients pre- and post-lung
transplant, and identical P. aeruginosa isolates were seen in all patients within the sinuses and lungs [10].
Moreover, Mainz et al evaluated 182 CF patients and demonstrated significant genotypic concordance
of P. aeruginosa and S. aureus isolates in upper and lower airways. Genetically identical strains of
P. aeruginosa and S. aureus were identified in 31 of 36 and 23 of 24 patients, respectively. In addition,
patients with positive P. aeruginosa sputum cultures were 88 times more likely to be colonized in
the upper airway with the same bacterial pathogen [11]. In a different study, the same authors
also found rapid colonization of new donor lungs with P. aeruginosa that was genetically identical
to pre-transplant isolates within four weeks post-transplantation, and this colonization could be
prevented by topical colistin antibiotic therapy [12]. A different group demonstrated the median time
of recovery of P. aeruginosa species from CF lung transplant patients was 15 days post -peratively, as
compared to 158 days in non-CF recipients. Histologically, evidence of Pseudomonas infection was
also detected earlier at post-operative day (POD) #10, (vs. POD #261 in non-CF) and at a higher rate
(13/44 in CF vs. 3/21 in non-CF) [13]. Overall, although currently available evidence is limited by
its retrospective nature and mostly small case series, with many including both surgical and medical
controls; however, a correlation between sinonasal and pulmonary health with regards to pathogenic
bacterial colonization has been suggested. Thus, ESS plays an important role in reducing the bacterial
burden in the upper airway to prevent subsequent seeding of the lower airway.

3. Surgical Management

Although almost all CF patients have endoscopic and radiological findings of sinonasal disease
and a majority of them have extensive nasal polyposis, patient-reported subjective symptoms are
variable at less than 20% [2]. Despite appropriate medical therapy, 20 to 60% of CF patients go on to
require ESS [2]. In a retrospective review, Brook et al. showed that prior history of ESS and severe
CFTR mutations are predictive of ESS while Sinonasal Outcome Test (SNOT)-22 score was not [14]. In a
different study, CF patients with nasal polyposis, prior history of ESS, lower forced expiratory volume
in one second (FEV1), higher Lund-Mackay score, and higher SNOT-22 score was more likely to elect
up-front ESS versus medical therapy. Furthermore, a delay in surgery did not affect post-operative
improvement [15]. There are no current guidelines specifically for the management of CF CRS, and
patient selection for ESS should follow previously established recommendations for the management of
CRS [16] with the additional consideration for reducing pulmonary pathogen colonization, especially
in post-lung transplant CF patients.

4



Med. Sci. 2019, 7, 57

Radiographically, CF patients have a high prevalence of frontal aplasia, and maxillary, ethmoid,
and sphenoid hypoplasia. Sclerotic sphenoethmoidal partitions are also commonly found. Interestingly,
other important anatomic variants were seen differentially in CF patients: Haller cells and concha
bullosa were rarely seen, whereas Onodi cells were more frequently observed [4,17]. Careful
pre-operative evaluation of CT findings is critical in avoiding complications and ensuring complete
removal of all bony partitions. Complete ESS is especially important in CF CRS, as inspissated
secretions may be trapped in partially removed partitions. A recent study also demonstrated high-risk
CF mutations are associated with more severe radiographic findings as measured by modified
Lund–Mackay scores, as well as higher prevalence of sinus hypoplasia/aplasia [18]. An understanding
of CF pathophysiology is important in the surgical management of CF CRS patients to ensure surgical
success. In our experience, intra-operative image guidance can be an invaluable tool due to anatomic
differences in CF patients, especially in revision cases. However, its use should be judicious and
always correlated with knowledge of surgical landmarks. Lastly, a cohort of pediatric CF patients who
underwent ESS during and after facial growth spurts was followed prospectively for over 10 years,
and no significant differences in cephalometric measurements were demonstrated, which corroborates
previous findings on the safety of ESS on pediatric facial growth [19].

Large systematic reviews have demonstrated a definitive benefit of ESS on patient-reported
quality of life (QoL) outcomes, while the effect of sinus surgery on pulmonary function tests (PFTs)
have yielded conflicting results to date. Khalid et al. demonstrated significant improvement in
QoL as measured by the Rhinosinusitis Disability Index (RSDI) in CF patients after ESS that was
comparable to control patients, even though CF patients had worse pre-operative CT and endoscopic
findings [20]. In one systematic review, Macdonald et al. found that ESS consistently improved
sinonasal symptoms in CF patients, and some evidence existed for reduced days of hospitalization
for pulmonary exacerbations and usage of intravenous antibiotic therapy. However, no significant
changes in pulmonary function tests, including FEV1, were identified [21,22]. Another systematic
review similarly demonstrated that ESS led to improved sinonasal symptoms and endoscopic scores,
while PFTs were improved in 3/8 level four studies [5]. Kovell et al. demonstrated an improvement in
PFTs in pediatric CF patients following ESS, although some of the benefits were mitigated by lower
socioeconomic status [23]. Khalfoun and colleagues found that the decline in FEV1 was prevented by
ESS in patients with moderate to severe lung disease [8]. Large systematic reviews evaluated the entire
aggregate of CF patients; subgroup analysis of high versus low-risk mutations may provide additional
insights and can be an area of future research. A study by Halderman and colleagues alluded to this
and demonstrated differential responses of PFTs to ESS in homozygous versus heterozygous F5018del
CF patients [24].

Endoscopic sinus surgery also plays a critical role in reducing or eradicating pulmonary
colonization of pathogens in CF patients. Aanaes and colleagues prospectively followed a cohort
of 106 CF patients after ESS with adjuvant systemic and topical therapy, and they demonstrated
reduced pulmonary colonization with CF pathogens at 6 months [7]. Furthermore, the percentage
of patients without any gram-negative bacteria colonization in the lungs increased from 15% to 33%
at 3 years. Although overall pulmonary decline was observed for the cohort, a small percentage of
patients had stable lung functions [25]. Holzmann et al. studied the effects of ESS on 37 post-lung
transplant CF patients and found a significant correlation between sinus culture positivity and BAL
positivity. Successful ESS (defined as less than 3 post-operative sinus aspirates with significant bacterial
growth) was associated with significantly reduced incidence of lower airway exacerbations and a trend
toward decreased bronchiolitis obliterans syndrome (BOS) [26]. Similarly, Vital et al. demonstrated
a significant correlation between chronic sinonasal colonization and lung allograft infection rates in
CF patients after lung transplantation and sinus surgery. Furthermore, ESS and daily saline irrigation
were successful in eliminating P. aeruginosa colonization in more than a third of patients [27]. The
absence of persistent airway pathogenic colonization was associated with less frequent and delayed
development of BOS and increased overall survival [28]. In contrast, Leung and colleagues found
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that pre-transplant ESS did not prevent post-transplant Pseudomonas re-colonization and did not affect
overall survival [29].

4. Extended Sinus Surgery

Recently, modified endoscopic medial maxillectomy (MEMM) has been increasingly performed
for recalcitrant maxillary sinus disease. This technique is especially useful in CF patients, allowing
large cavities for gravity-dependent drainage, improved topical medication delivery, and access
for office-based debridement or polypectomy. A recent study combining MEMM with mucosal
stripping of maxillary sinuses and total ethmoidectomy showed significant volume reduction of
maxillary sinuses through osteoneogenesis, which the authors proposed as a mechanism for decreased
mucus accumulation, thus, chronic bacterial colonization of the sinonasal cavity [30]. The sustained
improvement of sinonasal symptoms after MEMM has been demonstrated for up to 6.9 years, although
the patient population in this study was more heterogeneous and included all patients with recalcitrant
chronic maxillary sinusitis [31].

According to Shatz, a combined Caldwell–Luc approach and medial maxillectomy for CF CRS
patients with prior ESS failure were efficacious in reducing episodes of hospitalizations and need
for IV antibiotics. Interestingly, FEV1 was significantly improved at 6 months in his cohort of 15
patients [32]. Virgin and colleagues followed a cohort of 22 patients after MEMM and found significant
improvement in patient-reported symptom scores, as well as a decreased number of pulmonary
exacerbations requiring hospitalization with 1 year follow up [1].

CF patients often have aplastic or hypoplastic frontal sinuses; however, the modified endoscopic
Lothrop procedure is a consideration in recalcitrant frontal sinus disease in CF patients. Jaberoo et al.
described a series of two CF patients who safely underwent modified Lothrop procedure with good
symptomatic improvement [33]. Although the safety and efficacy can be extrapolated from non-CF
CRS literature, larger prospective studies are needed to evaluate outcomes of Draf 3 procedures in CF
CRS patients.

5. Post-Operative Adjuvant Therapy

Similar to our understanding of non-CF CRS, a combined approach of endoscopic sinus surgery
followed by post-surgical adjuvant medical therapy represents the most optimal treatment for disease
control in CF CRS. Aanaes et al. demonstrated that intensive post-operative nasal saline irrigation,
topical colistin, and office debridement following ESS eradicated pathogenic bacteria in 67% of
operated sinuses 6-months post-operatively, with effect sustained up to 3 years [34]. Similarly, the
frequency of BAL negativity for CF pathogens increased by 150% 1 year after sinus surgery with
adjuvant therapy [7]. Moss and colleagues studied the effect of topical tobramycin irrigation after
ESS and found a reduction in the need for future surgical interventions [35]. Combining complete
ESS with MEMM and a post-operative regimen that included both oral and topical antibiotic and
steroid therapy, Virgin et al. showed a significant reduction of symptoms and hospitalizations for
pulmonary exacerbations [1]. Cimmino and colleagues performed a small randomized double-blind
placebo-controlled trial of 24 CF patients who underwent sinus surgery and then maintained on
dornase alfa therapy, and they demonstrated a significantly improved FEV1 compared to control
patients. In addition, patient-reported symptom scores and Lund–Kennedy endoscopic scores were
both improved over placebo [36].

6. Summary

The treatment of chronic rhinosinusitis with comorbid cystic fibrosis is complex and challenging.
High disease burden found on endoscopic or radiographic examination often does not correlate with
patient self-reported symptoms. Currently available data are limited to mostly case series, and further
larger prospective studies are much-needed. Endoscopic sinus surgery has been shown to improve
sinonasal and pulmonary bacterial colonization, as well as alleviating patient symptoms. The effects
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of sinus surgery on pulmonary functions are less clear. Despite a paucity of high-quality data and
lack of an established treatment algorithm, increasing research has suggested that a multi-disciplinary
approach with extensive sinus surgery creating gravity dependent drainage pathways, combined with
adjunct topical and medical therapies, offer the most optimal treatment strategy for CF CRS patients.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Asthma is a prevalent inflammatory condition of the lower airways characterized by
variable and recurring symptoms, reversible airflow obstruction, and bronchial hyperresponsiveness
(BHR). Symptomatically, these patients may demonstrate wheezing, breathlessness, chest tightness,
and coughing. This disease is a substantial burden to a growing population worldwide that currently
exceeds 300 million individuals. This is a condition that is frequently encountered, but often
overlooked in the field of otolaryngology. In asthma, comorbid conditions are routinely present
and contribute to respiratory symptoms, decreased quality of life, and poorer asthma control. It is
associated with otolaryngic diseases of the upper airways including allergic rhinitis (AR) and chronic
rhinosinusitis (CRS). These conditions have been linked epidemiologically and pathophysiologically.
Presently, they are considered in the context of the unified airway theory, which describes the upper
and lower airways as a single functional unit. Thus, it is important for otolaryngologists to understand
asthma and its complex relationships to comorbid diseases, in order to provide comprehensive care
to these patients. In this article, we review key elements necessary for understanding the evaluation
and management of asthma and its interrelatedness to CRS.
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1. Introduction

Asthma is a prevalent inflammatory condition of the lower airways characterized by variable
and recurring symptoms, reversible airflow obstruction, and bronchial hyperresponsiveness (BHR).
Symptomatically, these patients may demonstrate wheezing, breathlessness, chest tightness, and
coughing. This disease is a substantial burden to a growing population worldwide that currently
exceeds 300 million individuals [1]. This is a condition that is frequently encountered, but often
overlooked in the field of otolaryngology. In asthma, comorbid conditions are routinely present
and contribute to respiratory symptoms, decreased quality of life, and poorer asthma control.
It is associated with otolaryngic diseases of the upper airways including allergic rhinitis (AR)
and chronic rhinosinusitis (CRS) [2,3]. These conditions have been linked epidemiologically and
pathophysiologically. Presently, they are considered in the context of the unified airway theory, which
describes the upper and lower airways as a single functional unit [4,5]. Moreover, the upper and lower
respiratory tracts share anatomical and histological characteristics. They have common histological
structures, including the basement membrane, lamina propria, ciliary epithelium, glands, and goblet
cells [6]. Because of these similarities, it is important for otolaryngologists to understand the complex
relationships that exist between asthma and comorbid diseases, in order to provide comprehensive care
to these patients. In this article, we review key elements necessary for understanding the evaluation
and management of asthma and its interrelatedness to CRS.
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2. Epidemiology

Asthma is a common condition affecting greater than 4% of the population globally [7]. It is more
prevalent in developed countries, and, in particular, the United States [8]. Over the last several decades,
there has been a rise in its prevalence. Epidemiologic studies by the Centers for Disease Control (CDC)
reported a 3.0% asthma prevalence in the United States in 1970, which rose to 7.8% by 2006 to 2008 [9].
Today, it affects 8.4% of children and 8.1% of adults in the United States [10,11]. It is a leading cause
for presentation to the emergency department, accounting for 1.7 million visits in the United States in
2015 [12]. The rate of asthma deaths decreased from 15 per million in 2001 to 10 per million in 2016.
Adults were nearly five times more likely than children to die from asthma. There remain gender and
racial disparities in morbidity and mortality among different groups. This is demonstrated by the
higher death rate among women and non-Hispanic blacks, with the latter group being two to three
times more likely to die from asthma when compared with other racial groups [13].

From a pathophysiology standpoint, the current understanding is that certain gene–environment
and gene–gene interactions contribute to the development of asthma. Tobacco smoke exposure,
pollutants, respiratory viral infections, and obesity are significant risk factors in its pathogenesis [14–17].
Hereditary factors play an apparent role in the development of the disease as well. In a Swedish study,
a family history of atopic asthma increased the risk of developing this condition up to four-fold [18].
Moreover, several studies have shown that the offspring of asthmatic parents are at an increased risk
of developing asthma [19]. The list of genes associated with asthma continues to grow, as more are
elucidated through whole genome sequencing.

Epidemiologic evidence also supports the coexistence of asthma and other upper airway
conditions, as previously mentioned. For instance, nearly 80% of patients with asthma report
some form of rhinitis, defined as irritation and inflammation of the mucous membranes of the
nose. Conversely 10–40% of rhinitis patients report coexistent asthma [20,21]. The presence of
rhinitis increases the risk for the development of asthma by three-fold in both atopic and non-atopic
individuals [22]. In a study by Linneberg et al., individuals with AR who were sensitized to perennial
allergens were found to have a significantly higher likelihood of developing asthma than individuals
who were sensitized to seasonal allergens [23].

The prevalence of CRS is estimated to be between 22% and 45% among patients with
asthma [24–26]. Among the general population, the prevalence of CRS symptoms is estimated to
be 10–12%, with the majority of these patients reporting either moderate or severe symptoms [27]. CRS
is associated with more severe asthma, especially in patients with nasal polyps (CRSwNP) [28]. The
presence of nasal polyps is similarly associated with more severe sinus symptoms, including facial
pain and pressure and hyposmia, relative to CRS without polyps (CRSsNP) [27]. In a recent cluster
analysis, performed by the Severe Asthma Research Program (SARP), nearly half of the patients with
the most severe burden of disease had a history of previous sinus surgery [26].

3. Pathophysiology of Asthma

The hallmark characteristics of asthma pathogenesis include inflammation of the lower airways
through the infiltration of cells, release of potent pro-inflammatory factors, and the remodeling
of the airway walls. Allergens, pollutants, irritants, and microbes elicit various inflammatory
cascades that are mediated by multiple cell types including dendritic cells, mast cells, eosinophils, T
lymphocytes, macrophages, neutrophils, and epithelial cells [29]. These inflammatory influences
provoke changes in the respiratory tract, including epithelial shedding, goblet cell hyperplasia,
hypertrophy of submucosal mucus glands and bronchial smooth muscle, subepithelial fibrosis with
collagen deposition, angiogenesis, and vascular permeability [29]. This is manifested by variable and
recurrent episodes of wheezing, breathlessness, chest tightness, and cough. Initially, these changes
are reversible with treatment, but with chronic inflammatory insults, irreversible remodeling of the
lower airway occurs. These alterations increase the thickness of the airway wall, leading to irreversible
airflow obstruction and airway hyperresponsiveness. Similar histopathological changes are often
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observed in CRS, including mucosal thickening, submucosal gland hypertrophy, collagen deposition,
and basement membrane thickening [30].

While inflammation is central to the pathophysiology of asthma, the underlying mechanism is
increasingly understood to be multifactorial, reflecting the diversity of the natural history, severity,
and treatment responsiveness of the disease. Presently, asthma is seen as an umbrella diagnosis with
several distinct mechanistic pathways (endotypes) and variable clinical presentations (phenotypes).
While there is little consensus, endotypes in asthma are generally categorized as T-helper type 2 (Th2)
cell—high (T2–high) or Th type 2 cell—low (T2–low) [31]. The former is characterized by eosinophilia
and atopy, while the latter is manifested by increased neutrophils or a pauci-granulocytic profile.
T2–high inflammation is associated with the eosinophilic airway reactivity that is driven by dendritic
cell stimulation of Th2 cells and the production of inflammatory cytokines [32]. Allergen exposure
leads to the production of Interleukin-33 (IL-33), IL-25, and thymic stromal lymphopoietin (TSLP) by
both dendritic and epithelial cells. These mediators, recently classified as alarmins, stimulate Th2 cells
to release IL-4, IL-5, and IL-13 that, in turn, stimulate eosinophils, mast cells, and immunoglobulin
E (IgE) synthesis through the induction of IgE B cells. Immune memory of IgE responses is then
maintained by the development of plasma cells contained in the bone marrow. Recent studies suggest
that the respiratory mucosa is the site of development of these cells that maintain immunologic memory
of allergen-induced IgE responses [33]. The authors would direct the reader to consider contemporary
reviews regarding the biologic development of IgE and immunologic memory in allergic airway
disease [33,34].

Nonallergic irritants produce an analogous inflammatory cascade by stimulating the production
of IL-33, IL-25, and TSLP, which lead type 2 innate lymphoid cells to produce IL-5 and IL-13. Unlike Th2
cells, type 2 innate lymphoid cells produce little IL-4 and do not elicit an IgE response. Alternatively,
in T2–low inflammation, evidence suggests that irritants, pollutants, or infectious agents activate IL-33,
IL-23, and IL-6 [35]. IL-33 stimulates the Th17 cell to produce IL-6, IL-17, and IL-8. These cytokines, in
turn, trigger neutrophil production. Th17 and Th1 activate neutrophilic inflammation through IL-6,
IL-17, interferon gamma, and tumor necrosis factor alpha [35]. A growing understanding of these
mechanisms has coincided with the advent of treatment strategies that target specific inflammatory
mediators, based on biomarkers that reflect the underlying disease. It is the hope of investigators that
further insight will lead to tailored therapy and improved outcomes.

4. Pathophysiology of CRS

The pathogenesis of CRS parallels that of asthma. Specifically, the inflammatory subtypes of
CRS mirror T2–high and T2–low inflammatory endotypes observed in asthma [36]. Historically, CRS
was categorized as either CRS with nasal polyps or CRS without nasal polyps (CRSsNP), based on
the presence or absence of polyps on imaging or sinonasal endoscopy [37]. CRSwNP is generally
accepted to have a type 2-predominant inflammatory response, with a predominance of eosinophilic
inflammation, including eosinophils, mast cells, elevated IgE, and the expression of type 2 cytokines
(IL-4, IL-5, IL-9, IL-13, IL-25, and IL-33). Consequently, CRSwNP has a close association with asthma
and other atopic diseases. CRSsNP, on the other hand, is more commonly associated with elevated
type 1 cytokines (e.g., interferon-γ), Th-1 helper cells, and a neutrophilic cellular response [37,38].
Recent studies have demonstrated immense heterogeneity between and within these broad phenotypic
categories, based on the molecular and cellular pathways that are active in each specific disease
state [37–39]. These “endotypes” differ in the severity of disease and demonstrate histopathologic
differences in various inflammatory cascades that are the potential targets of therapeutic intervention.

Cluster analyses of the factors contributing to CRS have been performed, taking into consideration
the clinical, molecular, and pathological markers of disease [37,40–42]. This has been particularly
helpful in differentiating the underlying mechanisms of disease in patients with nasal polyps. Cao
et al., for example, found that type 2 immune pathway activation was a predisposing factor toward
the development of nasal polyps in both patients with and without eosinophilic inflammation [40].
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In another study, Tomassen et al. clustered patients into groups according to their levels of IL-5
expression, as a proxy for the level of eosinophilic inflammation present [43]. In doing so, low levels
of IL-5 were shown to have a close association with CRSsNP, while high levels correlated with the
highest burden of polyps. Intermediate levels of IL-5 demonstrated variable phenotypic expression
of asthma and nasal polyposis, suggesting that there is a subset of CRSwNP patients that exhibits
both type 1 and type 2 immune pathway activation [37,38,43]. Nakayama et al. similarly identified
disease-specific factors that correlated with clusters of disease, including the presence of perennial
allergy, asthma/eosinophilic mucin, and eosinophilic inflammation [44]. In a much larger study of
over 100 patients, Soler et al. determined that other patient-related factors were more discriminant
in clustering patients with CRSwNP, including age, patient-reported outcome measures (Sinonasal
Outcome Test-22 (SNOT-22) scores, productivity loss), and the comorbid presence of fibromyalgia and
depression [45]. Ongoing investigation into the relative contributions of patient- and disease-related
factors is underway; with the goal of determining how these factors interact to influence the severity
of disease and the response to directed therapies.

5. Clinical Features of Asthma

Classically, the cardinal symptoms of asthma include wheezing, breathlessness, chest tightness,
and coughing. The clinical features and severity of asthma, however, can vary significantly between
individuals and even in a single person over time [46]. Additionally, many asthmatics may
only recognize fulminant asthma exacerbation as an indicator of this disease, with a tendency to
overlook more subtle, indolent symptoms (e.g., nighttime cough), leading to delays in diagnosis
and treatment [47]. Cough associated with asthma classically worsens at night or with activity, is
dry, and non-productive. In one Korean study, 680 adult patients were questioned on whether they
experience a troublesome cough at night. The association of this symptom with the diagnosis of asthma
demonstrated a sensitivity of 62.1%, specificity of 44.8%, positive predictive value (PPV) of 22.8%, and
negative predictive value (NPV) of 81.8% [48]. Wheezing is also a common clinical feature of asthma.
A large New Zealand study showed that wheezing had a sensitivity of 94% and specificity of 76% for
the diagnosis of asthma. Furthermore, this study demonstrated that wheezing with dyspnea was the
best predictor of asthma with a sensitivity and specificity of 82% and 90%, respectively [49]. The New
Zealand study also examined exercise dyspnea alone. Exercise-induced dyspnea was found to have a
sensitivity of 75.4%, specificity of 76.5%, PPV of 22.5%, and NPV of 97.2% [50]. It is, therefore, critical
for the otolaryngologist to both inquire about these symptoms and consider further evaluation for
asthma when the symptoms present.

Due to the heterogeneity of the disease, a number of asthma phenotypes have been proposed.
Phenotypes have been organized according to their association with specific triggers, patient
characteristics, or features of clinical presentation. Examples include aspirin sensitivity, adult age
of onset, and steroid-resistant subtypes. This heterogeneity prompted the National Heart, Lung,
and Blood Institute’s Severe Asthma Research Program (SARP) to perform a cluster analysis on
adults with mild, moderate, and severe asthma to identify phenotypic clusters which share common
traits. The analysis revealed five phenotypic clusters that were predominantly distinguished by lung
function and disease age of onset [26]. A similar cluster analysis by SARP identified four phenotypic
clusters in children that differed primarily according to asthma duration, the number of asthma
controller medications being used, and lung function [51]. Of these clusters, late-onset asthmatics had
higher frequency of sinusitis, more severe sinus disease radiographically, and higher rates of sinus
surgery [52–54]. Accordingly, it is crucial in these patients to assess for cardinal symptoms associated
with CRS, including nasal obstruction, discolored nasal discharge, facial pain or pressure, loss of sense
of smell, and cough (in children) that persists for greater than 12 weeks [55,56]. There is growing
momentum to pair these clinical phenotypes with pathophysiologic mechanisms. To date, however,
the association between clinical phenotype and endotype remains imprecise and, thus, warrants
further investigation.
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6. Clinical Features of Chronic Rhinosinusitis

Recent studies have demonstrated the immense heterogeneity represented among patients
previously categorized under the broad diagnosis CRS with nasal polyps. This has derived from the
realization that patients with this phenotype differ in the extent to which tissue and blood eosiniophilia
play a role in their pathogenesis. Similar to eosinophilic asthma, eosinophilic chronic rhinosinusitis
(eCRS) is associated with aberrant Th2 pathway activation, resulting in activation of the eosinophilic
inflammatory cascade and mucociliary dysfunction. These patients tend to manifest a more severe
disease presentation, with symptoms that are more refractory to medical and surgical interventions
than non-eCRS subtypes. These symptoms include nasal obstruction, olfactory dysfunction, thick
mucus drainage, and recurrent episodes of bacterial infection [57].

In a recent review of the literature, Dennis et al. identified four specific classification schema that
have been used to endotype patients with CRSwNP. In the type 2 cytokine-based approach, endotypes
are differentiated based upon the activation of the Th1 or Th2 pathway. The eosinophil-based approach
looks to characterize the endotype of CRSwNP based on the presence of an eosinophilic versus
neutrophilic infiltrate within the sinonasal mucosa. This approach accounts for the fact that although
these patients manifest a similar phenotype, the degree of eosinophilic inflammation may vary widely
between disease processes and among different populations. Eosinophilc mucin, for example, is closely
associated with AERD, allergic fungal rhinosinusitis, and eosinophilic mucin chronic rhinosinusitis
(EMCRS), but is less often affiliated with non-eosinophilic CRSwNP. A third strategy has looked at the
levels of IgE as a marker for different endotypes of CRSwNP. Elevated IgE is noted in all endotypes of
patients with polyp disease, with the exception of AERD. However, it is now recognized that local
rather than systemic IgE may play a greater role in the development of tissue eosinophilia. More
specifically, the production of Staphylococcus aureus enterotoxin-specific IgE has been found to correlate
more closely with local IgE concentrations and asthma [37,39,43].

Finally, the Cysteinyl Leukotriene (CysLT)-based approach acknowledges aspirin exacerbated
respiratory disease (AERD) as a unique clinical phenotype of CRSwNP that is associated with asthma
and intolerance of cyclogoxygenase-1 inhibiting agents [37,43,58]. This disease is considered to be a
hypersensitivity reaction to acetylsalicylic acid and cyclooxygenase (COX)-1-inhibiting non-steroidal
anti-inflammatory drugs that first manifests with nasal congestion and rhinorrhea, typically during
the second decade of life. Over several years, it evolves into a more severe and recalcitrant form of
disease, that eventually progresses to affect both the upper and lower airways in the form of CRS with
nasal polyposis and asthma [59]. The elevated levels of CysLT are due to a functional deficit of COX
enzymes and hyperactivity of the 5-lipoxycgenase and leukotriene C4 synthase pathways, resulting in
overexpression CystLT [58,59]. A meta-analysis from 2015 found the prevalence of AERD to be 7% in
patients with classical asthma and 14% in patients with severe asthma [60]. It also accounts for almost
10% of all patients with CRSwNP [37]. The presence of nasal polyps in a patient with severe asthma
should, therefore, prompt the otolaryngologist to consider this particular variant of asthma in their
treatment approach.

7. Asthma Diagnosis and Assessment

Asthma can be difficult to diagnose due to its high clinical variability and episodic nature. The
diagnosis of asthma is best accomplished through a comprehensive history and physical examination,
combined with objective pulmonary function testing [61]. In addition to inquiring about the cardinal
symptoms, it is equally important to assess the patient for other risk factors such as smoking, tobacco
exposure, family history, and other signs of atopy. Children of parents who are both affected by
asthma have an 6.7-fold increased relative risk of asthma when compared to children without
any family history [50]. Relying on the physical examination for the diagnosis of asthma also
has its challenges. Patients will often present with normal vital signs and physical findings [46].
Moreover, respiratory physical exam findings can be examiner-dependent, as studies have shown only
fair-to-good inter-examiner reliability in detecting wheezing on auscultation [62].
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Objective pulmonary function testing is considered the gold standard for the definitive diagnosis
of asthma. Two findings need to be present with objective diagnostic testing for asthma: (1) the presence
of airway obstruction, demonstrated by a decreased forced expiratory volume in one second (FEV1) to
forced vital capacity (FVC) ratio, and (2) variability in the severity of airway obstruction when subjected
to bronchodilatory or bronchoconstrictive stimuli [61,63]. Spirometry is the objective pulmonary testing
method of choice. Using spirometry, an obstructive airway pattern can be established when FEV1/FVC
is less than 0.75 in adults or 0.9 in children. Excessive variability in lung function is demonstrated by
an increase or decrease of FEV1 greater than 12% after a bronchodilator reversibility test or four week
trial of anti-inflammatory treatment [63].

Other supportive testing methods may also be employed. For example, bronchial provocation
using exercise or methacholine with measurement of the fractional concentration of exhaled nitric
oxide (FeNO) may be employed if the initial spirometry tests are negative and clinical suspicion
remains high [46,63]. Additionally, diagnosis of allergic asthma may rely on allergy testing such
as skin testing and in vitro ImmunoCAP IgE tests to exclude or confirm the presence of atopy [64].
Finally, a burgeoning area of diagnostic testing is the use of predictive biomarkers in the diagnosis of
asthma. Currently, common biomarkers include aberrations in FeNO, serum IgE, sputum and blood
eosinophil count, and serum periostin. In particular, FeNO has become more widely available and is
a non-invasive reflection of airway eosinophilia. It is useful as a marker of adherence to therapy as
well as a predicator of upcoming exacerbation [65]. Recent systematic reviews also demonstrated that
tailoring therapy based on FeNO levels may also reduce the number of asthma exacerbations in adults
and children [66,67]. Conceptually, the use of biomarkers has the potential advantage of enabling the
identification of specific clinical phenotypes and individualizing therapy, with the aim of improving
patient outcomes [68].

8. Chronic Rhinosinusitis Diagnosis and Assessment

Chronic sinusitis has been defined as the presence of ≥2 of the following symptoms for ≥12
weeks duration: anterior or posterior nasal drainage, nasal obstruction, hyposmia or anosmia, and/or
facial pain and pressure. These symptoms must be correlated with objective evidence of mucosal
disease, including endoscopic evidence of purulence, edema, or nasal polyposis, and/or mucous
membrane thickening on computed tomography imaging [55,58].

Although inflammatory markers are helpful, the diagnosis of CRS is still largely contingent
upon self-reported symptoms and computed tomography (CT) findings demonstrating polyp disease,
mucous membrane thickening, and ostiomeatal obstruction, with the posterior ethmoid and olfactory
cleft being the anatomic regions most predictive of this disease process [69]. The Lund–Mackay scoring
system has long been used as an objective measure of disease severity, with each sinus being graded
on a scale of 0 to 2, based on the degree of mucosal thickening present on CT imaging. The sinuses are
grouped into six anatomic regions on each side of the nose, giving a total possible score of 24. These
scores provide useful information about the location and extent of diseased tissues, but poorly predict
patient symptoms [70]. Self-reported symptoms include the use of validated quality of life surveys,
including the SNOT-22 and nasal symptom score (NSS) and rhinosinusitis disability index (RSDI),
among many others. While effective as a screening measure, the accuracy of self-reported symptoms is
low with a sensitivity and specificity for predicting CRS of 84% and 82%, respectively [71].

Based on the expanding knowledge of CRS endotypes, more research is being done to evaluate
the utility of these markers in the diagnosis, work-up, and long-term management of these patients.
In addition to the use of IL-5 (which has garnered a great deal of attention due to the proliferation
of anti-IL-5 commercially-available monoclonal antibodies), other markers being examined include
epithelial-derived cytokines (IL-25 and IL-33), type 2 innate lymphoid cells (ILC2s), cytokines that
promote type 2 adaptive responses (IL-4 and IL-13), and the measurement of urinary Leukotriene
C4 (LTC4,) in the case of suspected AERD [37–40,43]. Other studies have advocated for the use of
structured histopathologic analysis of excised sinonasal tissues, to determine the type of inflammatory
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infiltrate and the extent of tissue remodeling that may indicate disease severity and predict response
to treatment [39]. Among these are basement membrane thickening, subepithelial edema, mucosal
ulceration, and fibrosis. To date, none of these histopathologic features have reliably differentiated
between the different endotypes of CRS [39].

Similar consideration has been given to utilizing serologic and tissue biomarkers as predictors
of disease more globally among all eCRS pathways. Although no strict diagnostic criteria of eCRS
exists, it is generally accepted that a tissue eosinophil count >10 per high power field is indicative
of this diagnosis. There is growing evidence demonstrating correlations between eCRS severity and
inflammatory markers, including blood eosinophilia, eosinophil to total white cell count ratio, and low
erythrocyte sedimentation rate [57]. Because of its utility as a marker of lower airway inflammation,
FeNO is now being studied as a predictor of eCRS disease severity [72]. Close correlation was found
between FeNO and Lund–Mackay CT scores in eCRS patients, whereas FeNO and blood eosinophil
count were noted to decrease following functional endoscopic sinus surgery [72]. Of note, there is no
increased association between eCRS and serum-specific IgE as measured during immunoCAP testing
relative to non-eCRS patients [73]. As mentioned earlier, recent studies have suggested the greater
importance of elevated IgE locally, in the pathogenesis of CRS [37,43].

Finally, complimentary testing to identify upper airway disease is essential for asthmatic patients
at risk of more severe disease due to the high comorbidity of CRSwNP with asthma [63]. The diagnosis
of CRS based on the aforementioned symptom criteria is highly sensitive but inadequately specific [56].
Thus, evaluation must also consist of objective assessment including nasal endoscopy to identify
purulence, polyps, or edema or radiographic imaging findings to evaluate for inflammation or mucosal
changes within the sinuses [56].

9. Asthma Management

At present, the management of asthma is centered on two concepts: optimizing symptom control
and improving objective measures of disease severity. Asthma control consists of the minimization
of both daytime and nighttime symptoms, maintenance of a normal level of activity, limiting rescue
bronchodilator use, and minimizing untoward events such as severe asthma exacerbations. Severity is
the intrinsic intensity of the underlying disease process, which precipitates initial treatment choices
and future adjustments. The goal of asthma management is to maintain good symptom control over
time with the lowest dose of medications necessary and with the fewest side effects [63]. To achieve
this end, a stepwise control-based approach is used, in which pharmacologic treatment is adjusted
based on a continuous cycle of assessment, treatment, and review of response [63,74].

Medications for asthma are broadly categorized as long-term control medications, used to achieve
and maintain control of persistent asthma, or relieving medications used to treat acute symptoms
and exacerbations. Initial controlling medication(s) are selected based on disease severity, which is
classified as intermittent, mild persistent, moderate persistent, and severe persistent. For intermittent
asthma, short-acting beta-2 agonists (SABA), while not a controlling medication, can be used on an
as-needed basis, and can generally control these infrequent symptoms. For mild persistent asthma,
low-dose inhaled corticosteroids (ICS) are the cornerstone of treatment. ICS have been shown to
reduce asthma symptoms, increase lung function, improve quality of life, and reduce the risk of
exacerbations, asthma-related hospitalizations, and death [75–78]. Leukotriene receptor antagonists,
while less effective than ICS, can be used in the setting of intolerable adverse effects from ICS, aspirin
sensitivity, or with concomitant allergic rhinitis [79–81]. With increasing severity, higher doses of
ICS are used along with ICS and long-acting beta-2 agonist (LABA) combination medications. Lastly,
patients with persistent symptoms or exacerbations despite optimized therapeutic regimens are
considered for add-on treatments that include: long acting muscarinic antagonists (tiotropium),
low-dose oral corticosteroids, bronchothermoplasty, and biologic therapy [63]. In particular, the use of
several novel biologic agents has resulted in improved lung function, reduced the frequency of severe
exacerbations, curtailed use OCS, and improved quality of life in refractory patients with T2-high
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inflammatory patterns [82–89]. Anti-IgE (Omalizumab) therapy has shown benefit for those with severe
allergic asthma [84]. Anti-IL-5 (Mepolizumab, Reslizumab), anti-IL-5 receptor (Benralizumab), and
anti-IL-4 receptor (Dupilumab) therapy can be used for treatment of uncontrolled, severe eosinophilic
asthma [88,90]. To date, biologic therapies for asthma treatment remain an area of active development.
Ongoing investigations seek to determine whether these agents have efficacy in the treatment of
patients with CRS with nasal polyps.

As previously noted, the presence of severe asthma should warrant careful consideration of other
comorbid conditions [91]. Upper airway comorbid diseases are prevalent in severe asthma, which
include: rhinosinusitis, obstructive sleep apnea, vocal cord dysfunction, and gastroesophageal reflux
disease. The conditions contribute to worsen asthma control, patient quality of life, and complicate
diagnostic assessment and treatment of asthmatic patients [92]. Of particular interest is the treatment
of upper airway disease such as allergic rhinitis and chronic rhinosinusitis. Of note, further discussion
regarding the impact of management of chronic rhinosinusitis is to follow in a later section. Allergic
Rhinitis and its Impact on Asthma (ARIA) evidence-based guidelines recommend the routine use
of intranasal corticosteroids (INCS) in patients with allergic asthma [93]. Treatment of rhinitis with
INCS has been found to improve asthma outcomes, but only in patients with intermittent disease not
receiving ICS [94]. Allergen-specific immunotherapy has been shown to improve symptom severity,
reduce the use of medications, and to reduce BHR in mild but not severe asthma [64]. For adult
patients with allergic rhinitis and sensitization to house dust mite, persistent asthma requiring ICS
(FEV1 > 70%) sublingual allergen immunotherapy (SLIT) can be considered, as it showed benefit in
decreasing mild to moderate asthma exacerbations [95].

10. Chronic Rhinosinusitis Management

Given the robust association between asthma and CRS, the question is raised whether treatment
of one disease impacts control of the other disease. Medical therapies including saline irrigation,
intranasal and systemic glucocorticoids, antibiotics, and anti-leukotriene agents are used in the
treatment of CRS with and without nasal polyposis. A placebo-controlled trial of nasal mometasone
in patients with CRS and poorly-controlled asthma showed benefit in asthma symptoms with no
benefit for asthma outcomes. This suggests that treatment should be targeted to the symptoms of
rhinosinusitis, which may contribute to respiratory symptoms, rather than measures that improve
asthma control [96].

Biologic agents that have also been studied for the treatment of CRS with NP include omalizumab,
mepolizumab, and dupilumab. In a randomized, double-blind, placebo-controlled trial, omalizumab
demonstrated improvements in polyp size, Lund–Mackay score, nasal congestion, anterior rhinorrhea,
anosmia, wheezing, and dyspnea [38,97]. In another multicenter, double-blind, randomized control
trial (RCT) of mepolizumab, Bachert et al. found a reduction in the need for surgery, and improved
visual analog scale (VAS) scores of nasal polyposis, endoscopic polyp scores, and self-reported quality
of life (SNOT-22) [38,98]. In a similar study design, Bachert also found the use of dupilumab effective in
reducing the polyp burden, Lund–Mackay scores, and peak inspiratory flow of CRSwNP patients [99].
Other novel targets currently under investigation include GATA-3, a transcription factor that is active
in the production of IL-4, IL-5, and IL-13 in Th2 cells, and the Singlec-8 receptor, which has been
shown to induce apoptosis of eosinophils and inhibition of mast cells [37,98,100,101]. Despite this,
none of these drugs are yet approved for the treatment of CRS in the United States. In addition, to
date, no studies have been performed to examine whether these agents may be used in combination
with each other.

With respect to the AERD endotype of CRSwNP, directed therapies have traditionally
included the use of leukotriene modifying agents (LTR antagonists and 5-lipoxygenase inhibitors).
Aspirin-desensitization therapy and adherence to a low-salicylate diet have also proven to be useful
adjunctive measures and are associated with improvement of CysLT and IL-4 levels [102,103]. Despite
this, there still remains a subset of patients with AERD in whom these measures are not efficacious,
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suggesting that there are subendotypes of this disease that warrant further immuno-pathophysiologic
characterization [102].

When CRS is recalcitrant to medical therapy, endoscopic sinus surgery (ESS) is considered.
Recently, Schlosser et al. demonstrated in a multi-institutional prospective study that patients with
pre-existing asthma and CRS experience improved asthma-specific quality of life (QOL) and asthma
control after ESS. Chen et al. previously examined asthma control test (ACT) outcomes after ESS and
failed to show improvement in mean postoperative ACT scores [104]. Interestingly, the study cohorts
differed dramatically in the number of patients that had poorly-controlled asthma, 51% versus 11%
respectively. This suggests the benefit of surgery is most evident in patients with poorly-controlled
asthma in the pre-operative setting. This is further supported by recent meta-analyses, which found
that ESS in patients with concomitant asthma improves clinical asthma outcome measures and objective
and subjective nasal outcomes, but fails to show a benefit in pulmonary function testing [105,106].
Recent studies have also reported that early ESS for symptomatic CRS may decrease the development
of asthma [107–109]. The otolaryngologist can therefore be of significant help in the difficult-to-treat
asthma patient by means of diagnosis and treatment of concordant CRS.

11. Conclusions

Asthma and CRS constitute a group of disorders with varying severity, phenotypic expression,
and pathogenesis that are often comorbid and difficult to treat. This review of the literature on their
concordance suggests that the optimization of management of each may have a substantial impact
on the clinical control of the others. The treatment strategies for concomitant disease are still being
elucidated, but novel biologic agents show tremendous promise in preliminary studies. Currently,
clinical efforts are best directed at the accurate diagnosis of each condition (including endotyping),
symptom control, and disease maintenance through best-practice guidelines for each disease process.
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Abstract: The correlation between aspirin sensitivity, asthma, and nasal polyposis was recognized
in the early 20th century. Today, this classic triad of symptoms, eponymously named Samter’s
Triad, is known as aspirin exacerbated respiratory disease (AERD). Aspirin exacerbated respiratory
disease affects approximately 0.3–0.9% of the general population in the USA and approximately 7% of
asthmatic patients. The management of AERD is challenging as no single modality has proven to have
high rates of symptom control. Consequently, disease management typically involves a multimodality
approach across both medical and surgical disciplines. This review describes the epidemiology of
AERD and the current state-of-the-art as it relates to the underlying pathophysiologic mechanisms of
this disease process. A significant proportion of the review is focused on the appropriate diagnostic
workup for AERD patients including the utility of aspirin provocation testing. The spectrum of
medical treatments, including aspirin desensitization and recently introduced immunotherapies,
are discussed in detail. Furthermore, surgical approaches to disease control, including advanced
endoscopic techniques, are reviewed and treatment outcomes presented.

Keywords: aspirin exacerbated respiratory disease; AERD; Samter’s Triad; chronic rhinosinusitis;
endoscopic sinus surgery; aspirin desensitization; nasal polyposis

1. Introduction

Hypersensitivity reactions to aspirin were described as early as 1902 but it was not until 1922 that
Widal et al. first described the correlation between aspirin sensitivity, asthma, and nasal polyposis [1].
Subsequently, in 1968, Samter and Beer described the full clinical characteristics of aspirin sensitivity
and elucidated the classic triad of symptoms, eponymously named Samter’s Triad [1,2]. Samter’s Triad
is defined as chronic rhinosinusitis with nasal polyposis (CRSwNP), bronchial asthma, and reactions
to aspirin or cyclooxygenase-1 (COX-1) inhibitors [3–6]. Since its first description by Widal, there has
been considerable literature published on the epidemiology, pathophysiology, and treatment of what
is now termed aspirin exacerbated respiratory disease (AERD).

2. Epidemiology

A defining characteristic of AERD is an upper and lower respiratory tract reaction triggered by the
ingestion of aspirin (acetylsalicylicacid, ASA) or other COX-1 inhibitors including many non-steroidal
anti-inflammatory drugs (NSAIDs) [3,6]. The aspirin or NSAID-induced hypersensitivity reaction
results in the rapid onset of symptoms including rhinorrhea, sneezing, nasal congestion, ocular tearing,
bronchospasm, skin flushing, hives, and hypotension [7]. It is less common for concurrent respiratory
and cutaneous symptoms to occur in patients [8].

It has been difficult to ascertain the prevalence of AERD in the general population [9]. Current
estimates suggest that AERD affects approximately 0.3–0.9% of the general population in the USA,
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with a higher prevalence noted among asthmatic patients (3–20%). A 2014 meta-analysis of clinical
trial data demonstrated that AERD was evident in approximately 7% of asthmatic patients [10].
The prevalence of AERD is likely higher in asthmatics who also harbor nasal polyposis with estimates
ranging from 30 to 40% [11]. Interestingly, there appears to be a female predominance with incidence
ratios of up to 3:2 between females and males, respectively [12]. Furthermore, females tend to have
earlier symptom presentation and greater disease severity [5,6]. Generally, AERD manifests in the third
or fourth decade of life [13] with much lower rates diagnosed in children [14]. There is no convincing
evidence of familial inheritance in AERD [13].

3. Pathophysiology

Aspirin exacerbated respiratory disease is characterized by a non-immunoglobulin E
hypersensitivity reaction to ASA/COX-1 inhibitors that is commonly comorbid with but not due
to underlying allergic disease [15]. Aspirin exacerbated respiratory disease is thought to be due to
abnormalities in arachidonic acid biosynthesis [3,4]. Arachidonic acid can be metabolized through two
different pathways: the 5-lipoxygenase (5-LO) pathway and the COX-1 pathway (Figure 1). The 5-LO
pathway produces cysteinyl-leukotrienes (Cys-LTs) from arachidonic acid, specifically leukotriene C4,
D4, and E4 (LTC4, LTD4, and LTE4) while the COX-1 pathway produces prostacyclins, prostaglandins,
and thromboxanes. The underlying defect in AERD is thought to relate to constitutive overproduction
of Cys-LTs with a concomitant decrease in downstream products of the COX-1 pathway, the latter of
which have an inherent inhibitory effect on Cys-LTs [4,16,17]. The release of this physiologic brake,
coupled with Cys-LT overproduction, creates a proinflammatory milieu. Indeed, Cys-LTs have been
implicated in the development of rhinitis and AERD through three mechanisms (Figure 2): (1) increased
vasodilation and permeability of the nasal vasculature leading to mucosal edema, manifesting clinically
as nasal congestion, (2) increased inflammation at the level of the sinonasal epithelium resulting in
more mucus production and rhinorrhea, and (3) augmented inflammation through the recruitment
of inflammatory cells [16]. The elevated level of Cys-LTs found in the urine, sputum, exhaled breath
and peripheral blood of AERD patients supports this theory [3,16]. However, there is still ongoing
investigation into the mechanism underlying the constitutive overproduction of Cys-LTs.

To this end, Steinke et al. have further elucidated the roles of interferon-gamma (IFN-γ)
and interleukin (IL)-4 in the pathogenesis of AERD. The cytokine milieu in AERD is notable for
elevated levels of IFN-γ as compared to asthmatic or eosinophilic sinusitis. This is evidenced by the
increased levels of IFN-γ mRNA transcripts and protein. Interferon-gamma is typically associated
with a lymphocyte T helper 1 (Th1) response, and the authors postulate that these Th1 cells act to
prevent the IgE class-switch recombination, possibly explaining the lack of allergy and atopy in AERD
patients [18]. The increased IFN-γ has also been shown to stimulate differentiation of eosinophils
through interferon consensus sequence binding protein, a transcription factor, leading to a dramatic
upregulation in the number of infiltrating eosinophils [19]. These IFN-γ differentiated eosinophils
also have significantly increased levels of LTC4 synthase (LTC4S), possibly explaining the increased
levels of Cys-LTs in AERD. Moreover, eosinophils also secrete numerous cytokines and chemokines
including IL-4. Both IL-4 and IFN-γ have also been shown to upregulate the Cys-LT1 receptor on
multiple cell lines including eosinophils and mast cells (Figure 2) [18,20]. Therefore, IL-4 and IFN-γ
both have a role in the constitutive overproduction of Cys-LTs and the overexpression of the Cys-LT1
receptor observed in AERD.

There is growing evidence that AERD may also involve an innate Th2 mucosal immune response
and that this response is distinct from allergen-specific etiologies evidenced by AERD occurrence in
non-atopic patients who paradoxically show elevated levels of total serum IgE [5,21]. Though there
is an eosinophilic predominance in AERD, mast cells may be playing a central role in the observed
hypersensitivity reactions. The role of mast cells was first suspected during oral aspirin challenges
where a subset of AERD patients showed substantial reductions in FEV1 despite prophylaxis with
a Cys-LT1 receptor antagonist while simultaneously showing increased levels of tryptase, a marker of
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mast cell activation. It has been found that the level of tryptase is inversely correlated with the change
in FEV1, and activated mast cells release a host of inflammatory mediators such as prostaglandin D2
(PGD2), which induces inflammation of the respiratory epithelium through recruitment of eosinophils
and Th2 cells and also harbors highly bronchoconstrictive properties. Moreover, since these patients
were given Cys-LT1 receptor antagonists, the results point towards a potential function for Cys-LTs at
other receptors [22–24].

There is increasing evidence for the role of alarmin cytokines such as IL-25, thymic stromal
lymphopoeitin (TSLP), and IL-33 in the pathogenesis of the Th2 immune response through activation
of group 2 innate lymphoid cells (ILC2s) [25]. Eastman et al. previously demonstrated that ILC2s are
both recruited to the nasal mucosa by COX-1 inhibitor induced reactions in AERD patients and are
directly correlated with symptom severity [26]. Bucheit et al. found that TSLP also activates mast cells
and generates PGD2 in vivo, and in combination with IL-33, led to a synergistic increase in PGD2
production [27]. Interleukin-33 is known to induce activation of mast cells and is typically released
from necrotic cells, but infections due to viruses, fungi, and helminthes have also been shown to release
IL-33 from epithelial cells [28–30]. Moreover, surgically removed nasal polyps in AERD patients were
found to have substantially more IL-33 expression than baseline. Cys-LTs were also found to induce
IL-33 expression in murine models, and Pan et al. found that IL-33 stimulates mast cells to generate
PGD2, thromboxane B2 (TXB2), and Cys-LTs, and requires COX-1 activity. This suggests that IL-33
could be a bridge between the Cys-LT overexpression and mast cell activation that is typical in AERD
and may be a target for future pharmacotherapies [31]. Liu et al. also found that LTE4 is responsible
for activation of mast cells through an IL-33 dependent pathway. Previously, LTE4 has been found
to cause accumulation of eosinophils, basophils, and Th2 lymphocytes and can directly stimulate
Th2 lymphocyte cytokine production [32,33]. Leukotriene E4 stimulation of mast cells has also been
shown to substantially upregulate production of PGD2 through both a Cys-LT receptor pathway
and a peroxisome proliferator-activated receptor-gamma (PPAR-γ) dependent pathway leading to
upregulation of COX-2 (Figure 2) [34].

Laidlaw et al. found that platelet-adherent leukocytes are also effectors of AERD and lead to
increased Cys-LT levels. They noted that platelet-adherent eosinophils, neutrophils, and monocytes
were markedly increased in AERD patients relative to aspirin-tolerant controls and that urinary LTE4
correlates strongly with the frequency of platelet-adherent neutrophils, eosinophils, and monocytes.
Moreover, their experiments found that adherent platelets expressed more than half of the peripheral
blood granulocyte LTC4S activity [35]. Previous studies have also shown that activated platelets release
arachidonic acid in large quantities and augment 5-LO function through the release of granulocyte
macrophage-colony-stimulating factor (GM-CSF) [36,37]. Therefore, the authors concluded that
platelets are likely contributing to the basal Cys-LT levels and increased levels of LTC4S found
in AERD.

Finally, lipoxins also play an important role in the pathogenesis of AERD [35]. Lipoxins are
endogenous anti-inflammatory mediators that typically act to inhibit inflammomodulatory cells and
downregulate expression of proinflammatory cytokines such as IFN-γ, IL-5, IL-6, etc. by competing
competitively at the Cys-LT1 receptor. Two important lipoxins, LXA4 and LXB4, are generated as
a product of arachidonic acid metabolism. It is interesting to note that although there are upregulated
Cys-LT1 receptors in patients with AERD, there is a simultaneous downregulation in the production
of lipoxins, leading to inadequate competition for receptors with the Cys-LTs [38,39]. Therefore,
in AERD, there may be an underlying dysregulation causing deficiency of lipoxins, contributing to the
Cys-LT-driven pathophysiology [40].
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Figure 1. Arachidonic acid pathway (left panel) with associated impact of aspirin/non-steroidal
anti-inflammatory disease (NSAID) therapy and inhibition (right panel). COX-1/2—cyclooxygenase
1/2; PGD2—prostaglandin D2; PGE2—prostaglandin E2; PGF2—prostaglandin F2;
PGG2—prostaglandin G2; PGH2—prostaglandin H2; PGI2—prostaglandin I2; TXA2—thromboxane
A2; 5-HPETE—5-hydroxyeicosatetranoic acid; LTA4—leukotriene A4; LTB4—leukotriene B4;
LTC4—leukotriene C4; LTD4—leukotriene D4; LTE4—leukotriene E4; ASA—acetylsalicylic acid.

Figure 2. Schematic diagram depicting the role of Cys-LT1 activation and mast cell activation in
pathogenesis of aspirin exacerbated respiratory disease (AERD) symptoms. INF-γ—interferon-gamma;
IL-4—interleukin-4; Cys-LT—cysteinyl-leukotriene; Cys-LT1—cysteinyl-leukotriene 1;
LTC4—leukotriene C4; LTD4—leukotriene D4; LTE4—leukotriene E4; IL-33—interleukin-33;
PGD2—prostaglandin D2. This figure incorporates free publicly available images [41–44].
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The ingestion of ASA or COX-1 inhibiting NSAIDs by AERD patients further skews Cys-LT
production through the inhibition of the COX-1 pathway leading to further shunting of products
down the 5-LO pathway [4] (Figure 1). This is evidenced by detection of 5-LO pathway enzyme
upregulation in the lungs, sinuses, and nasal polyps in AERD patients, thought to be mostly due to
the infiltrating eosinophils and resident mast cells [17]. Furthermore, PGE2 normally has inhibitory
effects on eosinophils and mast cells, preventing Cys-LTs from being released. ASA inhibition of PGE2
production additionally skews arachidonic acid production towards the 5-LO pathway.

AERD symptoms tend to develop gradually, beginning with the upper and lower respiratory
tract. Typically, nasal congestion and rhinorrhea are the first symptoms. These symptoms persist
and progress to hyposmia, nasal polyp formation, and chronic rhinosinusitis (CRS) [12]. On average,
asthma developed in patients two years after the initial respiratory tract symptoms appeared, and ASA
sensitivity developed within five years of onset [5].

4. Diagnostic Workup

The diagnosis of AERD is made through clinical suspicion and appropriate testing. AERD is
suspected if patients have historical upper or lower airway clinical symptoms after ingestion of ASA
or NSAIDs, chronic nasal obstruction and watery rhinorrhea, or severe asthma attacks requiring
hospitalization with no apparent trigger [45]. Additionally, clinical signs such as nasal polyposis
or radiologic findings such as pansinusitis on computed tomography (CT) raise the suspicion
for AERD [6]. However, definitive diagnosis is only achieved through ASA provocation testing.
The goal of provocation testing is to generate a hypersensitivity reaction in a safe, controlled
environment with increasing doses of ASA. These hypersensitivity reactions consist of a constellation
of possible symptoms including nasal and ocular itching, sneezing, conjunctivitis, wheezing, coughing,
chest tightness, and a drop in forced expiratory volume (FEV1). Additional non-classical symptoms
such as laryngeal tightening, stridor, vomiting, urticaria, and angioedema are also possible [13].

There are four types of ASA provocation tests: oral, bronchial, nasal, and intravenous [46].
Oral provocation testing is most commonly used in the US and has a higher sensitivity as compared
to the bronchial test. The typical dose of ASA for oral provocation is from 30 to 150 mg (average
60–75 mg) [6]. The bronchial provocation test uses an inhaled L-lysine-ASA and is safer with fewer
systemic reactions and is faster to perform compared to the oral challenge. Nasal provocation, typically
used in Europe, also uses L-lysine-ASA and is usually reserved for patients who mainly have nasal
symptoms or severe asthma contraindicating use of oral or bronchial provocation [46]. Intravenous
provocation testing is rarely used outside of Japan. As oral provocation is the most commonly used,
its testing protocol will be discussed below.

Provocation testing is classically carried out though accelerated regimens performed over the
course of a single day are increasingly being used. In the classic two- or three-day Scripps protocol,
a baseline forced expiratory volume in one second (FEV-1) is measured on Day 1 and the challenge
is carried out if FEV-1 is at least 70% of the predicted value. Current provocation challenges are
commonly preceded by pretreatment with one week of leukotriene modifiers such as montelukast
or zileuton. This is due to their efficacy in decreasing the occurrence of severe lower respiratory
reactions without inhibiting upper respiratory symptoms. Initial dosing for AERD patients is typically
20 to 40 mg and most bronchial and naso-ocular reactions occur in the dose range of 45 to 100 mg
and typically appear within 30–60 min of dosing [47]. A typical oral ASA challenge usually follows
a sequential dosing regimen of 30, 45, 60, 100, 150, and 325 mg spaced apart by 3 h. The larger 650 mg
dose was found to not elicit additional reactions and has been discontinued from protocols [47].

Forced expiratory volume in one second is measured every 30 min up to 120 min after final
dosing and patients are observed for the hypersensitivity reactions mentioned above. A positive
reaction is defined as either a decrease in FEV-1 greater than 20% of baseline or if severe extrabronchial
hypersensitivity reactions such as profound rhinorrhea and nasal blockade appear, even without
a drop in FEV-1 below 20% of baseline. A negative reaction is defined as reaching the maximum dose
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of ASA without a drop in FEV-1 greater than 20% of baseline or if hypersensitivity symptoms do
not appear [46,48]. Provocation tests can also measure urinary LTE4 levels which are correlated with
severity of ASA reaction [49]. Increased levels of urinary LTE4 itself is not sufficient for diagnosis of
AERD, but when elevated in the context of clinical parameters such as asthma exacerbations and nasal
polyposis it nearly doubles the odds of AERD diagnosis [50].

A newer modified challenge protocol utilizes nasal ketorolac before oral ASA challenge and has
been shown to be faster than traditional challenge, while still being safe and effective. On Day 1,
this challenge protocol gives four escalating doses of ketorolac tromethamine given as nasal sprays
30 min apart with measurement of FEV1 and peak nasal inspiratory flow (PNIF). If symptoms appear,
they are treated and the provoking dose is repeated. If no reaction occurs, one hour is allowed to
pass before proceeding to oral ASA challenge. The first dose of ASA given is 60 mg and the patient is
subsequently monitored for 90 min, wherein if no reaction is elicited, the 60 mg dose is repeated and
the patient is monitored for another 90 min. On Day 2, patients are given a 150 mg and a 325 mg dose
of ASA spread apart by 3 h. However, if these patients had a reaction to the second 60 mg dose on Day
1, another 60 mg dose is given before proceeding to the 150 mg and 325 mg ASA doses. Most patients
finish ASA challenge by the early afternoon on Day 2, considerably faster than traditional ASA
challenge testing [51,52]. New ASA challenge protocols are continuing to be developed and increase
the efficiency of diagnosis. For example, DeGregorio et al. recently demonstrated that a one-day ASA
challenge utilizing a 90-min dose escalation protocol at a starting dose of 40.5 mg was effective in
desensitizing AERD patients with stable asthma and baseline FEV-1 greater than or equal to 70% [53].

5. Medical Treatment

The treatment of AERD currently incorporates an algorithm of multiple medical and surgical
modalities that progress in a stepwise manner. Treatments include the use of oral and inhaled
corticosteroids, leukotriene modifiers, ASA desensitization, and endoscopic sinus surgery [15].

5.1. Corticosteroids

Corticosteroids have been a mainstay therapy for aspirin-tolerant asthma and, although the
pathophysiology differs from AERD, both inhaled and systemic corticosteroids have been found
to help with subjective and objective symptoms. Specifically, it is useful in treating the symptoms
of rhinosinusitis associated with aspirin hypersensitivity. Intranasal corticosteroids like fluticasone
propionate have been shown to decrease the number of inflammatory cells including eosinophils
and mast cells [54]. A 1997 double-blind crossover, placebo-controlled study focused on the effect of
inhaled fluticasone propionate on chronic eosinophilic rhinosinusitis in AERD patients. Outcomes
were measured by metrics such as nasal inspiratory peak flow and symptom scores (0–3 points)
for morning and evening nasal congestion, rhinorrhea, sneezing and loss of smell. On the last day
of the treatment period, L-ASA challenge was repeated. This study found the beneficial effects of
fluticasone propionate appeared during the first week and showed a statistically significant increase
in nasal inspiratory peak flow and a statistically significant decrease in the nasal symptom scores.
The authors also found that fluticasone propionate completely prevented ASA-precipitated nasal
reactions in 8 of 13 participants as measured by negative ASA provocation tests in previously positive
individuals compared to 2 of 12 in the placebo arm. These results suggest that fluticasone propionate
and other topical glucocorticoids are effective in treating rhinosinusitis in AERD [54]. Regardless of
route, long-term corticosteroid use is associated with many negative side effects including endocrine,
electrolyte, musculoskeletal and neurological disorders [55]. Therefore, other treatment modalities are
used in order to reduce the dosage of corticosteroids necessary [56].

5.2. Leukotriene Modifiers

Leukotriene modifiers have also been widely used to treat aspirin-sensitive asthma, and due
to the dysregulation of the 5-LO pathway in AERD, these drugs have become an integral treatment
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option [56]. Typically, anti-leukotrienes such as montelukast work at the level of the Cys-LT1 receptor,
acting as a competitive antagonist. This directly leads to decreased production of Cys-LTs, compared
to corticosteroids, which do not directly affect the synthesis of leukotrienes [57].

A 2002 multicenter randomized, double-blind, placebo-controlled trial studied the efficacy of
montelukast as an additional treatment to AERD in 80 patients, most of whom were already treated
with moderate to high doses of corticosteroids. The authors measured FEV-1 and peak expiratory
flow rate in addition to asthma symptoms and quality-of-life metrics before and after treatments.
The authors noted that improvement from montelukast was observed after one day of treatment.
At the end of the trial, FEV-1 showed a statistically significant improvement of 10.2% on average,
and patients had an improved peak expiratory flow rate difference of 28 L/min in the morning and
23.1 L/min in the evening. The montelukast arm also showed statistically significant decreases in
the number daytime asthma symptoms (12.7%), rescue inhaler use (27.7%), nocturnal awakenings,
(35%) and asthma exacerbations (54%). Finally, these patients also experienced significant improvement
in the pooled asthma specific quality-of-life questionnaire score. This trial successfully showed that
leukotriene antagonists like montelukast improved pulmonary function and asthma control above
conventional corticosteroid therapy alone and is a valuable therapy to use in combination with other
drug modalities [56].

In addition to montelukast, zileuton and other 5-LO inhibitors have also been studied for therapy
in AERD patients. Zileuton directly inhibits 5-LO and offers another method to decrease the production
of Cys-LTs. In 1998, a double-blind, placebo-controlled crossover study evaluated the efficacy of
zileuton in 40 AERD patients. The patients were well controlled on corticosteroids previously and
the zileuton arm received four 600 mg doses. Outcomes measured included FEV-1, peak expiratory
flow rate, beta-agonist use, and daytime and nocturnal subjective symptoms, including loss of smell,
rhinorrhea, and congestion (scored 0–3). The zileuton arm showed a significant increase in the FEV-1
within hours (12.7% increase, p < 0.01) and this benefit lasted throughout the study period. Moreover,
there was an 18 L increase in the morning peak expiratory flow rate (p < 0.001) compared to placebo,
and beta-agonist use decreased by 0.64 puffs (p < 0.05). Daytime and nocturnal subjective symptoms
scores did not differ significantly in this study, which the authors attribute to the well-controlled
symptoms in the patient population at baseline. The authors showed that 5-LO inhibitors were
an effective therapy for the treatment of AERD [58]. Interestingly, a clinical questionnaire given
to AERD patients found that zileuton is very effective in reducing asthma symptoms compared to
montelukast. Moreover, a subgroup analysis in patients with asthma that reported symptoms with
ASA use, but were not formally diagnosed, found that zileuton led to a nearly 20% increase in FEV1,
indicating that it could be used in the treatment of asthma in AERD patients [59,60]. The efficacy of
zileuton over montelukast may be a consequence of its upstream inhibition of 5-lipoxygenase resulting
in downregulation of all downstream Cys-LTs, whereas cys-LT1 receptor antagonists, like montelukast,
would not significantly affect LTE4 [15,58]. Simultaneous use of a 5-LO inhibitor and a Cys-LT1
receptor antagonist has been suggested but not formally studied at this point [61].

Leukotriene modifiers (both montelukast and zileuton) have also been shown to provide a degree
of protection during ASA challenge testing. A 2006 study reviewed the records of 676 patients who
completed oral ASA challenges and found that patients taking leukotriene modifiers had significantly
less (10–20%) decline in FEV-1 post-provocation. The authors also found that pre-treatment with
leukotriene modifiers resulted in less severe asthmatic reactions and a decrease in lower respiratory
tract symptoms, possibly due to the abundance of Cys-LT1 receptors in the lower airways compared to
the upper airways [61,62]. Consequently, pre-treatment with leukotriene modifiers has been integrated
into many ASA challenge protocols.

5.3. Aspirin Desensitization

Corticosteroids and leukotriene modifiers are the first line therapies used to treat AERD. However,
if these are insufficient in controlling symptoms, ASA desensitization can provide added benefits.
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Some authorities believe that all AERD treatment plans should utilize desensitization [13,63]. The exact
mechanism by which ASA desensitization helps control symptoms is currently unknown, but there
has been evidence that it decreases IL-4 and STAT6 transcription, decreases production of PGD2, LTE4,
and IFN-γ, and decreases the density of Cys-LT receptors [13,17,64–66].

There are multiple protocols developed for ASA desensitization, but typically, ASA desensitization
occurs by bringing a patient to a well-equipped clinic and slowly administering increasing doses of
ASA until a reaction is elicited [64]. Then, a maintenance dose of 650 mg twice a day is established
for continual treatment. If tolerated well, after 6 months, it is reduced to 325 mg twice a day [13,47].
ASA desensitization, followed by either 325 mg twice a day or 650 mg twice a day post-endoscopic
sinus surgery with polyp removal is now the standard of care for AERD patients. Typically, the ASA
desensitization and treatment is started three to four weeks after the first sinus surgery [15,67].

5.4. Monoclonal Antibodies

Monoclonal antibodies are becoming increasingly popular as a potential therapy in the treatment
of AERD. Omalizumab is a recombinant antibody originally designed for treatment of asthma through
binding of IgE receptors on mast cells and basophils [68]. Omalizumab has been shown to have mixed
efficacy in studies; some authors have found that it displayed rapid clinical effectiveness in reducing
mast cell activation and leukotriene overproduction, while others have found that the reduction is not
statistically significant [68,69].

In 2013, Gevaert et al. published a randomized, double blind, placebo-controlled trial studying
omalizumab in 24 patients with asthma and CRSwNP. The authors had primary end points of polyp size
reduction as measured by a total nasal endoscopic polyp score (TPS, scored 0–4). Secondary endpoints
were improvement in clinical symptoms measured by Lund-MacKay scores and quality-of-life
questionnaire scores including the Short Form Health Questionnaire (SF-36), Rhinosinusitis Outcome
Measuring Instrument (RSOM-31), and the Asthma Quality-of-Life Questionnaire (AQLQ). In the
omalizumab arm, polyp size and TPS score was significantly reduced by the end of the trial (−2.67,
p = 0.001), and Lund-Mackay scores were significantly improved as well (17.6 to 13.6, p = 0.02)
compared to placebo. The omalizumab arm also had significantly improved SF-36 scores for physical
health (p = 0.02) but not mental health. Rhinosinusitis Outcome Measuring Instrument scores showed
significant improvement in sleep (p = 0.03) and general symptoms (p = 0.01). The mean AQLQ score
increased 0.81 (p = 0.003). This study demonstrates that omalizumab is capable of improving both
disease severity and quality-of-life metrics. Unfortunately, this study primarily focused on CRSwNP
and not on AERD. However, within their study group, 12 of 24 patients were given a diagnosis of
aspirin hypersensitivity based on medical history. These patients were not challenged with ASA so
a definitive diagnosis of AERD could not be given. While further investigation is needed, this could
signify a role for omalizumab in AERD patients [70].

In a 2016 prospective cohort study, Hiyashi et al. found that omalizumab administration produced
a significant decrease in concentration of urinary LTE4 and a PGD2 metabolite, 9α,11β-prostaglandin F2
(PGD2M) in a post-surgical AERD population and helped to ameliorate upper and lower respiratory
tract symptoms, possibly due to mast cell stabilization. Twenty-one patients were studied and,
following administration of omalizumab, there was a 76.2% decrease in urinary LTE4 (p < 0.001) and
an 89% decrease in PGD2M (p = 0.002). In addition, they also found a 36.3% drop in eosinophil count
(p = 0.002) and a significant decrease in the number of exacerbations (p = 0.002) and hospitalizations
(p = 0.001) in a 12-month period. Finally, the Visual Analog Scale (VAS) score was significantly
improved for nasal congestion, anterior rhinorrhea, anosmia, dyspnea, wheezing, and cough (p < 0.001).
The authors demonstrated that omalizumab improved both upper and lower respiratory tract
symptoms, which was correlated with the decrease in urinary LTE4 levels [69]. However, this trial was
neither randomized nor placebo-controlled, so future studies are needed to verify the potential value
of omalizumab in the treatment of AERD.
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Mepolizumab is another monoclonal antibody that has been proposed as therapy for AERD.
Mepolizumab targets IL-5 and was originally designed to treat eosinophilic asthma, but Gevaert
et al. found in a randomized, double-blind placebo-controlled study in CRSwNP patients that
injection of two 750 mg doses significantly reduced the total polyp score (−1.30, p = 0.028) and
showed improved CT scan results in 12 of 20 patients when reviewed by three separate raters
(Fleiss κ = 0.679) [71–73]. Again, this study was not specifically designed for AERD patients but 5/20
patients in the treatment group had aspirin sensitivity. Bachert et al. found in a similar randomized,
double-blind, placebo-controlled study with 107 CRSwNP patients that 750 mg of mepolizumab every
four weeks for six doses resulted in a significant reduction in the endoscopic nasal polyposis score (50%
of patients improved by >1 point), and the odds ratio of having a reduction in total endoscopic nasal
polyp score was high (6.6, p = 0.025). The nasal polyposis severity VAS score was also significantly
improved for rhinorrhea (p < 0.001), mucus in throat (p < 0.001), nasal blockage (p = 0.002), and loss of
smell (p < 0.001). There was also significant improvement in the Sino-Nasal Outcome Test (SNOT-22)
scores (42 to 27.1, p = 0.005). The authors concluded that administration of mepolizumab decreased
the overall need for surgical intervention [74]. This study was also not stratified to include AERD
patients and is not directly applicable to this patient population. However, a 2018 retrospective study
on mepolizumab for AERD patients has shown some positive results. Fourteen AERD patients at
Brigham and Women’s Hospital, Boston, MA, USA, who received at least three doses of mepolizumab
were included in the study and outcomes such as absolute eosinophil count (AEC), SNOT-22, asthma
control test (ACT) scores, and FEV1 were investigated. At baseline, many of these patients had
already received numerous AERD treatments such as polypectomies, high-dose aspirin, and oral
glucocorticoids. After receiving at least three doses of mepolizumab, the AEC decreased significantly
(p < 0.01), SNOT-22 decreased by 17.7 points (p < 0.01), ACT score increased significantly by 5.1
(p = 0.002), but FEV1 percent predicted increased non-significantly by 6.3% (p = 0.16). Additionally,
no patient required sinus surgery during this time and no patient needed to start or increased their
dose of glucocorticoids. On the contrary, five of the seven patients on oral glucocorticoids actually
reduced their doses and two of five patients on daily-inhaled corticosteroids/long-acting beta-agonists
were able to reduce their doses as well. This was the first study to show the efficacy of mepolizumab
in AERD patients, but future double-blinded, controlled studies are needed to confirm this data [75].
Reslizumab and benralizumab are similar agents that also target IL-5 and may have similar efficacy
but further investigation is needed to fully elucidate the effectiveness for AERD patients [71].

Dupilumab is the latest monoclonal antibody studied as a therapy for CRSwNP. It is a fully
humanized monoclonal antibody that acts directly against the IL-4 receptor α subunit. This in
turn inhibits the action of both IL-4 and IL-13, two cytokines that are integral to the Th2-cell
mediated inflammatory response. Dupilumab has already been shown to be effective in treating
patients with atopic dermatitis and asthma [76]. In a multicenter, randomized, double-blind
placebo-controlled parallel-group study conducted in the US and Europe, Wenzel et al. studied
dupilumab treatment of CRSwNP refractory to intranasal corticosteroids alone in 104 patients, 15 of
which were aspirin sensitive. They found that dupilumab resulted in significant improvements
in endoscopic, radiographic, clinical, and pharmacological measures 16 weeks post-treatment.
The primary end point was number of asthma exacerbations, and dupilumab showed a significantly
reduced number of exacerbations compared to placebo (odds ratio 0.08, p < 0.001). Additionally,
FEV1 improved by 0.27 L compared to placebo (p < 0.001) and morning peak expiratory flow
improved by 34.6 L/min compared to placebo (p = 0.005). They also found significant improvement in
quality-of-life metrics like SNOT-22 (−8.49, p = 0.003) with improved sense of smell, fewer symptoms
of nasal obstruction and decreased nighttime awakenings. The authors demonstrated that dupilumab
treatment in persistent asthma was associated with fewer exacerbations and increased objective and
subjective outcome metrics. This improvement was seen in a population that was already treated with
medium to high doses of inhaled glucocorticoids and long-acting beta agonists, further suggesting that
blocking IL-4 and IL-13 signaling results in an improvement in nasal polyposis, asthma, and improved
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upper and lower respiratory tract inflammation [77]. A substudy on AERD patients in a phase II trial
of dupilumab by Mullol et al. showed that treatment with dupilumab produced an improvement in
almost 10 items in the University of Pennsylvania Smell Identification Test (UPSIT) and led to a 30
point reduction in SNOT-22 score, as well as a 2.5 point reduction in Total Polyp Score [78]. Although
there is a lack of studies specifically on AERD patients, future studies may prove dupilumab to be
a valuable therapeutic agent [76].

6. Surgical Procedures and Outcomes

The role of endoscopic sinus surgery (ESS) can play an integral part in treatment of AERD patients,
having a role in decreasing disease burden itself while providing an opportunity for more effective
medical treatment [79]. Surgical approaches are targeted towards optimizing the ventilation and
drainage of the paranasal sinuses through the widening of the sinus ostia and removal of inflamed bone
and soft tissue components. Critically, surgery also enhances the delivery of topical corticosteroids into
the paranasal sinuses thereby improving control of inflammation at the level of the sinus epithelium.
Computational fluid dynamic models have shown generally enhanced delivery of sinus rinses into the
paranasal sinuses after ESS with one study predicting a 10-fold increase in the number of nebulized
particles deposited within the maxillary sinus after uncinectomy and antrostomy [80,81]. Furthermore,
a separate study evaluating a cohort of 28 patients with confirmed AERD by aspirin challenge,
found that that AERD patients were less reactive to an aspirin challenge 3–4 weeks after endoscopic
sinus surgery with 43% (p < 0.001) having no detectable reaction [82].

AERD patients are known to be a particularly difficult patient population to successfully manage
and in whom single modality treatment is rarely successful with quoted failure rates of up to 90% for
standard endoscopic sinus surgery [3,83]. Most commonly, dual therapy with a surgical approach
combined with ASA desensitization is implemented rather than single modality therapy. The use
of sinus surgery leads to decreases in symptomatic severity providing an optimal window in which
to proceed with additional treatments including aspirin desensitization and therapy. The ideal time
period post-surgical intervention has been postulated as 2–4 weeks [84].

The combined method has shown an improvement in both subjective and objective measures
of sinonasal outcomes as measured by SNOT scores [63,85]. In the retrospective review conducted
by Cho et al. examining outcomes of aspirin desensitization post-ESS in AERD patients, the authors
noted that SNOT-22 scores significantly decreased immediately postoperatively at one week (p = 0.042)
and four weeks (p = 0.046) and continued to remain low through the 30-month post-desensitization
follow up period. Endoscopic polyp grade also decreased significantly in the post-operative period
(p < 0.001) and remained low for up to 30 months post-desensitization with no significant recurrence
of polyp burden [85]. This may imply that long-term aspirin desensitization may prevent or slow
the progression of the inflammatory process within the sinuses [86]. In a study examining long-term
clinical outcomes of ASA desensitization therapy, 92 patients completed a questionnaire regarding
nasal symptoms during/after ASA desensitization therapy that was initiated 5–10 years prior with
68% of patients not requiring further sinus surgery and 85% of patients finding it helpful in improving
airway disease and quality of life. Interestingly, within this same cohort, ASA therapy did not reduce
the total number of sinus surgeries (p = 0.56) or delay time to the next sinus/polyp surgery (p = 0.27)
in those that required further interventions [87]. However, another study found that after surgery,
ASA desensitization and long-term ASA therapy reduced reoperative intervention from an average
of once every three years to once every 10 years. This further emphasizes the importance of ASA
desensitization in combination with surgery [88].

Compared to patients with non-AERD CRSwNP, AERD patients tend to have more severe
sinonasal symptoms, as measured on validated symptom score surveys, and a higher incidence of
recurrent polyposis up to as high as 90% [83], resulting in higher rates of surgical intervention [45,63,89].
On average, AERD patients undergo 2.6 endoscopic sinus surgeries during their lifetime and tend to
be younger at the time of first surgery [90]. When comparing AERD CRSwNP to non-AERD CRSwNP
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(asthma + CRSwNP and CRSwNP alone), one study—the design of which was predicated on the
interpretation of disease severity based on a diagnostic CT scan—demonstrated that 66% of AERD
CRSwNP patients were classified as having severe sinus disease compared to 23% and 10% in the other
groups, respectively (p < 0.001) [90]. In addition to more aggressive symptoms, patients with AERD
have significantly worse surgical outcomes compared to patients with non-AERD sinus disease [91].
In a cohort of 549 patients with nasal polyposis undergoing ESS, patients with AERD had increased
odds of requiring a second surgery for recurrence compared to patients without asthma or asthma
alone (odds ratio 2.7, p < 0.01) [83]. There has been no conclusive randomized trial data driving the
choice for surgical treatment of AERD, and as such, multiple surgical techniques and procedures
have been developed to treat CRS and AERD refractory to medical treatment [63,92]. In the past
few decades, the surgical approach has evolved from invasive procedures to minimally invasive
endoscopic mucosal-sparing surgeries [93]. Some authors suggest a graduated approach to surgical
intervention that is tailored to the patient’s disease process and severity. Factors that help with this
personalized approach include the patient’s disease history, nasal endoscopy, and CT findings [92,94].

6.1. Functional Endoscopic Sinus Surgery

The standard of management for CRS and AERD refractory to medical treatment is functional
endoscopic sinus surgery (FESS) [95,96]. The primary goal is to clear diseased tissue within the
sinonasal cavities under endoscopic guidance, to re-establish ventilation and drainage via normal
physiologic routes, and to optimize the delivery of topical therapeutics, particularly corticosteroids,
to the epithelium of the paranasal sinuses [97]. For patients with refractory CRS after initial primary
FESS, there are advanced surgical procedures used to treat the frontal, maxillary, or ethmoid sinuses
which are discussed below [93].

Functional endoscopic sinus surgery alone in the noncomplicated CRS patient has yielded
significant improvements in quality-of-life metrics but, in AERD patients, the role of surgery is
less definitive. Surgical intervention alone in the AERD cohort has shown initial improvements in
symptoms and disease control but with high rates of recurrence and need for subsequent surgeries [83].
In one study looking at complete ESS, entailing surgical access to all paranasal sinuses, versus targeted
ESS, which involves treating only those sinuses that appear diseased on preoperative CT imaging,
ASA sensitivity was an independent predictor for complete ESS. Furthermore, complete ESS showed
greater improvements in quality-of-life metrics compared to the targeted therapy cohort [98].

The true impact of ESS within the AERD cohort is best characterized when used in conjunction
with aspirin desensitization as this is the optimal use scenario based on our current understanding
of disease management. In a retrospective review of 32 patients undergoing complete ESS followed
by aspirin desensitization therapy, only three patients (9.4%) needed revision sinus surgery within
the 30 month follow-up period—one of these patients had stopped ASA therapy during the course
of the study [89]. Furthermore, overall SNOT-22 scores showed significant improvement one month
postoperatively compared to preoperative baseline (47.0 vs. 15.2, p < 0.001) and remained statistically
unchanged during the 30 month follow-up period after ASA desensitization was initiated, consistent
with previous studies [85,89]. Complete ESS has a role in treatment of AERD patients with significant
initial improvement in disease burden and quality-of-life measures, but the evidence thus far suggests
that combining complete ESS with ASA desensitization post-operatively produces the greatest effect
on disease control.

6.2. Endoscopic Modified Lothrop Procedure/Draf 3

Frontal sinus surgery has high treatment failure rates and often requires revision surgery.
One study found that ethmoidectomy without frontal sinusotomy could be used as a first-step
procedure for treatment of chronic frontal sinusitis in patients who are already on maximal medical
therapy. However, nasal polyposis and ASA sensitivity were independent risk factors predicting failure
in those who underwent treatment with this more conservative ethmoidectomy alone approach [99].
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This suggests that ethmoidectomy alone may be inadequate for treatment of frontal sinus disease
within high-risk recurrent groups such as AERD patients.

An alternative to salvage failed FESS is the endoscopic modified Lothrop procedure (EMLP),
also known as the Draf 3 procedure [93,95]. Endoscopic modified Lothrop procedure results in
a large common drainage pathway for both frontal sinuses by removing the medial frontal sinus floor
bilaterally to the orbits laterally and resecting the superior nasal septum and intersinus septum [94,100].
Another advantage is the ability for sinus rinses to penetrate and distribute within the frontal sinus
through the new common pathway with mathematical models showing a significantly increased
penetration of sinus rinses into the frontal sinuses after EMLP [101]. Naidoo et al. found in
a retrospective cohort study that EMLP allows for increased delivery of topical steroids to control local
mucosal inflammation as well as increasing the ventilation into the frontal sinuses. Unfortunately,
there appears to be a subset of patients that have exacerbations despite long-term medical therapy [96].

A 2018 meta-analysis by Abuzeid et al. showed that EMLP improved symptoms in 82.3% of
patients with 75.9% of patients reporting improvement when EMLP was used as a salvage surgery
after failure of primary FESS. Interestingly, the authors found that patients with ASA sensitivity
and asthma appeared to have a lower incidence of reoperation, which was attributed to possible
evolution to a more aggressive surgical technique based on an understanding that AERD patients
were at higher risk of surgical failure [95]. Nevertheless, failure rates in EMLP have been cited as
5–21% across diverse patient pathologies, with many of these cases then requiring a revision EMLP or
frontal sinus obliteration [91,96,102]. Failure typically occurred secondary to recurrent polyposis or
stenosis of the ostium [91]. Generally, EMLP is considered a safe and efficacious surgery in the modern
era. Furthermore, EMLP provides an attractive option for revision surgery as it does not preclude
additional surgical options should patients develop refractory disease [95,102].

6.3. Complete Total Ethmoidectomy with Mucosal Stripping

In AERD patients, complete total ethmoidectomy with mucosal stripping or nasalization has
been shown to have greater efficacy than conventional ethmoidectomy [93]. Nasalization involves the
systematic removal of all the bony lamellae and mucosa in the ethmoid sinuses followed by maxillary
antrostomy, sphenoidotomy, frontal sinusotomy, and middle turbinectomy [93].

Eloy et al. found that patients who underwent nasalization showed superior improvement in
nasal symptoms compared to those who underwent a standard ESS and the outcomes were more
durable. Specifically, olfactory improvement in the nasalization arm lasted for three years compared to
only two years of symptom improvement in the ethmoidectomy group [93]. Jankowski et al. has also
shown that nasalization is superior with regards to overall symptoms, disease severity as measured on
CT, and endoscopic appearance of the post-operative mucosa. Immediately post-operative, patients
were started on nasal lavages and local beclomethasone sprays. Critically, nasal polyp recurrence rate
was 22.7% in the nasalization arm versus 58.3% in patients undergoing traditional ethmoidectomy.
When performed by a skilled sinus surgeon, nasalization was not found to be more hazardous than
standard ethmoidectomy [103].

7. Conclusions

Treatment of CRSwNP in the setting of AERD poses a challenging problem within the
otolaryngology community. With higher rates of refractory disease despite optimal medical and
surgical treatment options, finding the right combination of treatment modalities to help improve
symptom control and quality-of-life within this patient population continues to be an active area
of research interest. Further improvements in disease control will likely hinge on modification of
the underlying inflammatory milieu at the level of the sinonasal epithelium. This will involve the
continued development and introduction of biologic immunomodulators for clinical use. Advanced
FESS procedures will also play an increasing role in optimizing the delivery of medical therapies
and directly modifying the levels of inflammation in the sinuses. Continued advances in these
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areas, and a better understanding of the ideal timing for specific interventions, will lead to an era of
patient-specific treatment and, potentially, improved long-term disease control.
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Abstract: There are several mechanisms by which the adenoids contribute to pediatric chronic
rhinosinusitis (PCRS), particularly with children aged 12 years and younger. Understanding the role
that the adenoids play in PCRS is crucial when attempting to treat these patients. A literature review
was performed to address this problem and provide information surrounding this topic. This review
will provide a better understanding of how adenoids contribute to PCRS, and also of the medical and
surgical treatment options.

Keywords: adenoids; adenoiditis; pediatric; chronic rhinosinusitis; adenoidectomy; sinusitis; biofilm

1. Introduction

Pediatric chronic rhinosinusitis (PCRS) is a condition commonly encountered in otolaryngology
practice. Pediatric patients acquire a large burden of upper respiratory tract infections (URTI),
with 5–13% of these URTIs progressing to acute bacterial sinusitis, and a proportion of those progressing
to PCRS [1]. The disease is diagnosed in 2.1% of children in ambulatory healthcare visits per year in
the United States and is known to have a significant impact on health-related quality of life [2]. Due to
the increased awareness of the disease’s prevalence, over the last eight years multiple professional
societies, which include the American Rhinologic Society (ARS) [3], the American Academy of
Otolaryngology—Head and Neck Surgery (AAO-HNS) [1], the European Rhinologic Society, and the
European Academy of Allergy and Clinical Immunology [4], as well as the Canadian Society of
Otolaryngology—Head and Neck Surgery [5], have written clinical consensus statements addressing
optimal management of these patients.

There are many factors that contribute to the development of PCRS, including the adenoids,
impairment in mucociliary clearance (e.g., primary ciliary dyskinesia, and cystic fibrosis), and anatomic
abnormalities of the sinuses, among many others. A major difference between the pathophysiology
of the disease process for children compared to adults is the role of the adenoid pad. Adenoids have
been shown to have a significant impact on the development of PCRS in children aged 12 years and
younger [1,6].

Medical management is considered the first line of therapy in the treatment of PCRS, with surgical
intervention reserved for patients who fail to improve with these conservative measures [1]. Due to the
understanding of the role the adenoid pad plays in PCRS, adenoidectomy with or without maxillary
irrigation is the most commonly performed surgical intervention reported among members of ARS
and the American Society of Pediatric Otolaryngology (ASPO) [7,8]. However, evidence has not shown
a role for adenoidectomy in pediatric patients 13 years or older [1,9].

Several studies have been performed to evaluate the relationship between the adenoid pad
and paranasal sinus in pediatric patients with chronic rhinosinusitis (CRS), and this review looks to
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summarize these studies, specifically looking at disease presentation, adenoiditis, obstruction, biofilm
formation, colonization, immune function, and medical and surgical management.

2. Disease Presentation/Diagnosis

Pediatric chronic rhinosinusitis is defined as at least 90 continuous days of symptoms of purulent
rhinorrhea, nasal obstruction, facial pressure/pain, or a cough with corresponding endoscopic and/or
computed tomography (CT) findings in a patient who is 18 years of age or younger [1]. Thus obtaining
a thorough and complete history and physical is important for establishing a diagnosis. It is important
to note that age is a distinguishing factor in the diagnosis of PCRS in that allergic rhinitis is a more
prominent factor in older children, whereas adenoid disease (independent of adenoid size) is a more
important contributing factor in younger children [1].

As the PCRS definition states, CT is the gold standard for imaging when establishing a PCRS
diagnosis or preparing for sinus surgery, particularly a non-contrasted CT with axial, coronal,
and sagittal views. The sensitivity and specificity of plain radiographs, such as a lateral soft tissue neck
X-ray evaluating the adenoids, are limited in evaluating the patient’s need for adenoidectomy [10,11].
According to the AAO-HNS consensus on appropriate use of CT imaging, it is recommended in patients
with PCRS when medical management and/or adenoidectomy have failed to control symptoms [11].
Practice patterns differentiate between otolaryngologists on whether to obtain CT imaging before
adenoidectomy with 82% of surveyed ASPO members elected to perform adenoidectomy prior to
obtaining a CT scan compared to 40% of surveyed ARS members (p < 0.001) [7,8]. Bhattacharyya et al.,
in 2004, showed that a CT with a Lund-Mackay score of ≥5 had good sensitivity and specificity in
establishing a diagnosis of PCRS in children not responsive to medical treatment [12].

Nasal endoscopy is another option in the armamentarium of otolaryngologists in the evaluation
of PCRS. While nasal endoscopy can be useful in the diagnosis of PCRS, it can also be used to diagnose
adenoiditis and adenoid hyperplasia. In a survey of otolaryngologists, 48% reported that they always
or almost always use nasal endoscopy to establish a diagnosis of PCRS, with 21% reporting usually,
and 26% sometimes [8].

3. Pathophysiology of Adenoid Contribution to Pediatric Chronic Rhinosinusitis

Adenoid tissue is implicated in contributing to PCRS by several different mechanisms, which
include serving as a bacterial reservoir and causing posterior nasal obstruction [13]. Both of these are
thought to be factors in causing impaired mucociliary clearance of the sinus cavities. Similar to the
sinus mucosa, the adenoids are lined by a layer of ciliated epithelium that can undergo metaplastic
change and loss of cilia as a consequence of recurrent or chronic inflammation [13,14]. Posterior nasal
obstruction can cause mucous retention in the sinus cavity and in the adenoid pad, which in turn can
cause microbial colonization and subsequent inflammation of the mucosa. When an adenoidectomy is
performed in this context it relieves the posterior nasal obstruction and removes a significant bacterial
reservoir, allowing for better clearance of nasal secretions. Decreased nasal mucosal inflammation can
result in improved mucociliary clearance and lead to less sinus ostial obstruction from mucosal edema
and better sinus ventilation and drainage [13]. In an attempt to prove this concept, Arnaoutakis et al.
used Andersen’s saccharine test in 10 patients with adenoid hypertrophy, chronic adenoiditis, or PCRS
to measure the nasal mucociliary clearance time (MCT) and mucociliary velocity (MCV) before and
after adenoidectomy. They found that both MCT and MCV improved postoperatively among the
group, which was considered to be clinically relevant. However, the small population size precluded
testing for statistical significance [13].

Bacterial biofilms have been shown to cover tonsillar, adenoid, and sinus mucosa. In comparing
PCRS patients vs. obstructive sleep apnea (control) patients receiving adenoidectomy, Zuliani et al.
demonstrated identifiable biofilms covering almost the entire mucosal surface on all adenoid specimens
from PCRS patients and no biofilms from the obstructive sleep apnea patients [15]. Biofilms can be
problematic due to their decreased metabolic activity and expression and transmission of resistance
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genes. These characteristics may lead to decreased or incomplete penetration of antimicrobials as
well as unique antimicrobial resistance patterns [15]. This can also allow sinus microbials to persist in
the nasopharynx in PCRS, resulting in minimal to no improvement after frequent antibiotic courses
administered. Not surprisingly, biofilms themselves have been shown to cause a state of chronic
inflammation to the surrounding tissue that may not even be involved in the microbial infections [15].
The most common pathogenic organisms identified in the adenoids include Staphylococcus aureus,
Streptococcus pneumoniae, Haemophilus influenzae, and group A streptococci [16]. These same bacteria are
similar to the common organisms found in acute and chronic sinusitis in children [17]. The presence of
biofilms on adenoid tissue in PCRS is another example that supports the role of an adenoidectomy in
that it mechanically removes a potential nidus for re-infection of the sinuses.

The adenoids are covered in respiratory epithelium and are therefore considered in part a
secretory immunological organ that provides local secretory immunoglobulin A (IgA) that contributes
directly to regional surface protection. Immunoglobulin A is an important immunoglobulin in the
upper respiratory tract as it binds to bacteria and suppresses colonization. When compared to
controls, Eun et al. found that adenoid tissue in patients with otitis media (OM) and PCRS had a
significantly lower amount of IgA (p = 0.016 and p = 0.004, respectively). They postulate that the
increased susceptibility to infection in these patients was likely caused by the reduction in IgA [18].
Further research in the immunological side of PCRS and adenoids is needed to elucidate whether
the decreased IgA is caused by concomitant inflammation or if these patients are innately deficient
in IgA in their upper respiratory tract, making them more susceptible to chronic inflammation and
subsequent PCRS.

Even though posterior nasal obstruction is thought to contribute to PCRS, no studies have been
able to correlate the size of the adenoid pad with the presence of sinonasal symptoms in PCRS.
No association has been found, whether the studies have looked at radiographic evidence of
nasopharyngeal obstruction by adenoid hypertrophy [19], at the volume [20], or at the weight
of adenoid tissue removed [21]. Another potential causative agent that has been investigated for
adenoiditis and/or PCRS is Helicobacter pylori. The majority of studies evaluating this relationship
have been performed in the adult population; however, there are an increasing number of studies
being performed in the pediatric population as more non-invasive techniques for detecting H. pylori
have been developed. In the pediatric studies, regardless of technique, no studies have consistently
been able to identify H. pylori or structures compatible with the microorganism with most studies
finding no evidence of bacteria in their samples [22]. Recently, Grateron Cedeno et al. failed to
detect the presence of H. pylori in adenoid tissue or maxillary sinus in PCRS patients despite using
high-sensitivity and -specificity diagnostic techniques. In their conclusion they emphasize an unlikely
role of the microorganism in PCRS without nasal polyps and adenoidal hypertrophy and/or chronic
adenoiditis etiology [22].

4. Treatment

Whether the adenoids are implicated or not, medical management is considered the first line
of therapy in the treatment of PCRS. The duration and combination of medications that constitute
“maximal medical therapy” is still under debate. Studies have shown that a topical nasal steroid
spray and daily, topical nasal irrigations are beneficial medical therapies [1]. Once-daily nasal
saline irrigations have been shown to improve quality of life and Lund-Mackay scores after just
six weeks in PCRS [23]. The use of antimicrobials in the treatment of PCRS is known to be widespread,
with no agreed-upon optimal duration. The AAO-HNS consensus statement reports that 20 days
of antibiotic therapy may produce a superior response in PCRS patients compared to 10 days of
antibiotics. However, the panel failed to reach consensus on the appropriate antibiotic duration in
PCRS, but stated that it should be a minimum of 10 consecutive days [1]. It was also agreed upon that
culture-directed antibiotics may improve outcomes when patients have not responded to empirical
antibiotic treatment [1].
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A survey of ASPO members evaluated their members’ preferences when it comes to maximal
medical therapy. One hundred fifteen members responded to the survey. Within this response
group, the most common medications used within their “maximal medical” therapy were nasal
steroid sprays (96%), saline irrigations (93%), and oral antibiotics (91%) [7]. Less commonly included
medications in their regimens were oral steroids (43%), oral antihistamines (38%), anti-leukotrienes
(36%), anti-reflux medications (26%), nasal antihistamine sprays (20%), nasal steroid irrigations (19%),
nebulized antibiotics or steroids (7%), and intravenous antibiotics (3%) [7]. When it came to utilizing
antibiotics, 65% treat for 15–21 days, 24% treat for >21 days, and 11% for <14 days [7]. Of note,
this ASPO survey was completed two years after the AAO-HNS PCRS clinical consensus statement
was published.

5. Surgical Treatment

Surgical intervention is reserved for patients with PCRS that have failed “maximal medical
therapy.” There are several options for surgery in these patients including adenoidectomy and
endoscopic sinus surgery (ESS), which have an age- and anatomy-dependent differentiation. Given
the role that the adenoids have been shown to play in the etiology of PCRS for children 12 years
and younger, adenoidectomy should be considered as a first-line surgical option [1]. It is a simple,
well-tolerated procedure and a meta-analysis evaluating the efficacy of adenoidectomy alone in the
PCRS population demonstrated a success rate of approximately 70%, in which patients had improved
sinusitis symptoms after intervention [24]. Although the tonsils are a part of Waldeyer’s ring and have
similar bacteriology, tonsillectomy is considered an ineffective treatment for PCRS [1]. Ramadan et al.
showed that children with chronic adenoiditis, which has similar symptoms to PCRS, who had a
CT scan with a Lund-Mackay score of ≤5 and received an adenoidectomy had a higher success rate
than children with chronic adenoiditis and CRS (65% versus 43%; p = 0.0017) [25]. This study also
showed that asthmatic children with CRS had a very poor response rate to adenoidectomy alone when
compared with asthmatic children with CA (28% versus 53%; p = 0.022) [25].

Adjunctive procedures can also be performed at the same time as the adenoidectomy; most
commonly, these are maxillary sinus irrigations or balloon sinuplasty. Ramadan et al. showed
that adenoidectomy with the addition of maxillary sinus irrigation in PCRS resulted in improved
one-year outcomes (87.5%) vs. adenoidectomy alone (60.7%) [26]. Since the U.S. Food and Drug
Administration approved balloon catheter sinuplasty in 2006 it has emerged as a potential treatment
option for PCRS. Several studies have evaluated the role of balloon sinuplasty in PCRS. Ramadan
et al. [27] performed balloon sinuplasty alone versus adenoidectomy in a group of PCRS patients.
This study demonstrated superior improvement in symptoms at one year in the balloon group (80%)
vs. adenoidectomy group (52.6%) [28]. A more recent randomized, blinded study that evaluated
the impact of adding balloon catheter dilation to adenoidectomy with maxillary irrigation did not
demonstrate any improved benefit at one year [6].

In patients in which PCRS is persistent despite adenoidectomy, the otolaryngologist can then
consider performing an ESS. There is a lack of convincing evidence at this time that ESS causes a
clinically significant impairment of facial growth in children with CRS, so may be appropriate at
any age [1]. In order to optimize the outcomes of all treatments or interventions, appropriately
treating concomitant issues such as asthma has been shown to improve the outcomes of PCRS.
Accordingly, there is evidence that clinical control of PCRS is important in aiding in the control of
asthma [29]. Other factors or underlying diagnoses that may lead to persistent or recalcitrant PCRS
despite interventions should be considered and investigated further, such as cystic fibrosis, allergies,
primary ciliary dyskinesia, and immunodeficiencies.
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6. Conclusions

The adenoid pad plays a key role in the etiology of PCRS through several mechanisms, particularly
for children aged 12 and younger. Should these PCRS patients fail maximal medical therapy,
adenoidectomy +/− adjunctive treatments should be considered first-line surgical intervention.
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Abstract: Chronic rhinosinusitis (CRS) is nearly ubiquitous in patients with cystic fibrosis (CF).
CF CRS is a challenging entity to define, diagnose, and treat, as patients often have severe refractory
sinus disease in addition to complex medical comorbidities. The purpose of this article is to review
the literature on the medical management of CF CRS and determine how to best identify, diagnose,
and manage CF CRS. Ultimately, the treatment of these patients requires a multi-disciplinary approach
involving the pulmonologist and otolaryngologist.

Keywords: rhinosinusitis; cystic fibrosis; diagnosis; medical management

1. Introduction

Cystic fibrosis (CF) is an autosomal recessive genetic disorder characterized by poor chloride
ion (Cl-) transport across cell membranes due to mutations in the cystic fibrosis transmembrane
conductance (CFTR) gene. It is a systemic disease that can affect the sinopulmonary, gastrointestinal,
and genitourinary systems [1]. Reduced chloride transport leads to reduced water crossing the
epithelium into mucosal secretions, resulting in thick, inspissated mucus. The pulmonary morbidity
of CF is due to this thickened mucus that results in poor mucociliary clearance, secondary bacterial
colonization, and recurrent infectious exacerbations that ultimately decrease overall lung function [2].
This continuous process of mucosal inflammation and infection can also affect the paranasal
sinuses, leading to chronic rhinosinusitis [3]. Moreover, in considering a unified airway model,
some investigators have demonstrated that in CF patients, the paranasal sinuses can serve as a reservoir
for virulent bacteria that can then lead to pulmonary exacerbations [4–6]. Thus, collaboration with
a CF pulmonologist is essential to diagnose and treat chronic rhinosinusitis in these complex patients.
In this review, our aim is to identify the best strategies to diagnose cystic fibrosis chronic rhinosinusitis
(CF CRS) as well as review the medical therapies available to treat these patients. The indications and
benefits of surgical therapy are outside the scope of this review.

2. Diagnosis

One challenge in treating CF CRS is defining the disease and identifying patients.
The International Consensus Statement on Allergy and Rhinology states that CRS is defined by
persistent sinus inflammation for over 12 weeks with the presence of subjective symptoms and
objective measures [7]. Subjective symptoms include nasal obstruction, purulent rhinorrhea, facial pain
or pressure, and hyposmia or anosmia. Objective findings include purulent sinonasal discharge,
mucosal edema, or nasal polyps on nasal endoscopy with evidence of mucosal inflammation on
cross-sectional imaging [7]. However, unlike in patients without CF, there is often not a correlation
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between symptoms and objective measures of sinonasal disease in CF patients. While 60–80% of CF
patients have radiographic evidence of CRS, fewer than 20% of patients will spontaneously report
symptoms [3,8]. Nevertheless, physicians today still use quality of life metrics, nasal endoscopy,
and cross-sectional imaging to assess patients for CF CRS.

3. Quality of Life Metrics

CRS symptoms of nasal obstruction, purulent rhinorrhea, facial pain, and hyposmia, can have
a dramatic impact on some patients’ quality of life (QOL). Hopkins et al. showed that the Sinonasal
Outcome Test-22 (SNOT-22) is a validated instrument that includes rhinologic, extra-nasal rhinologic,
aural/facial, psychologic dysfunction, and sleep dysfunction domains that can be used to determine
the effect of CRS on a patient’s QOL as well as assess the outcome of surgical therapy [9]. Habib et al.
compared CF patients with and without CRS and found that a SNOT-22 score greater than 21 was
indicative of concomitant CRS in CF patients [10]. Moreover, the study found that SNOT-22,
as a single variable predictor, did not differ from a multivariable regression model, including several
sociodemographic and clinical variables, in determining the presence or absence of CRS [10].
Another study found that the respiratory component of the Cystic Fibrosis Questionnaire—Revised
for adults and adolescents above age 14, a CF-specific QOL metric, was statistically lower in patients
with CRS compared to patients without CRS. This indicates worsened perceived respiratory health in
patients with chronic sinus disease [11].

Another QOL instrument studied in the pediatric CF population is the Sinus and Nasal Quality
of Life Survey (SN-5). The SN-5 has been validated as a reliable health-related QOL survey in children
ages two to fourteen with sinonasal symptoms [12]. It asks parents about their child’s sinus infections,
nasal obstruction, allergy symptoms, emotional distress, and activity limitations [12]. Wentzell et al.
found that SN-5 scores significantly correlated with recent episodes of sinusitis, antibiotic prescriptions
for sinusitis, and number of days missed from school, concluding that this instrument is a reliable
method for monitoring sinonasal symptoms in children with CF [13]. Xie et al. found that all 5 domains
of the SN-5 correlated with a change in overall QOL scores for children aged zero to four; however,
for children aged five to twelve and thirteen to eighteen only two or less subdomains of the SN-5
correlated with overall QOL. They suggested that an overall better instrument be developed to evaluate
older children and adolescent CF patients with CRS [14].

4. Nasal Endoscopy/Computed Tomography

Nasal endoscopy is another tool commonly used by otolaryngologists in diagnosing paranasal
sinus pathology. For CF patients with sinonasal disease, nasal endoscopy can reveal thick nasal
drainage, mucosal edema, and nasal polyposis [4,8,15]. However, these findings can be non-specific
and do not always correlate with symptoms [15]. Casserly et al. demonstrated that CF patients
with and without subjective symptoms of sinus disease had similar Lund–Kennedy nasal endoscopy
(LKNE) scores which were overall worse than the general population without CRS. These findings
indicate that the inflammatory component of CF can produce a clinically detectable difference in sinus
and nasal mucosal health on nasal endoscopy. However, the challenge with CF patients is reconciling
this objective data with subjective symptomatology when considering medical or surgical intervention.

Computed tomography without contrast is indispensable in evaluating patients for CF
CRS. Common findings include sphenoid or frontal hypoplasia/aplasia, medial bulging of the
lateral nasal wall, demineralization of the uncinate process, sphenoethmoidal recess inflammation,
sinus opacification, osteitis and neogenesis, and sclerosis of paranasal sinus bone [16–18].
However, as with nasal endoscopy, there is evidence that CT findings do not always correlate with
symptoms. Kang et al. found that while 84.7% of their CF cohort had radiologic evidence of CRS,
there was no statistically significant difference in Lund-MacKay scores amongst patients stratified
based on the severity of their sinonasal symptoms on SNOT-22 [16]. They question whether this
dichotomy between imaging and symptoms is a sign of true lack of pathologic inflammation or simply
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an underreporting of symptoms in the presence of real sinus disease [16]. Furthermore, Rasmussen et al.
states that cross-sectional imaging with CT should not be the single determinant when considering ESS
as there is no correlation between imaging findings and detection of pus or pathogenic bacteria [19].
Purulence and pathogenic bacteria were found in patients without sinus opacification on CT and sterile
cultures were also found in patients with sinus opacification [19]. Due to these imaging uncertainties,
some have developed a novel CT scoring system which combines characteristics such as lateral nasal
wall bulging and sinus opacification with uncinate demineralization and mucocele presence to quantify
severity of sinus disease in CF patients [20]. With respect to children with CF, authors have shown that
most patients between 0 and 17 years old will have more severe sinus opacification than their non-CF
counterparts [17]. Thus, to limit excessive radiation, CT scans should only be used for peri-operative
evaluation and for assessment of sinusitis-related complications [21].

The relationship between CF patients’ genotype and resultant severity of sinus disease has
also been assessed. Abuzeid et al. found that patients with high risk CF genotypes, such as
class I–III mutations which lead to markedly diminished presence or activity of the cystic fibrosis
transmembrane regulator chloride channel, have no statistically significant difference in their SNOT-22,
Lund–Mackay, and LKNE scores when compared to low-risk CF genotypes, such as class IV–V
mutations, after controlling for confounding variables [22]. The class of mutations are determined based
on the mechanism of how they disrupt the CFTR gene with categories ranging from defective synthesis
of CFTR in class I mutations to reduced synthesis or stability of active CFTR in class V mutations [22].
On the other hand, Berkhout et al. evaluated CT scans in CF patients and found that those with class
I–III mutations had a statistically higher Lund–Mackay score per component of sinonasal system when
compared to patients with class IV–V mutations [8]. They noted significantly smaller frontal and
sphenoid sinuses, more overall paranasal sinus opacification, and more osteitis/neoosteogenesis of
the maxillary sinus wall in the high risk genotype group [8].

Based on the above findings, both nasal endoscopy and computed tomography should
be used concurrently to identify objective characteristics of sinonasal disease in CF patients
presenting with sinonasal symptoms. The symptomatic patient with evidence of nasal polyposis,
sinonasal mucopurulence, and mucosal edema on nasal endoscopy as well sclerotic bone and opacified
paranasal sinuses on CT should possibly be treated for CRS.

5. Treatment

In treating CF-related sinonasal disease, a number of systemic and topical medical therapies
have been identified, with varied data supporting their efficacy as seen in Table 1. Dornase-alfa is
a mucolytic agent that functions by cleaving extracellular DNA in the airways and improving mucus
viscosity while improving lung function and reducing pulmonary exacerbations [23]. In a randomized
controlled trial, CF patients underwent nasal nebulized treatment with dornase-alfa or placebo for
1 year after endoscopic sinus surgery [24]. At 48 weeks after surgery, patients receiving dornase alfa
had a statistically significant improvement in their sinonasal symptoms, LKNE score, Lund–Mackay
score, and forced expiratory volume in 1 s (FEV1) compared with those receiving placebo [24].
When compared to isotonic nasal saline, Mainz et al. found that CF patients treated with nebulized
intranasal dornase-alfa had statistically significant improvement in SNOT-22 scores as well as in forced
expiratory flow 75–25% [25].

Nasal saline irrigations are also commonly used to treat chronic sinusitis. Mainz et al. performed
a randomized controlled trial in which CF patients used both 28 days of isotonic saline irrigations
and 28 days of hypertonic (6.0%) saline irrigations with a washout period in-between [26]. In total,
4 mL of saline was administered daily using a nebulizer and was aerosolized into the nasal cavities.
Both therapies led to similarly small improvements in SNOT-22 scores, though it is important to
consider that hypertonic saline can lead to more irritated mucosa [3,26]. Others have postulated
that saline irrigations themselves can be a poor method to clear sinuses of mucus and crusting or to
serve as a delivery method for medications such as antibiotics and steroids because of poor sinus
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penetration. Aanaes et al. found that even after endoscopic sinus surgery, no saline irrigation reached
the frontal and sphenoid sinuses as measured by single-photon emission computed tomography,
with less than 50% of maxillary sinuses showing an improvement in post-operative sinus fluid volume
after irrigation [27].

Topical corticosteroids are another option available in treating CF sinonasal disease. Hadfield et al.
performed a randomized controlled trial in which CF patients with nasal polyps were given 6 weeks
of either twice daily topical betamethasone or placebo [28]. After six weeks, there was a statistically
significant reduction in nasal polyposis but no change in symptom score [28]. In a retrospective series,
Donaldson et al. found that 62.5% of CF patients with nasal polyposis had resolution of polyps or
smaller polyps after twice daily nasal inhalations of beclomethasone (100 mg) [29]. In the same study,
he found that 78.6% of CF patients without nasal polyposis had improvement in nasal obstructive
symptoms with the same regimen [29]. Additionally, other authors have demonstrated the efficacy
of beclomethasone with respect to nasal polyp size and improved sinus symptomatology [30,31].
However, there is no conclusive data on the use of oral steroids in the CF population when used
to manage sinus disease [3]. In terms of safety profile, topical inhaled corticosteroids such as
budesonide can be used without causing dysfunction to the hypothalamic-pituitary axis while use of
oral corticosteroids should be guarded due to a high incidence of diabetes secondary to pancreatic
insufficiency and metabolic disorders in the CF population [3,32,33].

As chronic infection in the upper and lower airways with Pseudomonas aeruginosa and
Staphylococcus aureus are common in CF patients, topical antibiotics are yet another therapy for treating
CF-related sinus disease [34]. One study found that after endoscopic sinus surgery, a postoperative
regimen of two weeks of broad spectrum intravenous antibiotics, six months of colistin irrigations,
and at least 6 months of topical nasal steroids resulted in a negative sinus culture for at least 6 months
in about 50 percent of patients [35]. However, it is difficult to determine what degree of reduced
colonization can be attributed to surgical versus medical therapy alone. Additionally, in a randomized
controlled trial, Mainz et al. found that topical aerosolized tobramycin resulted in a decrease in
burden of paranasal sinus P. aeruginosa growth as well as a statistically significant improvement in
SNOT-20 scores when compared to a placebo [36]. Yet another study found that the re-operation rate
for CF patients who underwent serial sinus lavage of antibiotics such as tobramycin after endoscopic
sinus surgery versus patients who underwent conventional surgery alone was 10% vs. 47% 1 year
postoperatively and 22% vs. 72% 2 years postoperatively, respectively [37]. This evidence suggests
that topical antibiotics can be useful in the treatment of CF CRS.

Ivacaftor is a recently developed novel therapy which works as a CFTR modulator that acts by
restoring CFTR ion transport function at the cellular level in patients with specific CFTR mutations
known as gating mutations [38]. In CF patients with gating mutations, ivacaftor substantially
improved baseline lung function, lowered sweat chloride levels to below disease levels, and has
slowed deterioration in lung function by nearly fifty percent per year [39,40]. With regards to sinus
disease, Chang et al. describes a patient with medically and surgically recalcitrant CF-related sinus
disease who developed newly cleared maxillary and frontal sinuses, improved symptomatology,
and improved FEV1 after 10 months of ivacaftor therapy [38]. Additionally, in vitro studies also
showed evidence of increased ion transport as well as improved viscosity of secretions with
ivacaftor [38]. Furthermore, McCormick et al. demonstrated that ivacaftor therapy improved patients’
rhinologic, sleep, and psychological domain scores on the SNOT-20 quality of life metric 1 and 3
months after starting therapy, though it should be mentioned that 75% of patients started with a score
of <1 on SNOT-20 [41]. There has since been approval of two additional CFTR modulator therapies
approved for an ever expanding list of CFTR genotypes. Though a surplus of data on the modulators’
effect on CF CRS is still lacking, it is possible that these groundbreaking drugs, with their ability to
restore chloride transport to improve mucociliary clearance in CF, will modify the course and attenuate
the severity of disease of the upper airway as it does in the lower airways.
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Table 1. Summary of medical management used to treat cystic fibrosis rhinosinusitis.

Reference Therapeutic Duration Outcome

Cimmino et al. [24] Dornase-alpha 48 weeks Improved sinonasal symptoms, LKNE
score, LMS, and FEV1

Mainz et al. [25] Dornase-alpha 4 weeks Improved SNOT-22 and forced
expiratory flow 75%–25%

Mainz et al. [26] Isotonic vs.
hypertonic saline 4 weeks Both led to similar small improvements

in SNOT-22

Hadfield et al. [28] Beclomethasone 6 weeks Reduction in polyposis but no change
in symptom score

Donaldson et al. [29] Beclomethasone Not described Improvement in nasal polyposis and
nasal obstruction

Aanaes et al. [35] Colistin irrigations 6 months Negative sinus cultures for at least 6
months in at least 50% of patients

Mainz et al. [36] Nebulized
tobramycin 4 weeks–8 weeks Decreased burden of P. aeruginosa and

improvement in SNOT-22

Moss et al. [37] Tobramycin lavage
7–10 days (with

repetitive treatments
if necessary)

Improved reoperation rate for
endoscopic sinus surgery

Chang et al. [38] Ivacaftor 10 months Improved symptoms and FEV1

Lindstrom et al. [40] Ibuprofen Unknown
Temporary resolution of nasal polyps
with >50% of patients experiencing
recurrence

Abbreviations, LKNE: Lund–Kennedy Nasal Endoscopy, LMS: Lund–Mackay score, FEV1: forced expiratory volume
in 1 s, SNOT-22: Sinonasal Outcome Test-22.

Ibuprofen is yet another medical therapy that some have trialed for the treatment of CF-related
sinonasal disease. One study showed that 12 patients with CF and nasal polyposis had resolution of
their nasal polyps at some point during high-dose ibuprofen therapy [42]. However, more than half of
patients who stopped ibuprofen had a recurrence of nasal polyps, likely indicating only a temporary
benefit [40]. While multiple studies have shown a pulmonary benefit in the use of ibuprofen for CF
patients, studies evaluating its use in concordant CRS are limited to this one study that at best indicates
a partial temporary response to nasal polyposis [43,44].

Our Experience

At our institution, we use a variety of methods to diagnose and treat patients with CF CRS.
Our main diagnostic strategies include history, physical exam, nasal endoscopy, and CT of the paranasal
sinuses to evaluate for mucosal inflammation and presence of sinus hypoplasia/and osteitic bone.
Together, our otolaryngologists and pulmonologists additionally discuss recent pulmonary function
and frequency of pulmonary infections to help determine which patients may require treatment.
Our therapeutic strategy includes a combination of surgical and medical therapy; the details of surgical
therapy are outside the scope of this review. The medical management includes a combination
of saline irrigation compounded with a corticosteroid and antibiotics, delivered with a sinus rinse
bottle, which is readily available at local pharmacies. Our experience is consistent with the benefits
demonstrated in the literature regarding similar strategies. Additionally, many patients referred to our
office are concurrently using systemic therapies such as a CFTR modulator.

6. Conclusions

Cystic fibrosis is a multisystem disease with a high-level of pulmonary morbidity and mortality
that also has a considerable impact on the paranasal sinuses. CRS negatively affects quality of life
in individuals with CF. Defining CF-related sinonasal disease and determining the indications for
medical and surgical intervention remain a challenge. For primary medical therapy to treat CF-related
sinus disease, a range of options are available, with the most data supporting the use of dornase alfa,
topical corticosteroids, and topical antibiotics. Further prospective trials are needed to determine the
optimal medical management for these patients.
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Abstract: A few chronic rhinosinusitis (CRS) variants have demonstrated a strong association with
environmental allergy, including allergic fungal rhinosinusitis (AFRS) and central compartment
atopic disease (CCAD). However, the overall relationship between CRS and allergy remains poorly
defined. The goal of this review is to evaluate the relationship between CRS and allergy with a focus
on specific CRS variants.

Keywords: allergy; chronic rhinosinusitis; polyposis; allergic fungal rhinosinusitis; central compartment
atopic disease

1. Introduction

Chronic rhinosinusitis (CRS) is an inflammatory condition within the paranasal sinuses that
persists for more than 12 weeks [1]. It affects approximately 5% of the US population, with an
estimated overall direct cost burden of about US $8.6 billion per year [2]. Given this substantial societal
burden, significant research has been dedicated to better understanding CRS.

In recent decades, we have gained an increased understanding that CRS is not a uniform disease
process but rather encompasses several different phenotypes and endotypes [3]. Historically, CRS has
been divided into two main phenotypes: CRS with nasal polyposis (CRSwNP) and CRS without nasal
polyposis (CRSsNP). However, within these broad phenotypes, various endotypes exist. For example,
within the CRSwNP patient population, allergic fungal rhinosinusitis (AFRS) and aspirin exacerbated
respiratory disease (AERD) represent clinically distinct entities requiring differing management.

Furthermore, CRS is a multifactorial disease process with genetic, environmental, bacterial
and immunologic contributions, among other etiologies. In addition, allergic diseases, especially
immunoglobulin E (IgE)-mediated inflammatory processes such as allergic rhinitis (AR) may influence
the development and progression of CRS and should be considered in the CRS work-up and
management [4]. However, the role of allergy as a comorbidity for CRS remains incompletely
understood and appears to have a greater association with certain CRS endotypes.

Therefore, the goal of this review is to examine the relationship between allergy and CRS, with a
focus on specific CRS endotypes.

2. Association between Allergic Rhinitis and Chronic Rhinosinusitis: Overview

There are several proposed mechanisms by which allergy may contribute to CRS. Yet, despite
evidence regarding a pathophysiologic association, clinical studies demonstrating a relationship
between allergy and CRS have been conflicting [5], especially when patients are subtyped by broad
phenotypic categories (CRSwNP and CRSsNP).

There is, however, strong evidence for an association with certain CRS subtypes, including allergic
fungal rhinosinusitis (AFRS) and the more recently described central compartment atopic disease
(CCAD), which will be individually discussed within this review.
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3. Association between Allergic Rhinitis and Chronic Rhinosinusitis: Pathophysiology

Significant study has been dedicated toward better understanding the inflammatory profiles that
contribute to the development and propagation of CRS. Broadly, CRS has been divided into CRSwNP
and CRSsNP, but further classification is based upon association with a type 1 or type 2 inflammatory
pattern. Type 1 inflammation is characterized by the presence of neutrophils and type 1 cytokines,
such as interferon-γ (IFN-γ). Type 2 inflammation is characterized by the presence of eosinophils and
type 2 cytokines, such as interleukin 4 (IL-4), IL-5 and IL-13. Traditionally, CRSsNP has been associated
with type 1 inflammation and CRSwNP with type 2 inflammation. However, eosinophilia has also
been shown to be present in CRSsNP [6]. In addition, the traditional type 1 vs. type 2 delineation does
not tell the whole story. The roles of IL-17, IL-21, IL-22, IL-26, innate lymphoid cells, and other cellular
and soluble mediators are being increasingly recognized in CRS pathophysiology [7–9].

Allergy is also characterized by type 2 inflammation and because of this similarity, an association
between allergy and CRS (more specifically CRSwNP) has frequently been assumed. However,
the mechanisms by which allergy may influence CRS are not inherently obvious. Although allergens
enter the nose via inspiration, inspiration alone cannot introduce allergens into the sinuses. A study
by Adkins et al. [10] using radiolabeled ragweed pollen and subsequent imaging demonstrated
that allergen particles were unable to enter the paranasal sinuses despite being present within the
nasal cavity and oropharynx. Furthermore, inflammation and polyposis cause meatal obstruction,
which would make direct entry of aeroallergens into the sinuses difficult.

When allergy plays a significant role in CRS, some evidence points to a systemic process as a
potential mechanism. In a sensitized patient, aeroallergens engage nasal dendritic cells, which then
activate effector T-helper lymphocytes. Aeroallergens can also be processed by non-professional
antigen-presenting cells such as macrophages, B-lymphocytes, mast cells and eosinophils within
the nasal cavities to activate allergen-specific effector T lymphocytes [11]. These cells then migrate
to the bone marrow. Once in the bone marrow, cytokines associated with allergic inflammation,
including IL-4, IL-5 and IL-13, are released which stimulate the production of eosinophils, mast
cells and basophils which enter the systemic circulation and recognize adhesion molecules and
chemotactic signals. It is via this mechanism that eosinophilia progresses within the nasal cavities
following seasonal aeroallergen exposure [12]. However, eosinophils will also be directed into tissues
that display relevant adhesion molecules and chemotactic signals. Chronic rhinosinusitis patients
express the necessary adhesion molecules and chemotactic machinery to recruit inflammatory cells
into the sinuses [13,14], and it is by this mechanism that allergens may exacerbate CRS. A study by
Baroody et al. [15] substantiated the concept of a systemic process linking allergy with CRS. Upon
performing unilateral nasal allergen challenge, eosinophilia was increased not only in the ipsilateral
maxillary sinus but in the contralateral maxillary sinus as well.

In a subset of patients, however, systemic allergy testing is negative but locally-present IgE in the
sinonasal cavity may be present, a condition that has been referred to as local allergic rhinitis (LAR) or
entopy. The immunological characteristics of LAR are local IgE production, type 2 inflammation and a
positive nasal provocation allergen test. Immunoglobin class switching to IgE has been demonstrated
in the nasal mucosa, so there is also a plausible mechanism for allergic processes completely confined
to the nasal tissues, without systemic involvement [16–18].

Overall, these findings demonstrate a potential pathophysiologic link between aeroallergen
exposure and CRS. However, further study is necessary to understand the relationship between local
and systemic allergic inflammation. Also of note, the majority of the aforementioned studies pertain
to patients with eosinophilic chronic rhinosinusitis (with nasal polyposis). The systemic and local
mechanisms contributing to other phenotypes, including AFRS and CCAD, need further elucidation.

4. Evidence for a Link between Allergic Rhinitis and Chronic Rhinosinusitis: Clinical Evidence

Despite some evidence of pathophysiologic overlap between allergy and CRS, clinical studies have
demonstrated contradictory findings. Wilson et al. [5] performed the most comprehensive systematic
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review evaluating the relationship between allergy and CRS. Twenty-four articles were included in
this review. Nearly an equal number of studies supported or refuted an association of allergy with
CRS in patients with CRSwNP or CRSsNP.

4.1. Chronic Rhinosinusitis with Nasal Polyposis

CRSwNP is strongly associated with Th2-mediated inflammation [19], as is allergy. In fact, several
studies have supported a relationship by demonstrating increased rates of positive skin prick testing
(SPT) among CRSwNP patients compared to controls [20,21]. However, several other studies have
demonstrated no significant relationship. For example, Erbeck et al. [22] demonstrated no relationship
between allergy and polyp size, symptoms or recurrence rate. In the aforementioned review article
by Wilson et al. [3], ten studies supported an association between CRSwNP and allergy while seven
did not. One study was equivocal. Therefore, despite some overlapping pathophysiologic features,
conflicting data exists regarding a relationship between allergy and CRSwNP.

4.2. Chronic Rhinosinusitis without Nasal Polyposis

Fewer studies have evaluated the relationship between CRSsNP and allergy. Some studies have
suggested a higher burden of sinonasal disease in allergic patients based on imaging [23,24]. However,
other studies have demonstrated no association [25]. In the article by Wilson et al. [3], four studies
supported an association between allergy and CRSsNP and five did not. Again, this demonstrates
conflicting data regarding a relationship between allergy and CRSsNP.

Given these findings, Wilson et al. and subsequently The International Consensus Statement
on Allergy and Rhinology: Allergic Rhinitis concluded that the aggregate level of evidence linking
allergy to either CRS subtype was level D [4,5]. However, significant limitations exist within the prior
literature. First, studies often included patients with and without polyposis in the same cohort [26,27].
Second, even amongst patients with polyposis, certain CRS endotypes may be more closely associated
with allergen exposure than others. Yet, it was often not clarified whether these endotypes were
included within or excluded from the study cohort, thus potentially skewing the analysis in one
direction or the other. For instance, two CRS subtypes that have shown a greater association with
allergy are AFRS and the more recently described CCAD, which will both be individually discussed.

5. Subtypes of CRS Demonstrating a Link between Allergic Rhinitis and Chronic Rhinosinusitis

5.1. Allergic Fungal Rhinosinusitis

Allergic fungal rhinosinusitis (AFRS) is a noninvasive, recurrent subset of CRSwNP that most
commonly affects immunocompetent hosts. It is most prevalent within the Mississippi river basin,
and southern regions of the United States [28]. In 1994, Bent and Kuhn published five major criteria to
establish the diagnosis of AFRS, one of which is a type I hypersensitivity to inhaled fungal elements
confirmed by history, skin testing or serology. Therefore by definition, patients with AFRS have
allergy. Since then, the role of allergy in AFRS has been reinforced, and sometimes questioned,
within the literature. Manning and Holman [29] compared culture-positive Bipolaris AFRS patients
to non-CRS patients and found Bipolaris-specific IgE and IgG antibodies, as well as positive skin
prick testing to Bipolaris in patients with AFRS. Furthermore, the largest AFRS case series reported
from the southwestern United States found that all patients with AFRS had inhalant allergy [30].
However, not all patients with fungal allergy develop AFRS, and conversely not all patients with
AFRS demonstrate fungal allergy, raising questions regarding the pathogenesis of this entity [31].
One possible theory to explain the absence of fungal allergy was suggested by Collins et al., who
proposed that AFRS might result from a local, rather than a systemic, allergic process [32].
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5.2. Central Compartment Atopic Disease (CCAD)

Central compartment atopic disease (CCAD) is a more recently described CRS variant strongly
associated with allergy. First described in 2014 [33], although not yet named CCAD, this variant
includes polypoid changes of the middle turbinate. In this study, all twenty-five patients tested
positive for inhalant allergy. Brunner et al. [34] similarly demonstrated a higher association of allergen
sensitization in patients with isolated middle turbinate changes than in those with diffuse polyposis.
Later, additional clinical description of this entity, including more advanced forms, was published [35],
demonstrating that other central structures including the posterior–superior nasal septum, middle
turbinates, and superior turbinates are involved. In this study, 14/15 patients tested positive for
inhalant allergies. Hamizan et al. [36] evaluated radiologic findings associated with CCAD, and found
that a central pattern of mucosal disease had a higher association with allergy. Overall, this central
pattern of inflammatory changes has been shown to have a high association with allergy. Further study
is needed to better clarify the etiology and clinical course of this CRS subtype.

6. Management

If allergy contributes to CRS, then it would be logical that allergen-targeting therapies
would be efficacious in the treatment of CRS. Such treatments include immunotherapy, anti-IgE,
and anti-cytokine (IL-4, IL-5, IL-13) therapy, which will be discussed.

6.1. Immunotherapy

Despite a strong recommendation for allergen immunotherapy (IT) in patients with allergic
rhinitis (AR), its role in CRS remains less certain. A systematic review by DeYoung et al. [37] looked at
sinusitis-specific outcomes in CRS patients who underwent IT. Seven studies were included which
demonstrated symptom reduction in the short-term, however the number and quality of studies
included deemed this conclusion to be weak. Current CRS treatment recommendations specify allergy
testing and treatment as an option.

The role of IT in the treatment of AFRS has also been examined. For instance, Folker et al. [38]
demonstrated decreased severity of patient symptoms after receiving IT. Yet overall, studies that have
examined the role of allergen-specific immunotherapy in the treatment of AFRS have a relatively low
level of evidence. Furthermore, a more recent evidence-based review by Gan et al. [39] concluded,
based on a limited number of studies, that there was an equal degree of benefit and harm, and that IT
should only be considered as an option for AFRS. The role of immunotherapy in CCAD has not yet
been studied.

6.2. Anti-Immunoglobulin E Therapy

Omalizumab is an IgE-targeting therapy, which selectively binds free circulating IgE and decreases
the expression of IgE receptors on mast cells, basophils, and dendritic cells. Prior studies have
demonstrated its efficacy in the management of recalcitrant CRSwNP [40]. Symptom improvement
after treatment with IgE-targeting therapies would provide a compelling argument for the role of
allergy in CRS. However, evidence for its efficacy remains mixed and the mechanism of action by
which omalizumab is effective in patients with CRSwNP is still being elucidated. Gevaert et al. [41]
found significant reduction of polyp size and quality of life improvement with anti-IgE therapy.
However, they showed that this improvement was related to local mucosal IgE levels and not total
serum IgE level. Therefore, the authors felt that its efficacy may be related to increased local tissue
IgE, associated with Staphylococcus aureus enterotoxin, rather than inhalant allergy. Pinto et al. [42]
showed non-statistically significant improvements on imaging and Sino-Nasal Outcome Test (SNOT-20)
measures after treatment with omalizumab and concluded that IgE only played a small role in the
mucosal inflammation of CRS. Therefore, the evidence remains mixed.
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6.3. Anti-Cytokine Therapy

Allergy is characterized by a type 2 inflammatory pattern, which includes cytokines IL-4, IL-5
and IL-13. Symptom improvement after treatment with therapies directed at these cytokines would
provide additional evidence for the contribution of allergy to CRS. A recent systematic review by
Tsetsos et al. [43] evaluated the efficacy of such therapies in patients with CRSwNP. This review
included randomized controlled trials, which evaluated anti-IL-5 (reslizumab and mepolizumab) and
anti-IL-4/IL-13 (dupilumbab) biologics. Overall, results were encouraging despite the inclusion of
few studies with small sample sizes. Reslizumab was shown to reduce nasal polyp size, but only in
patients with elevated nasal IL-5 levels [44]. Mepolizumab was found to reduce the need for surgery
in CRSwNP patients [45], and dupilumab was found to reduce nasal polyp burden [46].

7. Conclusions

Despite an assumed association between allergy and CRS, evidence for a relationship remains
debated, especially when patients are subtyped into the broad classification of CRSwNP and CRSsNP.
Certain CRS endotypes, however, have demonstrated a stronger association with allergy, including
allergic fungal rhinosinusitis (AFRS) and central compartment atopic disease (CCAD). Thus, it is
likely that with better-defined CRS categorization, we will be able to better delineate the relationship
between allergy and specific CRS endotypes in the future.
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Abstract: Background: Chronic rhinosinusitis with nasal polyps (CRSwNP) is a refractory upper
airway disease, accompanied mainly by eosinophilia and/or asthma. In addition, the disease
correlates with a high rate of hyposmia, following a marked infiltration of eosinophils into the
inflamed site, the paranasal sinus. Although eosinophils are known to contribute to the development
of hyposmia and CRSwNP pathology, the underlying mechanisms remain unclear. This study
aimed to investigate whether eosinophilic upper airway inflammation induces hyposmia and
CRSwNP in a murine model using an adoptive transfer system. Methods: To induce eosinophilic
rhinosinusitis, splenocytes, including a high proportion (over 50%) of activated eosinophils (SPLhEos),
were collected from interleukin-5 transgenic mice following double intraperitoneal injections of
antigens, such as ovalbumin, house dust mite, or fungus. Activated SPLhEos with corresponding
antigens were then transferred into the nasal cavity of recipient mice, which were sensitized and
challenged by the corresponding antigen four times per week. Olfactory function, histopathological,
and computed tomography (CT) analyses were performed 2 days after the final transfer of eosinophils.
Results: Hyposmia was induced significantly in mice that received SPLhEos transfer compared
with healthy and allergic mice, but it did not promote morphological alteration of the paranasal
sinus. Pathological analysis revealed that epithelial layer injury and metaplasia similar to polyps,
with prominent eosinophil infiltration, was induced in recipient tissue. However, there was no
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nasal polyp development with interstitial edema that was similar to those recognized in human
chronic rhinosinusitis. Conclusions: This study supports the previously unsuspected contribution of
eosinophils to CRS development in the murine model and suggests that murine-activated eosinophilic
splenocytes contribute to the development of hyposmia due to more mucosal inflammation than
physical airway obstruction and epithelial layer injury with convex lesions.

Keywords: allergic rhinitis; chronic rhino sinusitis; nasal poly; eosinophil; hyposmia

1. Introduction

Eosinophils play a critical role in Th2 (T-helper cell type 2)-associated pathology of diseases, such
as allergic rhinitis (AR), Th2-skewed chronic rhinosinusitis (CRS), and asthma [1–3]. Eosinophils exert
their effect through cytotoxic mediators, comprising granules (eosinophil peroxidase (EPO), major basic
protein (MBP), eosinophil cationic protein (ECP), and eosinophil-derived neurotoxin (EDN)), cytokines
(Interleukin (IL)-2, IL-4, IL-5, IL-6, IL-10, IL-13, IL-16, IL-18, and transforming growth factor (TGF)-β),
chemokines (regulated on activation, normal T cell expressed and secreted (RANTES) and eotaxin),
and lipid mediators (platelet-activating factor and leukotriene C4) [1–3]. Eosinophil-derived cytotoxic
mediators cause damage to the epithelial layer, airway mucosa, and nerves, resulting subsequently
in airway hyperresponsiveness (AHR). Furthermore, profibrotic cytokines and fibrogenic mediators,
such as IL-11, IL-17, IL-17E (also known as IL-25), TGF-α, TGFβ1, and matrix metalloproteinase-9,
are involved in airway remodeling in asthma [4] and polyp formation in CRS with nasal polyps
(CRSwNP) [5]. However, the development of CRSwNP pathogenesis is still poorly understood.

Chronic rhinosinusitis is currently grouped into clinical phenotypes of CRSwNP and CRS without
nasal polyps (CRSsNP). Patients with CRSwNP possess a high risk of recurrent sinonasal polyps
following endoscopic sinus surgery (ESS) [6], and CRSwNP is closely associated with asthma and
characterized by eosinophilia. On the other hand, CRSsNP is generally accompanied by bacterial
infection and/or the presence of neutrophils [6]. Regarding mechanisms of CRSwNP development,
Bachert et al. previously reported that both orchestration by Th2 cytokines and amplification by
Staphylococcus aureus enterotoxin B (SEB), a S. aureus superantigen, are required for the formation of
nasal polyps with eosinophilia [7]. Furthermore, in a recent study of inflammatory endotypes and
phenotypes of CRS, CRSwNP, and CRSsNP, based on cluster analysis of biomarkers, Tomassen et
al. demonstrated that high expression of IL-5 and the presence of S. aureus enterotoxin-specific IgE
(SE-IgE) were both observed in patients with CRSwNP, but not in those with CRSsNP [8].

Given that the affected tissue in patients with CRSwNP is frequently infiltrated by large numbers
of eosinophils, the name “eosinophilic rhinosinusitis” (ECRS) has been proposed as a new clinically
diagnosed phenotype of CRSwNP [9,10]. ECRS is characterized by blood eosinophilia, ethmoid sinus
disease detected by computed tomography (CT), bronchial asthma, and aspirin and nonsteroidal
anti-inflammatory drug intolerance in CRSwNP [9,10]. Regarding clinical symptoms, the development
of hyposmia or anosmia in particular commonly precedes other symptoms, such as nasal obstruction,
and is significantly exacerbated in patients with ECRS compared with non-ECRS in CRSwNP [9,10].
Similarly, Klimek et al. previously reported that olfactory dysfunction following specific antigen
provocation in patients with grass pollen sensitivity is correlated more closely with the level of
inflammatory eosinophil-derived cytotoxic mediators, such as ECP, in nasal secretions than with nasal
flow volume measured by active anterior rhinomanometry, suggesting a relationship between olfactory
dysfunction and nasal eosinophilic inflammation [11]. Thus, these data indicate that eosinophils
directly and/or indirectly cause olfactory damage in inflamed sites. However, no reports exist as to
whether eosinophils are capable of directly inducing olfactory dysfunction in ECRS as well as AR.

Understanding the mechanisms behind nasal polyp formation and better informing drug
discovery research for ECRS in CRSwNP require not only cluster analyses of human samples but also
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the development of an animal model of CRSwNP. Concerning the development of CRSwNP in murine
models, Kim et al. reported that nasal polypoid lesions could be induced in an AR murine model
treated with ovalbumin (OVA) plus SEB [12]. However, studies using this animal disease model have
been reported by this one group [12–14].

To assess the essential role of eosinophils in vivo, our group previously reported an
eosinophil-derived airway inflammation model via eosinophil transfer into the lower airway of
recipient mice through intratracheal administration [15]. In this study, we examined whether
splenocytes (containing a large number of eosinophils) transferred into a recipient’s nasal cavity
can induce CRSwNP with hyposmia.

2. Methods

2.1. Mice

The following mouse strains were used: BALB/c and IL-5 transgenic (Tg) mice (BALB/c
background), obtained from Shimizu Laboratory (Kyoto, Japan) and Dr. D. Dombrowicz (Institut
Pasteur de Lille, Lille, France), respectively. All mice were housed at 21–23 ◦C with 40–60% humidity in
animal facilities with a 12 h light/dark cycle and were provided food and water ad libitum. All animal
experiments were performed using protocols approved by the Kansai Medical University Animal
Ethics Committee (18-082).

2.2. Preparation of Splenocytes including a High Number of Activated Eosinophils

To collect activated splenocytes including high proportions of eosinophils (SPLhEos), donor mice
(IL-5 Tg) were sensitized with three intraperitoneal injections of PBS or antigen: 50 μg OVA (grade
V; Sigma, St. Louis, Missouri, USA), 10 μg Dermatophagoides farinae (Der f) house dust mite (HDM)
allergen (Institute of Tokyo Environmental Allergy, Tokyo, Japan), or 50 μg Aspergillus (Institute of
Tokyo Environmental Allergy, Tokyo, Japan) in 2 mg of aluminum hydroxide (Alum) (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) on Days 0, 7, and 14 (Figure 1A). Donor mice were sacrificed
at Day 15, and splenocytes were prepared. Cells were counted in a hemocytometer and using Diff
Quik (Dade Behring AG, Dudingen, Switzerland) following cytospin (Thermo Shandon, Pittsburgh,
PA, USA). The eosinophil percentage among splenocytes was greater than 50%. The character of
splenocytes from IL-5 Tg mouse as determined by flow cytometric analysis is shown in Figure S1.

Figure 1. Experimental design of the adoptive transfer system. (A). Preparation of activated splenocytes
from the donor. Donor IL-5 Tg mice were sensitized with three intraperitoneal (i.p.) injections of antigens
(Ags): ovalbumin (OVA), Dermatophagoides farinae (Der f), or Aspergillus. Splenocytes including a high
number of eosinophils (SPLhEos) were collected from spleens of IL-5 Tg mice 24 h after the final injection.
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(B) Protocol for adoptive transfer into recipient mice. After recipient mice had been sensitized with
(i.p.) injections of corresponding Ags for the donor, 4 × 107 splenocytes were transferred into the nasal
cavity of recipient mice via intranasal (i.n.) injections. “Control animals” indicates transfer of PBS or
SPLhEos with phosphate buffered saline (PBS). Simultaneously, PBS or corresponding Ags were also
administrated alongside SPLhEos via i.n. injections.

2.3. Adoptive Transfer System

To induce activated ECRS in a murine model, an eosinophil adoptive transfer system was
designed, as shown in Figure 1B [15,16]. Recipient mice were sensitized with PBS or corresponding
antigens on Days 0 and 14. Following splenocyte preparation, 2 × 106 activated SPLhEos in 30 μL
phosphate-buffered saline (PBS) alone, PBS with 0.5% OVA, 1 μg Der f, or 10 μg Aspergillus (or the
same allergens alone in PBS, or PBS alone) were transferred into the nasal cavity of recipients sensitized
with PBS or corresponding antigens by intranasal administration into both nostrils, once per week
(4 times at each instance) for 4 weeks, on Days 21, 28, 35, and 42. Administration was performed
under systemic anesthesia with 0.5 mg/kg medetomidine (Domitor; Pfizer, New York, NY, USA) and
50 mg/kg ketamine (Ketalar; Daiichi-Sankyo, Tokyo, Japan). In HDM- and Aspergillus-sensitized mice,
1 mg/μL SEB (Sigma) or 2 μM DNA containing unmethylated CpG motifs (CpGDNA: ODN2395; type
B; Cosmo Bio, Tokyo, Japan) was also administered along with SPLhEos. Recipient mice were then
evaluated via a functional assay (buried food test), histological analysis, and CT analysis at 48 h post
the final SPLhEos transfer.

2.4. Buried Food Test

Buried food tests to evaluate the olfactory function of mice were performed 48 h after the final
SPLhEos according to Yang et al.’s method, with some modifications [17]. Food deprivation was
initiated 24 h prior to the test by removing pellets from the food hopper of the home cage. During the
test, a clean cage was prepared (44 cm L × 29.2 cm W × 20 cm H) containing a 3 cm depth of clean
bedding. The subject mouse was transferred to the test cage, allowed to acclimatize for 5 min, and then
returned to the original cage. After the mouse had been returned to the home cage, one piece of cookie
(Tabekko Dobutsu Biscuits, Ginbisu, Tokyo, Japan) was buried in a random corner, approximately
1 cm beneath the surface of the test cage. The subject mouse was then transferred to the middle of the
test cage and latency was measured between the time point of transfer and the subject mouse finding
the buried food. If the subject had failed to find the buried food after 5 min had elapsed, the test was
stopped and 300 s was recorded as the latency score.

2.5. Histological Analysis

To prepare paraffin sections 48 h after the final transfer of SPLhEos, recipient mice were
fixed through cardiac perfusion with 10% neutral buffered formalin (Muto Kagaku, Tokyo, Japan)
under deep anesthesia and decapitated. Trimmed heads, including nasal cavity, were then locally
irrigated using the same fixative at room temperature for 1 week, followed by decalcification in 10%
ethylenediaminetetraacetic acid (pH 7.0) at room temperature for 2 weeks. Following decalcification,
coronal sections (4 μm thick) on the level of the anterior end of the olfactory bulb were mounted
on Matsunami-adhesive-silane (MAS)-coated slides (Matsunami Glass, Osaka, Japan). For human
samples, the use of nasal polyps from patients with CRSwNP was approved by the local ethics
committee of University of Tokyo Hospital (12009).

To prepare frozen sections, following decapitation, trimmed heads were immediately frozen in
isopentane (nacalai tesque, Kyoto, Japan) cooled in liquid nitrogen, then freeze-embedded with super
cryoembedding medium (SCEM, Leica Microsystems, Land Hessen, Germany) in coolant. Fresh frozen
samples were sectioned using a film method without fixation or decalcification (the “unfixed and
undecalcified method”), known as the Kawamoto method [18]. Fresh-frozen sections (4 μm thick)
were mounted on Cryofilm (Leica Microsystems).
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Sections were stained with hematoxylin and eosin (H&E) for morphological analysis or
Sirius red staining for visualization of eosinophils. Histological analyses were assessed by two
different pathologists.

2.6. Computed tomography Analysis

Computed tomography scans were performed immediately on mice sacrificed 48 h after the last
transfer, using a Siemens Inveon Micro-CT (Siemens, Bayern, Germany). Images were calibrated for
Hounsfield unit scaling using a water-filled phantom on each experiment day. The scanner settings
were as follows: tube voltage of 70 kVp and current of 500 μA over 360 continuous projections
with an exposure time of 1000 ms per projection. Cross-sectional images were reconstructed using
Inveon Viewer Quick Launch (Siemens) and converted to the Digital Imaging and Communications in
Medicine (DICOM) format using PMOD software (PMOD Technologies LLC, Zurich, Switzerland).

2.7. Statistical Analysis

Data are presented as means ± standard errors of the mean (SEMs). Statistical significance was
determined using the Mann–Whitney U test in the buried food test. The threshold of significance was
set at p < 0.05 for all tests.

A Supplementary Materials section can be found in the online repository for this article.

3. Results

3.1. Hyposmia on Transfer of SPLhEos in Th2-Skewed Response

To investigate the functional role of Th-2 skewed SPLhEos in vivo, an adoptive transfer system was
performed with Th2 polarization. SPLhEos activated by OVA were transferred into OVA-sensitized
recipients; the buried food test was then performed to assess olfactory dysfunction, followed by
histological analysis. As shown in Figure 2A, the olfactory dysfunction assay revealed that hyposmia
was significantly induced on adoptive transfer of SPLhEos with OVA in recipient mice (118 ± 48.8 s)
compared with OVA alone (27.6 ± 8.9 s) (p = 0.047). However, there were no clear differences
in morphological change of the paranasal sinus (in paraffin sections) between groups, or in the
development of nasal polypoid lesions (Figure 2B).
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Figure 2. Buried food test (A) and histological analysis (B) following the transfer of SPLhEos in
Th2-skewed response. (A.) Open, gray, and black bars indicate the transfer of PBS alone, OVA alone,
and OVA + SPLhEos (4 × 107 cells) in the adoptive transfer system, respectively. Data are expressed as
means ± SEM of n = 5 mice per group. * Statistically significant difference from control mice (p < 0.05).
(B) Hematoxylin and eosin (H&E) staining of histological sections.

3.2. Epithelia Injury on Transfer of SPLhEos in Adoptive and Innate Responses

As HDMs promote eosinophilic airway inflammation with AHR (Figure S2A) and are implicated
in both adaptive and innate immune responses [19,20], donor and recipient mice were sensitized with
HDM, and adoptive transfers were performed with HDM. As shown in Figure 3A, upon transfer
of SPLhEos activated by HDM and HDM, convex lesions were observed in the epithelial layer of
the paranasal sinus with no evidence of nasal polyps present in humans being observed in the
paraffin sections of mice also treated with SEB, which modulates innate immunity. Upon transfer of
SPLhEos activated by HDM with HDM plus SEB, a more pronounced epithelial injury was observed in
paraffin sections. Histological analyses of frozen sections using the unfixed and undecalcified method
(reflecting near-physiological morphology) revealed no clear differences in physiological morphology
among these groups. Furthermore, swelling of the nasal mucosa was barely observed in any of the
groups. Similar results were observed in the CT analysis (Figure 3B).
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Figure 3. Histological (A) and CT (B) analyses on the transfer of SPLhEos with house dust mite
(HDM). Transfer of HDM alone, HDM with SPLhEos (4 × 107 cells), and HDM with SPLhEos (4 × 107

cells) plus Staphylococcus aureus enterotoxin B (SEB) were grouped into the adoptive transfer system
(two individual experiments with n = 4 or 5 mice per group). Subfigures (A,B) indicate histology in
H&E-stained frozen and paraffin-embedded sections, and coronal images taken by the CT scan in the
paranasal sinus, respectively.

Allergic fungal rhinosinusitis, such as Aspergillus infection, is an additional subtype in CRSwNP,
with the fungus not only promoting eosinophilic airway inflammation with AHR (Figure S2B)
similar to OVA and HDM, but also inducing toll-like receptor (TLR) expression [21–23]. Therefore,
to investigate whether Aspergillus induces upper airway inflammation similar to ECRS, adoptive
Aspergillus with/without SPLhEos was transferred into Aspergillus-sensitized recipient mice. As shown
in Figure 4, on transfer of Aspergillus with SPLhEos, severe epithelial layer injury, numerous convex
lesions, and marked eosinophilic infiltration into the mucosal layer were observed compared with
Aspergillus alone; however, no nasal polyps like in humans were found. To induce a more powerful
immune response, SEB or CpGDNA were administered alongside SPLhEos and Aspergillus as TLR9
agonists. However, no clear histological differences were observed among SPLhEos with Aspergillus,
with Aspergillus plus SEB, or with Aspergillus plus CpGDNA. In micro-CT analysis, nasal polyps,
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observed in ECRS, were observed in none of the groups. Thus, treatment with SEB or CpGDNA
exerted no amplification effects.

Figure 4. Histological (A) and CT (B) analyses on the transfer of SPLhEos with Aspergillus. Transfer
of Aspergillus alone, Aspergillus with SPLhEos (4 × 107 cells), Aspergillus with SPLhEos (4 × 107 cells)
plus Staphylococcus aureus enterotoxin B (SEB), or Aspergillus with SPLhEos (4 × 107 cells) plus DNA
containing unmethylated CpG motifs (CpGDNA) were grouped into the adoptive transfer system
(n = 5 mice per group). Subfigures (A,B) indicate Sirius-red-stained histological sections and coronal
images taken by CT scans in the paranasal sinus, respectively.

3.3. Thin Tissue Component of Turbinate in Murine Paranasal Sinuses

Histological differences between human and murine paranasal sinuses are shown in Figure 5.
In humans, the turbinate comprises a rich stromal component with serous glands, while the maxillary
sinus comprises poor submucosal tissue (Figure 5A). In contrast, the murine tissue composition is
the inverse of that in human (Figure 5B); characteristics of histological differences of the paranasal
sinus between humans and mice are summarized in Table 1. From histological findings in CRSwNP
following ESS, nasal polyps commonly consist of a thin epithelial layer with prominent edema and
marked proinflammatory cells (mainly eosinophils) (Figure 5C). However, the nasal polypoid lesions
in Figures 3 and 4 seem to comprise epithelial metaplasias with injury of the epithelial layer, rather
than nasal polyps in ECRS.
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Figure 5. Histology of normal human paranasal sinus (A), normal mouse paranasal sinus (B), and
nasal polyps from chronic rhinosinusitis with nasal polyps (CRSwNP) (C). Histological sections were
stained using H&E.

Table 1. Characteristics of human and mouse paranasal sinuses.

Maxillary Sinus Turbinate

Mucosal Layer Interstitium Tissue Gland Mucosal Layer Interstitium Tissue Gland

Human Thin Poor Poor Thick Rich Rich
Mouse Thin–moderate Poor Rich Thin Poor Poor

4. Discussion

We aimed to investigate whether eosinophilia during upper airway inflammation induces
olfactory disturbance and/or promotes nasal polyp formation in the CRS using an adoptive transfer
system with activated SPLhEos. Our results demonstrate that SPLhEos-induced upper airway
inflammation results in hyposmia, but morphological alteration of the paranasal sinus was not
promoted. This paper is the first to report a direct contribution of eosinophilic upper airway
inflammation in olfactory disturbance. Olfactory disturbance is a common symptom of CRSwNP [24],
especially as an initial symptom of ECRS [10]. There are two possible mechanisms of olfactory
disturbance: (1) closing of the olfactory cleft, which occurs during nasal septum obstruction by
nasal polyps, or (2) olfactory neuroepithelium injury following mucosal inflammation [25,26]. Doty
et al. reported that there was little correlation between airway patency and olfactory function,
except in the case of complete or almost complete blockage of the olfactory cleft, resulting in
odorant molecules not gaining access to the olfactory mucosa [27]. Thus, this report suggests that
hyposmia in our model is due to mucosal inflammation rather than physical airway obstruction.
Our observations of hyposmia without morphological changes or nasal obstruction of the olfactory
cleft suggest that hyposmia may be induced by eosinophil-derived toxic mediators following olfactory
neuroepithelium injury. This is suggested as eosinophil-derived granules have a capability of inducing
tissue damage and dysfunction [1,28]. Causes of hyposmia require further investigation for treatment
of patients with ECRS, as no studies have been reported on direct injury of the neuroepithelium by
eosinophil-derived mediators.

CRSwNP including ECRS is a heterogeneous disease that is identified by various inflammatory
endotypes [8,29,30]; its pathogenesis implicates three major types of innate and adaptive cell-mediated
effector immunity: type 1 (natural killer cells, innate lymphoid cell (ILC)1, cytotoxic T (Tc)1, and Th1),
type 2 (ILC2, Tc2, and Th2), and type 3 (ILC3, Tc17, and Th17) immune responses [30,31]. Recent
reports have suggested that increased expression of TLRs (TLR2, 4, 7, and 9) and protease-activated
receptors contributes to the development of CRS [5,32,33]. Furthermore, the expressions of TLR1–7, 9,
and 10 have been identified in eosinophils, a key player in CRSwNP [1]. Notably, it has been reported
that SEB not only enhances Th2 response through interaction with TLR2 signaling [34,35] but also
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plays a potential role in IL-5, IL-13, and RANTES production in dispersed nasal polyps following the
development of CRSwNP [36]. Supporting this, high concentrations of S. aureus enterotoxin-specific
IgE are associated with nasal polyps with intense eosinophilic inflammation [8]. Regarding molecular
pathogenesis, HDM induces both adaptive and innate immune responses through protease-activated
receptor (PAR) 2 via proteases [37], and TLR2 and 4 [19,20], whereas OVA contributes only to
antigen-specific reactions, reflecting Th2-adaptive immune responses. Similarly, Aspergillus induces
the signaling of TLRs (TLR1, 2, 3, 4, 6, and 9) [21–23] in a wider range than HDM. Therefore, we also
investigated the effects of HDM and Aspergillus in the adoptive SPLhEos transfer system. However,
no nasal polyps were observed like those seen in patients with CRSwNP, although more severe damage
of the epithelial layer was observed following the development of convex lesions.

Moreover, we assess SPLhEos-induced upper airway inflammation because micro-CT analysis
can be used to detect the physiological and pathological morphology of the paranasal sinus. Although
micro-CT analysis was confirmed as a useful method to detect the swelling of the nasal mucosa
following the methacholine challenge test (Figure S3), no morphological changes were observed in this
experimental model. Thus, these results indicate that eosinophilic upper airway inflammation in a
murine model using an adoptive transfer system does not induce mucosal irregularity with edema
like those seen in CT images of patients with CRSwNP.

Regarding a CRSwNP animal model, Kim et al. reported an animal model of CRSwNP through
frequent nasal instillation of SEB, CpGDNA, or Aspergillus protease under OVA-induced, Th2-skewed
immune response, which required >100 days for the development of nasal polyps [12–14]. They found
not only nasal polyps or polypoid lesions with epithelial thickening and infiltration of inflammatory
cells, but also mucosal irregularity of nasal polyps by micro-CT analysis [12–14]. We observed convex
lesions (polypoid lesion) with hallmark eosinophil infiltration, similar to the findings by Kim et al.
However, two different pathologists indicated that these nasal polypoid lesions are similar to reactive
granuloma with epithelial hyperplasia, and not the same as nasal polyps in humans. This is because
polyps usually consist of edematous mucosa with a loose stroma and a variety of inflammatory cell
infiltration (seen in Figure 5C). In this pathological change, a small widened stroma was observed, filled
with small/capillary vessels and inflammatory cells, with no edema. Furthermore, as summarized in
Table 1, histological structures are completely different between humans and mice. Thus, in a murine
model, these findings suggest that it could be experimentally difficult to induce the development of
nasal polyps like in humans.

In conclusion, we report that eosinophilic upper airway inflammation induces hyposmia using
an adoptive transfer system into the nasal cavity. Analysis of hyposmia using the adoptive SPLhEos
transfer model may be a useful examination method for understanding disease mechanisms or
developing new drugs for olfactory disorders. Regarding the CRSwNP murine model, our data
and previous reports suggest that additional studies are essential, but that caution is required in future
investigations when using these models.
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(OVA/OVA), respectively; and online supplementary methods.
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eosinophil-derived neurotoxin; EPO, eosinophil peroxidase; Der f, Dermatophagoides farinae; HDM, house dust
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