Chronic sinusitis pathophysiology: The role of allergy
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ABSTRACT

Background: Chronic hyperplastic eosinophilic sinusitis (CHES) is an inflammatory disease characterized by eosinophil infiltration of sinus tissue that can
present with and without nasal polyps (NPs). Aeroallergen sensitization in CHES occurs regularly, but the causality between allergen sensitivity, exposure,

and disease is unclear.

Methods: Allergen is unlikely to directly enter healthy sinuses either by diffusion or ciliary flow, and, even this is more problematic given the loss of patency
of the ostia of diseased sinuses. Inflammation and tissue eosinophilia can develop secondary to allergen exposure in the nares, with systemic humoral
recirculation of allergic cells including eosinophils, Th2 lymphocytes, and eosinophil precursors that are nonspecifically recruited back to the diseased sinuses.

Results: The possibility of an allergic reaction to peptides derived from bacteria (i.e., Staphylococcus or superantigens) or fungi that colonize the diseased

sinus also provides a plausible allergic mechanism.

Conclusion: Treatments of this disease include agents directed at allergic mediators such as leukotriene modifiers and corticosteroids, although this does
not necessarily signify that an IgE-dependent mechanism can be ascribed. However, more recently, omalizumab has shown promise, including in patients
without obvious aeroallergen sensitization. Although many aspects of the role of allergy in CHES remain a mystery, the mechanisms that are being elucidated
allow for improved understanding of this disease, which ultimately will lead to better treatments for our patients who live daily with this disease.

Historically, chronic sinusitis (CS) was considered a single disease

entity or, at best, could be separated into two diseases, CS with
nasal polyps (NPs) and CS without NPs. It is now recognized that
there exist multiple variants of CS including presentations character-
ized by chronic infection, noneosinophilic inflammation, chronic hy-
perplastic eosinophilic sinusitis (CHES), aspirin-exacerbated respira-
tory disease, allergic fungal sinusitis, the disease associated with
cystic fibrosis, and, presumably, many others, each with specific
pathogenic mechanisms and each requiring individualized ap-
proaches to management.!?> Each of these conditions can variously
present as more likely (CHES, aspirin-exacerbated respiratory dis-
ease, allergic fungal sinusitis, and cystic fibrosis) or less likely (chronic
infection, non-eosinophilic sinusitis) to present with NPs. CHES with
or, less commonly, without NPs is primarily defined by the promi-
nent expression of eosinophils.? This disease is frequently associated
with NPs but also with asthma and allergic (IgE) sensitization to
aeroallergens (atopy).+7 Because of the similarities of CHES to allergic
disorders and this association with atopy, the potential role of allergy
in CHES will be the primary focus of this article.

IMMUNE MECHANISMS OF CHES

CHES is an inflammatory disease characterized by the prominent
accumulation of eosinophils in the sinuses and, when they are pres-
ent, in the associated NP tissue.>8° NPs frequently complicate this
condition, and, as such, their presence (especially in the concomitant
presence of asthma) has been proposed as presumptive diagnostic
evidence for an underlying eosinophilic disease.'%!! However, CHES
can only be unambiguously diagnosed on histochemical staining of
tissue for eosinophils or via quantification of eosinophil-derived me-
diators (such as eosinophil cationic protein or major basic protein).!2
In CHES, the sinus tissue shows a marked increase in cells that
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express cytokines (IL-5, granulocyte macrophage colony-stimulating
factor, etc.), chemokines (CCL5, CCL11, CCL24, etc.), and proinflam-
matory lipid mediators (e.g., cysteinyl leukotrienes) that are respon-
sible for the differentiation, survival, and activation of eosino-
phils.*131415 Because eosinophils themselves are a prominent source
of many of these mediators, CHES can best be thought of as a disease
of unrestrained self-perpetuating inflammation and that once eosin-
ophils are recruited, they provide the growth factors necessary for
their further recruitment, proliferation, activation, and sur-
vival.13141617 This certainly is consistent with the chronicity of this
disorder and the requirements for frequent surgical revisions. As
such, although allergy might be important in precipitating or possibly
exacerbating the disorder, it has to be recognized that ongoing aller-
gen exposure may not be required for its persistence.

EPIDEMIOLOGY OF ALLERGY IN CS

More than 50% of individuals with allergic rhinitis (AR) have
clinical'® or radiographic'®!® evidence of CS and, conversely, 25-58%
of individuals with sinusitis have aeroallergen sensitization.?0?! Ele-
vated total IgE is a risk factor for the presence of severe CS?? and both
sensitivity to multiple allergens and sensitivity to perennial allergens
(e.g., dust mites) are independently associated with increased likeli-
hood of having CS.? Together, these studies support the concept that
CS could be an atopic disease driven by IgE sensitization to aeroal-
lergens. However, the mechanisms by which aeroallergens might
produce CHES are not inherently obvious and the presence of allergy
in CHES patients may merely reflect the coincidental occurrence of
two relatively common clinical conditions. Given these caveats there
remains tentative arguments supporting a role of allergy in CS.

PUTATIVE MECHANISMS LINKING AR TO CS:
DIRECT AEROALLERGEN REACTION

Aeroallergens gain access to the nares (and lungs) by inspiration
into the respiratory tract. However, breathing alone can not directly
drive aeroallergens into the sinuses. This process can be accomplished
via diffusion, a process dependent on the particles remaining airborne
within the nares for a sufficient period of time, something unlikely, in
part, reflecting their size. Mucociliary flow can not contribute, be-
cause—even when functioning—the movement is in the opposite
direction.?* Furthermore, CHES is generally associated with occlusion
of the ostiomeatal complex, often with NPs, and this occlusion will
categorically preclude entry of aeroallergens. Studies performed with
insufflated radiolabeled ragweed particles and contrast media have
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Figure 1. Overview of the mechanism by which allergen immune activation can induce inflammation in sinus tissue (see text for details).

confirmed the inability of these particles to enter the sinuses.?>2¢
Interestingly, nose blowing does enable particulate access to the
healthy sinuses. Early studies with single-photon emission computed
tomography imaging suggested increased metabolic uptake in the
sinuses of CS patients with AR during a sensitization-relevant allergy
season, and these changes became less active out of season.?” How-
ever, more recent and more comprehensive studies by the same group
have not been able to confirm this finding using single-photon emis-
sion computed tomography, indium, or positron emission tomogra-
phy imaging of the sinuses, suggesting that seasonal allergen expo-
sure alone does not drive or exacerbate sinus disease.?8 In contrast,
another recent study did show increased eosinophilia in the maxillary
sinuses of allergic subjects during the season of exposure.?

SYSTEMIC ALLERGIC INFLAMMATION

Given the limitations of direct inhalation of aeroallergens with
diffusion into the sinuses as an allergic mechanism in CHES, the link
between inhalant allergies and sinusitis, if present, must be ascribed
to a systemic inflammatory process. This concept involves a systemic
interaction between the local nasal airway, nasal-associated lym-
phatic tissue, the bone marrow, and the sinuses (Fig. 1). In sensitized
subjects, allergen exposure engages resident nasal dendritic cells.
Allergenic peptides loaded on dendritic cells readily migrate to nasal-
associated lymphatic tissue where they will activate effector T-helper
lymphocytes. However, in these previously sensitized subjects, in-
haled aeroallergens can also be processed by nonprofessional antigen-
presenting cells in the nares including macrophages, B lymphocytes,
mast cells, and even eosinophils themselves, which can also activate
allergen-specific effector T lymphocytes both in secondary lymphoid
tissue and in those that are residing in the nasal tissue. The cytokines
associated with allergic inflammation do not function hormonally.
Thus, Th2-associated cytokines such as IL-4, IL-5, and IL-13 can not be
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readily identified in serum samples and are certainly unlikely to
access the bone marrow at a concentration sufficient to drive hema-
topoietic differentiation. In contrast, these effector memory T cells
that have been reactivated in the nasal or nasal lymphatic tissue
migrate to the bone marrow.3%3! Once delivered to the bone marrow,
cytokines derived from these Th2-like cells will stimulate the produc-
tion of inflammatory cells including primarily eosinophils, but pre-
sumably also basophils and mast cell precursors.?>-3* Newly gener-
ated eosinophils are released into the circulation where they are
programmed to recognize adhesion molecules (“addressins” such as
vascular cell adhesion molecule 1) and chemotactic signals (such as
CCL11 [eotaxin] and the cysteinyl leukotrienes) that will recruit them
into the inflamed tissue. This mechanism underlies the eosinophilia in
the nares that progresses with seasonal nasal allergen exposure.!®
However, these newly elicited eosinophils (and presumably also mast
cell precursors and basophils) will be nonspecifically recruited into
any tissue displaying relevant addressins and chemotactic factors
including the sinuses of CHES patients (and lungs of asthmatic pa-
tients).3334 All of the factors requisite for eosinophil uptake are ex-
pressed in CHES/NP tissue.?133 In addition to systemic mecha-
nisms involving the bone marrow, cells newly activated in the nasal
airway by allergen also include locally expressed eosinophil precur-
sors (Fig. 1)% so direct recirculation of allergic inflammatory cells
between the nares, local lymphatic tissue, and the sinuses likely also
occurs. Obviously, subjects without preexisting CHES do not express
addressins or chemotaxins in their sinus tissue and thus do not have
the machinery necessary to recruit inflammatory cells into their si-
nuses during allergen-induced exacerbations of rhinitis.

Several clinical studies have now produced compelling evidence
supporting relevance of such a mechanism in CHES. This includes
studies showing a significant increase in eosinophils and eosinophil
cationic protein not only in the nose but also in the maxillary sinus
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after allergen exposure.?’%” In a more recent seminal study, nasal
allergen challenges were performed in one side of the nose, and
lavage specimens from both maxillary sinuses were analyzed. Eosin-
ophil numbers significantly increased not only in the ipsilateral but,
to an equivalent extent, also in the contralateral maxillary sinuses.?”
These findings show the systemic nature of allergic inflammatory
responses and a viable mechanism whereby inhalant aeroallergen
exposure in the nares could drive CHES.

SENSITIZATION TO COLONIZING PATHOGENS

Bacteria

Patients with CHES routinely become colonized with bacteria.
These bacteria primarily exist within biofilms, which are present in
29-72% of CS patients.3¥# In eosinophilic disease, these bacteria
commonly include Staphylococcus spp.84> These bacteria can drive the
recurrent acute infections that plague CS patients, when they trans-
form into their planktonic state and emerge from the biofilm. How-
ever, even in their indolent biofilm-associated state, these bacteria are
not innocuous and can be a robust source of superantigens,* im-
mune adjuvants, and of allergenic (IgE inducing) proteins (Fig. 2).5°
Superantigens are proteins that bind directly to the major histocom-
patability complex or B-chain of the T-cell receptor, leading to the
nonspecific activation of large numbers of T lymphocytes thereby
producing a barrage of cytokine secretion.*® Bacterial-derived supe-
rantigen expression can be identified in up to 90% of patients with
CS.8 Because the T cells infiltrating the sinuses of CHES generally
display a Th2 cytokine signature,®' this superantigen-mediated surge
in cytokines will include IL-4 and IL-13, production of which will
drive any B cells present to synthesize IgE antibodies to any humoral
antigen to which that B cell is responding at that moment. As a
specific example of this mechanism, this interaction leads to the
formation of IgE in the sinus tissue to the Staphylococcus enterotoxin
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itself, and these IgE antibodies can be identified in 27.8% of CS with
NPs and 53.8% of CS with both NPs and asthma.#> IgE antibodies to
staph enterotoxin cross-link FceRI on mast cells and basophils in the
nose, further expanding the inflammatory response. The antibodies
also bind FceRI on dendritic cells in the nose and sinus promoting
facilitated antigen uptake and leading to a vicious cycle of ongoing
Th2 cytokine secretion.

Fungi

Mold present as commensals in the sinuses can engage pathogen-
associated molecular pattern receptors and thereby activate innate
immune pathways, ultimately eliciting robust Th2-lymphocyte and
eosinophilic inflammatory responses. These pathways underlie the
pathogenesis of allergic fungal sinusitis and because these mecha-
nisms are not controversial in this disorder, this will not be further
discussed here. What is controversial is whether allergic sensitization
to colonizing fungi could contribute to the pathogenesis of CHES.
This concept is supported by intriguing observations regarding the
colonization within the sinuses and associated striking sensitization
especially to Alternaria spp. displayed by CHES patients when ana-
lyzed as T-cell activation and associated IL-5 secretion.5> These CHES
patients universally did not display IgE sensitization to any of the
relevant fungi. The concept that Th2-like helper “allergic” responses
can produce eosinophilic inflammation in the absence of IgE is now
well recognized, 535+ although dampening enthusiasm for IgE-target-
ing therapies in CHES does not preclude a role for fungal allergies in
this disorder. Although intriguing, these studies have not been fully
pursued, in part, because follow-up clinical trials with antifungal
therapies failed to indicate significant therapeutic improvement.
However, the failure of these clinical studies may reflect inadequacies
of our pharmacotherapies (consider the usual failure of antifungal
treatments in AFS, a disease unambiguously caused by fungal colo-
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nization) and, as such, a role for fungal colonization in CHES remains
intriguing.

THERAPEUTIC IMPLICATIONS

If allergic, then allergen-targeting therapies arguably would have
efficacy in the treatment of CHES and, by satisfying Koch’s postu-
lates, this would establish causality. Arguments have been made
regarding an allergic mechanism in CHES based on the usefulness of
“allergy”-targeting therapeutics such as corticosteroids and leukotri-
ene modifiers in CHES.”55-¢3 However, these treatments nonspecifi-
cally target the types of inflammation seen in allergic and nonallergic
Th2-associated inflammatory disorders, so even if verified, their effi-
cacy can not be used to support an allergic mechanism. For example,
leukotriene modifiers and corticosteroids are equally efficacious in
allergic and nonallergic presentations of asthma. Similarly, only one
study has suggested beneficial effects of immunotherapy in CHES.¢*
However, this study did not sufficiently use objective outcome crite-
ria that could distinguish beneficial influences on the CHES from the
expected improvement of the underlying AR.

ANTI-IMMUNOGLOBULIN E

At present, one of the strongest arguments supporting a role for
allergy in CHES is derived from studies suggesting benefit of IgE-
targeting therapies. A preliminary study providing rationale for these
interventions for NPs was a study that functional IgE-expressing mast
cells are present in this disease as evinced by the ability of anti-IgE to
drive immediate PgD, synthesis.® It is intriguing and consistent with
the concept that this IgE might be directed against bystander patho-
gens such as Staphylococcus spp. that, in contrast to parallel studies
performed on the nasal tissue of grass-allergic subjects, in the NP
samples, no inhalant allergen specificity could be identified. Most
compelling is tentative suggestion of a role for omalizumab in the
treatment of CHES. In a very recent double-blind placebo-controlled
study of 24 subjects with asthma and NPs, significant improvements
were shown in the treatment arm for symptom, endoscopy, and sinus
CT scores after only 16 weeks of treatment and this was associated
with significantly improved quality of life.®¢ Importantly, this im-
provement occurred irrespective of the presence of allergy, again
suggesting that it may be IgE sensitization to bystander pathogens
and not inhalant allergens that is really driving this disease process.

SUMMARY

CHES is an inflammatory disease characterized by an “allergic”
inflammatory process with prominent eosinophil infiltration. Aeroal-
lergen sensitization in CHES occurs regularly, but the causality be-
tween allergen sensitivity, exposure, and disease is unclear and this
may just be a coincident presentation of two relatively common
disorders. Allergen can not readily directly enter the healthy sinuses
either by diffusion or by ciliary flow, and, even more problematic
remains the loss of patency of the sinus ostia with sinusitis. Therefore,
if driven by aeroallergen sensitization, it seems more likely that the
inflammation and tissue eosinophilia found in this disease is driven
by nasal allergen exposure with secondary systemic recirculation of
allergic cells (Th2 lymphocytes, eosinophil progenitors, and eosino-
phils) that are activated by nasal allergic disease but are nonspecifi-
cally recruited back to the diseased sinuses of CHES. Through these
mechanisms, intranasal aeroallergen challenges induce eosinophil in-
flux within not only the ipsilateral sinuses but, more intriguingly,
within the contralateral maxillary sinuses. An additional allergic
mechanism of CHES comprises generation of IgE to pathogens that
colonize or reside in biofilms within the sinuses including especially
those derived from staphylococcus spp. Support for these concepts is
derived from evidence regarding therapeutic efficacy of omalizumab,
which has shown promise even in patients without obvious allergen
sensitization. Although many aspects of the role of allergy in CHES
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remain a mystery, the mechanisms that have been elucidated allow
for improved understanding of this disease, which, ultimately, will
lead to better treatments for the patients who live with this disease.

REFERENCES

1. Payne SC, Borish L, and Steinke JW. Genetics and phenotyping in
chronic sinusitis. ] Allergy Clin Immunol 128:710-720, 2011.

2. Payne SC, Early SB, Huyett P, et al. Evidence for distinct histologic
profile of nasal polyps with and without eosinophilia. Laryngoscope
121:2262-2267, 2011.

3. Hamilos DL, Leung DY, Wood R, et al. Eosinophil infiltration in
nonallergic chronic hyperplastic sinusitis with nasal polyposis (CHS/
NP) is associated with endothelial VCAM-1 upregulation and expres-
sion of TNF-alpha. Am ] Respir Cell Mol Biol 15:443-450, 1996.

4. Rachelefsky GS. National guidelines needed to manage rhinitis and
prevent complications. Ann Allergy Asthma Immunol 82:296-305,
1999.

5. Lin DC, Chandra RK, Tan BK, et al. Association between severity of
asthma and degree of chronic rhinosinusitis. Am ] Rhinol Allergy
25:205-208, 2011.

6. Marple BE. Allergic rhinitis and inflammatory airway disease: Inter-
actions within the unified airspace. Am J Rhinol Allergy 24:249-254,
2010.

7. Pelikan Z, and Pelikan-Filipek M. Role of nasal allergy in chronic
maxillary sinusitis—Diagnostic value of nasal challenge with aller-
gen. | Allergy Clin Immunol 86:484-491, 1990.

8. Bachert C, Zhang N, Holtappels G, et al. Presence of IL-5 protein and
IgE antibodies to staphylococcal enterotoxins in nasal polyps is as-
sociated with comorbid asthma. J Allergy Clin Immunol 126:962-968,
968 €961-966, 2010.

9. Steinke JW, Bradley D, Arango P, et al. Cysteinyl leukotriene expres-
sion in chronic hyperplastic sinusitis-nasal polyposis: Importance to
eosinophilia and asthma. ] Allergy Clin Immunol 111:342-349, 2003.

10. Meltzer EO, Hamilos DL, Hadley JA, et al. Rhinosinusitis: Establish-
ing definitions for clinical research and patient care. ] Allergy Clin
Immunol 114:5155-S212, 2004.

11. Slavin RG, Spector SL, Berstein IL, et al. The diagnosis and manage-
ment of sinusitis: A practice parameter update. ] Allergy Clin Immu-
nol 116:513-547, 2005.

12. Ponikau JU, Sherris DA, Kephart GM, et al. Striking deposition of
toxic eosinophil major basic protein in mucus: Implications for
chronic rhinosinusitis. ] Allergy Clin Immunol 116:362-369, 2005.

13. Minshall EM, Cameron L, Lavigne F, et al. Eotaxin mRNA and
protein expression in chronic sinusitis and allergen-induced nasal
responses in seasonal allergic rhinitis. Am ] Respir Cell Mol Biol
17:683-690, 1997.

14. Hamilos DL, Leung DY, Huston DP, et al. GM-CSF, IL-5, and
RANTES immunoreactivity and mRNA expression in chronic hyper-
plastic sinusitis with nasal polyposis. Clin Exp Allergy 28:1145-1152,
1998.

15. Perez-Novo CA, Watelet B, Claeys C, et al. Prostaglandin, leukotri-
ene, and lipoxin balance in chronic rhinosinusitis with and without
nasal polyposis. ] Allergy Clin Immunol 115:1189-1196, 2005.

16. Bachert C, Wagenmann M, Hauser U, and Rudack C. IL-5 synthesis
is upregulated in human nasal polyp tissue. ] Allergy Clin Immunol
99:837-842, 1997.

17. Lee JY, Byun JY, Shim SS, and Lee SW. Outcomes after endoscopic
sinus surgery for unilateral versus bilateral chronic rhinosinusitis
with nasal polyposis. Am ] Rhinol Allergy 24:83-86, 2010.

18. Rachelefsky GS, Goldberg M, Katz RM, et al. Sinus disease in chil-
dren with respiratory allergy. ] Allergy Clin Immunol 61:310-314,
1978.

19. Shapiro GG. Role of allergy in sinusitis. Pediatr Infect Dis 4:555-559,
1985.

20. Harlin SL, Ansel DG, Lane SR, et al. A clinical and pathologic study
of chronic sinusitis: The role of the eosinophil. ] Allergy Clin Immu-
nol 81:867-875, 1988.

21. Savolainen S. Allergy in patients with acute maxillary sinusitis. Al-
lergy 44:116-122, 1989.

22. Newman LJ, Platts-Mills TAE, Phillips CD, et al. Chronic sinusitis:
Relationship of computed tomographic findings to allergy, asthma,
and eosinophilia. ] Am Med Assoc 271:363-367, 1994.

September-October 2013, Vol. 27, No. 5



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Emanuel IA and Shah SB. Chronic rhinosinusitis: Allergy and sinus
computed tomography relationships. Otolaryngol Head Neck Surg
123:687-691, 2000.

Al-Rawi MM, Edelstein DR, and Erlandson RA. Changes in nasal
epithelium in patients with severe chronic sinusitis: A clinicopatho-
logic and electron microscopic study. Laryngoscope 108:1816-1823,
1998.

Slavin RG, Zilliox AP, and Samuels LD. Is there such an entity as
allergic sinusitis? ] Allergy Clin Immunol 81:284A, 1988.

Borts MR, and Slavin RG. Further studies in allergic sinusitis using
SPECT. J Allergy Clin Immunol 83:302A, 1989.

Slavin RG. Complications of allergic rhinitis: Implications for sinus-
itis and asthma. J Allergy Clin Immunol 101:5357-S360, 1998.
Slavin RG, Leipzig JR, and Goodgold HM. “Allergic sinusitis” revis-
ited. Ann Allergy Asthma Immunol 85:273-276, 2000.

Baroody FM, Mucha SM, Detineo M, et al. Evidence of maxillary
sinus inflammation in seasonal allergic rhinitis. Otolaryngol Head
Neck Surg 146:880-886, 2012.

Wood LJ, Sehmi R, Dorman S, et al. Allergen-induced increases in
bone marrow T lymphocytes and interleukin-5 expression in subjects
with asthma. Am ] Respir Crit Care Med 166:883-889, 2002.

Wood LJ, Inman MD, Denburg JA, and O’Byrne PM. Allergen chal-
lenge increases cell traffic between bone marrow and lung. Am J
Respir Cell Mol Biol 18:759-767, 1998.

Gaspar Elsas MI, Joseph D, Elsas PX, and Vargaftig BB. Rapid in-
crease in bone-marrow eosinophil production and responses to eosi-
nopoietic interleukins triggered by intranasal allergen challenge.
Am ] Respir Cell Mol Biol 17:404-413, 1997.

Inman MD, Ellis R, Wattie ], et al. Allergen-induced increase in
airway responsiveness, airway eosinophilia, and bone-marrow eosin-
ophil progenitors in mice. Am ] Respir Cell Mol Biol 21:473-479, 1999.
Denburg JA, Sehmi R, Saito H, et al. Systemic aspects of allergic
disease: Bone marrow responses. ] Allergy Clin Immunol 106:5242—
5246, 2000.

Jahnsen FL, Haraldsen G, Aanesen JP, et al. Eosinophil infiltration is
related to increased expression of vascular cell adhesion molecule-1
in nasal polyps. Am ] Respir Cell Mol Biol 12:624-632, 1995.
Linden M, Svensson C, Andersson M, et al. Circulating eosinophil/
basophil progenitors and nasal mucosal cytokines in seasonal allergic
rhinitis. Allergy 54:212-219, 1999.

Baroody FM, Mucha SM, Detineo M, et al. Nasal challenge with
allergen leads to maxillary sinus inflammation. J Allergy Clin Immu-
nol 121:1126-1132, e1127, 2008.

Foreman A, Psaltis AJ, Tan LW, and Wormald PJ. Characterization of
bacterial and fungal biofilms in chronic rhinosinusitis. Am J Rhinol
Allergy 23:556-561, 2009.

Bendouah Z, Barbeau ], Hamad WA, and Desrosiers M. Biofilm
formation by Staphylococcus aureus and Pseudomonas aeruginosa is
associated with an unfavorable evolution after surgery for chronic
sinusitis and nasal polyposis. Otolaryngol Head Neck Surg 134:991—
996, 2006.

Costerton JW, Stewart PS, and Greenberg EP. Bacterial biofilms: A
common cause of persistent infections. Science 284:1318-1322, 1999.
Psaltis AJ, Weitzel EK, Ha KR, and Wormald PJ. The effect of bacte-
rial biofilms on post-sinus surgical outcomes. Am J Rhinol 22:1-6,
2008.

Stewart PS, and Costerton JW. Antibiotic resistance of bacteria in
biofilms. Lancet 358:135-138, 2001.

Prince AA, Steiger JD, Khalid AN, et al. Prevalence of biofilm-
forming bacteria in chronic rhinosinusitis. Am J Rhinol 22:239-245,
2008.

Hsu J, and Peters AT. Pathophysiology of chronic rhinosinusitis with
nasal polyp. Am J Rhinol Allergy 25:285-290, 2011.

Van Zele T, Gevaert P, Watelet B, et al. Staphylococcus aureus coloni-
zation and IgE antibody formation to enterotoxins is increased in
nasal polyposis. ] Allergy Clin Immunol 114:981-983, 2004.

American Journal of Rhinology & Allergy

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Conley DB, Tripathi A, Seiberling KA, et al. Superantigens and
chronic rhinosinusitis: Skewing of T-cell receptor V beta-distributions
in polyp-derived CD4+ and CD8+ T cells. Am ] Rhinol 20:534-539,
2006.

Conley DB, Tripathi A, Seiberling KA, et al. Superantigens and
chronic rhinosinusitis II: Analysis of T-cell receptor V beta domains
in nasal polyps. Am ] Rhinol 20:451-455, 2006.

Hong SC, Waterbury G, and Janeway CA Jr. Different superantigens
interact with distinct sites in the Vbeta domain of a single T cell
receptor. ] Exp Med 183:1437-1446, 1996.

Tripathi A, Kern R, Conley DB, et al. Staphylococcal exotoxins and
nasal polyposis: Analysis of systemic and local responses. Am J
Rhinol 19:327-333, 2005.

Conley DB, Tripathi A, Ditto AM, et al. Chronic sinusitis with nasal
polyps: Staphylococcal exotoxin immunoglobulin E and cellular in-
flammation. Am J Rhinol 18:273-278, 2004.

Zhang N, Van Zele T, Perez-Novo C, et al. Different types of T-ef-
fector cells orchestrate mucosal inflammation in chronic sinus dis-
ease. ] Allergy Clin Immunol 122:961-968, 2008.

Shin SH, Ponikau JU, Sherris DA, et al. Chronic rhinosinusitis: An
enhanced immune response to ubiquitous airborne fungi. ] Allergy
Clin Immunol 114:1369-1375, 2004.

Prussin C, Lee ], and Foster B. Eosinophilic gastrointestinal disease
and peanut allergy are alternatively associated with IL-5+ and IL-5(-)
T(H)2 responses. ] Allergy Clin Immunol 124:1326-1332, e1326, 2009.
Upadhyaya B, Yin Y, Hill B], et al. Hierarchical IL-5 expression
defines a subpopulation of highly differentiated human Th2 cells.
J Immunol 187:3111-3120, 2011.

Steinke JW, Payne SC, Tessier ME, et al. Pilot study of budesonide
inhalant suspension irrigations for chronic eosinophilic sinusitis. J
Allergy Clin Immunol 124:1352-1354, 1357, 2009.

Gevaert P, Lang-Loidolt D, Lackner A, et al. Nasal IL-5 levels deter-
mine the response to anti-IL-5 treatment in patients with nasal pol-
yps. ] Allergy Clin Immunol 118:1133-1141, 2006.

Ebbens FA, Scadding GK, Badia L, et al. Amphotericin B nasal
lavages: Not a solution for patients with chronic rhinosinusitis. J
Allergy Clin Immunol 118:1149-1156, 2006.

Hartwig S, Linden M, Laurent C, et al. Budesonide nasal spray as
prophylactic treatment after polypectomy (a double blind clinical
trial). ] Laryngol Otol 102:148-151, 1988.

Kieff DA, and Busaba NY. Efficacy of montelukast in the treatment of
nasal polyposis. Ann Otol Rhinol Laryngol 114:941-945, 2005.

Uren B, Psaltis A, and Wormald PJ. Nasal lavage with mupirocin for
the treatment of surgically recalcitrant chronic rhinosinusitis. Laryn-
goscope 118:1677-1680, 2008.

Vaidyanathan S, Barnes M, Williamson P, et al. Combined oral and
intranasal corticosteroid therapy for nasal polyps. Ann Intern Med
155:277-278, 2011.

Vaidyanathan S, Barnes M, Williamson P, et al. Treatment of chronic
rhinosinusitis with nasal polyposis with oral steroids followed by
topical steroids: A randomized trial. Ann Intern Med 154:293-302,
2011.

Weschta M, Rimek D, Formanek M, et al. Topical antifungal treat-
ment of chronic rhinosinusitis with nasal polyps: A randomized,
double-blind clinical trial. ] Allergy Clin Immunol 113:1122-1128,
2004.

Nathan RA, Santilli J, Rockwell W, and Glassheim J. Effectiveness of
immunotherapy for recurring sinusitis associated with allergic rhini-
tis as assessed by the Sinusitis Outcomes Questionnaire. Ann Allergy
Asthma Immunol 92:668-672, 2004.

Zhang N, Holtappels G, Gevaert P, et al. Mucosal tissue polyclonal
IgE is functional in response to allergen and SEB. Allergy 66:141-148,
2011.

Gevaert P, Calus L, Van Zele T, et al. Omalizumab is effective in
allergic and non-allergic patients with nasal polyps and asthma. J
Allergy Clin Immunol 129:AB69, 2012. (]

371



