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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.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3271/7/2/22/s1.
Figure S1: Flow cytometric analysis of splenocytes from IL-5 transgenic mouse, Figure S2: Induction of allergic
airway inflammation by HDM (A) and Aspergillus (B), Figure S3: CT analysis images in the paranasal sinus.
Left and right panels indicate coronal sections in control (PBS/PBS) and OVA-sensitized and challenged groups
(OVA/OVA), respectively; and online supplementary methods.
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AR, allergic rhinitis; Alum, aluminum hydroxide; CRS, chronic rhinosinusitis; CRSwNP, chronic
rhinosinusitis with nasal polyp; CRSsNP, chronic rhinosinusitis without nasal polyp; CT, computer tomography;
ECP, eosinophil cationic protein; ESS, endoscopic sinus surgery; ECRS, eosinophilic chronic rhinosinusitis; EDN,
eosinophil-derived neurotoxin; EPO, eosinophil peroxidase; Der f, Dermatophagoides farinae; HDM, house dust
mite; i.n., intranasal; i.p., intraperitoneal; i.t., intratracheal; JESREC, Japanese Epidemiological Survey of Refractory
Eosinophilic Chronic Rhinosinusitis; ILC, innate lymphoid cell; IL, interleukin; MBP, major basic protein; MCH,
methacholine; MMP, matrix metalloproteinase; NK, natural killer; OVA, ovalbumin; PAR, protease-activated
receptor; SAE, Staphylococcus aureus enterotoxin; SAgs, superantigens; SEA, staphylococcal enterotoxin A; SEB,
Staphylococcus aureus enterotoxin B; SE-IgE, Staphylococcus aureus enterotoxin-specific IgE; SPLhEos, splenocytes
including a high number of eosinophils; Tc, cytotoxic T; TGF, transforming growth factor; Tg, transgenic; Th, T
helper cell type; TLR, toll-like receptor.

References

1. Rothenberg, M.E.; Hogan, S.P. The eosinophil. Annu. Rev. Immunol. 2006, 24, 147–174. [CrossRef] [PubMed]
2. Blanchard, C.; Rothenberg, M.E. Biology of the eosinophil. Adv. Immunol. 2009, 101, 81–121. [CrossRef]

[PubMed]
3. Rosenberg, H.F.; Dyer, K.D.; Foster, P.S. Eosinophils: Changing perspectives in health and disease.

Nat. Rev. Immunol. 2013, 13, 9–22. [CrossRef] [PubMed]
4. Foley, S.C.; Prefontaine, D.; Hamid, Q. Images in allergy and immunology: Role of eosinophils in airway

remodeling. J. Allergy Clin. Immunol. 2007, 119, 1563–1566. [CrossRef]
5. Schleimer, R.P. Immunopathogenesis of Chronic Rhinosinusitis and Nasal Polyposis. Annu. Rev. Pathol. 2017,

12, 331–357. [CrossRef] [PubMed]
6. Fokkens, W.J.; Lund, V.J.; Mullol, J.; Bachert, C.; Alobid, I.; Baroody, F.; Cohen, N.; Cervin, A.; Douglas, R.;

Gevaert, P.; et al. European Position Paper on Rhinosinusitis and Nasal Polyps. Rhinol. Suppl. 2012, 23, 1–298.
7. Bachert, C.; Zhang, N.; Holtappels, G.; De Lobel, L.; van Cauwenberge, P.; Liu, S.; Lin, P.; Bousquet, J.;

Van Steen, K. Presence of IL-5 protein and IgE antibodies to staphylococcal enterotoxins in nasal polyps is
associated with comorbid asthma. J. Allergy Clin. Immunol. 2010, 126, 962–968.e6. [CrossRef]

8. Tomassen, P.; Vandeplas, G.; Van Zele, T.; Cardell, L.O.; Arebro, J.; Olze, H.; Forster-Ruhrmann, U.;
Kowalski, M.L.; Olszewska-Ziaber, A.; Holtappels, G.; et al. Inflammatory endotypes of chronic rhinosinusitis
based on cluster analysis of biomarkers. J. Allergy Clin. Immunol. 2016, 137, 1449–1456.e4. [CrossRef]

9. Sakuma, Y.; Ishitoya, J.; Komatsu, M.; Shiono, O.; Hirama, M.; Yamashita, Y.; Kaneko, T.; Morita, S.;
Tsukuda, M. New clinical diagnostic criteria for eosinophilic chronic rhinosinusitis. Auris Nasus Larynx 2011,
38, 583–588. [CrossRef]

10. Tokunaga, T.; Sakashita, M.; Haruna, T.; Asaka, D.; Takeno, S.; Ikeda, H.; Nakayama, T.; Seki, N.; Ito, S.;
Murata, J.; et al. Novel scoring system and algorithm for classifying chronic rhinosinusitis: The JESREC
Study. Allergy 2015, 70, 995–1003. [CrossRef]

11. Klimek, L.; Eggers, G. Olfactory dysfunction in allergic rhinitis is related to nasal eosinophilic inflammation.
J. Allergy Clin. Immunol. 1997, 100, 158–164. [CrossRef]

12. Kim, D.W.; Khalmuratova, R.; Hur, D.G.; Jeon, S.Y.; Kim, S.W.; Shin, H.W.; Lee, C.H.; Rhee, C.S. Staphylococcus
aureus enterotoxin B contributes to induction of nasal polypoid lesions in an allergic rhinosinusitis murine
model. Am. J. Rhinol. Allergy 2011, 25, e255–e261. [CrossRef] [PubMed]

13. Kim, S.W.; Kim, D.W.; Khalmuratova, R.; Kim, J.H.; Jung, M.H.; Chang, D.Y.; Shin, E.C.; Lee, H.K.; Shin, H.W.;
Rhee, C.S.; et al. Resveratrol prevents development of eosinophilic rhinosinusitis with nasal polyps in a
mouse model. Allergy 2013, 68, 862–869. [CrossRef] [PubMed]

14. Kim, H.C.; Lim, J.Y.; Kim, S.; Kim, J.H.; Jang, Y.J. Development of a mouse model of eosinophilic chronic
rhinosinusitis with nasal polyp by nasal instillation of an Aspergillus protease and ovalbumin. Eur. Arch.
Oto-Rhino-Laryngol. 2017, 274, 3899–3906. [CrossRef] [PubMed]

75



Med. Sci. 2019, 7, 22

15. Kanda, A.; Driss, V.; Hornez, N.; Abdallah, M.; Roumier, T.; Abboud, G.; Legrand, F.; Staumont-Salle, D.;
Queant, S.; Bertout, J.; et al. Eosinophil-derived IFN-gamma induces airway hyperresponsiveness and
lung inflammation in the absence of lymphocytes. J. Allergy Clin. Immunol. 2009, 124, 573–582. [CrossRef]
[PubMed]

16. Wen, T.; Besse, J.A.; Mingler, M.K.; Fulkerson, P.C.; Rothenberg, M.E. Eosinophil adoptive transfer system to
directly evaluate pulmonary eosinophil trafficking in vivo. Proc. Natl. Acad. Sci. USA 2013, 110, 6067–6072.
[CrossRef] [PubMed]

17. Yang, M.; Crawley, J.N. Simple behavioral assessment of mouse olfaction. Curr. Protoc. Neurosci. 2009, 8,
8–24. [CrossRef]

18. Kawamoto, T. Use of a new adhesive film for the preparation of multi-purpose fresh-frozen sections from
hard tissues, whole-animals, insects and plants. Arch. Histol. Cytol. 2003, 66, 123–143. [CrossRef]

19. Ryu, J.H.; Yoo, J.Y.; Kim, M.J.; Hwang, S.G.; Ahn, K.C.; Ryu, J.C.; Choi, M.K.; Joo, J.H.; Kim, C.H.;
Lee, S.N.; et al. Distinct TLR-mediated pathways regulate house dust mite-induced allergic disease in
the upper and lower airways. J. Allergy Clin. Immunol. 2013, 131, 549–561. [CrossRef]

20. Liu, C.F.; Drocourt, D.; Puzo, G.; Wang, J.Y.; Riviere, M. Innate immune response of alveolar macrophage to
house dust mite allergen is mediated through TLR2/-4 co-activation. PLoS ONE 2013, 8, e75983. [CrossRef]

21. Schubert, M.S. Allergic fungal sinusitis: Pathophysiology, diagnosis and management. Med. Mycol. 2009, 47,
S324–S330. [CrossRef] [PubMed]

22. Chakrabarti, A.; Kaur, H. Allergic Aspergillus Rhinosinusitis. J. Fungi 2016, 2. [CrossRef] [PubMed]
23. Williams, P.B.; Barnes, C.S.; Portnoy, J.M. Innate and Adaptive Immune Response to Fungal Products and

Allergens. J. Allergy Clin. Immunol. Pract. 2016, 4, 386–395. [CrossRef] [PubMed]
24. Stevens, W.W.; Schleimer, R.P.; Kern, R.C. Chronic Rhinosinusitis with Nasal Polyps. J. Allergy Clin. Immunol. Pract.

2016, 4, 565–572. [CrossRef] [PubMed]
25. Gaines, A.D. Anosmia and hyposmia. Allergy Asthma Proc. 2010, 31, 185–189. [CrossRef] [PubMed]
26. Syed, I.; Philpott, C. Hyposmia. Br. J. Hosp. Med. 2015, 76, C41–C42. [CrossRef] [PubMed]
27. Doty, R.L. Office procedures for quantitative assessment of olfactory function. Am. J. Rhinol. 2007, 21,

460–473. [CrossRef]
28. Yang, D.; Chen, Q.; Su, S.B.; Zhang, P.; Kurosaka, K.; Caspi, R.R.; Michalek, S.M.; Rosenberg, H.F.; Zhang, N.;

Oppenheim, J.J. Eosinophil-derived neurotoxin acts as an alarmin to activate the TLR2-MyD88 signal
pathway in dendritic cells and enhances Th2 immune responses. J. Exp. Med. 2008, 205, 79–90. [CrossRef]

29. Li, X.; Hawkins, G.A.; Ampleford, E.J.; Moore, W.C.; Li, H.; Hastie, A.T.; Howard, T.D.; Boushey, H.A.;
Busse, W.W.; Calhoun, W.J.; et al. Genome-wide association study identifies TH1 pathway genes associated
with lung function in asthmatic patients. J. Allergy Clin. Immunol. 2013, 132, 313–320. [CrossRef]

30. Cao, P.P.; Wang, Z.C.; Schleimer, R.P.; Liu, Z. Pathophysiologic mechanisms of chronic rhinosinusitis and
their roles in emerging disease endotypes. Ann. Allergy Asthma Immunol. 2018. [CrossRef]

31. Annunziato, F.; Romagnani, C.; Romagnani, S. The 3 major types of innate and adaptive cell-mediated
effector immunity. J. Allergy Clin. Immunol. 2015, 135, 626–635. [CrossRef]

32. Zhang, Q.; Wang, C.S.; Han, D.M.; Sy, C.; Huang, Q.; Sun, Y.; Fan, E.Z.; Li, Y.; Zhou, B. Differential expression
of Toll-like receptor pathway genes in chronic rhinosinusitis with or without nasal polyps. Acta Oto-Laryngol.
2013, 133, 165–173. [CrossRef] [PubMed]

33. Park, S.K.; Jin, S.Y.; Yeon, S.H.; Lee, S.B.; Xu, J.; Yoon, Y.H.; Rha, K.S.; Kim, Y.M. Role of Toll-like receptor
9 signaling on activation of nasal polyp-derived fibroblasts and its association with nasal polypogenesis.
Int. Forum Allergy Rhinol. 2018, 8, 1001–1012. [CrossRef] [PubMed]

34. Mandron, M.; Aries, M.F.; Brehm, R.D.; Tranter, H.S.; Acharya, K.R.; Charveron, M.; Davrinche, C. Human
dendritic cells conditioned with Staphylococcus aureus enterotoxin B promote TH2 cell polarization. J. Allergy
Clin. Immunol. 2006, 117, 1141–1147. [CrossRef] [PubMed]

35. Forbes-Blom, E.; Camberis, M.; Prout, M.; Tang, S.C.; Le Gros, G. Staphylococcal-derived superantigen
enhances peanut induced Th2 responses in the skin. Clin. Exp. Allergy J. Br. Soc. Allergy Clin. Immunol. 2012,
42, 305–314. [CrossRef]

76



Med. Sci. 2019, 7, 22

36. Okano, M.; Fujiwara, T.; Haruna, T.; Kariya, S.; Makihara, S.; Higaki, T.; Nishizaki, K. Role of fungal antigens
in eosinophilia-associated cellular responses in nasal polyps: A comparison with enterotoxin. Clin. Exp.
Allergy J. Br. Soc. Allergy Clin. Immunol. 2011, 41, 171–178. [CrossRef] [PubMed]

37. Davidson, C.E.; Asaduzzaman, M.; Arizmendi, N.G.; Polley, D.; Wu, Y.; Gordon, J.R.; Hollenberg, M.D.;
Cameron, L.; Vliagoftis, H. Proteinase-activated receptor-2 activation participates in allergic sensitization to
house dust mite allergens in a murine model. Clin. Exp. Allergy 2013, 43, 1274–1285. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

77





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Medical Sciences Editorial Office
E-mail: medsci@mdpi.com

www.mdpi.com/journal/medsci





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-03928-812-0 


