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Abstract

Background: Chronic rhinosinusitis (CRS) is a chronic inflammatory condition of the upper airways, often associated with the
formation of nasal polyps (CRSWNP). It is well established that macroscopically normal (non-polypoidal) sinonasal mucosa in
CRSWNP patients can undergo polypoidal change over time, turning into frank polyps. However, little is known about what drives
this process. This study aimed to investigate potential drivers of nasal polyp formation or growth through comparison of the im-
munological profiles of nasal polyps with contiguous non-polypoidal sinonasal mucosa, from the same patients.

Methods: The immune profiles of three types of tissue were compared; nasal polyps and adjacent non-polypoidal sinonasal
mucosa from 10 CRSWNP patients, and sinonasal mucosa from 10 control patients undergoing trans-sphenoidal pituitary surgery.
Nasal polyp and control samples were also stimulated with Staphylococcus aureus enterotoxin B (SEB) using a nasal explant model,
prior to cytokine analysis. Real time quantitative polymerase chain reaction (IL-5, T-bet, IL-17A, FoxP3, TLR-4, IL-8, IL-1f and IL-6)
and Luminex (IFNy, IL-5 and IL-17A) were used to quantify pro-inflammatory responses.

Results: Nasal polyps and contiguous non-polypoidal sinonasal mucosa from CRSWNP patients displayed a very similar pro-in-
flammatory profile. When stimulated with SEB, nasal polyps displayed a Th2/Th17 mediated response when compared to controls.

Conclusions: In CRSWNP, nasal polyps and non-polypoidal sinonasal mucosa from the same patient displayed a similar pro-in-
flammatory profile skewed towards the Th2/Th17 pathway in nasal polyps following SEB stimulation, with evidence of disordered
bacterial clearance. These factors may contribute to enhanced survival of bacteria and development of a chronic inflammatory
milieu, potentially driving new polyp formation and recurrence following surgical removal.
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Introduction ge, and reduction in the sense of smell, significantly impacting
Chronic rhinosinusitis (CRS) is an inflammatory condition of quality of life and healthcare resources. It can be broadly clas-

the upper airways including the nose and paranasal sinuses sified into two main categories based on the presence (chronic
affecting up to 15% of the population™. It causes chronic rhinosinusitis with polyps, CRSWNP) or absence (chronic rhino-

symptoms including nasal obstruction, facial pain, nasal dischar-  sinusitis without polyps, CRSsNP) of nasal polyps. Nasal polyps
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affect up to 4% of the population, and up to 20% of CRS patients
will develop nasal polyps at some stage in their lifetime®. Asso-
ciated risk factors for recurrent and recalcitrant disease include
asthma, allergy and aspirin sensitivity. Proposed pathophysio-
logical mechanisms in CRS include the role of superantigens®®,
abnormal cell-mediated immune responses® ¢, remodelling"?,
epithelial defects"® ™), osteitis of the sinus walls"% '3, viral"¥, bac-
terial">"®, and fungal factors">2%. However, whilst many theories
of aetiopathogenesis exist, the cause remains unclear.
Historically, CRSWNP has been regarded primarily as a T-helper
(Th)2 mediated disease, characterised by IL-5 driven eosinophilic
inflammation. Recently there has been a move away from the
rigid Th2 classification of CRSWNP towards inflammatory endo-
typing, including recent evidence of a Th17 mediated response
in some patients®?'2%, This raises the possibility of a spectrum

of disease spanning from CRSsNP to CRSWNP®), This may help
explain why some CRS patients with seemingly macroscopically
normal (non-polypoidal) sinonasal mucosa at the time of pre-
sentation can go on to develop nasal polyps in the future.

Itis well established that bacteria, including toxins such as
Staphylococcus aureus enterotoxin B (SEB), play a role in driving a
pro-inflammatory response in CRS, with the release of cytokines
skewed towards a Th2 profile!> 2%, Recently, a novel finding of
intracellular Staphylococcus aureus (S. aureus) within mast cells

in nasal polyps was made"®. Intracellular localisation of bacteria
could represent a means of them evading the immune system
as well as acting as a reservoir to constantly seed bacteria into
the extracellular environment, thus sustaining a chronic inflam-
matory reaction. Furthermore, the presence of subepithelial

and intracellular bacteria raises the probability of a disordered
immune response against bacteria, favouring their survival with
resultant pro-inflammatory effects. Evidence of such a disorde-
red immune response is currently lacking.

Toll-like receptors (TLR) play an important role in the immune
response against bacteria, recognising pathogen-associated
molecular patterns (PAMPs) on the surface of microbes and acti-
vating an innate immune response against them. Furthermore,
IL-8, IL-6 and IL-13 propagate an immune mounted response
against bacteria. IL-8, a chemotactic factor for neutrophils and
mast cells drawing them to the site of infection®”2%, and its
levels have been shown to be increased in CRS?"24, |L-6 and IL-
1B are important in the immune mediated clearance of bacteria,
and their deficiency has been associated with worsening bacte-
rial infections in other conditions®-3".

This study aims to investigate potential drivers of nasal polyp
formation and growth through comparison of immunological
profiles of nasal polyps with contiguous areas of non-polypoidal
sinonasal mucosa from the same patient. This involved the study
of cytokines and transcriptional factors associated with the 4
major T-cell pathways: Th1 (T-bet and IFNy), Th2 (IL-5), Th17
(IL-17A), and Treg (FoxP3). In addition, bacterial-related toll like

receptors (TLR4) and bacterial-associated cytokines (IL-8, IL-6
and IL-1B) were studied, looking for evidence of a disordered
immune response against bacteria.

Materials and methods

Subjects

All methods were carried out in accordance with relevant guide-
lines and regulations. All experimental protocols were approved
by the Southampton and South West Hampshire Research Ethics
Committee (ref - 09/H0501/74). Informed consent was obtained
from all participants.

A total of 20 subjects (10 patients with CRSWNP and 10 control
subjects), meeting the diagnostic criteria defined in the latest
European position paper on rhinosinusitis and nasal polyps
20127, were included in the study. For the cytokine gene expres-
sion study, 10 CRSWNP and 10 control patients were studied.

For the nasal explant model SEB stimulation study, 10 CRSWNP
patients and 5 control patients were studied.

Patients underwent functional endoscopic sinus surgery by the
senior authors (PGH and RJS) at the University Hospital Sou-
thampton NHS Foundation Trust (UHSNFT), after having failed
an 8-week trial of maximal medical therapy including Doxy-
cycline, topical and/or oral steroids, and nasal saline douches.
No patients had used either topical or systemic corticosteroid,
antibacterial, or antihistamine therapies in the 8 weeks prior to
surgery. Exclusion criteria included age less than 18 years, and
patients suffering from cystic fibrosis or primary ciliary dyskine-
sia. All subjects were skin-prick allergy tested to a standard bat-
tery of 10 common aero-allergens (ALK-Abellé, Reading, Berk-
shire, United Kingdom) prior to surgery. Radiological severity of
sinus disease was graded on a computed tomography sinus scan
using the Lund-Mackay scoring system®?. Preoperative demo-
graphic data were collected (Tables 1 and 2) including age, sex,
smoking habit, history of asthma, atopic status, previous sino-
nasal surgery, and medical history. Control tissue was obtained
from 10 patients with no clinical history or radiological evidence
of CRS, undergoing endoscopic trans-sphenoidal pituitary sur-
gery at the Wessex Neurological Centre, UHSNFT.

Tissue specimens

In total three types of tissue were collected and compared in the
first part of the study. Nasal polyps and contiguous non-poly-
poidal sinonasal mucosa (middle meatus) were collected from
CRSWNP patients, and sinonasal mucosal samples were obtained
from the controls. Tissue specimens were placed in Hanks' Balan-
ced Salt Solution (Gibco, Paisley, United Kingdom) and transpor-
ted on ice for processing. Tissue was cut into sections (3 mm?3),
snap frozen in liquid nitrogen and stored at -80°C for real time
quantitative polymerase chain reaction (RT-qPCR). Fresh tissue
was placed within a nasal explant model, outlined below, and
processed for RT-gPCR and Luminex for the analysis of SEB.



Table 1. Patient demographics - Cytokine gene expression study

(Figure 1).

Characteristics CRSwWNP Control
Subject numbers 10 10
Mean age (range) 43 (31-67) 56 (46-75)
Sex 6 Male/4 Female 5 Male/5 Female
Current smokers 3 0
Asthma 6 0
Positive SPT 3 0
Previous Surgery 2 0
Mean SNOT-22 score 62 (20-101) 22 (5-61)
(range)

Mean LMS (range) 14.5 (3-24) 0

SPT - Skin prick test, SNOT - Sinonasal outcome test, LMS — Lund

Mackay score.

Nasal explant culture model

Polyp and control sinonasal mucosal samples were cut into
small explants (3 mm?3), with 4-pieces placed epithelial side up
on a 100 pm cell strainer (VWR International, Radnor, PA, USA)
within a 6-well tissue culture plate (Greiner Bio-One Internatio-
nal, Kremsmunster, Austria). Wells contained 1 ml of serum-free
synthetic interstitial fluid AQIX RS-1 medium (AQIX Ltd, London,
UK). Tissue explants were semi-submerged, thereby maintaining
the physiological air/fluid interface. Explants were cultured (37°C
with 5% CO,) for 24 hours, with and without the addition of SEB
(10 pg/ml, Sigma-Aldrich Ltd, Gillingham, UK) placed within the
culture medium. Tissue and culture supernatants were collected
following culture, snap frozen in liquid nitrogen, and stored at
-80°C for future processing.

Real time quantitative polymerase chain reaction

Frozen tissue was disrupted using 1.0 mm zirconia beads (This-
tle Scientific, Glasgow, Scotland, UK), for 45 seconds in a MagNA
lyser (Roche, Basel, Switzerland) set at 4,500 rpm, and chilled on
ice at4°C for 5 minutes. Total RNA was isolated with an RNeasy
Mini Kit (Qiagen, Hilden, Germany) as per the manufacturer’s
instructions. Reverse transcription was undertaken using the
Thermofisher Scientific high capacity RNA-to-cDNA kit (Life
Technologies Ltd, Carlsbad, CA, USA) using 500 ng of RNA pro-
duct per reaction and quantified using the NanoDrop® ND-1000
spectrophotometer (Life Technologies Ltd, Carlsbad, CA, USA).
Amplification reactions were performed on an ABI 7900HT PCR
system (Applied Biosystems, Foster City, CA, USA), using SYBR
Green PCR Master Mix (Primerdesign Ltd, Southampton, Hamp-
shire, UK) and specific primers (Primerdesign Ltd, Southampton,
Hampshire, UK; Appendix I). The amplification protocol consis-
ted of 2 mins at 95°C, 40 cycles of 95°C for 15 seconds, and 60°C
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Table 2. Patient demographics - Nasal explant model SEB stimulation

study (Figures 2 and 3).

Characteristics CRSwWNP Control
Subject numbers 10 5
Mean age (range) 43 (31-67) 60 (49-75)
Sex 6 Male/4 Female 3 Male/2 Female
Current smokers 3 0
Asthma 6 0
Positive SPT 3 0
Previous Surgery 2 0
Mean SNOT-22 score 62 (20-101) 25.2 (6-61)
(range)

Mean LMS (range) 14.5 (3-24) 0

SPT - Skin prick test, SNOT - Sinonasal outcome test, LMS — Lund

Mackay score.

for 1 min, followed by a melt curve analysis (95°C for 15 seconds,
60°C for 15 seconds, and 95°C for 15 seconds). The expression of
a housekeeping gene, beta-actin ($-actin), was used to norma-
lise for transcription and amplifications variations among sam-
ples. The comparative CT method (2-**“T) was used to calculate
normalised relative fold change compared to pooled controls®3.

Measurement of supernatant cytokines (Luminex®)
Concentrations of IFNy, IL-5, and IL-17A were measured on
tissue culture supernatants using Luminex® (R&D systems Inc,
Minneapolis, MN, USA), as per the manufacturer’s instructions.
The plate was analysed on the Luminex analyser (Bio-Plex® 200
System, Bio-Rad Laboratories Ltd, Hercules, CA, USA).

Luminex results were standardised by measuring the total pro-
tein content of samples, thereby representing pg/ml per pg of
total protein for each analyte measured. Total protein was mea-
sured using the Bio-Rad protein assay kit (Bio-Rad Laboratories
Ltd, Hercules, CA, USA) as per the manufacturer’s instructions.
All standards and samples were undertaken in triplicates.

Statistical analysis

Statistical analysis was performed using Graph Pad Prism 6.0
software (Graph Pad Software Inc., San Diego, CA, USA). For the
ex vivo tissue samples, statistical analysis was performed using
a Wilcoxon test for paired samples (nasal polyp and non-poly-
poidal sinonasal mucosa) and Mann-Whitney U-test for all other
analyses. Statistical analysis for explant model culture samples
was undertaken using a paired t-test when examining cytokine
gene expression ratios between SEB stimulated and unstimu-
lated samples. Unpaired t-tests were used to examine cytokine
gene expression ratios between control and nasal polyp sam-
ples, both stimulated and unstimulated.
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Figure 1.IL-5, T-bet, IL-17A, FoxP3, TLR-4, IL-8, IL-1f and IL-6 normalised relative gene expression ratios within sinonasal mucosal tissue samples.

RT-gPCR of IL-5 (A), T-bet (B), IL-17A (C), FoxP3 (D), TLR-4 (E), IL-8 (F), IL-1 (

G) and IL-6 (H). Data points represent individual samples and lines represent

medians. Significance levels: p<0.05 (*), p<0.01 (**) and p<0.001 (***). Experiments involved 10 CRSWNP and 10 Control samples, with RT-gPCR experi-

ments undertaken in duplicate.

Results

Tissue cytokine gene expression

There was evidence of a Th2 mediated pro-inflammatory
response in nasal polyps and non-polypoidal sinonasal mucosa
compared to controls (Figure 1A and 1B), with upregulated IL-5
gene expression and downregulated T-bet expression. There
was no significant difference in IL-17A gene expression, a Th17
cytokine, across tissue samples (Figure 1C). There was downre-
gulation of FoxP3 expression in nasal polyps and non-polypoidal
sinonasal mucosa compared to controls, with the latter reaching
statistical significance (Figure 1D).

Toll-like receptor (TLR)-4 was significantly upregulated in nasal
polyps and non-polypoidal sinonasal mucosa, in comparison

to controls (Figure 1E). IL-8 gene expression was upregulated
within non-polypoidal sinonasal mucosa and nasal polyps in
comparison to control mucosa, with the latter reaching statisti-
cal significance (Figure 1F). IL-1B and IL-6 gene expression were
significantly downregulated in both nasal polyps and non-
polypoidal sinonasal mucosa in comparison to controls (Figure
1G and TH).

SEB stimulation in a nasal explant model

There was significant upregulation of IL-5 and IL-17A gene ex-
pression, together with IL-5 and IL-17A protein concentration in
culture supernatants, following SEB stimulation of nasal polyps
(Figures 2C to F). The protein concentrations of IFNy increased
significantly in both control and nasal polyp samples, following

SEB stimulation (Figure 2B). This was not evident when exami-
ning the gene expression ratio of T-bet, although there was a
significant difference between SEB stimulated controls and SEB
stimulated nasal polyps (Figure 2A).

Upon nasal polyp stimulation with SEB, there was significant up-
regulation of TLR-4 gene expression (Figure 3A) and significant
downregulation of IL-13 gene expression (Figure 3C), with no
significant change in IL-8 and IL-6 seen (Figure 3B and D). Con-
trol samples showed evidence of upregulated pro-inflammatory
cytokines and increased cytokine protein release into the super-
natant when nasal polyps were stimulated with SEB (Figures 2
and 3), but these changes only reached statistical significance
for IFNy protein concentrations.

Discussion

Limited studies have compared the immune profiles of nasal
polyps with adjacent non-polypoidal sinonasal mucosa from the
same patients®3%3¢ Those studies which did, mainly examined
the cellular profile of key immune cells in CRSWNP tissue using
flow-cytometry, identifying an active Th2 pro-inflammatory
response?3439 The present study uses alternative techniques
focusing on gene expression levels, providing novel findings
that complement previous studies.

Despite their contrasting macroscopic appearances to the naked
eye, the non-polypoidal sinonasal mucosa and nasal polyps

in CRSWNP patients display strikingly similar immune profiles.
Indeed, presented results show that in many cases the non-poly-
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Figure 2. T-cell responses of SEB stimulated sinonasal control mucosa
and nasal polyp explants. Normalised relative gene expression (RT-qPCR)
of T-bet (A), IL-5 (B) and IL-17A (C) are displayed, together with the cor-
responding protein concentrations (Luminex) of IFNy (D), IL-5 (E) and
IL-17A (F). Data points represent individual samples and lines represent
mean values. Significance levels: p<0.05 (¥) and p<0.01 (**). Experiments
involved 10 CRSWNP and 5 Control samples, with RT-qPCR experi-

ments undertaken in duplicate and Luminex as single samples. SEB -

Staphylococcus aureus enterotoxin B.

poidal sinonasal mucosa displays higher pro-inflammatory gene
expression levels compared to nasal polyps. This is significant as
these are the mucosal areas which may develop over time into
frank nasal polyps. Furthermore, these are the same areas which
require targeting with topical steroids to reduce transformation
into nasal polypsand prevent recurrence following surgical
removal.

Whilst reduced levels of IL=1 have been observed in nasal
polyps with high IL-5 expression®”, the significant downregu-
lation of IL-1B and IL-6 gene expression in CRSWNP samples
compared to controls has not been previously reported. IL-1(3,

a cytokine implicated in a number of inflammatory conditions
and produced by monocytes and macrophages, is important in
the defence against bacterial infections at mucosal surfaces®®.
Moreover, when its activity is inhibited in animal models, there
is increased susceptibility to bacterial infections including
those caused by S. aureus®-3%., This study has revealed IL-13

to be significantly downregulated in CRSWNP samples, which
are known to harbour submucosal and intracellular S aureus“®.
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Figure 3. TLR-4, IL-8, IL-1(3 and IL-6 gene expression of SEB stimulated
sinonasal control mucosa and nasal polyp explants. RT-qPCR of TLR-4 (A),
IL-8 (B), IL-1B (C), and IL-6 (D). Data points represent individual samples
and lines represent medians. Significance levels: p<0.05 (*) and p<0.001
(***). Experiments involved 10 CRSWNP and 5 Control samples, with
RT-qPCR experiments undertaken in duplicate. SEB - Staphylococcus

aureus enterotoxin B.

Furthermore, IL-13 gene expression was further downregula-
ted when nasal polyps were stimulated with SEB. These results
may indicate a disordered anti-bacterial response, on both the
tissue and cellular level, which could contribute to enhanced
bacterial survival. This is further supported by the findings of
IL-6 gene expression, involved in phagocytic cell activation and
acute phase response to infection, which was also found to be
downregulated in CRSWNP samples. IL-6 deficiency can lead to
impaired immunity to viral, parasitic and bacterial infections®".
Combined with upregulation of IL-8 and TLR-4, these results
indicate upregulation of cytokines and toll-like receptors in-
volved in the detection of bacteria and recruitment of defensive
cell types, with downregulation of cytokines involved in the
immune-mediated clearance of bacteria. This may represent a
mechanism by which bacteria subvert the local immune res-
ponse by recruiting cells (such as mast cells) which they are then
able to parasitise, enabling them to evade the immune system
thus enhancing their survival.

The potent toxin released by S. aureus, SEB, is known to induce
potent pro-inflammatory effects in those with nasal polypst-26:3*
9, Previous studies have shown exacerbation of Th2-mediated
inflammation in response to nasal polyps stimulated with SEB®.
This study has revealed a Th2/Th17-mediated inflammatory
response of nasal polyp tissues following SEB stimulation, which
has not been reported previously. With a move away from the
traditional and rigid classification of CRSWNP as a purely Th2 dri-
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ven process, these results suggest a co-existing Th17 response,
evidenced at the gene and protein level. Polyp tissues correlate
highly with the intracellular residency of S. aureus"'®, and this
Th17 mediated response which constitutes a defence mecha-
nism against invading pathogens, could provide further support
for the role of bacteria in this disease process. It also further
confirms the potential inflammatory drive of these tissues, and
the propensity for further chronic inflammation.

This study has highlighted the presence of a pro-inflammatory
response within the non-polypoidal sinonasal mucosa of
CRSWNP patients, together with evidence of both T-regulatory
cell dysfunction and disordered bacterial clearance. These

may contribute to the enhanced survival of bacteria and the
development of a chronic inflammatory state. Furthermore, SEB
has been shown to further skew the immune profile of nasal
polyps towards the Th2 and Th17 pathways, thus highlighting
the ability of bacterial toxins to promote and sustain chronic
inflammation. This pro-inflammatory response in seemingly
normal looking non-polypoidal sinonasal mucosa reinforces
the potential for this mucosa to transform with time into frank
polyps, and as such the importance of aggressive and regular
anti-inflammatory medical treatment in patients with nasal
polyps, including following surgical removal to reduce the risk of
polyp growth and recurrence.

Conclusion

Better understanding of the aetiology of nasal polyps through
studies such as this will aid the development of novel thera-
peutic strategies targeting their formation and growth, thus
reducing reliance on antibiotics, corticosteroids and the need
for surgical removal. These may include strategies specifically
targeting intracellular bacteria, or immunotherapeutic treat-
ments such as anti-IL-5 mAb“", with the aim of modulating a

strongly polarised T-cell response.
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Anti-sense primer

GCCACAGTAAATGACAGGAATG
CAACCCCAGCATCTAGCATAG
CACTTTGCCTCCCAGATCAC
GCGTGTGAACCAGTGGTAGAT
GACACCACAACAATCACCTTTCG
AGCTTGGAAGTCATGTTTACAC
ACCTCAAACTCCAAAAGACCA
CTGTAGTGGTGGTCGGAGATT

RT-gPCR Housekeeping gene amplicon context information: Human ACTB, Accession number: NM_001101, Anchor Nucleotide position: 1195,

Context sequence length: 106bp





