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Abstract

Background—Cathelicidin (LL-37) is an endogenous innate immune peptide that is elevated in
patients with chronic rhinosinusitis (CRS). The role of LL-37 in olfactory epithelium (OE)
inflammation remains unknown. We hypothesized that 1) LL-37 topically delivered would elicit
profound OE inflammation, and 2) LL-37 induced inflammation is associated with increased
infiltration of neutrophils and mast cells.

Methods—To test our hypothesis we challenged C57BL/6 mice intranasally with increasing
concentrations of LL-37. At 24 hours tissues were examined histologically and scored for
inflammatory cell infiltrate, edema, and secretory hyperplasia. In separate experiments,
fluorescently conjugated LL-37 was instilled and tissues were examined at 0.5 and 24 hours. To
test our last hypothesis, we performed tissue myeloperoxidase (MPO) assays for neutrophil
activity and immunohistochemistry for tryptase to determine the mean number of mast cells per
mm?2.

Results—LL-37 caused increased inflammatory cell infiltrate, edema, and secretory cell
hyperplasia of the sinonasal mucosa with higher LL-37 concentrations yielding significantly more
inflammatory changes (p < 0.01). Fluorescent LL-37 demonstrated global sinonasal epithelial
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binding and tissue distribution. Further, higher concentrations of LL-37 led to significantly greater
MPO levels with dose-dependent increases in mast cell infiltration (p < 0.01).

Conclusions—LL-37 has dramatic inflammatory effects in the OE mucosa that is dose-
dependent. The observed inflammatory changes in the olfactory mucosa were associated with the
infiltration of both neutrophils and mast cells. Our biologic model represents a new model to
further investigate the role of LL-37 in OE inflammation.
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Introduction

Chronic rhinosinusitis (CRS) is one of the most common and debilitating health conditions
that afflicts millions of patients every year and has known staggering effects on morbidity
and societal burden. Sinonasal inflammation is the most common etiology of olfactory loss!
with 30 to 60 % of this patient population reporting olfactory dysfunction?3 and the loss of
smell is used as a criterion for the diagnosis of CRS.# Despite the widespread prevalence of
olfactory dysfunction and its significant deleterious effect on health, it is surprising how
little we know about the pathogenesis of olfactory loss associated with rhinosinusitis that is
due, in part, to the lack of a surrogate model of olfactory epithelium (OE) inflammation.
Although the exact mechanisms remain unknown, increasing evidence implicates the innate
immune system may play a role,> as the sinonasal mucosa is constantly being exposed to
environmental insults that require an immune response within the epithelium.

Little is known about the underlying etiopathogenesis of CRS-associated OE inflammation.
The pathophysiology of inflammation, however, may be secondary to the high expression of
cathelicidin and LL-37, its post-enzymatic cleaved peptide product.”:8 LL-37 is cytotoxic at
low concentrations and can induce apoptosis, negatively impacting the inflammatory
balance. Prior investigations have also shown expression of LL-37 mRNA and protein in
both upper airway epithelial cell cultures and in human nasal mucosa in patients with CRS.2
LL-37 has also been shown to trigger inflammation via stimulation of mast cell
degranulation and expression, and enhanced neutrophil function, while directly regulating
production of cytokines/chemokines and reactive oxygen species.10-13 LL-37 is released into
the airway,4 implicated in the innate immune system gone awry,15 and may be playing a
significant role in OE inflammation.

Animal models have enhanced our insight into the pathophysiology of many human
diseases. One of the remaining barriers to understanding sinonasal inflammation and
development of new treatment strategies is an acceptable non-infectious and non-allergenic
animal model that induces reproducible inflammation. Currently, animal models for
inducing rhinosinusitis and OE inflammation are limited to those models that cause an
inflammatory response by inoculation of bacteria or generating a chronic allergic animal
model sensitized to Aspergillus fumigatus (Af),16 or with induction of ovalbumin with
Staphylococcus aureus enterotoxin B, yet CRS is not considered a chronic bacterial
disease nor is there strong evidence for an allergic association.18 Other exciting new genetic
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models have shown that pro-inflammatory cytokines such as tumor necrosis factor can have
profound effects on OE inflammation.1® Our model relies on neither infectious or allergic
stimulus but instead builds upon prior investigations that have demonstrated elevated levels
of LL-37 are associated with profound inflammation in epithelial cells of the skin, 1520 lower
airway,4 and bladder.2! Further, topically administered 24 amino acid peptide derivatives of
LL-37 at increasing concentrations have pro-inflammatory and ciliotoxic effects on sinus
mucosa in a rabbit model of sinusitis.22 Human studies have shown LL-37 to be elevated in
patients with chronic upper airway inflammation such as CRS and allergic fungal
rhinosinusitis.”:2-23 However, the inflammatory response induced by LL-37 in the upper
airway has not been well studied.

Our objective was to develop a noninfectious, non-allergic mouse model of acute OE
inflammation that is based off of LL-37, which is a naturally occurring peptide that is
constitutively expressed and found in the upper airway. We first hypothesized that LL-37
induces OE inflammation by binding and distributing in the olfactory mucosa in a dose
dependent manner. We also hypothesized that the OE inflammation mechanistically involves
mast cells and neutrophils, as LL-37 is known to induce mast cell and neutrophil
chemotaxis.?425

Materials and Methods

Mouse Model of LL-37-induced Sinonasal Inflammation

Twenty-four male C57BL/6 mice were purchased from Charles River (Santa Clara, CA) and
housed in pathogen free conditions at the University of Utah Laboratory of Comparative
Medicine. At the time of experimentation all animals were 10-12 weeks old. All animal
experiments were performed under the regulation of the Institutional Animal Care and Use
Committee (IACUC) at the University of Utah. LL-37 was obtained in high performance
liquid chromatography-homogenous form (peptide sequence:
LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES) and dissolved in nanopure water
to yield each concentration tested, which corresponds to each experimental group (0, 80, 160
and 320 uM). The total volume delivered was always 40 pl in each nare administered as
timed (10 minute intervals) and divided in volumes of 10 pl per nare every ten minutes. The
concentration of LL-37 intranasally inoculated (0 - 320 pM) was selected to reflect low to
moderate local physiological concentrations as previously described in rosacea (maximum
1,500 pM).20 At the doses selected, LL-37 has been shown to elicit erythema, vascular
dilatation, increased neutrophilic infiltrate, thrombosis, and hemorrhage in both the skin and
bladder in a dose dependent manner.29-21 Each treatment group consisted of 6 mice; Group
1: 0 uM of LL-37 (control group), Group 2: 80 uM LL-37, Group 3: 160 uM LL-37, and
Group 4: 320 uM LL-37. After establishing isoflurane anesthesia, intranasal inoculations
were performed. Prior to treatment all groups received a gentle sinus rinse with normal
saline (0.9% NacCl). The inoculant was released slowly in drops that hung off the end of a
micropipette tip held directly in front of the nares allowing the mouse to spontaneously
breathe in the inoculant. Mice were kept supine during and following inoculations to
facilitate retention in the nasal cavity.28 The animals were observed for 24 hours for pain or
discomfort and subsequently sacrificed at 24 hours.
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Tissue collection

Animals were sacrificed at 24 hours and tissue harvested based off prior investigations
showing robust inflammation at 24 hours after LL-37 treatment.21:27 Heads were bisected in
a sagittal plane at the nasal septum and the mucosa evaluated for gross differences. The
bisected sections were randomly assigned to either histology/immunohistochemistry or sinus
tissue processing. The olfactory epithelium was carefully dissected out under the dissecting
microscope for those half heads assigned to sinus tissue processing. The sinus tissue
destined for protein myeloperoxidase (MPO) analysis was flash frozen in liquid nitrogen and
stored at -80° Celsius (C). In a separate experiment three mice (6 half heads) were collected
to determine if there were significant differences in inflammation as measured by MPO
between the right and left sides. Mouse half-heads destined for immunohistochemistry
(IHC) were fixed in 10% neutral-buffered formalin at room temperature for 24 hours. After
rinsing with phosphate buffered saline (PBS), the half-heads were decalcified in Shandon™
TBD-2™ Decalcifier (Thermo Scientific, USA) for up to 48 hours as previously
described.1® Immediately after decalcification, each head was cross-sectioned in a coronal
plane. Following the sectioning procedure, standard dehydration methods were performed
using increased concentrations of alcohol (70%, 95% 100%) and xylene. Tissue sections
were embedded into separate paraffin blocks with the correct dorsal-ventral orientation.

Tissue Neutrophil (MPO) Assay

Tissues were processed and MPO assays were performed as previously described.?! Briefly,
lysis buffer composed of 200 mM NaCl, 5 mM ethylenediaminetetraacetic acid, 10 mM tris,
10% glycerin (Sigma®), and protease inhibitor cocktail (Thermo Scientific®) were added to
frozen tissue samples (200 pl lysis buffer per 10 mg frozen tissue). Two centrifuge cycles
were performed (1500 revolutions per minute at 4° C for 15 minutes). In order to standardize
the total protein assayed from different mouse heads we used a standard bicinchoninic acid
(BCA assay) (Thermo ScientificTM PierceTM). The BCA determines the total
concentration of protein in each sample compared to a protein of known concentration by
using colorimetric techniques. Concentrations of MPO in the tissue homogenates were
determined using a quantitative sandwich enzyme linked immunosorbent assay (ELISA)
according to the manufacturer's protocol (Cat#:HK210, Hycult Biotech, The Netherlands).
The detection range of the assay was between 1.6 - 100 ng/mL. All samples were run in
triplicate.

Hematoxylin and Eosin (H&E) staining

To characterize the inflammatory structure and carry out the histological evaluation, standard
hematoxylin and eosin (H&E) counterstaining procedures were performed. The saline group
tissues were used as controls.

Histological Scoring

OE tissue was removed and scored for inflammation as previously described.28:2% Briefly,
inflammation was assessed by light microscopic examination. The control and OE tissue
were examined in a blinded fashion. All histologic samples were reviewed and scored for
inflammatory cell infiltrate, secretory hyperplasia, and thickness of the lamina propria. The
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grade of inflammatory cell infiltrate was quantified on a scale of none (0), minimal (1), mild
(2), moderate, (3) and severe (4). This was defined as: (1) rare individual inflammatory cells
within the epithelium and lamina propria; (2) mild or light cellular infiltrate of individual or
occasional clusters of inflammatory cells, (3) moderate as dense infiltrate of inflammatory
cells, and (4) severe or dense inflammatory infiltrate so dense as to obscure the normal
architecture of the mucosa or submucosa. Lamina propria thickness was assessed between
the groups with appropriate saline controls. This was scored on a scale of normal (0),
minimal thickness increase (1), mild thickness increase (2), moderate thickness increase (3),
and severe thickness increase (4). Similarly secretory hyperplasia was scored on a scale of
none (0), minimal (1), mild (2), moderate (3) and severe (4). This was defined as: (1)
minimal is defined as rare secretory cells, (2) mild as scattered areas of secretory
hyperplasia, (3) moderate as extended areas of hyperplasia, and (4) severe. Minimal was
defined as rare secretory cells, mild as scattered areas of secretory hyperplasia, moderate as
diffuse areas of hyperplasia, and severe as diffuse areas of secretory cells coupled with
secretory metaplasia of subepithelial glands such as septal glands. In each animal, scores of
5 randomly chosen fields were recorded and a total of 30 individual scores for each criterion
per group were obtained.

Spatial and Temporal Characteristics of LL-37 in Sinonasal Mucosa

LL-37 fluorescently labeled with AlexaFluor® 633 was synthesized by adding 3 mg LL-37
and 5 mg N-hydroxy-succinimide in 5 ml deionized H,O to a solution of 1 mg AlexaFluor®
633 carboxylic acid in 2 ml of dimethylformamide. The pH was adjusted to 4.75 and N,N-
dimethylaminopropy! carbodiimide (5 mg) was added. The reaction mixture was stirred
overnight, and dialyzed twice against 100 mM NaCl solution and once against deionized
H,0. The dialyzed solution was lyophilized to yield 2.5 mg LL-37 AlexaFluor® 633
bioconjugate.

LL-37 AlexaFluor® 633 bioconjugate (320 uM) was instilled intranasally as described
above. Sinus tissues were harvested at thirty minutes (t = 0.5) or at 24 hours (t = 24). Tissue
sections were counterstained with DAPI (4”,6-diamidino-2-phenylindole) and imaged with
F\V1000 Confocal 1X81 microscope (Olympus).

Immunohistochemistry for Mast Cell Tryptase and Mast Cell Counting

Mast Cell Tryptase DAB Immunohistochemistry—Histological sections were
deparaffinized by xylene and rehydrated through decreased concentrations of alcohols
(100%, 95%, 70%). Endogenous peroxidase activity was blocked with 1% hydrogen
peroxide in PBS for 20 minutes. Slides were washed three times in PBS for 3 minutes each.
Antigen retrieval was performed by treating tissue sections with 1:100 dilution of antigen
unmask solution (Cat # 3300, Vector Laboratories, Burlingame, CA, U.S.A.) under
continuous low-level microwave heat for 1 hour. To minimize non-specific antibody binding
and background signal, tissues were incubated with blocking solution (5% fetal bovine
serum (FBS) in PBS and 0.3% Triton™ X-100) at room temperature for 1 hour. The tissues
were then incubated with a primary antibody (1:800 dilution, Mast Cell Tryptase Antibody,
sc-32889, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, U.S.A.) overnight at 4° C. Slides
were washed with PBS followed by an incubation with a biotinylated secondary antibody (1:

Int Forum Allergy Rhinol. Author manuscript; available in PMC 2017 February 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Altetal.

Page 6

2000 dilution, Goat anti-rabbit 19G-B, sc-2040, pre-adsorbed biotin conjugated, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, U.S.A.) for 1 hour at room temperature. To visualize
immunoreactivity, sections were incubated in DAB peroxidase substrate for 22 to 33
seconds. Negative controls included incubation with PBS in place of the primary antibody
with no immunoreactivity observed. Reactions were stopped by immersion into distilled
H20, after which the tissues were counterstained and dehydrated, as previously described.30
Immunoflourescence experiments were done with DyLight® 633 secondary antibody (goat
anti-rabbit 1gG, 1:800 dilution).

Mast Cell Counting—In order to quantify the mast cell activation profile in the tissue,
five randomly chosen high power (400x) fields for each tissue chip were recorded and the
number of mast cells were counted.2! The final results are presented as mast cell numbers
per mm? per sample.

Statistical Analysis

Results

All Likert scale and continuous variables were summarized by the mean and standard
deviation. Mast cells were also summarized by median (IQR) and range. For the outcomes
of severity of inflammation, lamina propria thickness, and secretory hyperplasia, there were
five measurements per mouse. A linear mixed model was fit to each outcome with treatment
group (with four levels: saline, LL-37 80 puM, LL-37 160 pM, and LL-37 320 pM) as the
predictor and mouse 1D as a random effect; to account for correlations between measures
from the same mouse. From each model we report all mean pair-wise differences and 95%
confidence intervals (Cls) among LL-37 and saline treatments, and the corresponding p-
values adjusted for multiple comparisons using Tukey's method. For the mast cell counts,
there was only one measurement per mouse, and thus we compared each LL-37 level versus
saline using a Wilcoxon rank sum test. MPO and mast cells were evaluated across saline and
LL-37 concentrations using an ANOVA trend test, and then all pair-wise comparisons were
made adjusting p-values using Tukey's method. For all analyses, a p-value <0.05 indicates a
statistically significant difference. Analyses were conducted using R v. 3.0.3 software.

Sinonasal Inflammation

Intranasal LL-37 resulted in substantial changes at the gross level compared to saline treated
mice (Figure 1). LL-37 caused visibly increased vascular dilatation, erythema, severe edema,
and hemorrhage of the sinonasal tissue at all the doses tested (80, 160, and 320 pM)
compared to controls. Gross inspection did not demonstrate substantial visible differences
with increasing LL-37 concentrations. Histology confirmed the gross differences with
increased inflammatory cell infiltrate, increased lamina propria thickness, and secretory
hyperplasia at 80, 160, and 320 uM of LL-37. Unlike gross observations, there was a dose-
dependent increase in inflammatory cell infiltrate, increased lamina propria thickness, and
secretory hyperplasia (Figure 2). No evidence of inflammation was observed in controls and
inflammation levels were consistent in each group.

Int Forum Allergy Rhinol. Author manuscript; available in PMC 2017 February 21.
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A semi-quantitative analysis was performed by histologically scoring inflammation between
the treatment groups. We observed significant increased inflammatory cell infiltrate
compared to saline controls for 80, 160 and 320 uM of LL-37, furthermore, any two
treatment groups were significantly different from each other (p<0.001) except for 160 uM
LL-37 and 80 uM of LL-37 (Figure 3; Table 1). Both 160 and 320 uM of LL-37
demonstrated significantly increased edema, thickening of the lamina propria, and secretory
hyperplasia compared to the control (Figure 3: Tables 2-3; p < 0.01).

We next evaluated inflammation by looking at tissue MPO, a quantitative method to
investigate neutrophil activity via the MPO enzyme in neutrophils. We found no significant
difference in MPO levels between the right and left sides 24 hours after treating with 320
UM of LL-37 (data not shown). After 24 hours, tissues from controls showed minimal MPO
activity (0.58 ng/mg). In LL-37 challenged sinus tissue there was a small increase (1.44
ng/mg, p=0.91) with 80 uM, and (0.98 ng/ml, p = 0.99) with 160 pM, and a significant
increase (10.04 ng/ml, p < 0.001) with 320 uM of LL-37. The differences in MPO levels
between concentrations of LL-37 were statistically significant (ANOVA trend test p <
0.001), with a dramatic increase in MPO from 0 to 320 uM, 80 to 320 uM, and 160 to 320
UM of LL-37 (Figure 4).

Mast Cell Involvement

To determine mast cell involvement in our LL-37 model, we performed IHC for mast cell
tryptase using a DAB and immunofluorescence approach to increase mast cell detection.
Mast cells were found throughout the OE tissue. The majority of the staining was observed
within the lamina propria (Figure 5, D). Saline controls had very little mast cell tryptase
visible (Figure 5, A & C). The number of visible mast cells increased in 320 uM LL-37
challenged tissues (Figure 5, B & D).

To determine if the infiltration of mast cells increased in a dose-dependent fashion we
quantified mast cells in LL-37 treated and control tissue at 24 hours. Specific numbers of
mast cells were determined by examining the epithelium and lamina propria. The differences
in mast cell levels between concentrations of LL-37 were statistically significant (ANOVA
trend test p < 0.01), with a dramatic increase in mast cells from 0 to 320 uM and 80 to 320
UM of LL-37 (Figure 6).

LL-37 Showed Sinonasal Binding and Penetration

To elucidate the spatial and temporal binding characteristics of LL-37 activity in the
sinonasal mucosa, we instilled 320 uM of LL-37 AlexaFluor® 633 and harvested att = 0.5
and t = 24 after treatment. Att = 0.5, there is a solid coating of LL-37 AlexaFluor® 633 at
the air-epithelial junction (red) with uptake of LL-37 into the serous mucus glands of the
lamina propria. Very little to no staining was observed within the pseudostratified epithelium
(Figure 7, A-C). Att = 24 hours, the air-epithelial junction was no longer coated with
AlexaFluor® 633 with trace fluorescence remaining in the lamina propria (Figure 7, D-F).
Further, tissues showed typical increased cellular infiltrate at t = 24 hours with nuclear
staining more prominent in the submucosa (blue), confirming retained biologic activity of
LL-37.
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Discussion

Little is known about the underlying pathophysiology of sterile nonbacterial inflammation in
OE inflammation. Prior investigations have elucidated a key mechanism of sterile
inflammation in other chronic inflammatory diseases to be secondary to a high expression of
cationic antimicrobial peptide cathelicidin and its post-enzymatic cleaved product LL-37.
Although the underlying etiology of CRS-OE inflammation is unknown, there is growing
evidence it may be due to an altered innate immune response. LL-37 is constitutively
expressed in the upper airway® and is critical to the innate host response in the sinuses, 1422
with in vitro3! and in vivo?? activity against fungal 23 and antimicrobial peptides. Apart
from exhibiting broad antimicrobial spectra, it is well known that LL-37 possesses several
additional functions that are related to host defense. Examples of such functions are
upregulation of proinflammatory cytokines, immune cell chemotaxis, endotoxin
neutralization, angiogenic, and wound healing activities. These effects of LL-37 reveal a role
as a mediator between the innate and adaptive immune responses. LL-37 is elevated in
patients with CRS, is cytotoxic to epithelial cells at low concentrations, stimulates and
attracts mast cells, and stimulates chemokine production. We hypothesized that a similar
mechanism might contribute to inflammation in the OE. Our data demonstrates intranasal
LL-37 has profound consequences on OE inflammation quantified by histologic changes,
increased neutrophils, and mast cell numbers.

At a gross level we observed marked erythema and edema similar to changes observed in
human disease. LL-37 caused increased inflammatory cell infiltrate, edema, and secretory
cell hyperplasia with higher LL-37 concentrations yielding significantly more inflammatory
changes. Tissue MPO assays were performed, as MPO is an important enzyme released by
activated PMNSs, and is therefore a good marker for inflammation. Our findings
demonstrated a statistically significant increase in MPO after 320 uM of LL-37. These
findings are consistent with prior investigations demonstrating that LL-37 elicits erythema,
vascular dilatation, increased neutrophilic infiltrate, thrombosis, and hemorrhage in both the
skin and bladder in a dose dependent manner.20-21 This suggests increasing loads of LL-37
released may have sustained long lasting effects in the tissue. Further, in obstructed diseases
such as CRS with stasis of mucus, LL-37 may remain in contact with the tissue further
amplifying the inflammatory response.

LL-37 stimulates the degranulation and recruitment of mast cells,24:32 a major effector cell
in inflammation. Mast cells themselves contribute to local inflammation by activating NF-
xB, followed by downstream cytokine and chemokine release,33 which in turn increases
eosinophil viability.3* Further, LL-37 has been shown to activate and recruit eosinophils in
vitro.10:35 Early preliminary findings in our model “data not shown’ suggest eosinophils may
also be playing a role. Eosinophils are a major inflammatory cell in eosinophilic
rhinosinusitis,3® a more severe form of sinonasal inflammation that is proving difficult to
treat.37:38 Mast cells were found throughout the OE epithelium after LL-37 treatment in a
dose dependent manner. Interestingly, both LL-37 and mast cells are both highly elevated in
patients with sinonasal inflammation.%:23:3% Furthermore, there is regulated cross talk
between LL-37 and mast cells, such that LL-37 can initiate mast cell activation followed by
rapid mast cell-mediated degradation, which in turn mediates removal of LL-37 preventing
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sustained activation!® and cytotoxicity, which can occur at minimal concentrations in
eukaryotic cells.22 Aside from mast cell activation, increasing concentrations of LL-37 have
been shown to up-regulate the production of chemokines and surface expression of
chemokine receptors independent of bacterial challenge. This body of evidence has led
investigators to hypothesize that LL-37 has pleiotropic properties; low levels function to
protect the interface while increasing levels promote migration of immune cells, such as
mast cells that can lead to uncontrolled local inflammation.® Therapies targeting LL-37
induced inflammation could prove to be promising.

Fluorescent labeled LL-37 demonstrated global sinonasal epithelial binding and tissue
distribution. Specifically, LL-37 had robust epithelial barrier binding in addition to high
levels seen in the lamina propria and serous/mucus glands seen at 1 hour after inoculation,
consistent with prior investigations demonstrating rapid penetration within the bladder
submucosa and uroepithelium.3 The majority of LL-37 was cleared after 24 hours, with
trace amounts seen in the serous/mucus glands of the lamina propria. This suggests that the
inflammatory insult extends beyond the initial exposure as evidenced by increased
neutrophils and mast cells in the tissue. Further, higher concentrations of LL-37 led to
significantly greater MPO levels with dose-dependent increases in mast cell infiltration (p <
0.01). Further investigations into examining time points beyond 24 hours would be
beneficial to determine the chronicity of the inflammation.

The mechanism by which LL-37 induces inflammation beyond mast cells in the upper
airway is still under investigation. However, pattern recognition receptors (PRRs) such as
Toll-Like Receptors (TLR) and the receptor for advanced glycation end products (RAGE)
are receptors for LL-37 and are constitutively expressed at high basal levels in the airway.
They are also linked to the physiology and pathophysiology of the chronic airway.*! Our
group has shown that LL-37 may signal through RAGE, as inhibiting LL-37 can modulate
inflammation through RAGE.2’ In addition, both LL-37 and RAGE are highly elevated in
patients with chronic sinonasal inflammation.%23 This pathway is not unique to the sinuses,
as the RAGE pathway has been elucidated in many other chronic inflammatory diseases,
including, but not limited to, rosacea,?’ arthritis,*? and interstitial cystitis.39 Further
investigations are needed to define LL-37-RAGE induced upper airway inflammation.

Murine models have significant advantages over other species due to the readily available
transgenic and gene knockout animals. However, studying physiology in the mouse does
have limitations. Mice do not have the same sinonasal anatomic structure as humans with
2/3rds of the sinonasal mucosa in mice dedicated to olfaction, although, mice have clearly
discernible anterior and posterior ethmoid sinuses, sphenoid sinuses and a true maxillary and
secondary maxillary sinus.*3 Innate immune response also differs between mice and
humans. LL-37 induced inflammation in the mouse model may not accurately reflect the
multifactorial pathophysiology of human CRS. However, our observations demonstrating
increased mucosal and stromal hypertrophy, metaplasia, and increased numbers of mast cells
and neutrophils are encouraging. It is possible that the water used to dilute the LL-37 alone
was contributing to the overall inflammation seen. However, the dose response increase seen
in inflammation as measured by histology, MPO, and mast cells suggests that the increasing
concentration of LL-37 was primarily contributing to the observed inflammation. In the
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absence of a true non-infectious or non-allergic mouse model of inflammation, LL-37
induced OE inflammation is a step forward in mimicking inflammation induced by a
naturally occurring peptide to better elucidate the underlying pathophysiology.

Conclusions

LL-37 is a naturally occurring biologic peptide in the upper airway mucosa that has
previously been shown to be upregulated in patients with chronic sinonasal disease.
Exogenous application of LL-37 to the OE induces a profound dose dependent inflammatory
response. The inflammatory response is likely secondary to increased neutrophils and mast
cells. These findings represent a non-infectious, non-allergic, non-chemically induced OE
acute inflammation model. Further, these results highlight the advantage of a dose-response
model with potential use for investigating new anti-inflammatory therapies. Assessing the
therapeutic efficacy of novel drugs at variable inflammatory severity levels would be an
important step forward.
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Figure 1. Gross images of sinonasal inflammation
Gross differences are observed in mouse hemi-sected heads demonstrating sinus mucosa

(arrow) harvested 24 hours after (A) saline and (B) 320 puM LL-37 treatment. Animals
treated with LL-37 (B) demonstrated increased inflammatory changes, as assessed by
vascularity, erythema, hemorrhage, and edema compared to saline (A)-treated animals.
Olfactory bulb (OB), posterior (Pos), anterior (Ant).

Int Forum Allergy Rhinol. Author manuscript; available in PMC 2017 February 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Altetal. Page 14

Saline

80 uM LL-37 120 pM LL-37

~ —_— = o

Figure 2. LL-37 causes inflammatory changes in the olfactory epithelium in a dose-dependent
manner

H&E showing the gradual histologic changes in (A) saline, (B) 80 uM LL-37, (C) 160 pM
LL-37, and (D) 320 uM LL-37. Increased inflammatory cell infiltrates (Boxes in D;
magnified image), thickness of the lamina propria (LP), and mucus (arrow) are demonstrated
in 320 uM LL-37-treated mice. Dotted circles are represented by the magnified images in
the bottom panel.
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Figure 3. Histological Scores
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g Severity of
Inflammation
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The mean score and standard deviations obtained from 6 animals of four treatment groups in
each category: severity of inflammation, lamina propria thickness, and secretory hyperplasia
was graphed. With the 0-4 score system, each score indicates the grade of inflammation: 0

(none), 1 (minimal), 2 (mild), 3 (moderate), and 4 (severe).
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Figure 4.

A dramatic significant increase in MPO was observed with higher concentration of LL-37 in
sinonasal challenged tissue (p < 0.05).
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Saline

Figure 5. Immunohistochemistry for mast cell tryptase
Representative immunofluorescence (IF) (A & B) and immunohistochemistry (IHC) (C &

D) for mast cell tryptase from saline (A & C) and 320 uM LL-37-treated (B & D) mice.
Tryptase is represented by red staining, and nuclei are stained green (A & B). Boxes and
dark brown areas indicate mast cells, as detected by tryptase-DAB stain (C & D). LP (lamina
propria), OE (olfactory epithelium).
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Figure 6.

Mast cells per mm? of tissue after LL-37 treatment.

Int Forum Allergy Rhinol. Author manuscript; available in PMC 2017 February 21.



1duosnuen Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Altetal. Page 19

C (0]
LP Lumen
F
— Ty

Figure 7. Representative IF images following inoculation with fluorescently labeled LL-37
(A), (B), and (C) represent tissues harvested 30 minutes after inoculation with LL-37 at 10x,

20x%, and 40x magnification, respectively. (D), (E), and (F) represent tissues harvested 24
hours after inoculation at 10x, 20x, and 40x, respectively. Nuclei are counterstained with
DAPI (blue). Red represents fluorescent LL-37. At 30 minutes, there is coating of the
epithelial layer, as well as bright staining within the lamina propria. At 24 hours, there is
absence of fluorescent LL-37 coating the epithelium with minimal evidence of fluorescent
LL-37 present in the lamina propria. OE (olfactory epithelium); LP (lamina propria).
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Severity of Inflammation

Table 1

Difference

*
P-value

80 UM LL-37 vs. Saline
160 pM LL-37 vs. Saline
320 uM LL-37 vs. Saline

0.83(0.24~1.43)
1.53(0.94~2.13)
3.43(2.84~4.03)

160 pM LL-37 vs. 80 M LL-37 0.7(0.1~1.3)
320 M LL-37 vs. 80 uM LL-37 2.6(2~3.2)
320 UM LL-37 vs. 160 pM LL-37  1.9(1.3~2.5)

0.04
<0.001
<0.001

0.10
<0.001
<0.001

Page 20

*
Adjusted p-value using Tukey's method. All treatment pairs are significantly different from each other except for 160 pM LL-37 and 80 pM

LL-37.
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Altetal.
Lamina Propria Thickness

Difference P-value®

80 UM LL-37 vs. Saline 0.57(-0.11~1.24) 0.32

160 pM LL-37 vs. Saline 1.87(1.19~2.54)  <0.001

320 pM LL-37 vs. Saline 3.27(259~3.94)  <0.001

160 UM LL-37 vs. 80 uM LL-37 1.3(0.63~1.97) 0.003

320 UM LL-37 vs. 80 pM LL-37 2.7(2.03~3.37)  <0.001

320 pM LL-37 vs. 160 pM LL-37  1.4(0.73~2.07) 0.002

*
Adjusted p value using Tukey's method. All treatment pairs are significantly different from each other except for Saline and 80 pM LL-37.
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Secretory Hyperplasia

Difference P value”
80 UM LL-37 vs. Saline 0.87(0.08~1.65)  0.13
160 UM LL-37 vs. Saline 1.93(1.15~2.72)  <0.001
320 UM LL-37 vs. Saline 34(2.61~4.19)  <0.001
160 UM LL-37 vs. 80 UM LL-37  1.07(0.28~1.85)  0.047
320 UM LL-37 vs. 80 UM LL-37  2.53(1.75~3.32)  <0.001
320 UM LL-37 vs. 160 uM LL-37  1.47(0.68~2.25)  0.005

*
Adjusted p value using Tukey's method. All treatment pairs are significantly different from each other except for Saline and 80 pM LL-37.
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Table 4
Mast Cell counting
Saline 80 UM LL-37 | 160 uM LL-37 | 320 pM LL-37
Mean (SD) /mm?2 4.4 (1.6) 5.3 (1.6) 11.8 (6.1) 19.3 (10.6)
Median (IQR) /mm2 | 45(0.8,13) | 6.1(52,6.1) | 11.4(7.0,12.0) | 19.6 (105, 26.9)
Range /mm? (2.6,6.1) (2.5,6.6) (7.0,21.8) (7.0,33.2)

Wilcoxon rank sum test p-value = 0.01, was used for LL-37 vs. Saline: the comparison LL-37 vs. Saline was significant in our test above.
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