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C3a receptor antagonism as a novel therapeutic target for

chronic rhinosinusitis

Jennifer K. Mulligan'?, Kunal Patel®>*, Tucker Williamson?, Nicholas Reaves?, William Carroll’, Sarah E. Stephenson®, Peng Gao®,
Richard R. Drake®, Benjamin A. Neely®, Stephen Tomlinson?®, Rodney J. Schlosser'” and Carl Atkinson*

Chronic rhinosinusitis with nasal polyps (CRSWNP) is an inflammatory disease with an unknown etiology. Recent studies have
implicated the complement system as a potential modulator of disease immunopathology. We performed proteomic pathway
enrichment analysis of differentially increased proteins, and found an enrichment of complement cascade pathways in the nasal
mucus of individuals with CRSWNP as compared to control subjects. Sinonasal mucus levels of complement 3 (C3) correlated with
worse subjective disease severity, whereas no significant difference in systemic C3 levels could be determined in plasma samples.
Given that human sinonasal epithelial cells were the predominate sinonasal source of C3 and complement anaphylatoxin 3a (C3a)
staining, we focused on their role in in vitro studies. Baseline intracellular C3 levels were higher in CRSWNP cells, and following
exposure to Aspergillus fumigatus (Af) extract, they released significantly more C3 and C3a. Inhibition of complement 3a receptor
(C3aR) signaling led to a decrease in Af-induced C3 and C3a release, both in vitro and in vivo. Finally, we found in vivo that C3aR
deficiency or inhibition significantly reduced inflammation and CRS development in a mouse model of Af-induced CRS. These
findings demonstrate that local sinonasal complement activation correlates with subjective disease severity, and that local C3aR
antagonism significantly ameliorates Af-induced CRS in a rodent model.

Mucosal Immunology (2018) 11:1375-1385; https://doi.org/10.1038/541385-018-0048-x

KEY FINDINGS

® Heightened sinonasal complement activation is present in
CRSWNP, and local sinonasal complement C3 levels correlate
with subjective patient disease severity.

® Complement anaphylatoxin antagonism decreases inflamma-
tory infiltrate and local cytokine production associated with
murine fungal extract-induced CRS.

® Sinonasal delivery of C3aR antagonist decreases inflammatory
infiltrate associated with murine fungal-induced CRS.

INTRODUCTION

Chronic rhinosinusitis (CRS) results in billions of dollars in
healthcare expenditures each year.! Patients with CRS have
abnormal immune responses triggered by a variety of infectious
agents, airborne toxins, and fungi.'” The respiratory epithelium is
the first point of contact with the outside world and as such
epithelial cells serve as relay stations capable of amplifying or
augmenting cues received from external stimuli to nearby
immune cells located in the sinus mucosa. Upon stimulation,
epithelial cells secrete factors that are capable of regulating

inflammation, and promoting CRS development.* Recent reviews
have described the important regulatory roles of the sinonasal
mucosal epithelium in modulating mucociliary clearance, patho-
gen recognition, and production of innate immune mediators
which are designed to cope with local environmental challenges
and further orchestrate adaptive immune responses when
needed.> © Breakdown, dysfunction, or uncontrolled activation
of any of these pathways can lead to overstimulation of the
adaptive immune response, resulting in the pathogenic inflam-
mation characteristic of CRS.>™

Previous studies by our laboratory and others have demon-
strated that the complement system, as shown by increased
complement deposition and gene transcription, is activated and
upregulated in the mucosa of patients with CRS with nasal
polyps (CRSWNP).2"'* The complement cascade consists of three
separate but overlapping pathways: the classical, alternative, and
mannose-binding lectin (MBL) pathways. These pathways differ
in how complement activation is initiated. Classical pathway
activation is initiated by C1q binding to antibody. The alternative
pathway is activated by the generation of C3b via hydrolysis or
as a by-product of the classical or MBL pathways. The MBL
pathway is activated, as its name indicates, when MBL interacts
with carbohydrates on the surface of pathogens. Post activation,
the classical and MBL pathways are largely similar, but the true
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convergence point of all three pathways occurs at the formation
of a complement 3 (C3) convertase. Thereafter, the complement
system serves to elicit inflammatory responses, driving leukocyte
chemotaxis (complement anaphylatoxin 3a (C3a), complement
anaphylatoxin 5a (C5a)), assisting phagocytosis/opsonization
(C3b), and lysing cells via the formation of the membrane attack
complex (C5b-C9)(see reviews' '® for an in-depth overview of
the complement system). These traditional roles are well
described, but recent research has brought to light a variety of
additional functions of the complement system and has served
to highlight the complex role complement plays in immunologic
homeostasis. Complement is viewed as a systemic serum effector
system, with the liver producing the majority of soluble
complement proteins.'” '® Although liver-generated, circulating
C3 and C5 are required for the detection and removal of
pathogens,'””” '® an emerging paradigm suggests that local
cell-derived complement activation fragments are key in
driving and modulating adaptive T-cell immunity.'~?' Studies
in organ transplantation and T-cell biology have determined that
local cell-specific complement synthesis and release plays a key
role in shaping immune responses in the local microenviron-
ment.??7%°

Complement has been shown to be produced and activated by
airway epithelium after stimulation by environment factors such
as cigarette smoke and particulate matter, and has been
repeatedly proposed as a contributing factor in the pathogenic
inflammation of CRS.?®?® In addition to increased activation of
complement components, such as C1, C3, C5 and C5b-9,
complement receptors, such as complement 3a receptor (C3aR)
and complement 5a receptor antagonist (C5aR),*° the expression
of membrane regulators of complement, decay-accelerating
factor, and CD59, have also been demonstrated on epithelial
cells3°3* Therefore, excessive complement activation, local
complement production, complement receptor signaling, and
insufficient complement regulation could contribute to CRS
development. However, the underlying importance and scope of
complement activation, particularly C3 activation, in regulating
the inflammation associated with CRSwNP has not been
extensively studied.

In this study, we investigate the expression and cellular
localization of complement component C3, and their relationship
with human subjective disease severity. We also evaluate the
effects of systemic and sinonasal delivery of a complement
receptor antagonist on CRS inflammation and epithelial injury in a
murine model. We show that complement is elevated in the local
sinonasal microenvironment, produced and stored intracellularly
at supranormal levels in CRSWNP epithelial cells, and that C3a
receptor antagonism modulates CRS development following
systemic or local sinonasal delivery in a rodent model of CRS-
like inflammation.

MATERIALS AND METHODS

Patients enrollment, inclusion, and exclusion criteria

Sinus tissue and nasal mucus was collected at the time of
endoscopic sinus surgery. Inclusion criteria include CRSwNP
patients that met the diagnostic criteria outlined by the European
Position Paper on Rhinosinusitis and Nasal Polyps 2012.3> Control
sinus tissue was collected from the uncinate process of subjects
who were undergoing surgery for repair of cerebrospinal fluid leak
repair or removal of non-hormone-secreting pituitary tumor.
Exclusion criteria include CRS without nasal polyps, active and
former smokers, use of oral steroids or immunomodulatory agents
within the preceding 30 days, other immunologic, renal, gastro-
intestinal, endocrine, or skeletal disorders or pregnancy. Sinus
mucosa was processed and used to establish human sinonasal
epithelial cell lines or single-cell suspensions (SCS) as previously
described.® 3% 37 Sinonasal outcome test-22 quality of life
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questionnaires were completed by patients prior to surgery, as
previously described.®®

Nasal mucus procurement and proteomics screening

Nasal mucus was collected as previously described.?*™*? Please see
Supplemental methods for detailed information on proteomics
screening.

In vitro treatments and related measures

SCS were plated at a density of 1x10° cells per well in 96-well
plates in basal epithelial cell growth medium (BEGM). Aspergillus
fumigatus was obtained from Greer Laboratories (Lenoir, NC, USA)
and was a combination of mycelial extract and culture filtrate.
Aspergillus fumigatus is a ubiquitous fungal antigen, is the most
common fungi in the airway,** ** and the most strongly
associated with exacerbations in respiratory diseases.”> We have
previously established an optimal dose of 2 ug/ml (range 0.1—20
ug/ml) which is consistent with other reported in vitro doses*®
and have determined that this dose does not induce cell death, as
determined by the lactate dehydrogenase assay. Aspergillus
fumigatus was determined to be endotoxin free (<0.06 EU/ml) by
limulus amebocyte lysate assay.>” Two micrograms per ml Af
control (phosphate-buffered saline (PBS)) and/or C3aRA (Calbio-
chem/EMD Millipore, Burlington, MA, USA) was added to cells for
6 h, after which samples were stained for C3 and C3a as previously
described.?® A dimethyl sulfoxide vehicle control was also
included and found to have no impact on any of the outcomes
described herein (data not shown). Samples were assayed
immediately using a Guava 8HT flow and analyzed with FCS
Express 4.0. Dead cells (7-aminoactinomycin D positive) were
excluded from the final data analysis. Marker gates were set using
matched isotype controls.

Sinonasal explant tissue from control subjects and CRSWNP
patients will be used as the source of all primary HSNEC using
our previously described methods.> 37 4 4° Briefly, HSNECs
were cultured and treated in serum-free BEGM, used at passage
2, and were in culture for 10-15 days from the time the sample
left the patient to the time the experiment ended. Cultures were
established, maintained, purity confirmed, and treated with Af
as we have previously described.® 3 *° Twenty-four hours post
treatment, protein levels, C3 (Genway, San Diego, CA, USA),
C3a (BD Biosciences, San Jose, CA, USA), C1q, C4, factor B,
C5 (Abcam, USA), and C5b-9 (Quidel, USA) were quantified by
ELISA.

Quantitative RT-PCR

Total RNA from control and CRSWNP HSNECs was isolated using a
RNeasy MiniKit (Qiagen) according to the manufacturer’s instruc-
tions. Complementary DNA (cDNA) was synthesized using iScript
c¢DNA Synthesis Kit (Bio-Rad) and mRNA expression of target
genes Clq, C4, C3, C5, fB, and C9 were determined using
MasterCycler RealPlex? PCR System (Eppendorf). Primers used are
listed in Supplemental Table I.

Murine model of Af-induced CRS

The murine model of CRS as described by Khalid et al>' was
employed utilizing Balb/c and Balb/c C3aR—/— mice (Jackson
Laboratories, USA). Eight-week-old mice received an intraperito-
neal challenge of Af extract. One week later, mice received
intranasal Af extract three times per week for a total of 4 weeks, at
which time they were sacrificed (n=6). Unsensitized mice
received PBS intranasally three times per week for a total of
4 weeks and were used as controls (n=6). To assess the
therapeutic utility of C3a receptor signaling inhibition, sub-
groups of mice (n=6 per group) were treated with C3aRA
(Calbiochem, USA), by either intranasal (i.n., local) or intraper-
itoneal (i.p., systemic) route with 1 mg/kg every 3 days for 4 weeks
starting the day after i.n. Af inoculation began.
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Histopathology

Snouts were harvested, fixed in 4% buffered formalin, decalcified,
embedded in paraffin, and sectioned at 5 um, and stepped serial
sections from all groups were graded as previously described.”’
Every fifth section containing the vomeronasal organ and nasal-
associated lymphoid tissue was examined and graded, using a
total of five sections per animal. To characterize the pathology and
inflammatory cells, several stains were used, including hematox-
ylin and eosin for overall morphology and inflammation,
chromotrope 2R for eosinophils, and Periodic acid Schiff’s alcian
blue stain for mucus hyperplasia. Two sections with similar sinus
cavities were chosen and examined by an independent researcher
blinded to the experimental groups. The number of eosinophils
and mast cells was counted under 10 high-power fields from two
independent sections, and the average value from four different
areas was used for between-group comparisons. The maximal
mucosal thickness was measured at the transition zone of the
olfactory and respiratory epithelia using an image analysis system
(Zeiss Axiovision, USA) using two sections per animal. Epithelial
cell goblet cell hyperplasia was quantified using Periodic acid
shiff's alcian blue stain and quantified by counting the total
number of cells and the total number of mucus-containing goblet
cells per unit length of mucosa using two sections per animal as
previously described.®" 2

Sinonasal lavage cytokine analysis

A 22 G catheter was inserted into the tracheal opening in the
direction of the choana after a partial tracheal resection under
anesthesia, and lavage performed as previously described.>?™*
C3a, CCL20, GM-CSF, KC, IL-4, IL-5, and IL-13 were measured by
ELISA (R&D Systems, Minneapolis, MN, USA).

Statistical analysis

Statistical analysis was conducted using the GraphPad Prism
6.0 software (La Jolla, CA, USA). Descriptive statistics were used to
characterize patient demographic data. A D'Agostino & Pearson
omnibus test was used to determine if data sets were normally
distrusted. A y* test was used to determine if there were
statistically significant difference in the population composition
with regards to gender and race. An unpaired t test was used
determine if there were differences in age between controls and
patients with CRSWNP. For data in which all groups were normally
distributed, a one-way analysis of variance with post hoc, unpaired
Student's t- test was used. For analysis where all data sets were
not normally distributed, a Mann-Whitney test was used to
determine statistically significant differences between indicated
groups. A Spearman's correlation analysis was used to determine if
a significant correlation existed between patient-matched nasal
mucus and plasma C3 and C3a levels.

RESULTS

Sinonasal, but not circulating, C3 levels correlate with CRSWNP
subjective disease severity

Previous studies have shown increased complement fragment
C4d, C3d, and C5b-9 deposition, complement 3 receptor expres-
sion, and increased complement gene expression (C3, C5, and fB
(alternative pathway)) in the sinonasal mucosa of patients with
CRSWNP.E & 2% 35 Given these findings, we assessed whether
plasma C3 concentrations were altered in CRSWNP patients, and
whether C3 levels correlated with subjective disease severity
symptoms. As shown in Table 1, there were no statistically
significant differences between control and CRSwNP patient
cohorts with regard to age, race, or gender. We observed no
significant difference in plasma levels of C3 between controls and
patients with CRSwNP (Fig. 1a), and could determine no
association between C3 levels and sinonasal outcome test-22
(SNOT22) scores (Fig. 1b).
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Recently, there has been a growing emphasis on the role of
locally produced effector molecules in disease modulation.
Therefore, we next utilized shotgun proteomics to characterize
significant protein pathways differentially expressed in CRSWNP by
comparing nasal mucus samples from control patients to those
with CRSWNP, resulting in the identification of 466 proteins (false
discovery rate <5%). Differentially abundant proteins were
determined using normalized spectral counts and 146 were
significantly different, with 24 increased in CRSWNP and 122
decreased (Fig. 1c). Since we were specifically interested in
proteins that were increased in CRSWNP, we used these 24
proteins to perform pathway enrichment analysis against the
REACTOME database (see Supplemental Table Il). The top two
identified pathways were initial triggering of complement and
complement cascade (Fig. 1d), both of which included C3,
complement 4a (C4a), and complement factor B, which were
increased 1.8-fold, 6.7-fold, and 3.8-fold in CRSWNP, respectively.
Moreover, while there was no association between plasma levels
of C3 and disease severity, conversely there was a positive
correlation between nasal mucus C3 levels and poorer subjective
disease severity in patients with CRSWNP (Fig. 1e). Together, these
data point towards the importance of the complement system in
the local sinonasal microenvironment of CRSWNP patients.

HSNEC from patients with CRSWNP have heightened intracellular
stores and increased secretion of C3 and C3a

Given our studies demonstrating associations between disease
severity and sinonasal mucus C3 concentrations, we next investi-
gated whether C3 and C3a was present locally within sinonasal
tissues. Using single-cell suspensions of sinonasal tissue explants
prepared from CRSWNP and control subjects, we demonstrated that
both control and CRSWNP samples contained C3-positive and C3a-

Table 1. Patient demographics

A. Plasma samples

Control (n=7) CRSwNP (n=18) p Value

Sex, no. (%) 0.9428
Men 3 (42.9) 8 (44.4)

Women 4 (57.1) 10 (55.6)

Age, mean +SD 474+236 40.2+18.5 0.1629
Race, no. (%) 0.4090
White 3 (42.9) 11 (61.1)

African American 4 (57.1) 7 (38.9)

Other 0 (0) 0 (0)

SNOT22 score, mean+SD — 49.3 +27.8 [14] —

B. Nasal mucus samples

Control (n=6) CRSWNP (n=11) p Value

Sex, no. (%) 0.7933
Men 4 (66.7) 8 (72.72)

Women 2 (33.3) 3 (27.3)

Age, mean =SD 355+14.5 4245 +21.92 0.4985
Race, no. (%) 0.6905
White 4 (66.7) 7 (63.64)

African American 2 (33.3) 3 (27.27)

Other 0 (0) 109.1)

SNOT22 score, mean+SD — 49.625+20.27 [8] —

SNOT22 sinonasal outcome test-22, SD standard deviation, [n] number of
patients with available SNOT22 scores
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Fig. 1 Local sinonasal complement protein expression is associated with increased subjective disease severity. a Quantification of systemic

circulating plasma C3 concentrations in controls and patients with CRSWNP. b Correlation analysis between circulating C3 and subjective
disease severity as measured by the sinonasal outcome test-22 (SNOT22). ¢ Volcano plot of shotgun proteomics results. Normalized spectral
counts were used to compare protein abundance between CRSWNP and control mucus samples. The majority of the 466 identified proteins
were decreased in CRSWNP (77.3%). d Top 10 Enriched REACTOME pathways. Using just the differentially abundant proteins that were
increased in CRSWNP, pathway enrichment was performed against the REACTOME database. The top 10 pathways based on combined score
are shown. e Pearson's correlation analysis demonstrating a positive correlation between nasal mucus levels of C3 and subjective disease

severity in patients with CRSWNP. NSc normalized spectral counts

positive cells, and that C3 and C3a levels were elevated in CRSWNP
as compared to controls (Fig. 2a, b). Furthermore, human sinonasal
epithelial cells (HSNECs) were identified as the predominant cell
type staining for C3 and C3a, as determined by positive staining for
the epithelial-specific marker, epithelial cell adhesion molecule
(EpCam). To further characterize this increase in intracellular C3 and
determine the source of C3, we performed quantitative real-time
reverse transcriptase PCR (gRT-PCR) studies on HSNECs from control
and CRSWNP patients. mRNA levels of key complement factors C1q
(classical pathway), C4 (classical and lectin pathways), C3, C5, fB, and
C9 were analyzed. In keeping with previous studies of epithelial
cells of the respiratory system,>® we could determine no C9
expression in HSNECs from either group. In support of our flow
cytometry data, we demonstrate increased C3 gene expression in
HSNECs of CRSWNP, as compared controls, along with increases in
other complement components C4, C5, and fB. We were unable to
detect any gene expression for C1q in HSNECs.

To determine whether the increase in C3 and C3a noted was
associated with increased surface or intracellular stores of C3/C3a,
we performed flow cytometry on HSNECs, cultured in serum-free
conditions, from control and CRSWNP patients using samples that
were permeabilized and non-permeabilized, as previously

SPRINGER NATURE & SOCIETY FOR MUCOSAL IMMUNOLOGY

described.?® Similar to the results observed in our sinonasal
explant studies, and keeping with our previously reported RT-PCR
data,” we observed higher C3 levels in HSNEC from patients with
CRSWNP than those from controls (Fig. 3a), and determined that
94% of the C3 that was identified was intracellularly located. C3
was present at significantly lower levels in control samples, but
similar to CRSwWNP, the majority of C3 present (84%) was
intracellularly located. C3a levels were similar between control
and CRSWNP HSNEC, and were found in similar amounts, on the
cell surface and within the intracellular compartment (Fig. 3b).
To investigate whether these increased intracellular stores were
due to a failure to release C3 into the surrounding tissues or to
increased synthesis by CRSWNP epithelial cells, we measured C3
concentrations in the media supernatants within our culture
system, which contained no serum. We showed that at baseline,
C3 media concentrations were significantly elevated in CRSWNP
HSNEC culture media as compared to control epithelial cells
(Fig. 3¢). Following 24 h of stimulation with the ubiquitous fungal
allergen Aspergillus fumigatus (Af), there was a dose-dependent
increase in the secretion of C3 and C3a by CRSwNP cells, as
compared to controls (Fig. 3c). C3a levels were undetectable in the
supernatants of unstimulated CRSwNP and control HSNEC cultures

Mucosal Immunology (2018) 11:1375-1385
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Fig. 2 Sinonasal tissues from patients with CRSWNP have heightened levels of C3 and C3a. a Single-cell suspensions were prepared by
mechanical separation and stained for the epithelial cell marker EpCAM. Following permeabilization cells were immunostained for C3 and
C3a. Note that human sinonasal epithelial cells were the predominate cell type staining positively for C3 and C3a. b Quantification of the
percent of viable cells double positive for EpCam and C3 or C3a. Note the significant increases seen in EpCam + C3 and C3a expression
sinonasal epithelial cells in patients with CRSWNP. n = 4 per group. Statistics shown are unpaired Student's t test between indicated groups.
*p < 0.05. ¢ Complement mRNA levels were measured in control and CRSWNP HSNECs by qRT-PCR. Relative HSNEC expression of C3, C4, C5,
and fB was assessed and expressed as a fold change in CRSWNP as compared to control HSNEC expression. Note the increase in C3, C4, C5, fB,

and fH. No gene expression for C1 or C9 could be detected in HSNECs from either group (data not shown). n = 5-8 per group

(Fig. 3d). Again, upon Af stimulation there was a significant
increase in C3a concentrations within the supernatant of CRSWNP
as compared to controls (Fig. 3d). Stimulation of HSNEC from
control patients with Af had little to no impact on C3 or C3a
release. Further analysis of key complement pathway proteins,
Clq, C4, fB, C5, and sC5b-9 (terminal pathway), demonstrated
dose-dependent increases in C4, fB, and C5 (Fig. 3e-g). C1q and
sC5b-9 were undetectable in the culture supernatant, which is not
unsurprising given our mRNA expression analysis. Together, these
data suggest that CRSWNP HSNECs have an increased comple-
ment activity phenotype and have the ability to secrete increased
amounts of C3 into the microenvironment, both at baseline and
post Af stimulation, which may explain the increased C3 mucus
concentrations noted in our proteomic and enzyme-linked
immuno sorbent assay (ELISA) studies.

Human T-cell studies have suggested that intracellular tonic
levels of C3a are required for T cell survival and function,®® with
stores of intracellular complement maintained via an autocrine
loop induced by C3a ligation to its receptor (C3aR). We therefore
examined the expression of C3aR on control and CRSWNP HSNECs.
We demonstrated that C3aR expression is elevated in CRSwWNP
patients at baseline as compared to controls (Fig. 4a, b). Given
these data, we next examined if inhibition of C3a signaling could
diminish Af-induced increases in HSNEC C3 release. While C3aR
antagonist (C3aRA) had no statistically significant impact on
baseline HSNEC C3 secretion, it was able to significantly reduce Af-
stimulated C3 release to near control levels (Fig. 4c).

Af stimulation induces C3 activation in vivo

We next assessed the impact of Af stimulation on complement
activation in vivo to determine whether Af could promote

Mucosal Immunology (2018) 11:1375-1385

localized sinonasal complement activation. Utilizing mice with
developed CRS that had been allergen sensitized for 4 weeks with
Af, we analyzed sinonasal C3 complement activation. Immunohis-
tochemical studies, with an antibody to the long-lived C3 cleavage
fragment C3d, showed that direct intranasal exposure of Af lead to
significant C3d deposits within the microvasculature and on
epithelial cells (Fig. 5a), consistent with that seen in human
studies.” ' > C3d deposition was not evident in saline control-
challenged mice (Fig. 5b).

In concordance with immunohistochemical studies, nasal
lavage fluids had significantly elevated C3 activation product,
C3a, following Af stimulation (Fig. 5¢). It is thought that C3 release
and synthesis is in part mediated by an autocrine feedback loop,
whereby C3a interacts with C3aR to promote C3 and C3a synthesis
and storage.?®> To examine this in vivo, we pre-treated mice with
intranasally C3a receptor antagonist (C3aRA)-challenged mice with
Af 24 h later. After an additional 72 h, we measured nasal lavage
levels of C3a. Pre-challenged C3aRA treatment led to a significant
reduction in C3a levels, suggesting that local sinonasal C3a release
is in part mediated via an autocrine C3a/C3aR axis (Fig. 5¢). Of
note, systemic administration of C3aRA had no impact on local
C3a levels following acute Af challenge (data not shown).

Af and C3a sinonasal inoculation promotes inflammation and type
2 cytokine expression and are inhibited by C3aR antagonism

To further explore the interplay between Af and C3a in terms of
sinonasal inflammation, we acutely challenged mice that had
been exposed to 4 weeks of Af challenge and that had developed
CRS, with either Af or C3a (50 ng i.n.), and 3 days later analyzed
lavage samples for inflammatory chemokine/cytokines and type 2
cytokines levels. Chemokine (C-C motif) ligand 20 (CCL20),
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Fig. 3 CRSwNP-derived HSNECs have a heightened release of C3 and C3a upon Aspergillus fumigatus (Af) extract challenge. Surface,
intracellular, and total C3 (a) and C3a (b) levels in unstimulated HSNEC show that CRSWNP HSNECs have increased intracellular stores of C3 as
compared to those from control subjects. *p < 0.05 between indicated groups. ELISA measurement of (c) C3, (d) C3a, (e) C4, (f) C5, and (g) fB in
HSNEC culture supernatants following exposure to increasing doses of Af extract. Note that CRSWNP cells had significantly more C3, C3a, C4,
C5, and fB as compared to control. Values shown are mean + SD. *p < 0.05 vs. dose-matched control. n =4 per group

keratinocyte chemoattractant (KC) (human interleukin-8 (IL-8)
equivalent), granulocyte macrophage-colony-stimulating factor
(GM-CSF), IL-4, IL-5, and IL-13 were selected because they are
upregulated in CRSWNP patients and have been shown to be
associated with more severe disease>® °”°' Both Af and C3a
exposure promoted robust GM-CSF, CCL20, KC, IL-4, and IL-5
expression as determined by ELISA (Fig. 5d). While IL-13 was
measured, we could determine no detectable levels in our assay
system. Interestingly, pre-treatment of mice with C3aRA, prior to
Af and C3a challenge, significantly reduced cytokine levels to that
seen in control mice for all measured analytes (Fig. 5d).

C3aR deficiency or antagonism inhibits CRS development

To explore the therapeutic potential of our findings, we employed
a commercially available C3aRA, which we delivered systemically
by i.p. injection, or locally by i.n. route. Both C3aR deficiency and
C3aRA, irrespective of route of delivery, reduced histologic

SPRINGER NATURE o SOCIETY FOR MUCOSAL IMMUNOLOGY

evidence of sinonasal respiratory epithelial injury and inflamma-
tion as compared to untreated controls (Fig. 6). We also observed
decreased inflammatory cell infiltrates, eosinophil numbers,
goblet cell hyperplasia, and epithelial thickness in C3aR-deficient
(C3aR—/—) or C3aR-inhibited mouse (Fig. 7a—d). Interestingly,
localized C3aRA deliver to the sinus cavity by i.n. route was
similarly protective as both systemic antagonism and complete
C3aR deficiency.

DISCUSSION

CRSwWNP is a disease characterized by uncontrolled inflammation
that is often refractory to current standard treatments. While many
immune mechanisms have been studied in the development and
treatment of CRS, no single pathway has been shown to be
disease causing or modifying. Innate and adaptive immune factors
undoubtedly synergize to promote disease, and as such targeting
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Fig. 4 Human sinonasal epithelial cells (HSNEC) from patients with CRSWNP have elevated expression of C3aR. a Representative histogram
showing epithelial surface C3aR expression by control HSNEC (open histogram) and HSNECs from patients with CRSWNP (black histogram). b
Quantification of C3aR expression. Note the increase of C3aR expression in CRSWNP as compared to control epithelial cells. ¢ Inhibition of C3a
signaling with a C3a receptor antagonist (C3aRA) blocks Af-induced increases in HSNEC secretion of C3. *p < 0.05 vs. control. **p < 0.05 vs. Af
treatment. For a, b, n =3 per group. ¢ Mean + SD from experiments with four different control HSNEC cultures
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Fig. 5 Intranasal Aspergillus fumigatus (Af) extract challenge activates complement and promotes inflammation within the sinonasal cavity,
and can be ameliorated by C3a receptor antagonism (C3aRA). Balb/c mice that received 4 weeks of Af allergen challenge and were confirmed
to have CRS-like inflammation were challenged with Af intranasally to investigate dynamic complement activation. Seventy-two hours post
final Af intranasal challenge heads were isolated for immunohistochemistry detection of C3d (a, b) and lavage samples taken for C3a ELISA.
Note that Af induced membrane complement deposition as marked by the long-lived membrane-associated C3 activation fragment, C3d. C3d
deposition was increased in Af-CRS mice (b, arrows) as compared to control (a). Confirmation of local C3 activation was seen in nasal lavage
fluids with increased C3a anaphylatoxin concentrations seen 72 h post Af inoculation, which was significantly reduced by pre-treatment with
C3aRA (c). (*p < 0.05) (n = 4-6). ELISA measurement of inflammatory chemokines/cytokines CCL20, GM-CSF, and KC, and type 2 cytokines IL-4,
IL-5, and IL-13 post inoculation with either Af or C3a, C3aRA-pre-treated Af-inoculated mice. Note that all challenges induce cytokine
production, with the exception of IL-13 (data not shown), and that C3aR antagonism pre-treatment significantly reduces all measured
cytokine/chemokines as compared to Af alone (*p <0.05, control vs. treatment groups, **p < 0.01 GM-CSF, CCL20, KC, IL-4, IL-5 treatment
group vs. C3aRA treatment) (n = 4-5)

pathways that can modify both systems is an approach that may controls, these increases were not associated with disease

well prove efficacious. One such pathway that we investigated
here is the complement system. The complement cascade can
induce cell death, promote inflammation, and program adaptive
immunity. Given these broad-ranging functions, we analyzed
plasma and local concentrations of C3 in CRSWNP patients to
determine whether an association existed between C3 levels and
subjective disease severity. Plasma C3 levels were not associated
with CRSWNP subjective disease severity, an observation in line
with previous findings.>* 3* While some studies have demon-
strated increased plasma C3 concentrations, as compared to

Mucosal Immunology (2018) 11:1375-1385

severity.>* 33 C3 is an acute phase reactant, and consequently
while measurements of plasma concentrations are often elevated
in chronic inflammatory conditions, they may also be depressed
by increased catabolism that synthesis of new C3 is temporally not
able to restore. Therefore, differences in sample preparation, time
of sample procurement, and stage of disease in the patient
population may explain why we saw no difference in plasma
concentrations in CRSWNP patients as compared to controls.
Changes in other complement components that correlate with
disease severity have been described, with deficiency in C4A and
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1382

Fig. 6 Complement C3a receptor deficiency or therapeutic antagonism reduce sinonasal inflammation and epithelial remodeling.
Hematoxylin-stained and eosin-stained sections of sinus mucosa from animals in each treatment group. Note the extensive sub-epithelial
inflammation characterized by eosinophil, macrophage, and neutrophil infiltrates in Af-challenged mice as compared to control, C3aR—/—

and treatment groups (arrows). Further note the more pronounced mucus-producing cells lining the sinus lumen (*). Images representative of
n=6 in each group, scale as shown
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Fig. 7 Quantification of sinonasal inflammation, epithelial injury, and goblet cell hyperplasia demonstrates the protective effect of complement
C3a receptor deficiency and therapeutic antagonism. a Inflammatory cell infiltrate, b eosinophil accumulation, ¢ goblet cell hyperplasia, and d
“plthellal injury/thickness. Data are expressed as mean + SE. All statistical analy5|s are pairwise comparisons, control wild-type vs. wild-type Af
(*p < 0.001), wild-type Af vs. C3aR—/— Af (*'p <0.01), wild-type Af vs. C3aR i.n. (*p < 0.01), wild-type Af vs. C3aR i.p. (**p <0.01)

MBL associated with increased disease, likely due to increased
susceptibility to infection.3* 34

While 90% of all complement proteins are produced within the
liver, there is a growing appreciation that complement

synthesized in the microenvironment is instrumental in orches-
trating local immune responses. Novel studies by Liszewski et al.?*
highlighted that lymphoid, myeloid, and non-myeloid cells can
synthesize, store, and release the active C3 components C3a and
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C3b. Given these findings, we hypothesized that local comple-
ment production may be increased in patients with CRSWNP and
may exacerbate disease. Our mucus proteomic pathway enrich-
ment analysis identified two significant pathways, the initial
triggering of complement and complement cascade pathways,
both of which included C3, C4a, and fB. The approximate twofold
changes we noted in C3 were in keeping with a previous
proteomic study that utilized nasal mucus samples from 29
allergic rhinitis patients.®? When analysis of local sinonasal mucus
sample C3 levels were correlated to SNOT22 scores, unlike plasma
concentrations, we demonstrated a positive association between
C3 levels and disease severity, suggesting that locally elevated C3
plays a role in CRSWNP.

We analyzed sinonasal tissues and observed that the pre-
dominant cell type positive for C3 and C3a were HSNECs. The
epithelium plays a central role in controlling inflammation in the
sinonasal cavity, and is important in modulating immune cell
functions, and therefore the production of complement by HSNEC
may be important in modulating immunity. Furthermore, previous
studies in the lower respiratory tract have shown that bronchial
epithelial cells can produce and release C3 in response to pro-
inflammatory cytokine stimulation.®® Analysis of HSNECs revealed
intracellular stores of C3 that were present at supranormal levels
in CRSWNP, as compared to controls. The higher concentrations of
C3/C3a that we found in HSNEC with CRSwNP are in part
corroborated by our previous PCR studies where we demonstrated
increased C3 mRNA transcripts in CRSWNP,® and could account for
the intrinsically pro-inflammatory microenvironment seen in
CRSWNP patients. To provide further support of our flow
cytometry analysis, we performed complement mRNA analysis
and demonstrate that C3, as well as C4, C5, and fB, are
upregulated in CRSWNP as compared to controls. Interestingly,
we showed that early pathway activation factor C1q and terminal
pathway C9 were not expressed at the gene level in HSNEC
epithelial cells at baseline. When stimulated with the ubiquitous
fungal antigen Af, C3 and C3a was released in greater quantities
by CRSWNP HSNEC. Taken together, these data show for the first
time the presence of intracellular stores of C3 and C3a in HSNECs,
which may contribute to the intrinsically pro-inflammatory nature
of HSNECs from patients with CRSWNP. The presence and role of
epithelial intracellular complement in injury modulation is an
evolving concept, and while it is difficult to delineate the relative
contribution of locally and systemically derived complement
sources in disease progression, the presence of C3 at supranormal
levels in the local microenvironment could well orchestrate a
heightened pro-inflammatory milieu capable of exacerbating
inflammation, and thus disease.

While our data and that of others support the hypothesis
that activated cellular stores of complement can reside within
discrete cellular compartments within cells, a recent study has
suggested that these stores reflect an active transportation of
complement through the cell from serum sources as opposed to
local cell production.®® Elvington et al.°® eloquently demonstrated
that intracellular stores of complement are the result of uptake
from serum, and that cells, particularly those exposed to fluid
phase complement components, actively cycle complement
proteins between the extracellular and intracellular space. In our
studies, HSNECs were cultured and maintained in a serum-free
system devoid of exogenous complement, and are cultured for up
to 2 weeks prior to performance of presented experiments, thus
making it unlikely that the intracellular stores seen in these studies
are derived from passive uptake of serum complement, but rather
reflect a de novo local production of complement by barrier
epithelial cells. Taken together, these studies highlight the
important role of locally generated complement and its activation
in injury, cytokine production, and disease pathogenesis.

Interestingly, while baseline levels of C3/C3a were significantly
different between CRSWNP and controls, only CRSWNP responded

23, 64, 65
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to escalating doses of Af stimulation by releasing C3, C3a, C4, C5,
and fB. The mechanism/s by which Af results in C3 release has not
been determined, but it has been postulated that responses to
allergens may be mediated by allergen receptors present on
diseased epithelial.®” ® Whether these receptors are differentially
expressed on HSNEC from CRSwNP and controls has not been
investigated, but given our data it is an area for future
investigations. An alternative explanation for these differences
could be directly related to differences in basal complement
activity between controls and CRSWNP. Aspergillus fumigatus can
activate complement independently of canonical pathways of
activation. For example, although Af antibodies have been
identified, there are no antibodies in our in vitro system, and
thus it is likely that components of the mycelial Af wall activate
3, 7° generating C3a. Given the increased presence of both C3
and C3a in CRSWNP, it is plausible that cleavage of C3 leads to
increased C3a signaling and stimulation of C3 production. C3a is a
potent chemotactic peptide, can induce pro-inflammatory cyto-
kine release via engagement with its receptor C3aR, and can
further promote T effector cell proliferation and T-regulatory cell
inhibition; all factors that would propagate CRSWNP. In particular,
complement anaphylatoxins such as C3a have the ability to skew
T cell responses and suppress T-regulatory cell functions.?’ 7'7% In
human T cell studies in which C3a intracellular stores were first
described, it was postulated that C3a acts in an autocrine fashion
to promote C3/C3a production via increased C3aR expression.?®
Blockade of C3a signaling in T cells led to reduced intracellular and
extracellular release of C3/C3a.2* These experiments then lead us
to test this hypothesis in vivo, where we observed that C3aRA
could in fact diminish Af-induced release of C3 in vitro. Pre-
treatment of mice with C3aRA effectively reduced sinonasal levels
of C3a upon Af stimulation in sensitized mice. These data support
a mechanism by which C3a activation stimulates C3a production
through a C3a/C3aR axis. We show that C3aR expression is
elevated in HSNEC from CRSwNP patients in vitro, perhaps
suggesting that increased intracellular stores are in part modu-
lated by increased C3aR expression and signaling.

Complement inhibition has become a clinical reality with the
introduction of eculizumab for the treatment of paroxysmal
nocturnal hemoglobinuria.”” Eculizumab functions by inhibiting
C5 activation and is therefore considered safe for systemic
administration as it leaves intact complement detection pathways,
activation, and opsonin functions.”® 7? While C3 inhibitors exist,
such as compstatin, their utilization systemically is not without risk
due to systemic complement functions.”® Fortunately, the sinus
cavity lends itself anatomically to topical application. Here we
demonstrated that C3a receptor signaling through genetic
deficiency, systemic antagonist inhibition, or local antagonist
delivery provided protection from the development of CRS-like
inflammation and epithelial injury. Complement anaphylatoxin
deficiency and inhibition has been extensively studied, with
blockade of C3a and C5a receptors shown to provide protection in
rodent asthma models, such as house dust mite and ovalbumin
and Af allergen challenge, and with C3a and C5a shown to play
differing roles in allergy induction and hypersensitivity.”* & &'
While these model systems are very similar in their approach,
none of these studies have previously investigated the upper
respiratory tract, and none have accessed the impact of locally
delivered receptor antagonist as therapeutic interventions. In
these models, C3aR antagonism or deficiency is associated with
reduced mucus hyperplasia, epithelial injury, and decreased small
airway remodeling.?” Similarly, in our investigations in the upper
airway, C3aR antagonism reduces hyperplasia, epithelial injury,
and immune cell infiltration, all of which reduces CRS-like
inflammation as determined by histological evaluation.

In conclusion, here we demonstrate that local sinonasal C3
concentrations are associated with disease severity, that HSNECs
have intracellular stores of C3 that are present at supranormal
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levels in CRSWNP, and that these stores are quickly mobilized into
the extracellular space upon stimulation. Building upon these
findings we demonstrated that in vivo local sinonasal inhibition of
C3a/C3aR axis in a mouse model of CRS-like inflammation lead to
reduction in pro-inflammatory cytokine and type 2 cytokine
release. Finally, we demonstrate the therapeutic potential of local
sinonasal complement inhibition as a means to modulate local
inflammation and the development of CRS, a strategy that will
likely protect systemic and local complement immune functions.
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