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Abstract

Background: IL-25 can function as an early signal for the resjoiry Type 2 response
characteristic of allergic asthma and chronic rkinositis with nasal polyps (CRSwWNP). In the
mouse gut, tuft cells are the epithelial sourcle5. However, the source of human airway
epithelial IL-25 has remained elusive.

Objective: In this study, we sought to determine if the sojitsthemosensory cell (SCC) is the
predominant source of IL-25 in the sinonasal efiitihe

Method: Flow cytometry and immunofluorescence for SCCslar2b were used to interrogate
polyp and turbinate tissue from patients with clicohinosinusitis with nasal polyps
(CRSwWNP). Mucus was collected during acute inflaatory exacerbations from patients with
CRSwWNP or CRS without nasal polyps and IL-25 ledeitermined by Enzyme Linked
Immuno-Sorbent Assay (ELISA). Lastly, sinonasathegdial cultures derived from polyp and
turbinate tissue were stimulated with IL-13 andlyzed for SCC proliferation and IL-25
production.

Results: This study demonstrates that a discrete cell tyely a solitary chemosensory cell
(SCC), characterized by expression of the tastecgted G-protein, gustducin, and the
intestinal tuft cell marker, doublecortin-like ks@l, DCAMKL1, is the predominant source of
IL-25 in the human upper airway. Additionally, wleow that patients with CRSwWNP have
increased numbers of SCCs in nasal polyp tissuémavitto IL-13 exposure both increased
proliferation and induced apical secretion of ILi&&® the mucus layer.

Conclusions. Inflammatory sinus polyps but not adjacent turkengsue have an expansion of

a solitary chemosensory cell population that issthiérce of epithelial IL-25.



Clinical Implications:
* Nasal polyps have an expansion of a “taster” sglithemosensory cell (SCC)
population that apically secretes the pro-Typetdligpe IL-25.
» Over abundance of upper airway SCC'’s together prithonged epithelial barrier
breakdown may be a driver towards Type 2 inflamamati
» Quantifying IL-25 from sinus mucus may be a uséfomarker for type-2 inflammatory

status.

Keywords: IL-25; IL-13; solitary chemosensory cells; chrornosinusitis with nasal polyps;

Type 2 inflammation; gustducin; DCAMKL1

Capsule Summary

Solitary chemosensory cells are the epithelial@of IL-25 in nasal polyps and may be a
marker of upper airway inflammations.



I ntroduction

Chronic rhinosinusitis (CRS) affects nearly 16%ha population and is comprised of upper
respiratory pathology with both inflammatory anéettious components (1, 2). Chronic
rhinosinusitis with nasal polyps (CRSwWNP) is donéabby Type 2 inflammation(3, 4) with 20-
60% of CRSWNP patients having concomitant asthntl @asinophil rich pathology(5, 6).
CRSwNP is marked by increased levels of Interlesikibs) 4 (IL-4), IL-5, and IL-13(4, 7). In
addition, innate Type 2 cytokines, such as IL-28 Br33, thought to be primarily released from
epithelial cells, have also recently been implidateCRSwWNP(8-10) as well as in asthma(11).

Epithelial-derived IL-25 rather than IL-25 derivBdm hematopoietic cells appears to be
required for the subsequent production of IL-13myiTh-2 inflammatory responses in a mouse
asthma model(12). Expression of IL-25 is upregudah CRSWNP tissue with high eosinophilia
compared to non-polyp CRS or control sinus tissueg®. 1L-25 regulated IL-13 leads to
increased airway hyper-reactivity and subepithdilbsis in asthma models and changes to the
respiratory epithelium resulting in increased musesretion(14). Additionally, IL-13 affects
epithelial differentiation leading to a decreaseiliation and an increase in goblet cell
metaplasia(15, 16) and participates in epithelztibr regulation in both intestinal(17) and in
sinonasal epithelial cells(18). However, the dalsources of IL-25 in the human upper airway
remain undefined. It is unknown if a specific dgfpe in the upper respiratory epithelium
produces IL-25, or if there is a shift in epithetamposition that would bias toward IL-25
production in inflammatory sinonasal polyps.

Tuft cells, rare gut epithelial cells, were recgmtémonstrated to be the epithelial source
of Interleukin-25 (IL-25) in the mouse gut, andgleells promote a Th-2 inflammatory

response in an IL-13-dependent fashion throughmmnate lymphoid cells (ILC2)(19-21).



Tuft cells are characterized in part by expressioDCAMKL1, and also express transient
receptor cation channel subfamily M member 5 (TRP&H the taste-associated G-protein,
gustducin (GNAT3)(19-22). In the upper airway,itsoy chemosensory cells (SCCs) are rare
epithelial cells that express, gustducin, TRPM% swweet and bitter taste receptors(23, 24).
SCCs have arole in the human innate immune resgarte upper airway - bitter agonists
stimulate SCCs propagating a calcium wave thaasele stored antimicrobial peptides from the
adjacent respiratory epithelium(23).

Here we demonstrate that SCCs are the predominartesof sinonasal epithelial IL-25.
We also find that IL-25 is apically secreted and ba detected in the mucus of patient with
CRSwNP. We further demonstrate that an extendpdsexe of actively differentiating
epithelial cells to IL-13 maintains the epitheliuma “leaky state” allowing IL-25 to move from
the apical to basolateral surface. Our resultgssigthat SCC proliferation with subsequent IL-

25 secretion may be an early event in the Th-Zmfhatory cascade.



M ethods

Reagents and experimental solutions: Cell culture materials were obtained as previously
described(23). ELISA for Interleukin-25 (Abexxaar@bridge, UK) and total protein with
bichinchonic acid (BCA) assay (Thermofisher Sci@ntWaltham, MA) were all performed
according to the manufacturer’s instructions. {eaffree recombinant human IL-13 was
obtained from Cell Signaling Technology (Danver®)MFor immunofluorescence, see table E1

for list of primary antibodies, secondary antibadisource, and dilution.

Tissue acquisition: Tissue and/or secretions were obtained from ipiatieecruited from the
Department of Otorhinoloaryngology — Head and N8akgery, Division of Rhinology,
University of Pennsylvania and the Philadelphiaevans Affairs Medical Center, with informed
consent and full approval of both Institutional Rev Boards. Patients undergoing sinonasal
surgery met the selection criteria for recruitmé@iagnosis of CRS or CRSwWNP was per
established clinical diagnostic standards(25, Zclusion criteria included a history of
systemic diseases (e.g., granulomatosis polyang#rsoidosis, cystic fibrosis,
immunodeficiency). Tissue for establishing ainidjinterface (ALI) cultures, submerged
cultures or fixation was obtained from the anteatihmoid sinus, middle turbinate, or inferior

turbinate.

Tissue homogenization: Paired polyp, middle and inferior turbinate sa@sgirom 15 patients
with CRSwWNP were rinsed three times in DMEM:Haml®fnedia containing 100 U/ml
penicillin (Millipore Sigma), 10Qug /ml streptomycin (Millipore Sigma), and 250ng/ml
amphotericin B (Millipore Sigma, St Louis, MO). r8ples were placed into 1mL 1X PBS

containing complete mini protease cocktail inhibi@oche, Indianapolis, IN) and finely



minced. Samples were homogenized in a Dounce henwgy on ice, transferred to an
eppendorf tube, and centrifuged (14,000RPM, 5 resjut The supernatant was transferred to a
fresh eppendorf tube, centrifuged (14,000RPM, Suteis), and samples were stored afc20

until assayed for IL-25 levels and total proteirdascribed below.

Nasal secretion collection: Nasal secretions were collected in a Luken’s Specitrap (Busse,
Hauppauge NY) from the ethmoid cavities of patiewts clinical evidence of acute
exacerbation of chronic sinusitis — all patientd peevious surgery for CRS (N=12) or CRSWNP
(N = 15). Samples were frozen at%@until processing. 2ml of 1X PBS plus completaimi
cocktail protease inhibitor (Roche) was added theaucus sample and samples were
homogenized by serial passage through an 18-gaeglen Samples were incubated on ice for
30 minutes with intermittent vortexing, and thesmiferred to eppendorf tubes and centrifuged
(1,000g; 5 minutes). Soluble fraction was transf@mo a fresh eppendorf, centrifuged (1,000g;
5minutes) and stored at ZDuntil analysis for IL-25 and total protein contrations,
respectively, as described below. Nasal secrefrons those without a history of CRS with or
without nasal polyps (control secretions) were ivlgtc in the absence of any topical anesthetic
or decongestant by placing a pre- expanded Popegiela{Medtronic ENT; Mineapolis, MN) in
the nasal cavity under direct visualization betwdennasal septum and inferior turbinate
bilaterally. Wicks were removed after 5 minutes afated into a 5Qd tube. A hole was made
in the bottom of the tube with a 20-gauge needid,the 500l tube was placed inside a 1.5ml
tube and centrifuged (1,0@) 5 minutes); secretions were collected in the 1thive and

processed for IL-25 and total protein concentratismescribed below.



Snonasal ALI culture: Sinonasal mucosal specimens were acquired freidua clinical
material obtained during sinonasal surgery as destabove. ALI cultures were established
from enzymatically dissociated HSECs (human sinaihagithelial cells), as previously
described (23, 27, 28), and grown to confluencé pibliferation medium consisting of
DMEM/Ham’s F-12 and bronchial epithelial basal medi[BEBM (Lonza;Basel, Switerzland)]

supplemented with 100 U/ml penicillin and 10@ /ml streptomycin for 7 days. Cells were then

trypsinized and seeded on porous polyester memb(abeut 6 111104 cells per membrane) in
cell culture inserts [Transwell-clear, 12-mm diaeng0.417m pores; CorningCorning, NY)]
coated with 10071 coating solution (Bovine Serum Albumin (BSA) [Ovig/ml; Sigma-
Aldrich], type | bovine collagen [30g/ml; BD (Franklin Lakes, NJ)], and fibronectin [10
“1g/ml; BD] in LHC basal medium (Thermofisher Scidig)i. After achieving confluence, the
culture medium was removed from the upper compantraed the epithelium was allowed to
differentiate for at least 3 weeks by using théedéntiation medium consisting of 1:1 DMEM
(Thermofisher Scientific) and BEBM (Lonza), withetiClonetics complements for hEGF (0.5
ng/ml), epinephrine (fig/ml), BPE (0.13 mg/ml), hydrocortisone (Qu&/ml), insulin (5ug/ml),
trilodothyronine (6.5ug/ml), and transferrin (0.ag/ml), supplemented with 100 Ul/ml
penicillin, 200pg/ml streptomycin, 0.1 nM retinoic acid (Millipo&gma), and 2% Nu-Serum

(Corning) in the basal compartment.

IL-13 experiments. Fully differentiated ALI cultures derived from gl tissue or turbinate tissue
from patients with CRSwWNP were left untreated (calptor treated by addition to the basal

differentiation media of recombinant human IL-1358hg/ml. The apical surface was washed



with 10011 of 1X PBS (5minutes, 3T) with each feeding, and cells were fed every otag
for 14 days. Apical supernatant and basal medra w@llected at day 2, 6, 10 and 14.

Lysates of ALI cultures after 14 days of treatmeete made using a lysis buffer
containing 150 mM NaCl (Thermofisher Scientificyy™ EDTA (Thermofisher Scientific), 1%
Triton X-100 (Thermofisher Scientific), and 100 mivis, pH 7.4 (Thermofisher Scientific),
with Complete Mini Protease Inhibitor. For all exipgents, there were at least three replicates

per condition with tissue from a minimum of 3 patge

Submerged Culture: Sinonasal mucosal specimens of polyp tissue birtate tissue from at

least 3 patients with CRSWNP were acquired as testabove and enzymatically dissociated
HSECs were obtained as previously described (2&)7 Cells were filtered through 4

filters (Corning) and plated into 24-well platestaining glass coverslips (Corning) coated with
coating solution at a density of about 5 X télls/well. Cultures were rinsed twice with 1X $B
on day 1 and fed daily for 14 days with prolifeoatimedia alone (untreated control) or
proliferation media containing 50ng/ml IL-13. Sup&tant was collected for IL-25 ELISA as

described below.

IL-25 ELISA and total protein quantification: Human IL-25 ELISA (Abexxa) was performed per
manufacturer’s instruction with 10samples of homogenized sinonasal tissue (undilate
diluted 1:5), nasal secretions (1:2 dilution), baseadia, apical secretions, or ALI culture lysates.
Total protein concentration for homogenized sinah@issue, nasal secretions and ALI cell
culture lysates was determined using a BCA prassay (ThermoFisher Scientific) in

microwell format per manufacturer’s instructioris-25 levels were normalized to total protein

levels for tissue and mucus specimens.



Sngle-cell tissue preparation

Nasal polyps (N = 10) or control mucosa (N = 8hirmferior turbinate or middle turbinate
samples were cut into 5 mm pieces. Tissue pieces weubated for 5 hours at 37 °C in
Dulbecco's Modified-Eagle Medium (Lonza) with 5pg/Brefeldin A (Sigma-Aldrich). Tissue
was transferred and minced into 1-2 mm piecesluttisa containing 0.26 Wurtsch units/mL
Liberase TM (Sigma-Aldrich) with 100 pg/mL DNAséSigma-Aldrich), 10 mM HEPES buffer
(ThermoFisher), 5 mM KCI (Sigma-Aldrich), 1 mM MgCl(ThermoFisher), 1.8 mM CagLl
(ThermoFisher). Tissue was incubated at 37 °C imt#rmittent vortexing for 45 minutes and
passed through a 5 mL syringe to release cellssmitction. EDTA (Sigma-Aldrich) at final
concentration 2 mM was added to stop the digesbebris was removed using a 40 um cell
strainer and red blood cells were removed usin@@ Rsis buffer (Miltenyi Biotech). Cells

were serially washed in 2% bovine serum albumiBBS (Sigma-Aldrich).

Cedll Saining & Flow Cytometry

Single cell suspensions (each >1.0 million cellsjenstained with viability dye Aqua at 1:1000
dilution (Thermofisher) for dead cell exclusionc feéceptors were blocked with TruStain FcX
TM (Biolegend). For each marker, fluorescence mimes (FMO) controls were also prepared.
Cell surface markers were stained using anti-EpCRABECY7 (eBiosciences) to mark epithelial
cellsand anti-CD45-eFlour450 (eBiosciences) to nhariphocytes. After fixation and
permeabilization, intracellular markers were stdiogernight at 4 °C using anti-DCAMKL1-
AF647 (AbCAM), anti-GNAT3-PE (LS Biosciences), atlt5-FITC (Invitrogen). Isotype

control antibodies were used in FMOs for GNAT3 dn@5 (Figure E4).
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Cell suspensions were analyzed on an LSR Fortddsasing FACSDiva Software 8 (BD
Biosciences). At least 250,000 live events weraimed per sample. Data were analyzed using
FlowJo 10 (Treestar). Samples were FSC-A/SSC-Adgat@dentify singlets and exclude debris.
Positive gates were determined using <1% of evamt8MO samples (Figure E4). Solitary
chemosensory cells were identified as Aqua Live AJCCD45GNAT3'DCAMKL1 *IL-25"
events and represented as a frequency of Aqua Ep@AM’ events (gating strategy as in
Figure E5). There is a high percentage of dedd baked on the Aqua Live staining. This may
be related to the prolonged Brefeldin treatment éinaiches for intracellular cytokines, together
with the tissue homogenization process requiraddiate single cells. The percent of IL-25+
cells that are SCCs were identified as live, EpCKhn-Whitney nonparametric t-test was

used to compare polyp versus control samples awth05.

Trans Epithelial Electrical Resistance (TEER): TEER was measured using an EVOM ohm-
voltmeter (World Precision Instruments; Sarasoltg, Briefly, transwell cultures from 3
patients with nasal polyps were placed in a frésinber containing 1X PBS in the basal
compartment and 1p00f 1XPBS in the apical compartment and TEER wassared using the
chopstix adapter for the EVOM. Resistance was aredson at least 6 cultures for each
experimental condition tested and converted to Gamfsby multiplying by the surface area of

the transwell insert.

Paracellular Transport of FITC-Dextran: Trans-epithelial transport of 20kDa FITC-dextran

(Millipore Sigma) across sinus epithelial cultugegswn in transwells was used as an additional

estimate for transport of IL-25 (~18kDa proteiBriefly, 100711 of 20ug/ml of 20kDa FITC-

11



dextran was placed on the apical surface of cudtaral 500l of Hank’s balanced salt solution
(HBSS) (Thermo Fisher Scientific) with glucose e tbasal chamber, and then cultures were
incubated for 2-hours at %z, 5%C0O2. Basal fluid was collected and assayeflipticate for
FITC-dextran using a fluorescent multi-well plagader [Synergy H4 hybrid microplate reader,
(Biotek, Winooski, VT)] EX/Em (490/510). 6 biologieplicates per sample were run for each
condition. The concentration of FITC-dextran wagedmined by calibration to a standard curve
of FITC-dextran. Basal migration of FITC-dextransagetermined using a transwell with no

cells.

Immunofluorescence:

ALI cultures: Fully differentiated sinus epithelial cell culegron transwells were washed three
times with 1X PBS and then fixed for 20 minutescatm temperature with 4%
paraformaldehyde. For samples analyzed for lleRBures were incubated with Brefeldin A at
5ug/ml (Millipore Sigma) for 4 hours prior to fixatioto amplify cytokine staining. Transwells
were rinsed three times in 1X PBS. Transwell membs were cut out and then permeabilized
for 1 hour at 4C in block buffer [1X PBS, 5% Donkey Serum (TherRisher Scientific), 1%
Bovine Serum Albumin, 0.2% Saponin (Millipore Sigineontaining 0.3% Triton X-100.
Membranes were rinsed three times in 1X PBS anditiwibated at% overnight in block

buffer plus 0.05% Tween20 and primary antibody({&2e Table E1 for antibody
combinations). Membranes were rinsed three tim&BST (1X PBS + 0.05% Tween20), twice
in 1X PBS, and then incubated for two hours in klbaffer plus appropriate secondary antibody
(See Table E1). Membranes were rinsed three timeBST (1X PBS + 0.05% Tween20) and

twice in 1X PBS and mounted on glass slides witloFdshield Mounting Media with DAPI

12



(Abcam). Tissue samples were also individuallynsté with each primary antibody and with all
three secondary antibodies and images acquiredsasilded below demonstrating no false

positive staining (Figure E2).

Snonasal tissue sections: Polyp, middle and inferior turbinate specimens wersed three times
in DMEM:Ham’s F12 media containing 100 U/ml periail 100 ug /ml streptomycin, and
250ng/ml amphotericin B. Large bone fragments weneoved and samples were fixed in 4%
paraformaldehyde af@. Samples were embedded in paraffin wax st ections were
obtained and tissue slices were mounted on polsitorerged slides (Thermo Fisher Scientific).

Immunofluorescence with tissue sections was peddrafter deparaffinization with
xylene and graded ethanol washes. Samples weskdaldor 1-hour at room temperature in
10% donkey serum, 2% BSA with 0.1% Triton X-100d &éinen incubated in 10% donkey serum,
2% BSA with primary antibody (Table E1) dGtovernight. Specimens were rinsed three times
with 1X PBST, two times with 1X PBS, and incubated 0% donkey serum, 2% BSA with
secondary antibody at room temperature for 1 h@amples were rinsed three times with 1X
PBST, two times with 1X PBS. Prior to mounting, tlesue sections were incubated in 1X
trueblack autofluorescence quencher (Biotium; Fr@i©A) for 3 minutes at room temperature.
Tissue sections were rinsed three times in 1XPB&peite mounting media with DAPI
(Biotium) and coverslips were applied.

All imaging was performed on an Olympus Fluoviemfozal system attached to an
Olympus IX81 confocal microscope as previously dbsd (23). Images were acquired with a
60X oil objective using Type FF immersion oil (CiélfgVayzata, MN) at 0.@m intervals and

image reconstruction was accomplished with FIJEste images were processed with a median

13



filter, pixel size 2. All comparative polyp andlinate images were taken with the same

microscope settings.

Data Analysis. Data were analyzed using Microsoft Excel andRr{Graphpad) using non-
parametric t-tests for IL-25 levels, TEER and Fl@i€xtran levels from ALI-based experiments.
Median values for IL-25/total protein from nasatietions and total protein were calculated
using Prism software. Statistical significance wagermined using Kruskall-Wallis test for
nasal secretions, and using one-way ANOVA and Ditisnaultiple comparisons test for paired

tissue.
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Results

We hypothesized that SCCs may function similarlyufo cells as the source of airway
epithelial IL-25. We first examined cultured sireggthelial cells by immunofluorescence and
found that gustducin (GNATS3)-positive upper resyarg epithelial cells co-express DCAMKL1
and the bitter taste receptor T2R8 (Figure 1A, FadtlA). GNAT3-positive cells in
unstimulated cultures are neither ciliated cellsgablet cells, consistent with these cells as a
possible undifferentiated cell, progenitor celkofitary chemosensory cell (Figure E1B, C). We
then examined polyp tissue via immunofluorescemcefaund that gustducin-positive cells co-
localize with DCAMKL-1 in polyp epithelium (Figur&C). In unstimulated primary human
sinonasal epithelial cultures (Figure 1B) and itypdissue (Figure 1D), IL-25 also co-localizes
with DCAMKL1-positive cells or gustducin-positivelts. These data suggest that gustducin-
positive cells, likely SCCs, are indeed the sowfck-25 in the upper respiratory epithelium.

We examined IL-25 levels by ELISA from homogenitisdue of patients with CRSwWNP
compared to adjacent middle and inferior turbiristgue from the same patients. We found a
significant (P = 0.021) increase in IL-25 in polygsue (191 pg/mg) compared to inferior
turbinate tissue (82 pg/mg) (Figure 2A). We méll flow cytometry and immunofluorescence
to examine the GNAT3/DCAMKL-1/IL-25 positive epitined cell population (Figure 2B, Figure
E5) to determine if solitary chemosensory cellseameched in polyp tissue, and to determine if
these SCCs are the source of IL-25 in sinus tigSigeire 2C-E). We found that there are
significantly (P = 0.0006) more SCCs (39%) in paligsue compared to turbinate tissue (8%)
(Figure 2B).

Polyp tissue has significantly more IL-28pithelial cells (44%) compared to control

tissue (0.1%) (Figure 2D,E). In both control tissnd polyp tissue, 81% and 89%, respectively,
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of the IL-25 epithelial cell population are DCAMKLIGNAT" cells (Figure 2C). These results
demonstrate that IL-2%epithelial cells are likely SCCs and that SCCssagaificantly enriched
in polyp tissue compared to control tissue.

Immunofluoresence was consistent with the flow oty data, and demonstrated a
marked increase in gustducin-positive and DCAMKIdkifive cells in polyp tissue (Figure 3A)
compared to turbinate tissue that was devoid ofdgiesn, DCAMKL1, or IL-25 positive
epithelial cells (Figure 3B). The increase in gusin-positive cells in polyps was not uniform
and occurred in clusters (Figure E2).

We utilized primary human epithelial tissue cultaredels to examine the effect of IL-13
treatment on IL-25 secretion derived from sinongsdyp or turbinate tissue simulating the
feed-forward IL-25 — IL-13 loop demonstrated in theuse gut(19-21). Exogenous application
of IL-13 causes changes in the epithelium, mostlrigtincreases in mucus production from
goblet cells(14). In animal models, changes owatlrin a few days, however, in isolated
epithelial tissue culture models, goblet cell m&sia, increased mucus production and
decreased ciliation occur after 7 to 10 days afttment with IL-13(16). We examined human
sinus epithelial cultures grown under submersedlitions to determine if epithelial polarization
and ciliation are required for IL-25 secretion. Wand that IL-25 levels increased in epithelial
cultures derived from polyps after 10 days of ILtf&atment (38pg/ml) from basal levels <
20pg/ml (Figure 4A). After 14 days of IL-13 treant, we observed a significant (P < 0.0001)
increase in IL-25 in cultures derived from polyf4@ pg/ml), whereas there were nominal levels
of IL-25 in cultures derived from middle (8.2 pgjrok inferior turbinate (9 pg/ml) samples
(Figure 4B,C). Of note, approximately 50% of tlodyp cultures were able to secrete large

amounts of IL-25 when stimulated with IL-13, whietfay be due to random sampling of the
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polyps for tissue culture in regions that may havewer abundance of gustducin-positive cells
as noted above (Figure E2).

Next, to assess whether biphasic culture conditttlasmged the cytokine profile, human
sinonasal epithelial cell cultures from polyp oriinate tissue were grown at an air-liquid
interface in the presence or absence of IL-13 foddys. Consistent with our submerged culture
data, only IL-13-treated polyp epithelial cultudEmmonstrated an increase in IL-25 (Figure 4D-
F). IL-13 treatment in polyp-derived epitheliallttires significantly increased the frequency of
gustducin and IL-25-positive cells (Figure 4G).

Evaluating the secretion of IL-25, we found thati#s secreted onto the apical surface
and not into the basal media (Figure 4D, E). Theas minimal IL-25 buildup in the cell lysate
consistent with an active secretion process asudtref IL-13 treatment (Figure 4F). Barrier
function in inflammatory polyps may be abnormal gamred to normal respiratory epithelium,
and there is conflicting data on whether IL-13 oaduce transepithelial electrical resistance
(TEER) in cultured sinus epithelium over a 24-hnqe of exposure(18, 29). It is possible that
IL-25 will cross the epithelium if the barrier isolated (e.g. injury) or altered by a chronic
inflammatory response. Precedent for transitiolLét5 across the epithelium can be found
with epithelial or endothelial-generated IL-33.-3B is released by the barrier layer following
damage, thereby allowing the epithelial cytokinénteract with the underlying adaptive
immune components(30, 31). We found that TEER hégalecline on day 10 of treatment with
IL-13 (Figure 5A). Although, TEER declined in shexperimental setup, we did not observe IL-
25 in the basal media (Figure 4B), nor did we obs@novement of a 20kDa FITC-Dextran,

which is of similar size to IL-25, from the apidalbasal chamber (Figure 5B).
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IL-13 alters the composition of the epithelium ainid possible that long-term exposure
to IL-13 during the maturation phase of the epithm| which could occum-vivo with dynamic
cell turnover, may have a greater affect on patalegltransport. We treated epithelial cultures
derived from nasal polyps with IL-13 from the ialtsubmerged phase and continued treatment
through the first two weeks of transwell growthaasair-liquid interface (immature ALI) (see
methods for additional details). Data show thateated cultures had increased TEER on day
14, whereas IL-13 treated cultures did not genex&EER above baseline (Figure 5A). We
found that FITC-dextran was able to transit from &pical to basal chamber (Figure 5B) and we
were able to detect significant levels of IL-2%ioth the apical secretions and basal media
(Figure 5C).

The apical secretion of IL-25 suggested that ILsBbuld be found within respiratory
mucus from patients with Th-2 airway inflammatiae, with polyps. Indeed, there was a
significant (P = 0.005) increase in the levelsleRb in mucus from CRSwWNP patients
(27pg/mg) compared to those with a history of CRtBaut nasal polyps (10pg/mg) or healthy

control subjects (12pg/mg) (Figure 5D).
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Discussion

Similar to tuft cells in the murine gut model(19}2DCAMKL1-positive, gustducin-
positive upper respiratory cells, likely solitadyeznosensory cells, appear to be the major source
of epithelial IL-25 in the human upper airway. \d&Emonstrate here thahas inflammatory
polyps but not adjacent turbinate tissue have an expansion of a gustducin/DCAMKL1-
positive populationThese gustducin/DCAMKL-1 positive cells are also the epithelial source
of IL-25 (Figure 2C). Upper airway inflammatory polyp formation is regabmvithin the
confines of the sinonasal cavity with polypoid degtion or polyp formation most common in
the ethmoid sinus and less common on the middkentate, however, inflammatory polyps do
not arise from the inferior turbinate(32). The gi&wof solitary chemosensory cells / IL-25 in
non-polyp tissue suggests that these cells coméritaupolyp formation and that perhaps IL-25 is
an early marker of sinus polyp formation.

The increased abundance of IL-25-positive solitdmymosensory cells we have observed
here in polyp tissue is significantly higher thae increased level of tuft cells seen in the mouse
gut helminth infection model(19-21). This may kéted to the relatively short amount of time
of infection in the mouse model (days to weeks) parad to our patient population with chronic
rhinosinusitis where the underlying disease prooesg have been ongoing for years to decades
prior to presentation. It is possible that incnregsbundance of SCCs in the epithelium
correlates with cumulative epithelial injury oveme by infectious, allergic and/or
environmental stimuli.

The feedback loop between tuft cells (IL-25) an@2s (IL-13) demonstrated in the gut
has not been demonstrated to-date in the human wggg@ratory mucosa. The ILC2 population

is enriched in eosinophil-rich sinus polyp tissuk(34), and type-2 cytokines such as IL-5, IL-
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13 and eotaxin-2 are elevated in CRSWNP tissuelfjs coupled with the increase in solitary
chemosensory cells demonstrated here suggests siratlar relationship may exist between
SCCs and ILC2s.

SCCs which are rare epithelial cells in normal siand turbinate tissue express bitter
and sweet taste receptors and can modulate redédséensins by bitter agonists in the absence
of sweet receptor-mediated suppression(23). Ama@dmce of cells that can “taste” the
environment suggests that there could be an inedeade for bitter or sweet agonist
byproducts(35) of native or infectious sinus floraaerosolized allergens in the regulation of
innate immunity in patients with Th-2 skewed airwafjammation.

DCAMKL1-positive cells also increase in abundantéuman colorectal cancer
polyps(36), and in human non-small cell lung carspaEcimens(37). Suppression of DCAMKL1
can reduce polyp burden in a murine colon polyp el@®), and DCAMKL1 may have a role in
epithelial to mesenchymal transition(38), suggestirat the population of nuclear-staining
DCAMKLL1 positive cells observed may be an undiffarated or progenitor cell subtyp&oth
submerged sinus epithelial cultures as well asdsghepithelial cultures from polyps were able
to produce IL-25 following IL-13 stimulation. Theslata suggest that epithelial cells do not
have to undergo terminal differentiation into predioantly polarized ciliated cells for IL-25
production. It is possible that the gustducin/DCRIM1-positive epithelial cell population may
be a progenitor cell population with the abilitytewminally differentiate into SCCs.
Development of an exclusive panel of external floometry markers will allow for better
characterization and isolation of this cell popiokat

Precedent for transition of IL-25 across the efliine can be found with epithelial or

endothelial-generated IL-33. IL-33 is releasedh®ybarrier layer following damage, thereby
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allowing the epithelial cytokine to interact withet underlying adaptive immune components(30,
31). Epithelial IL-25 production can be triggetadhelminth infection(19, 20) and possibly by
the viral TLR agonist Poly(l:C)(39) suggesting adxt array of triggers. It is possible that the
duration and timing of movement of secreted IL-2Bbas the epithelium determines the severity
of the adaptive immune system inflammatory respodsdditionally, prolonged barrier
breakdown allowing transit of luminal factors comdxl with epithelial remodeling or exposure
to IL-13 may condemn the epithelium to a Th-2 daatéd inflammatory cycle.

The mucus samples from all patients with CRS stulere have already undergone
treatment with maximal medical therapy, surgery post-surgical maintenance therapy. Thus,
there may be a role for anti-IL25 or anti-IL-13 neaional antibodies in the setting of acute and
chronic rhinosinusitis as well as in the post-opeeasetting in those patients with clinically
elevated levels of mucus and/or tissue IL-25. &ang these pathways may be a way to break
the IL-25/IL-13 feedback loop that may be preserthe respiratory tissue, thereby allowing the
mucosa to “reset” with normal healing.
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FigureLegends

Fig. 1. Gustducin-positive cellsexpress DCAMKL-1 and IL-25 in differentiated human

sinus epithelial cultures and tissue. (A) Hi-resolution image depicting overlap in fluocesice
between DCAMKLL1 (green) and gustducin (red). (B}l&beling of gustducin-positive cells
with IL-25. (C) Overlap between gustducin-posit{ved) and cytoplasm-positive DCAMKL-1
cells (green) in human sinus polyp epithelium. Nstattered DCAMKL-1 positive nuclei in
discrete cell population (white arrow). White katdenotes edges of epithelium. (D) Co-
labeling of gustducin/IL-25 positive cells in humsinus polyp epithelium. Nuclei labeled with

DAPI depicted in blue, and DIC overlay for tissueroerged images. Scale bari .

Fig. 2. SCCsand IL-25 areincreased in polyp tissue compar ed to turbinatetissue. (A) IL-
25/total protein (pg/mg) for matching polyp anddinate samples from 15 CRSwNP patients
demonstrates a significant increase (P = 0.0398)-2b in polyp tissue (122 pg/mg) compared
to inferior turbinate (60 pg/mg). (B) Significamicrease in the percent of SCCs
(GNAT'DCAMKL1 *IL-25"/EpCAM") in sinus polyps [39% (95% confidence interval58k),
10 patients] versus control sinus tissue [8%, 9@6%iidence interval 0.6-24%) 8 patients] as
determined by flow cytometry. (C) Percent of IL{2&sitive epithelial cells that are
DCAMKL1*/GNAT" in polyp tissue (89%, 10 patients) versus coritsslie (81%, 8 patients) as
determined by flow cytometry. Shown are the indinal data points (filled circles), the median
(bar graph) +/- 95% confidence interval. (D,E) Resentative gating strategy to determine
percent of IL-25-positive epithelial cells that MEAMKL1*/GNAT" in polyp (D) and control

(E) tissue.
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Fig. 3. IL-25-positive SCCsare enriched in polyp tissue. Immunofluorescence of pathology-
confirmed, (A) eosinophil-rich polyp, and (B) tunlaite tissue from a patient with inflammatory
sinus polyps with DCAMKL1 (cyan), IL-25 (green),dustducin (red). Turbinate tissue is

devoid of DCAMKL1, IL-25 and gustducin-positive teel DAPI-stained nuclei depicted in blue

in merged images. Scale bahg.

Fig. 4. 1L-25 secretion increasesonly in IL-13 treated Polyp Epithelial Cultures. (A-C) IL-

25 secretion in growth media +/- 50ng/ml IL-13.) (AR-25 (pg/ml) secretion increases over time
(days) for IL-13 treated CRSwWNP epithelial cultu(g$ed black square) compared to untreated
CRSWNP epithelial cultures (open squares) growsulbmersion. 1L-25 (pg/ml) after 14 days of
treatment with (B) or without (C) 50ng/ml IL-13 apithelial cultures derived from polyp tissue,
middle turbinate or inferior turbinate grown in sudrsion. IL-25 (pg/ml) in (D) apical fluid, (E)
basal media and (F) cell lysate of differentiatpdrelial cells grown at an air-liquid interface
derived from polyp or turbinate tissue that weré&ested or treated with 50ng/ml IL-13 for 14
days. (G) Representative imaging of differentigietyp cultures stained for gustducin and 1L-25
+/-50ng/ml IL-13 for 14 days. DAPI staining of reicdepicted in blue on merge image. Scale

bar 10 microns.

Fig. 5.1L-25isapically secreted in culture and elevated in nasal secretions of patientswith
CRSWNP. (A) Change in TEER (ohms-&rover time (days) for differentiated (mature Abb
immature ALI polyp cultures +/- 50ng/ml IL-13. *=<B.0005, ** = P<0.0001. mean +/-s.e.m.
(B) Apical to basal transport of 20kDa FITC-Dexti@g/ml) for differentiated (mature ALI) or

immature ALl polyp cultures +/- 50ng/ml IL-13 f@#4 days. (C) IL-25 (pg/ml) in apical

26



secretions and basal media of undifferentiatedgouftures (new ALI) +/- 50ng/ml IL-13 for
14 days, (## - below limit of detection). (D) IL-B8vels (pg/mg) in nasal secretions [CRSWNP
(N=15), CRSsNP (n=12), control (N=7)] — shown dre tmedian +/- 95% confidence interval

plus all individual data points.
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Supplementary Tables

Primary Antibody Company/Catalog # Dilution
Goat polyclonal anti-human Aviva Systems Biology 1:100(ALlI), 1:50
gustducin (GNAT) (OAEB00418) (tissue)
Rabbit polyclonal anti-human Abcam (ab37994) 1:100
DCAMKL1

Rabbit polyclonal T2R8 Abcam (ab75109) 1:250
Mouse monoclonal anti-human 3- Abcam (ab11315) 1:500
IV-tubulin

Mouse monocloncal anti-human Abcam (ab3649) 1:100
MUC5AC

Mouse monoclonal anti-human IL-  RND Systems (MAB1258) 1:100
25

Secondary Antibodies Company/Catalog # Dilution
Donkey anti-Rabbit-AlexaFluor488 Thermofisher (A21206) 1:2000
Donkey anti-Mouse-AlexaFluor555 Thermofisher (A31570) 1:2000
Donkey anti-Goat-AlexaFluor647 Thermofisher (A21447) 1:2000
Donkey anti-Goat-AlexaFluor555 Thermofisher (A21432) 1:2000
Donkey anti-Rabbit-AlexaFluor647  Thermofisher (A31573) 1:2000
Donkey anti-Mouse-AlexaFluor488 Thermofisher (A21202) 1:2000

Table E1. Primary and secondary antibodies.



Target Conjugation Host Source Dilution
EpCAM/CD326 PECy7 Rat eBioscience 1:100
CD45 eFlour450 Rat eBioscience 1:100
GNAT3/Gustucin PE Rabbit LS Biosciences 1:50
DCLK1 AF647 Rabbit AbCAM 1:100
IL25 FITC Mouse Invitrogen 1:100
Isotype IgG1 FITC Mouse BD 1:100
Isotype IgG- PE Rabbit GeneTex 1.50

polyclonal

Table E2. Flow Cytometry Antibodies



Supplementary Figure L egends

Fig. E1. Gustducin-positive cells express bitter taste receptorsin differentiated sinus
epithelial cultures. Confoca microscopy of un-stimulated human sinus epithelial
cultures. (A) Hi-resolution image depicting overlap in fluorescence between T2R8
(green) and gustducin (red). (B) Gustducin (red) signal does not overlap with 3-1V-
tubulin (green) signal from ciliated cells. (C) No overlap in signal between gustducin-

positive cells (red) and MUCS5AC positive cells (green). Scale bar 10pum.

Fig. E2. Regions of Gustducin/IL-25 positive epithelium are regional in sinus
polyp tissue. Confocal microscopy of human sinus polyp tissue. (A) Low-resolution
image of polyp (A) compared to turbinate tissue (B) from a patient with sinus
polyps. Co-localization of DCAMKL1 (cyan), [1-25(green) and gustducin (red) occur
in clusters in polyp tissue. No staining observed in turbinate epithelium. Scale bar

100pm.

Fig. E3. Control staining of polyp tissue demonstrating no bleed through of
colors. (A) II-25-(antimouse-AlexaFluor488) with antigoat-AlexaFluor555 and anti-
rabbit- AlexaFluor647 secondary antibodies. (B) GNAT-(antitogat-ALexaFluor555)
also stained with antimouse-AlexaFluor488 and anti-rabbit-AlexaFluor647. (C)
DCAMKLI1-(antirabbit-alexafluor647) also stained with antimouse-AlexaFluor488

and antigoat-AlexaFluor555.



Fig. E4. Representative fluorescence minus one (FMO) controls for flow
cytometry of sinus tissue. Representative image of FMO for (A) EpCAM-PECy?7, (B)

CD45-eFluor450, (C) GNAT-PE, (D) DAMKL1-AF647 and (E) IL25-FITC.

Fig. E5. Gating strategy for isolation of IL-25* solitary chemosensory cells. (A)
Representative gating strategy for sinus polyp tissue demonstrating an increase in
IL-25* SCCs (green histogram). (B) Representative gating strategy for control
mucosa demonstrating fewer [L-25* SCCs (red histogram). Blue histogram
represents fluorescence for the IL-25-matched isotype control antibody (negative

control).
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Fig. E1. Gustducin-positive cells express bitter taste receptors in
differentiated sinus epithelial cultures. Confocal microscopy of un-
stimulated human sinus epithelial cultures. (A) Hi-resolution image depicting
overlap in fluorescence between T2RS (green) and gustducin (red). (B)
Gustducin (red) signal does not overlap with b -I'V-tubulin (green) signal
from ciliated cells. (C) No overlap in signal between gustducin-positive cells
(red) and MUCSAC positive cells (green). Scale bar 10 pm.
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Fig. E2. Regions of Gustducin/IL-25 positive epithelium are regional in sinus
polyp tissue. Confocal microscopy of human sinus polyp tissue. (A) Low-
resolution image of polyp (A) compared to turbinate tissue from a patient with
sinus polyps. (B) Co-localization of DCAMKLI (cyan), IL-25 (green) and
gustducin (red) occur in clusters in polyp tissue. No staining observed in turbinate
epithelium. Scale bar 100 pm.
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Fig. E3. Control staining of polyp tissue demonstrating no bleed through of
colors. (A) I1-25-(antimouse 488) with anti-goat-555 and anti-rabbit-647
secondary antibodies. (B) GNAT-(anti-goat555) also stained with anti-
sc,Regions of Gustducin/IL-25 positive epithelium are regional in sinus polyp
tissue. Confocal microscopy of human sinus polyp tissue. (A) Low-resolution
image of polyp (A) compared to turbinate tissue from a patient with sinus polyps.
(B) Co-localization of DCAMKLI (cyan), IL-25 (green) and gustducin (red)
occur in clusters in polyp tissue. No staining observed in turbinate epithelium.

Scale bar 100 um.
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Fig. E4. Representative fluorescence minus one (FMO) controls for flow
cytometry of sinus tissue. (A) Representative image of FMO for (A) EpCAM-
PECy7, (B) CD45-cFluor450, (C) GNAT3-PE, (D) DCAMKL1-AF647 and (E)
IL25-FITC.
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Fig. ES. Gating strategy for isolation of IL-25" solitary chemosensory cells. (A)
Representative gating strategy for sinus polyp tissue demonstrating an increase in
IL-257 SCCs (green histogram). (B) Representative gating strategy for control
mucosa demonstrating fewer IL-25" SCCs (red histogram). Blue histogram
represents fluorescence for the IL-25-matched isotype control antibody (negative
control).



