EUROPEAN RESPIRATORY journal

FLAGSHIP SCIENTIFIC JOURNAL OF ERS

Early View

Original article

Neuropeptide regulation of secretion and
inflammation in human airway gland serous cells

Derek B. McMahon, Ryan M. Carey, Michael A. Kohanski, Charles C.L. Tong, Peter Papagiannopoulos,
Nithin D. Adappa, James N. Palmer, Robert J. Lee

Please cite this article as: McMahon DB, Carey RM, Kohanski MA, et al. Neuropeptide
regulation of secretion and inflammation in human airway gland serous cells. Eur Respir J
2020; in press (https://doi.org/10.1183/13993003.01386-2019).

This manuscript has recently been accepted for publication in the European Respiratory Journal. It is
published here in its accepted form prior to copyediting and typesetting by our production team. After
these production processes are complete and the authors have approved the resulting proofs, the article
will move to the latest issue of the ERJ online.

Copyright ©ERS 2020



Neuropeptide regulation of secretion and inflammation in human airway gland serous

cells
Derek B. McMahon,' Ryan M. Carey,' Michael A. Kohanski,* Charles C.L. Tong,* Peter

Papagiannopoulos,® Nithin D. Adappa,* James N. Palmer,* and Robert J. Lee'?

'Department of Otorhinolaryngology and “Department of Physiology, University of Pennsylvania

Perelman School of Medicine, Philadelphia, PA USA

Correspondence: Robert J. Lee, Department of ORL-HNS, Hospital of the University of Pennsylvania,
3400 Spruce Street, 5" floor Ravdin, Suite A, Philadelphia, PA 19104. USA. Phone: 215-573-9766,

email: rjl@pennmedicine.upenn.edu

Summary: VIP and NPY are neuropeptides up-regulated in allergy and asthma, respectively, which
inversely regulate CFTR-dependent secretion and inflammation in airway submucosal gland serous cells,

which secrete much of the fluid that lines conducting airways.



ABSTRACT

Airway submucosal gland serous cells are sites of expression of the cystic fibrosis
transmembrane conductance regulator (CFTR) and are important for fluid secretion in conducting
airways. To elucidate how neuropeptides regulate serous cells, we tested if human nasal turbinate
serous cells secrete bicarbonate (HCO3), important for mucus polymerization and antimicrobial peptide
function, during stimulation with cCAMP-elevating vasoactive intestinal peptide (VIP) and if this requires
CFTR. Serous cells stimulated with VIP exhibited a ~15-20% cAMP-dependent decrease in cell volume
and a ~0.15 unit decrease in intracellular pH (pH;), reflecting activation of CI" and HCOj3" secretion,
respectively. HCOj secretion was directly dependent on CFTR and was absent in cells from CF
patients. In contrast, neuropeptide Y (NPY) reduced VIP-evoked cAMP increases, CFTR activation, and
CITHCOgs secretion. Culture of primary serous cells in a model that maintained a serous phenotype
confirmed the activating and inhibiting effects of VIP and NPY, respectively, on fluid and HCO3
secretion. Moreover, VIP enhanced antimicrobial peptide secretion and antimicrobial efficacy of
secretions while NPY reduced antimicrobial efficacy. In contrast, NPY enhanced cytokine release while
VIP reduced cytokine release through a mechanism requiring CFTR. As levels of VIP and NPY are up-
regulated in diseases like allergy, asthma, and chronic rhinosinusitis, the balance of these two peptides
in the airway may control mucus rheology and inflammatory responses in serous cells. Furthermore, the
loss of CFTR conductance in serous cells may contribute to CF pathophysiology by increasing serous

cells inflammatory responses in addition to directly impairing CI" and HCOj secretion.



INTRODUCTION

Several obstructive airway diseases share phenotypes of thickened mucus, including chronic
rhinosinusitis (CRS), cystic fibrosis (CF), asthma, and COPD [1-3]. From nasal turbinate down to small
bronchi, a large percentage of airway surface liquid (ASL) and mucus is generated by submucosal
exocrine glands [3]. Gland serous cells are sites of expression of the CF transmembrane conductance
regulator (CFTR) [3]. Observations of occluded gland ducts and gland hypertrophy, hyperplasia, and
infection in CF [3] suggest that defects in CFTR-dependent serous secretion contribute to CF pathology.
Intact CF glands secrete less fluid in response to cAMP-elevating agonists such as vasoactive intestinal
peptide (VIP) compared with non-CF glands [3]. Gland hypertrophy, duct plugging, and excess mucus
are also observed in COPD and asthma [3], with gland hypertrophy more common in fatal asthma [4].

Bicarbonate (HCOys) secretion by serous cells facilitates polymerization of mucins secreted by
more proximal mucous cells [5] (supplementary figure S1a). HCOj' is also critical to efficacy of
antimicrobial peptides secreted by serous cells [3]. However, mechanisms by which serous cells secrete
HCOj are unknown. Identifying these mechanisms may yield insights into pathophysiology of CF and
other diseases exhibiting altered mucus secretion or rheology. We previously studied nasal serous cell
HCOj;™ secretion during cholinergic-induced secretion [6], which is largely intact in CF [3], as it is
mediated by the Ca** activated CI and HCO5 channel (CaCC) TMEM16A [7]. Our initial goal was to
directly test if serous cells also secrete HCO;3™ during VIP stimulation, if this occurs through CFTR, and if
TMEM16A could substitute during loss of CFTR.

A further goal was to understand how VIP and neuropeptide Y (NPY), both upregulated in
inflammatory airway diseases, interact to control airway secretion. Parasympathetic VIPergic [8, 9] and
NPYergic [10, 11] neurons exist in the respiratory tract and may be increased in mucosa from patients
with allergic rhinitis [12] or irritative toxic rhinitis [13]. Some nerves co-express VIP and NPY [14],
including in the proximity of glands [15, 16]. VIP and NPY are found in the pedicle of nasal polyps,
suggesting they may play a role in polyp formation [17]. Activated macrophages (M¢s) [18] or epithelial

cells [19] can also make NPY, perhaps because NPY has direct antimicrobial effects [20]. Elevated NPY



in asthma [21] may link psychological stress with allergic asthma exacerbations [22]. Mice lacking NPY
or NPY1R have reduced allergic airway inflammation [23]. Other studies outside the airway suggest
NPY increases Th2 responses [24, 25]. NPY and NPYRL1 expression are elevated in mouse lungs after
influenza, and knockout of NPY reduced disease severity and IL-6 levels [18]. Allergic rhinitis patients
have nasal secretions with elevated concentrations of VIP compared with control individuals at baseline
[26] and during allergen challenge [27].

A recent review highlighted need for elucidation of neuropeptide regulation of submucosal glands
in obstructive lung diseases [28]. The role of VIP as a cAMP-dependent activator of secretion is
established [3], but the role of NPY is unclear. A cocktail of NPY and norepinephrine inhibited cultured
tracheal gland cell glycoprotein secretion [29], and NPY inhibited bulk mucus secretion in ferret trachea
[30], but there is little mechanistic data for iffhow NPY affects serous cells. NPY receptors are often G;-
coupled and could reduce cAMP responses to Gs-coupled VIP receptors [31], reducing secretion by
lowering PKA activation of CFTR. Moreover, VIP and NPY are immunomodulators [32] and may
regulate gland cytokine secretion.

W e examined effects of VIP and NPY in primary serous cells isolated from human nasal glands.
Cells were studied acutely as well as in an air-liquid interface (ALI) culture model that retained
expression of serous cell markers, facilitating polarized studies and co-culture with human M¢s. Results
below contribute to our understanding of airway serous cells and the role of CFTR in both secretion and

inflammation, suggesting therapeutic targets for obstructive airway diseases.



METHODS

Experimental Procedures

Isolation of primary serous acinar cells, immunofluorescence, and live cell imaging of cell volume,
pH;, and CI" was carried out as described [6, 33]. Culture of gland serous cells was carried out as
described [34]. ASL height, ASL pH measurements, ELISAs, and bacterial assays were carried out as

reported [27, 35]. More detailed methods and reagents used provided in the supplementary materials.

Study Approval

Tissue was acquired in accordance with the University of Pennsylvania guidelines regarding
residual clinical material in research (IRB protocol #800614), the US Department of Health and Human
Services Title 45 CFR 46.116, and the Declaration of Helsinki. Turbinate samples from 42 non-CF and 9
CF patients (seven AF508/AF508, one AF508/G542X, and oneAF508/E585X) were used

(supplementary table S1).

Statistics

Data were analyzed in GraphPad Prism. Multiple comparisons used 1-way ANOVA with
Bonferroni (preselected pairwise comparisons), Dunnett’s (comparisons to a control set), or Tukey-
Kramer (comparison of all values) posttests. A p value <0.05 was considered significant. All data are
mean + SEM from independent experiments using cells from 24 patients. Minimal patient-to-patient
variability was observed beyond effects of CFTR genetype, as described in the supplementary material.
Data points in each figure represent independent experiments, some of which used separate cell cultures
that originated from the same patient (common in studies using ALI cultures). In this case, an equal
number of independent experiments, typically 2, was performed using cells from each patient to ensure
that cells from each patient were equally represented to prevent cells from any one patient skewing

results.



RESULTS

VIP stimulates ClI" and HCOj3 secretion through CFTR

Submucosal gland acinar cells (supplementary figure 1b) were isolated from human middle
turbinate [33]. Serous acini exhibited secretory-granule immunofluorescence for lysozyme
(supplementary figure 1c), basolateral immunofluorescence for VIP receptors (figure 1d-e), and apical
immunofluorescence for TMEM16A and CFTR (supplementary figure 1f-g) as described [6, 7, 33].
Secretion was studied in isolated serous cells using simultaneous differential interference contrast (DIC)
measurement of cell volume and quantitative fluorescence microscopy of indicator dyes to measure the
concentrations of ions involved in driving secretion (CI'/HCOy’), a technique pioneered in salivary cells
adapted for serous cells [6, 7, 33].

Epithelial fluid secretion is driven largely by CI. Serous cell shrinkage during agonist stimulation
reflects efflux of cellular K* and CI" upon activation of secretion and movement of osmotically obliged
water. Cell swelling upon removal of agonist reflects solute uptake via mechanisms that sustain
secretion, such as the Na’K*2Cl co-transporter NKCC1 [7] (figure 1a). Human nasal serous cells
shrank by ~20% when stimulated with cAMP-elevating agonists forskolin or VIP (figure 2b), as
previously reported [33].

Shrinkage was accompanied by transient acidification of intracellular pH (pH;) followed by more
sustained alkalinization (figure 1c-d). Agonist-evoked acidification was absent in HCO;' -free media
(supplementary figure S2a-c), and the secondary alkalinization was blocked with inhibition of the
Na"HCOj; co-transporter (NBC; supplementary figure S2d). Thus, the transient acidification reflects
HCOjs efflux during activation of secretion, while the alkalinization reflects activation of NBC, sustaining
HCOjs™ secretion by keeping intracellular [HCO37] high. This is similar to cholinergic-evoked serous cell
acidification and subsequent alkalinization by Na*/H* exchangers (NHESs) [6], but reveals an important
mechanistic difference between cAMP and Ca** pathways.

Acidification was blocked by eliminating the driving forces for conductive HCOj3" efflux using ion

substitution (supplementary figure S2e), suggesting acidification is mediated by an ion channel.



Forskolin- or VIP-induced shrinkage and acidification were absent in cells from CF patients (figure 1c-d),
and were inhibited by CFTR inhibitor CFTR;;;172 or K* channel inhibitors clofilium and clotrimazole in
non-CF cells (figure le-f), demonstrating a requirement for both CFTR and counterion K* efflux. VIP-
evoked responses were not reduced by TMEM16A inhibitors niflumic acid (NFA), T16A;-A01, CaCCi,-
AO01, or 4,4’-diisothiocyanato-2,2’-silbenedisulfonic acid (DIDS) (figure 1f). Representative traces are in
supplementary figure S3a and b.

In contrast, carbachol (CCh), which activates Ca?*-driven secretion [7, 33], stimulated shrinkage
and acidification blocked by TMEM16A inhibitors NFA, T16A;,,-A01, CaCC;,,-A01, or DIDS (figure 1g).
CCh-induced secretion was intact in CF cells (figure 1h). Pharmacological activation of TMEM16A (E.)
restored secretion responses to VIP in CF cells (figure 1h). Representative traces are in
supplementary figure S3c and d. The concentration of E,.; used here had no acute (2-3 min) effects
on intracellular calcium in these cells (supplementary figure S3e)

Thus, cAMP elevation activates both CI" and HCO;™ secretion directly through CFTR (figure 1i),
and targeting TMEM16A might restore HCO3™ secretion in CF glands. We found no evidence for CI
/HCOj3; exchanger-mediated HCOj' efflux (supplementary figure S4), agreeing with data showing Calu-
3 cells [36], a bronchial line frequently used as a serous cell surrogate, secrete HCO3;” mainly through
CFTR while CITHCO3;  exchanger pendrin (SLC26A4) is more important in surface epithelial cells. These
data show a fundamental defect in HCO3™ secretion in CF cells caused directly by loss of CFTR

conductance, which may be restored directly by pharmacological CFTR correction.

NPY reduces CFTR-mediated fluid and HCO;™ secretion during VIP stimulation

Calu-3s express high amounts of NPY 1R relative to other airway lines (supplementary tables
S2 and S3). We thus tested for NPYRs in primary serous cells. We observed no secretory responses to
NPY, but the magnitudes of VIP-evoked acidification and shrinkage were reduced with NPY (figure 2a-
b). We hypothesized that G;-coupled NPYRs might blunt the magnitude of VIP-evoked cAMP increases,
reducing CFTR activation. We measured CI" permeability using 6-methoxy-N-(3-sulfopropyl)quinolinium

(SPQ), a dye quenched by CI" but not by NO3". Substitution of extracellular CI” for NO; results in



decreased intracellular [CI] and the resulting rate of SPQ fluorescence increase is roughly equivalent to
anion permeability [7, 33, 35]. In the presence of VIP, fluorescence rapidly increased upon NO3z
substitution. This was reduced by ~50% by NPY (figure 2c-d). In the presence of CFTR;;z172, anion
permeability was almost completely reduced and NPY had no effect (figure 2d). Even after 24 hours
stimulation with NPY, isolated serous cells exhibited reduced VIP-activated CI" permeability during acute
VIP stimulation (supplementary figure S5).

CFTR is activated by PKA downstream of cAMP. We imaged real time cAMP changes using an
mNeonGreen cAMP biosensor (cADDis [37]). VIP induced a rapid, reversible increase in cCAMP blocked
by VIPR antagonist VIP 2 (figure 3a-b). The cAMP increase was independent of Ca** (figure 3c).
There was no difference in CAMP increases in non-CF or CF cells (supplementary figure S6), in
contrast to previous hypotheses of defective cCAMP signaling in CF [38]. However, NPY reduced VIP-
evoked cAMP responses (figure 3d-e); the NPY effects were eliminated with NPY 1R antagonist BIBO
3304 or pertussis toxin (PTX), which inactivates G; proteins (figure 3d-e). Thus, NPY blunts CFTR-

mediated CI', HCOj", and fluid secretion by reducing cAMP signaling.

NPY and VIP have opposing effects on CI"and HCO; secretion in primary cultures of serous cells
To facilitate polarized studies, we used culture methods that preserved a serous phenotype [34].
Serous cells cultured at air liquid interface (ALI) expressed markers Muc7, VIPR1, VIPR2, lysozyme,
NKCC1, and alpha-1-antitrypsin, as well as both NPY 1R and NPY4R (figure 4a-c). Lysozyme, Muc?,
VIPR1, and VIPR2 were detected by immunofluorescence in serous cells (figure 4d-e) and Calu-3 cells
(supplementary figure S7-S8). ELISA and qPCR confirmed that serous cultures expressed Muc7 but
not Muc5AC or Muc5B (supplementary figure S9). Serous ALls also expressed functional CFTR.
Apical substitution of CI" for NO; led to a decrease in [CI]; that was enhanced by VIP, blocked by
CFTRin172, and blunted by NPY (figure 5a). Similar to freshly isolated cells above, TMEM16A
inhibitors did not affect VIP-activated CI" permeability (figure 5a). ALIs were resistant to viral expression
of cCADDis, but steady-state CAMP levels were measured 5 min after stimulation with VIP + NPY. NPY

reduced cAMP increases, and this was abrogated by PTX (figure 5b).



Airway surface liquid (ASL) was labeled with Texas red dextran to track fluid secretion. VIP
increased ASL height; this was inhibited by NKCC1 inhibitor bumetanide, PKA inhibitor H89, or VIP .25
(figure 5c¢c-d), supporting that this reflected fluid secretion. NPY inhibited VIP-induced secretion (figure
5c-d) and isoproterenol-induced secretion (figure 5d), but not Ca’*-activated CCh-induced secretion
(figure 5d), showing effects of NPY were specific for CAMP. To test if phagocyte-produced NPY could
produce these effects, we used primary human monocyte-derived macrophages (M¢s) primed with
phorbol myristate acetate (PMA), which produce NPY (supplementary figure S10). Serous ALlIs
transwells were transferred into plates above the M¢s with 24 hour Md-conditioned media on the
basolateral side. Addition of VIP increased ASL height, but this was reduced in the presence of PMA-
primed M¢s, and this effect was reversed by BIBO 3304 (figure 5e).

To track HCO3™ secretion, ASL was labeled with SNARF-1-dextran sonicated in perfluorocarbon,
allowing measurement of pH in physiological ASL with no addition of aqueous fluid [39]. Steady-state
unstimulated ASL pH (pHas.) was 7.2 + 0.04, equivalent to ~15 mM HCO; at 5% CO, ([HCOs]i=1.2 mM
x 10°™®1): pHas. was reduced by NBC inhibitor DNDS (6.9 + 0.06; 7.6 mM HCO3) but not with NPY
alone (figure 5f). VIP increased pHas. (7.6 £ 0.04; 38 mM HCOj3), suggesting VIP stimulated HCO3
secretion; increased pHas. was reduced by NPY (7.3 £ 0.05) or DNDS (7.1 £ 0.03). Effects of NPY were
blocked by PTX. NPY similarly inhibited forskolin and isoproterenol (figure 5f). Note that with increased
ASL volume (figure 5c¢) and buffering capacity, actual secreted HCO3; would be larger than changes in
[HCOs].

Serous ALIs were incubated with unstimulated or PMA-stimulated M¢s as above and steady-state
pHas. was measured 2 hours later; pHas. was unchanged by unstimulated M¢s, but PMA-stimulated M¢s
reduced pHas. (figure 5g). This was inhibited by BIBO 3304. Addition of VIP increased pHas. (figure
5g). Effects observed were verified using a real-time HCO3™ secretion assay, which also confirmed
secretion was dependent on apical CFTR (supplementary figure S11).

Type 2 inflammation was suggested to upregulate CI/HCO;3; exchanger pendrin in airway surface

epithelial cells [40, 41]. We examined if NPY or IL-13 induced altered expression of pendrin or CI’



channels in primary serous cells, perhaps shifting serous cells away from CFTR toward a more
TMEM16A- and/or pendrin-dominated secretory phenotype. However, there was no change in SLC26A4
(encoding pendrin), ANOL1 (encoding TMEM16A) or CFTR expression in primary serous ALIs after 24
hours IL-13 or NPY (supplementary figure S12). Up-regulation of pendrin was observed in surface

epithelial cells (supplementary figure S12), fitting a lack of a role for pendrin in serous cells [36].

VIP acutely increases antimicrobial secretions and bactericidal activity while NPY reduces it

Carbonate and/or HCO3™ have been reported to enhance antimicrobial activity of airway
secretions [42]. We observed a small effect of HCO3™ on antimicrobial activity of secretions produced by
Calu-3 cells (supplementary figure S13). However, we hypothesized that NPY might have more
profound effects through inhibition of both HCOj™ secretion via CFTR and reduction of serous cell
antimicrobial peptide secretion, likely mediated by a combination of constitutive and regulated vesicular
release driven by both Ca?* and cAMP, as in salivary and pancreatic exocrine acinar cells [43, 44].
Reductions of cAMP by NPY may lower antimicrobial secretion independent of effects on CFTR function.

Forskolin and VIP both increased secretion of serous cell antimicrobials lysozyme, Muc7, and 3-
defensin 1 (hBD1) over 2 hours as measured by ELISA, this was reduced by NPY (figure 6a). There
was no effect of inhibition of CFTR or TMEM16A on secretion of these antimicrobials (supplementary
figure S14a). Neither lysozyme nor hBD1 secretion was reduced in cultures derived from CF patients
(supplementary figure S14b). NPY had no effect on CCh-activated secretion of lysozyme or hfD1 over
2 hours (supplementary figure S14c), supporting a specific effect of NPY on cAMP. Fitting with
increased antimicrobial peptide secretion, VIP acutely increased the antibacterial effects of serous ASL
washings against clinical isolates of Pseudomonas aeruginosa and methicillin-resistant Staphylococcus
aureus (MRSA; figure 6b-c). NPY blunted the effects of VIP (figure 6b-c). A fluorescent live-dead
staining of P. aeruginosa confirmed reduced bactericidal efficacy of NPY+VIP-stimulated ASL

(supplementary figure S15).



Neither VIP nor NPY alone had longer-term (24-48 hrs) effects on expression of hgD1by gPCR
(supplementary figure S16a) despite increased secretion over 48 hours (supplementary figure s16b).
LPS treatment up-regulated hBD2 expression and secretion (supplementary figure S16a-c), but this
was not significantly affected by NPY or VIP. Lysozyme expression was significantly increased by VIP at
24 hours (supplementary figure S16d), with lysozyme and Muc7 secretion also increased at 24 hours
(supplementary figure S16e). VIP-treated cultures exhibited more bactericidal ASL even at 48 hours,
reduced by NPY even in the presence of LPS (supplementary figure S16f). Thus more chronic VIP

and NPY stimulation can have longer term effects on serous cell antimicrobials.

NPY is pro-inflammatory

We hypothesized that airway gland cytokine secretion may be modulated by VIP and/or NPY.
We first focused on epithelial cell-derived cytokines involved in asthma and allergy, where alterations of
VIP and/or NPY have been reported. In serous ALIs, IL-6, TNFa, IL-13, and GMCSF release were
increased after 48 hours treatment with toll-like receptor 4 (TLR4) activator lipopolysaccharide (LPS),
TLR3 activator poly(l:C), TLR2 activator lipotechoic acid (LTA), TNFa, or type 2 cytokines (IL-4 + IL-13;
supplementary figure S17a-d). While NPY or VIP had no effect alone on IL-6, TNFa, or GMCSF
release, NPY increased IL-1f release ~2-fold at baseline. NPY also increased IL-13 mRNA at 4 hours
(supplementary figure S17e)

NPY also potentiated release of these cytokines in combination with LPS, LTA, IL-4+I1L-13, and
TNF-a (supplementary figure S17a-d). NPY also enhanced LPS-induced IL-6 and IL-8 mMRNA as well
as IL-13- or TNF-a-induced GM-CSF mRNA at 4 hours (supplementary figure S17f-g). NPY effects
were blocked by PTX, implicating G; signaling (supplementary figure S17a-d). In contrast, VIP reduced
cytokine secretion 25-50%; these reductions were eliminated by NPY (supplementary figure S17a-d).
Co-stimulation with IL-4+1L-13 increased cytokines in response to either poly(l:C) or LPS, and this was
enhanced further by NPY (supplementary figure S18a), suggesting that NPY is pro-inflammatory even

within the context of Th2 inflammation observed in airway diseases like asthma.



NPY also enhanced cytokine release in response to heat-killed clinical isolates of P. aeruginosa
and MRSA (figure 7a-c), which likely activate TLRs as above. To validate results from cultured ALls, we
incubated freshly dissociated serous cells with TNFa or poly(l:C) £ NPY; NPY enhanced cytokine
secretion (supplementary figure S18b), confirming NPY is pro-inflammatory and may contribute to

increased inflammation in airway diseases like asthma.

Anti-inflammatory effects of VIP require functional CFTR conductance; TMEM16A can substitute.

In airway cells, CI conductance may be anti-inflammatory [45, 46], with increased [CI]; promoting
inflammation [47]. This may have implications for CF; in serous cells stimulated with VIP, [CI]; may be
higher in CF cells due to lack of CFTR-mediated efflux. We tested if CFTR contributes to anti-
inflammatory effects of VIP using NPY to increase release of IL-1j, a cytokine upregulated in the lungs of
some children with CF [48, 49]. NPY-induced IL-1B was not altered by CFTR;,n172 or TMEM16A
activator E, (figure 7d). However, VIP reduced IL-1p by >50% (figure 7d). CFTR;;,172 reversed the
effect of VIP, while E, restored effects of VIP, and the effect of E, . was further reversed with CaCCij,-
AO01 (figure 7d). We saw similar results when serous cells were stimulated with heat-killed P.
aeruginosa. VIP reduced release of GM-CSF and IL-6, another cytokine involved in early CF
inflammation [48]; this was blocked by CFTR;,;,172 but subsequently restored by E. (figure 7e).

Thus, CFTR is required for anti-inflammatory effects of VIP, but TMEM16A can substitute.
However, activation of CI conductance by E,. was not sufficient for anti-inflammatory effects in the
absence of VIP (figure 7e), likely because a reduction in [CI]; requires counter-ion (K*) flux activated
downstream of secretagogues [33] but not activated by E,. alone. Supporting this, K* channel activator
1-ethyl-2-benzimidazolinone (1-EBIO [7]) in combination with E, was anti-inflammatory in serous cells
(figure 7e). VIP also reduced P. aeruginosa-induced release of IL-8 (figure 7f), another cytokine

upregulated in CF [48, 49].



DISCUSSION

This study suggests serous cells secrete HCO3™ in addition to CI” during VIPergic stimulation
directly through CFTR (figure 8a). NPY impairs both VIPergic fluid and antimicrobial peptide secretion
by reducing cAMP signaling (figure 8b). The novel inverse relationship between NPY and VIP in the
regulation of secretion suggests that the balance of these neuropeptides affects mucus rheology by
promoting or inhibiting CI" and HCO3 secretion from serous cells, which control the hydration of mucins
secreted by more proximal gland mucous cells.

This study reveals several insights relevant to CF pathogenesis (figure 8c). We found no
evidence of CI/HCO;" exchange (e.g., pendrin) activity in serous cells, suggesting loss of CFTR function
directly contributes to impaired HCO3 secretion. Targeting CFTR via correctors and/or potentiators
would restore serous cell HCO3; and CI” secretion independent of other proteins. Moreover, CAMP
signaling was intact in CF cells, suggesting that appropriate pharmacological correction of mutant CFTR
could restore secretion in response to the appropriate endogenous physiological stimuli (e.g., VIP). In
CF patients that cannot benefit from CFTR correction (e.g., premature stop codon mutations), activation
of TMEM16A could also restore CI/THCO; efflux. As CFTR may regulate other channels and
transporters like the epithelial Na* channel or pendrin in surface epithelial cells [36, 40, 41], TMEM16A
activation may not fully replace CFTR. However, this study and previous work [6] suggest TMEM16A
can support levels of CI"and HCOj' efflux from serous cells equivalent to CFTR.

These results also reveal potential pathophysiological mechanisms in obstructive airway diseases
like asthma (figure 8d). Elevated VIP in allergic rhinitis may promote watery serous secretions through
elevated fluid and HCO3™ secretion to thin mucus. However, under conditions of increased NPY (e.g., in
asthma), the ability of VIP to stimulate fluid and HCOj™ secretion through CFTR and antimicrobial peptide
secretion is impaired due to a blunting of cAMP signaling. NPY also decreases airway ciliary beat
frequency [50], which may further impair mucociliary clearance and innate defense. Increased

inflammation via elevated NPY may exacerbate these effects. In summary, our data suggest that in



some asthma, COPD, or CRS patients, NPYR1 antagonists may be useful to thin secreted mucus,
enhance antimicrobial secretion, and/or reduce inflammation.

While elevated NPY has not been reported in CF lungs, one study did suggest elevated NPY in
olfactory epithelium of CFTR knockout mice [51]. It may be possible that NPY plays a role in a subset of
CF patients; skewing toward at Th17 or Th2 profile may be a risk factor for P. aeruginosa infection in CF
lungs [52]. NPY might be elevated in these patients. NPY would not be expected to substantially affect
ion transport in CF serous cells as the entire pathway is already absent due to loss of CFTR function;
however, NPY could still reduce antimicrobial secretion or promote inflammation. A role for NPY in CF
lungs and potential therapeutic value of NPYR inhibition requires further investigation. Regardless of
NPY'’s relevance to CF pathophysiology, increased mucus viscosity in CF and asthma may share, at
least in part, common mechanisms of reduced CFTR function. In CF this is via direct CFTR mutation. In
asthma, reduced CFTR-mediated secretion due to elevated NPY and blunted cAMP signaling may
contribute to poorly hydrated gland mucus independent of direct CFTR defects.

The important contribution of exocrine cells to inflammation is established in parotid and
pancreatic acini within the context of Sjogren’s syndrome and pancreatitis, respectively [53]. However,
this is less studied in the airway. Bronchial gland volume may be =50-fold the volume of goblet cells [3].
Gland acini are likely significant contributors of cytokines [54], particularly when gland hypertrophy and
hyperplasia occur during COPD and asthma [3]. Our data support previous observations [45, 46] that
the CI" channel activity of CFTR is anti-inflammatory during VIP stimulation, and may contribute to
hyperinflammatory phenotypes reported in CF [45, 46]. Exocrine acinar cells accumulate CI” above
electrochemical equilibrium (265 mM [CI;; [7]) to support their dedicated fluid-secreting role. VIP
stimulation lowers [CI];(~30 mM) in serous cells via KCI efflux through CFTR and K* channels. Changes
in serous cell intracellular [CI] during stimulation are likely greater than the changes in surface epithelial
cells, where resting intracellular [CI); is lower (€40 mM). Thus, the pro-inflammatory effects of elevated
[CIi may be more pronounced in serous cells, increasing inflammation in the absence of CFTR function.

Similar to CI" and HCOg;" secretion, our data suggest that activation of TMEM16A could compensate for



loss of CFTR, suggesting possible anti-inflammatory benefit to targeting TMEM16A in glands of patients
who cannot utilize CFTR potentiator/corrector therapies.

Interestingly, NPY increased cytokine production during co-stimulation with TLR agonists, but it
had less effect on B-defensin 2, which is also regulated by TLR-stimulated NFxB. This may suggest that
NPY potentiates TLR-induced cytokine secretion via a non-NFkB mechanism, supported by the
observation that NPY alone did not induce IL-6 or IL-8. Future work is needed to more fully dissect out

the molecular details of NPYR signaling pathway in airway cells, including activated transcription factors.



Acknowledgements: We thank N. Cohen (Philadelphia VA Medical Center) for bacteria isolates, J.
Riley (University of Pennsylvania Human Immunology Core) for access to human monocytes, M. Victoria
(University of Pennsylvania) for assistance with macrophage differentiation and molecular biology, B.
Chen (University of Pennsylvania) for assistance growing initial serous cultures, and J.K. Foskett

(University of Pennsylvania) for initial training in many techniques used.

Author Contributions: D.B.M., R.M.C., M.AK,, and R.J.L. performed experiments and analyzed data.
R.M.C., MAAK., C.C.L.T., P.P., N.D.A,, and J.N.P. aided with tissue procurement, primary cell acquisition
and culture, maintenance of clinical records, and intellectually contributed. D.B.M., R.M.C., and R.J.L.

drafted the manuscript with critical input and approval from all authors.

Conflict of interest: R.J.L. reports grants from the Cystic Fibrosis Foundation and National Institutes of

Health that supported the conduct of the study. The other authors have nothing to disclose.

Support statement: Work was funded by grants from the Cystic Fibrosis Foundation (LEER16GO,
LEE19G0) and National Institutes of Health (R21A1137484, R01DC016309). Primary human monocytes
were obtained from the University of Pennsylvania Human Immunology Core, supported by National

Institutes of Health P30CA016520 and P30AI045008.



FIGURE LEGENDS

FIGURE 1 cAMP stimulation of human nasal serous cells results in CFTR-dependent CI" and HCOs
secretion. a) Diagram showing use of cell volume measurements to track fluid secretion, primarily driven
by CI', which was combined with simultaneous measurement of pH; to track HCO3 secretion. b) Non-CF
serous cells stimulated with adenylyl cyclase-activating forskolin (top) or Gs-coupled receptor agonist VIP
(bottom) exhibited ~15% shrinkage reflecting the activation of fluid secretion. c-d) In cells from non-CF
patients, forskolin (c) or VIP (d) induced shrinkage (~15%; green) accompanied by a transient decrease
in pH; (~0.1-0.15 unit; gray) followed by a sustained secondary alkalinization. CF cells exhibited
markedly reduced shrinkage and acidification; subsequent alkalinization was intact. e-h) Bar graphs
showing peak shrinkage (green) and acidification (gray) in non-CF (e-g) and CF (h) cells. Forskolin-
induced shrinkage and acidification was inhibited by CFTR;;z172 (10 uM; e). VIP-induced shrinkage and
acidification was inhibited by CFTR;,»172 and K* channel inhibitors clofilium and clotrimazole (30 uM
each; f). Ca**-activated CI" channel inhibitors NFA (100 UM), T16A;n-A0L (10 uM), CaCCi,,-A01 (10 pM)
or 4,4’-diisothiocyanostilbene-2-2"-disulfonic acid (DIDS; 1 mM) had no effect on VIP-induced responses
(f) but blocked carbachol (CCh; 100 uM) responses. CF cells exhibited minimal responses to VIP but
intact responses to CCh. VIP responses were restored by TMEM16A-activator E,.; (25 uM). All
experiments done at 37°C with 5% CO,/25 mM HCOs". Data in e-h are mean + SEM of 5-8 individual
experiments from =4 individual patients (1-2 experiments per patient). Significances determined by one-
way ANOVA, Bonferroni posttest. i) Diagram showing activation of serous cell secretion by VIP, with CI’
and HCOj efflux through CFTR (apically localized in intact glands) causing a decrease in cell volume
and pH,. Influx of CI" though NKCC1 and influx of HCO;3" through NBC (both basolaterally localized in

intact glands) maintains the driving force for ClI" and HCOj3" efflux during sustained secretion.

FIGURE 2 NPY reduces secretory responses to VIP by reducing anion efflux though CFTR in primary
nasal gland serous cells. a) Representative traces showing cell volume (green) and pH; (gray) in cells

stimulated with VIP in the presence of scrambled NPY (scNPY; left) or NPY (right). b) Bar graph



showing peak responses. Cells stimulated with VIP in the presence of NPY exhibited reduced shrinkage
(CI" secretion) and initial acidification (HCO3" secretion). Significance determined by 1-way ANOVA with
Dunnett’s posttest (VIP only as control group); **p<0.01 vs control. c) Representative NO3™ substitution
experiments showing changes in SPQ fluorescence with substitution of extracellular CI” for NO3", which
causes a decrease in [CI];, and change in SPQ fluorescence. The rate of fluorescence change reflects
the relative plasma membrane anion permeability. A downward deflection equals a decrease in [CI7];. d)
Left is bar graph of initial rate of SPQ fluorescence change after VIP stimulation, which was inhibited by
NPY but not scNPY. In the presence of CFTR;,,172 (10 uM), rates of SPQ fluorescence change were
reduced ~10-fold and there was no effect of NPY. Right shows rates of SPQ fluorescence change over
a range of VIP and NPY concentrations, showing dose dependency of VIP activation of anion
permeability and NPY inhibition of anion permeability. Significance determined by 1-way ANOVA with
Bonferroni posttest; a and ¢ show representative traces, while b and d show mean + SEM from =6

experiments using cells from 23 patients (=2 experiments per patient), with **p<0.01 vs VIP only.

FIGURE 3 NPY inhibits VIP-induced cAMP increases in primary nasal gland serous cells. a)
Representative traces of cADDis fluorescence (upward deflection of trace = increase in CAMP) showing
reversible VIP-activated cCAMP increases blocked by VIP receptor antagonist VIPg,s. b) Dose response
showing peak cADDis fluorescence changes with VIP. Each data point is a separate experiment; graph
shows data from at =23 serous cells from =3 patients (1 experiment per patient) for each [VIP]. c)
Representative traces and bar graph showing intact cADDis responses with calcium chelation by 10 uM
BAPTA-AM loading (30 min) and stimulation in solution containing no added calcium + 1 mM EGTA. Bar
graph shows mean + SEM of 5 experiments using cells from 5 different patients (1 experiment per
patient). No significant difference by Student’s t test. d) Peak CAMP responses to 0.5 uyM and 5 uM VIP
(top left) were inhibited by NPY (top right); NPY reduction of cCAMP responses were abolished by NPY1R
antagonist BIBO 3304 (5 uM; bottom left) or pertussis toxin (PTX; 6 hrs. pretreatment). e) Bar graphs

showing peak responses (mean + SEM) from experiments as in D at two different [VIP]; data points from



26 experiments using cells from at least 3 patients (=2 experiments per patient). Significance determined

by 1-way ANOVA with Dunnett’s posttest (VIP only as control); **p<0.01 vs VIP only.

FIGURE 4 Expression of serous cell markers by primary nasal serous ALI cultures. a) Acinar cells
isolated from middle turbinate were cultured and subject to Western blot for serous cell markers Muc?,
VIP receptors VIPR1 and VIPR2, NKCC1 and alpha-1-antitrypsin (A1AT). Results from cultures from 2-3
patients are shown, representative of results observed from at least 3 independent experiments. b)
Western blot for NPY1R and NPY4R (running at the molecular weight of a dimer due to unboiled
samples; see supplementary methods) in cultures from 3 patients (representative blot from 3
independent experiments). ¢) Representative rtPCR showing expression of mMRNA for NPY1R in serous
ALLI; results representative of 3 independent experiments from 3 patients. d) Fixed cultures were
immunostained for serous markers lysozyme and Muc7, which showed punctate cytoplasmic staining
similar to serous-like secretory granules. e) Immunocytochemistry for VIPR and VIPR2 revealed lateral
membrane staining similar to GLUT1 and NKCC1. All images in d-e are representative of cultures from

23 separate patients. Scale bars are 20 ym.

FIGURE 5 Modulation of fluid and HCOj™ secretion by VIP and NPY in serous ALI cultures. a) Apical
NO;™ substitution experiments (representative traces, left) and rates of SPQ change (bar graph, right)
during stimulation with VIP (1 uM) £ NPY (100 nM) in the presence or absence of indicated inhibitors. b)
ELISA results from steady-state cAMP measurements during stimulation with VIP or isoproterenol £ NPY
or scrambled NPY (scNPY). Concentrations shown are uM. c¢) Representative orthogonal slices of
Texas red dextran-labeled airway surface liquid (ASL) in primary serous ALIs; scale bar is 10 um in both
x and z. d) ASL height after 15 min basolateral stimulation as indicated. e) Primary human M¢s were
incubated for 24 hrs with or without PMA, followed by washing to remove PMA and further 24 hour
incubation in phenol red-free media alone. ASL height was measured in ALIs incubated in the presence
of the M¢s and M¢-conditioned media with basolateral compounds added as indicated. f) ASL pH

(pHasL) measured using SNARF-1-dextran in cultures stimulated as indicated for 2 hours. As SNARF-1



is ratiometric, it is insensitive to changes in volume. Concentrations shown are pUM. g) pHas. in ALIs
incubated in the presence of M¢s and M¢-conditioned media as in e with basolateral compounds added
as indicated. All bar graphs show mean + SEM of 26 independent experiments using ALI cultures from
=3 patients (=2 cultures per patient). Significance in each bar graph determined by 1-way ANOVA with
Bonferroni posttest; *p<0.05 and **p<0.01 vs bracketed groups and ## and # in F represent p <0.05 and

p <0.01, respectively vs unstimulated conditions.

FIGURE 6 Antimicrobial peptide secretion and antibacterial efficacy of serous cells secretions are
acutely enhanced by VIP but reduced by NPY. a) ALIls were stimulated basolaterally (2 hrs) with
forskolin (10 uM) or VIP (1 pM) = NPY (100 nM) or scrambled NPY (scNPY; 100 nM) as indicated. ASL
was collected by washing the apical surface with 25% saline and assayed for lysozyme, Muc7, and hD1
by ELISA. Results are mean £ SEM from 23 ALlIs from =3 individual patients (1 ALI per patient). b-c)
ASL from similar experiments was mixed with P. aeruginosa (b) or MRSA (c) isolated from CRS patients
followed by incubation (2 hrs; 37°C; 5% CO,), dilution, and plating for CFU counting. Bar graphs show
mean + SEM of =5 experiments using ALls from = 3 different patients; **p<0.01 and *p<0.05 between

bracketed groups. Significance determined by 1-way ANOVA with Bonferroni posttest.

FIGURE 7 Serous cell cytokine secretion in response to bacteria is increased by NPY and decreased by
VIP in a CFTR-dependent manner. a-c) Primary serous cell ALIs were treated apically with heat-killed
bacteria, followed by 24 hr incubation + basolateral NPY (100 nM) or scrambled NPY (ScCNPY; 100 nM).
Basolateral media was collected for quantification of IL-6 (a), GM-CSF (b), and TNFa (c). Bar graphs
shown mean + SEM of 25 experiments using cells grown from =3 different patients. d) Primary serous
ALIs were treated basolaterally with VIP (100 uM) and/or NPY (100 nM) and treated apically with CFTR
inhibitor CFTR;n172 (15 pM), TMEM16A activator E ¢ (15 uM), and/or TMEM16A inhibitor CaCC;,,-A01
(15 uM). Basolateral media was collected after 24 hrs. and assayed for IL-13. e-f) Primary serous ALIs

were treated apically with heat-killed P. aeruginosa, followed by 24 hrs incubation + basolateral NPY



and/or VIP as well as * apical CFTR;,172 and/or E,; and/or 1-EBIO (150 uM). Basolateral media was
collected and assayed for GM-CSF (e), IL-6 (e), or IL-8 (f) by ELISA. Significance by 1-way ANOVA with
Bonferroni posttest comparing the three bars for each separate strain in a-c and comparing bracketed

bars in d-e; ** p<0.01 and * p<0.05.

FIGURE 8 Model of VIPergic and NPYergic regulation of serous cell function and implications for airway
diseases. a) Activation of VIP receptors on serous cells allows Gas (Gs) activation of adenylyl cyclase
(AC), elevation of cAMP, and CI" and HCOj5" efflux through PKA-activated CFTR. In contrast, activation
of muscarinic receptors by acetylcholine (ACh) stimulates Go,, (Gg)-dependent calcium (Ca**) elevation
and CI/HCOs secretion through TMEM16A (based on data here and [3, 7]). While regulated by two
independent pathways, our data suggest CFTR and TMEML16A are functionally equivalent anion efflux
pathways. A result of CI" efflux (and parallel K* efflux, not shown [7]) is a reduction intracellular CI
concentration ([CI7];) b) NPY receptors, in contrast, activate Go (Gi) proteins to inhibit AC and reduce
VIP-activated cAMP responses. This blunts both the CFTR-mediated anion secretion as well as VIP-
activated antimicrobial peptide (AMP) secretion, likely vesicular secretion. NPY has no effects on
cholinergic anion or AMP secretion because it is driven by Ca** rather than cAMP. ¢) We hypothesize
that, in CF, VIP cannot elicit anion and fluid secretion via CFTR. Also, since [CI]; remains elevated,
inflammatory responses may be increased. d) In asthma, elevated NPY may increase Gi activity to blunt
cAMP responses downstream of VIP, reducing CFTR activity and fluid secretion as well as vesicular

AMP secretion. NPY also has pro-inflammatory effects.
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SUPPLEMENTARY METHODS

Reagents and Solutions

Reagents for fluorescence microscopy (SNARF-5F-AM, SNARF-1 dextran, 6-methoxy-N-(3-
sulfopropyl)quinolinium [SPQ], Texas Red dextran [10,000 MW], BAPTA-AM, fura-2-AM) were from
ThermoFisher Scientific. Calbryte 590-AM was from AAT Bioquest. ELISA development kits were
from Peprotech (GM-CSF Cat # 900-K30, IL-6 Cat # 900-K16, TNFa Cat # 900-K25, IL-1p Cat # 900-
K95, IL-33 Cat #900-K398, hpD1 Cat #900-K202, hfD2 Cat #900-K172) or BD Biosciences (IL-8 Cat
#555244). Pre-coated ELISAs were from Aviva Systems Biology (Muc7 Cat # OKEH01290, Muc5B
Cat # OKEH02841, Muc5AC Cat # OKEH02840, lysozyme Cat # OKCD01349, lactoferrin Cat #
OKEH02822) or LSBio (NPY Cat # LS-F5407). Intracellular cAMP from lysed cells was measured
using Amersham Biosciences cAMP Biotrak Enzyme Immunoassay system (GE Healthcare) per the
manufacturer’s instructions using the non-acteylation protocol (sensitivity of 25-6400 fmol per assay
well). Live cell imaging of cAMP utilized downward green cADDis (Montana Molecular [1]) in a
baculovirus modified for mammalian cells (BacMam; [2]). IL-4, IL-13, and LPS were from Cell
Signaling Technologies and prepared with carrier BSA as per the manufacturer’s instructions.
Poly(l:C), NPY, scrambled NPY, BIBO 3304, VIP, VIP.2s), [D-p-Cl-Phe®,Leu’"]-VIP, were from Tocris.
T16Ain-A01, CaCCinn-A01, CFTRinn-172, NPPB, 4,4’-diisothiocyanato-2,2’-silbenedisulfonic acid
(DIDS), carbachol (CCh) were from Cayman Chemical. Inorganic salts for buffers, TNFa,
bumetanide, forskolin, 4,4’-dinitrostilbene-2,2’-disulfonic acid (DNDS), 5-(N,N-dimethyl)amiloride
(DMA), N-phenyl-1-naphthylamine (NPN), and all other reagents were from Sigma-Aldrich, unless
otherwise indicated below.

Antibodies for lysozyme (BGN/06/961; Cat # ab36362), lactoferrin (2B8, Cat # ab10110),
Na*/K* ATPase (EP1845Y; Cat # ab76020), Muc?7 (Cat # ab55542), Muc5AC (Cat # ab3649), alpha-1-
antitrypsin (Cat # ab20830), B2 adrenergic receptor (Cat # ab182136) and Glut1 (rabbit polyclonal;

Cat# ab15039) were from Abcam. Mouse monoclonal antibody to Glut1 (SPM498; Cat # MS-10637)
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was from Thermo. Antibodies to VIPR1 (Cat # AVR-001) and TMEM16A (Cat # ACL-011) were from
Alomone Labs. Antibody to VIPR2 (Cat # PA3-114) was from Pierce. Antibody to NKCC1 (mouse
monoclonal, clone T9) was from Developmental Studies Hybridoma Bank. Antibodies to CFTR were
used as a cocktail (1:100 each); monoclonal clones 24-1 and M3A7 were from Novus Biologicals.

All solutions used were prepared as described [3, 4]. Krebs HCOs™ buffer for isolated acinar
cell experiments contained 125 NaCl, 5 KCI, 1.2 MgClz, 1.2 NaH2POs, 11 glucose, and 25 NaHCOs,
gassed with 95% O, + 5% CO,. Krebs HCO3™ -free buffer contained 125 NaCl, 5 KClI, 1.2 MgCl., 1.2
CaCly, 1.2 NaH2PO4, 11 glucose, 20 HEPES, 20 sucrose, pH 7.4, gassed with 100% O. Solutions for
buffering capacity measurement, SNARF calibration, and SPQ calibration were as described [3, 4]
and are indicated below. Hank’s balanced salt solution (HBSS) contained (in mM) 138 NaCl, 5.3 KCl,
0.4 KH2POy4, 0.34 NaHPOy4, 0.41 MgSOs4, 0.49 MgCl,, 1.8 CaCl,, 5.6 glucose, 20 mM HEPES pH 7.4.
Unless indicated, all cell culture reagents were from Gibco. Bumetanide was used at 100 uM, H89 at

10 uM, BIBO 3304 at 1 uM, DNDS at 30 uM. Stocks were made at 1000x in DMSO.

Serous cell isolation and culture

Primary human nasal serous acinar cells were used to study Cl'/fluid and HCOz3™ secretion.
Studies of human turbinate submucosal gland serous cells are directly relevant to the understanding
of mechanisms of CRS, particularly CF-related CRS, and turbinate gland serous cells approximate
gland serous cells from the lower airway. We established that pig bronchial serous cell responses are
identical to human turbinate serous cells [5, 6]. Working with human cells has important advantages
over mice, as data from intact glands [7] and our own studies [3-6, 8, 9] have established important
differences between mouse serous cells and those from pigs and humans.

Patients undergoing medically indicated sinonasal surgery were recruited from the Department
of Otorhinolaryngology at the University of Pennsylvania with written informed consent as previously
described [10-13]. Inclusion criteria were patients >18 years of age undergoing surgery for sinonasal

disease (CRS) or other procedures (e.g., trans-nasal approaches to the skull base) where tissue was
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classified as “control.” Exclusion criteria included history of systemic inheritable disease (e.g.,
granulomatosis with polyangiitis or systemic immunodeficiencies) with the exception of cystic fibrosis
(CF). Members of vulnerable populations were not included.

Comparisons made here between non-CF and CF cell CI and HCO3™ secretion are valid,
because SNARF and SPQ properties were identical between CF and non-CF cells, and both
genotypes had identical resting [CI];, resting pHi, and intracellular pH; buffering capacity
(supplementary figures $19-S20). Moreover, non-CF and CF cells exhibited identical cCAMP
responses to VIP stimulation (supplementary figure S6).

Among non-CF patients, there was minimal patient-to-patient variability in the VIP-activated
ion transport phenotype measured by cell shrinkage (supplementary figure S21a-b) once cells were
removed from the tissue environment, as we previously described [6]. For ALI cultures of serous
cells, we also observed minimal patient-to-patient variability in antimicrobial secretion in response to
VIP (supplementary figure s21c) or IL-6 release in response to LPS (supplementary figure S21d).
This is similar to surface epithelial cultures, where we find that once primary airway cells are removed
from an inflammatory environment and expanded and cultured for 3-6 weeks in defined media,
secondary disease-related phenotypes are removed and cells reflect a “healthy” baseline state, with
responses overwhelmingly dictated by genetics, as previously described [10-18]. This allows disease-
relevant in vitro manipulations (treatment with IL-13, NPY, etc.) with comparison of unmanipulated
cells from the same patient as “control.” For these reasons and for logistical feasibility, some of the
data points in each figure representing independent experiments used cells that originated from the
same patient, as we have previously done [6, 10-14, 16, 19, 20]. An equal number of independent
experiments, typically 2, was performed using cells from each patient to ensure that one patient could
not skew results in any experiment, though minimal variability was observed as described above. All
experiments shown utilized cells from multiple patients as indicated in the figure legends.

Isolated tissue was first placed in HBSS supplemented with 2 mm L-glutamine, MEM-vitamins
MEM-amino acids, MEM non-essential amino acids, and 1% BSA. The epithelium was removed via
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forceps and submucosal tissue was removed from the bone. The tissue was mechanically minced
with scissors and then incubated for 90 min at room temperature in HBSS supplemented as above but
with 1 mg/ml Collagenase P (Roche) and 10 pg/ml DNAse | (Roche) with gentle shaking. Remaining
intact tissue pieces were separated from dispersed acini and acinar cells by gravity (3 min). Gland
acini were separated from single epithelial or immune cells by a short centrifugation (30 sec, 500x g).
The isolation protocol yielded acini and strings of acinar cells. Acini were further dispersed by
incubation with 0.5 mg/ml collagenase P as above for 60 min. Cells were pelleted and washed with
HBSS before being seeded onto glass coverslips for imaging or collagen-coated transwells.

For culturing, acinar cells were washed with and resuspended in 1:1 MEME:Ham’s F12K plus
20% FBS, 1x cell culture pen/strep supplement (GIBCO), gentamycin (100 ug/ml), and amphotericin B
(2.5 pg/ml) modified from [21]. Cells were seeded (~3x10° cells per cm?) on transparent Falcon filters
(#353095; 0.3 cm?; 0.4 um pores) coated with human placental collagen. After confluence, the media
was changed to 1:1 MEME:Lonza bronchial epithelial basal media (BEBM) including insulin (5 pg/ml),
transferrin (5 ug/ml), hydrocortisone (0.5 ug/ml), triiodothyronine (20 ng/ml), and retinoic acid (50 nM)
derived from Lonza bronchial epithelial cell culture Singlequot supplements (not using included EGF,
epinephrine, BPE, or gentamycin/amphotericin mix), with added 2 mg/ml BSA, 2% NuSerum, and 1%
cell culture penicillin/streptomycin supplement (modified from [21]). Media lacking EGF combined
with the plastic type of these transwell filters was previously shown to differentiate cells into a serous
phenotype [21, 22]. After 5 days of confluence, TEER reached ~300 - 500 Q-cm?and cells were fed
with similar media except with 0.5% NuSerum on the basolateral side while the apical side was
washed with PBS and exposed to air. Cells were used after 2-4 weeks at air-liquid interface. Unlike
primary surface epithelial cells (isolated and cultured as described [13, 14, 19, 23]), serous cell ALIs

did not exhibit motile cilia by light microscopy.
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Surface epithelial cell isolation and culture

Air-liquid-interface cultures of primary ciliated and goblet cells were derived from surface
epithelium of middle turbinate as described [13, 14, 19, 20]. Cells were enzymatically dissociated and
grown to confluence in 50% DMEM/Ham’s F-12 plus 50% bronchial epithelial basal media (BEBM,
Lonza) for 7 days [14, 19, 20]. Dissociated cells were then seeded on Transwell filters (Corning)
coated with type | bovine collagen, fibronectin, and bovine serum albumin. Culture medium was
removed from the upper compartment after 5-7 days, and cells were fed basolaterally with
differentiation medium containing 50% DMEM and 50% BEBM plus Lonza B-ALI Singlequot
supplements as provided supplemented with 100 U/ml penicillin, 100 ug/ml streptomycin, and retinoic

acid B-ALI inducer (added fresh for each feeding) as described [13, 14, 19, 20].

Imaging of intracellular cAMP dynamics in isolated nasal gland serous cells

Isolated acinar cells were plated for 30 min on glass coverslips pre-coated with growth factor
reduced Matrigel (diluted 1:30 in MEM; 24 hours at 37 °C), followed by washing and addition of
serum-free Ham’s F12K (Gibco) containing cADDis expressing BacMam (Montana Molecular [1, 24])
plus 5 mM NaButyrate to enhance expression. Cells were imaged after 24 hrs incubation at 37 °C.
Cells were imaged as above under CO2/HCO3™ conditions using a standard GFP/FITC filter set
(Semrock) on a Nikon microscope (20x 0.75 Plan Apo objective) equipped with a Qlmaging Retiga R1
camera and XCite 110 LED illumination system. Data were acquired with Micromanager [25].
Experiments were done under ion substitution conditions (high K*) to reduce volume changes as
previously described [3-6, 9] to ensure that cADDis fluorescence changes were not artifacts of cell
volume change during activation of secretion, confirmed by pilot experiments using mNeonGreen-only
BacMam. For experiments with pertussis toxin (PTX), PTX was included with the BacMam virus
infection reaction and included in media after removal of BacMam (~24 hours pretreatment).
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Primary culture of human monocyte-derived macrophages (M$s)

Monocytes were isolated from healthy apheresis donors by RosetteSep™ Human Monocyte
Enrichment Cocktail (Stem Cell Technologies) by the University of Pennsylvania Human Immunology
Core and provided as de-identified untraceable cells. Monocytes were differentiated into
macrophages (M¢s) by 10 days of adherence culture in high glucose RPMI media containing 10%
human serum. Differentiation to M¢s was confirmed by functional expression of markers including
histamine H1 receptors determined by Ca®" imaging (supplementary figure $22) with specific
antagonists as well as secretion of appropriate cytokines in response to M1 vs M2 polarization stimuli
(supplementary figure $10). Induction of M¢s NPY production was carried out by incubation in
PMA (100 nM) or vehicle (0.1% DMSO) for 24 hrs, followed by washing to remove PMA and further
incubated for 24 hours in fresh 300 yL media in a 24 well plate. This was based on previous work
showing PMA increases M¢ NPY production [26]. Phenol-red free media was used to facilitate ASL

pH or height measurements.

Immunofluorescence (IF)

IF was carried out as previously described [10], with modifications outlined below. ALI cultures
were fixed for 3 min in ice-cold methanol, followed by blocking in Dulbecco’s phosphate buffered
saline (DPBS) containing 1% bovine serum albumin (BSA), 5% normal donkey serum (NDS), 0.2%
saponin, and 0.3% triton X-100 for 1 hour at 4°C. Primary antibody incubation was carried out at 4°C
overnight. AlexaFluor-labeled donkey anti-mouse or rabbit secondary antibody incubation (1:1000)
was carried out for 2 hours at 4°C. Transwell filters were removed from the plastic mounting ring and
mounted with Fluoroshield with DAPI (Abcam). Images of ALIs were taken on an Olympus IX83
microscope (60x 1.4 NA objective) with spinning disc confocal unit (Olympus DSU). Images were
analyzed using Metamorph software and/or the FIJI [27] version of ImageJ (W. Rasband, Research

Services Branch, National Institute of Mental Health, Bethesda, MD). As VIPR1 and VIPR2

Supplementary Material. McMahon, et al. 6
Neuropeptide regulation of secretion and inflammation in human airway gland serous cells



antibodies were both rabbit antibodies, co-staining was performed using Zenon antibody labeling kit

(Thermo) per the manufacturer’s instructions as described [19, 20].

SNARF-5F, SPQ, and DIC live-cell imaging of primary isolated serous cells

Isolation of primary serous acinar cells, immunofluorescence, and live cell imaging of acinar
cell volume, pH; (SNARF-5F), and CI (SPQ) were carried out as described [3-6, 9]. After washing via
gentle centrifugation and resuspension in HCOs™ containing buffer, acinar cells were plated on Cell-
Tak (BD Biosciences)-coated glass coverslips and allowed to adhere for 10—20 min in 5% CO.. The
isolation protocol yielded acini, single cells and strings of cells. Cells were identified based on visible
morphology (size, polarized secretory granules, acinar structures) under DIC optics. The rationale
and history of using changes in cell volume to track agonist-induced changes in secretory state is
extensively described in [8, 28-30] and was performed as we previously described [3-6, 9].

Isolated acinar cells were loaded with SNARF-5F-acetoxymethyl ester (AM) for 15 min at room
temperature in Krebs buffer containing 25 mM HCO3™ gassed with 5% CO2/95% O,. For experiments
in the absence of HCOg’, cells were plated in Krebs buffer lacking NaHCO3 but containing 20 mM
HEPES and gassed with 100% O.. Solutions with 0-Na* had isosmotic replacement of NaCl with
NMDG-CI, NaH2PO4 with KH2PO4, and NaHCO3 with NMDG-HCOs. Solutions used were exactly as
previously described [4]. Ratiometric fluorescence measurements of SNARF-5F were carried out
using 550/20 excitation filter, 570 long pass dichroic, and 585/20 and 640/20 emission filters (Chroma
Technologies set 79010-ET) housed in a filter wheel (Sutter). Excitation light was generated with an
X-Cite 120 Boost LED (Excelitas Technologies) and emission was captured with an ORCA Flash 4.0
sCMOS camera (Hamamatsu) with 2x2 pixel binning. Imaging was performed on a Olympus IX-83
microscope with 30x 1.05 NA UPlanSApo silicone oil immersion objective for single cell
measurements or 10x 0.4 NA PlanApo lens for ASL measurements with cells on transwells. Single
cells were continuously perfused with 37°C solution gassed with 95% 02/5% CO; or 100% O- as
appropriate. Transwells were kept at 37°C with 5% CO- using a Tokai Hit stage-top incubator.
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For experiments blocking the driving force for HCO3™ and CI" efflux (performed as described
[4]), we assumed [HCO3]i = 16 mM based on mean resting pH of 7.2 and [HCOs37, = 25 mM, making
the Nernst equilibrium potential (Excos-) ~60mV e log(16/25) = -12 mV. We have already
demonstrated that the activation of secretion by serous cells results in efflux of KCI [3-6]. Mean
resting [CI']i was measured at ~65 mM in SPQ experiments, and with [CI], in the Krebs buffer used
here at 135 mM, for a Eci. = -19 mV. [K']i was assumed to be 140 mM and [K*], was calculated at 5
mM (Ek+ = -87 mV). Using the Nernst equation, we calculated that a using [CI], of 103 mM and [K*],
of 89 mM would set Eci. = Ek+ = Encos., reducing the driving force for efflux of cellular KCI and KHCOs.
This solution contained (in mM) 41 NaCl, 57 KCI, 32 KGluconate, 1.2 MgClz, 1 CaClz, 1.2 NaH2POg,
11 glucose, 25 NaHCO3, pH 7.4 by gassing with 95% 02/5% CO, compared with control Krebs that
contained (in mM) 125 NaCl, 5 KClI, 1.2 MgCl., 1.2 CaClz, 1.2 NaH2POs, 11 glucose, 25 NaHCO3, pH
7.4 by gassing with 95% 02/5% CO..

SPQ measurement of [CI']i changes were carried out exactly as described [3-6, 9, 14]. Rates
of SPQ fluorescence changes were extrapolated to relative anion permeability [31]. Upon substitution
of extracellular CI for NOs", electroneutral influx of NO3s™ and efflux of CI" decreases intracellular [CI]
([CI]) and causes an increase in intracellular SPQ fluorescence. Because most CI" channels are
nearly equally permeable to CI and NOs, relative changes in the rate of SPQ fluorescence increase is
roughly equivalent to relative changes in CI" permeability. Isolated acinar cells were incubated for 2
hours in 20 mM SPQ at room temperature. Acinar cell ALIs were incubated overnight with 20 mM
SPQ on the apical side. SPQ was imaged using a standard DAPI filter set (350/50 ex, 400 long pass
dichroic, 460/50 em; Chroma 49000 ET) with UV illumination from a xenon arc lamp (Sutter Lamda
LS). Solutions used for NO3™ substitution were as previously described [3, 5, 6, 9, 14]. For ALI
experiments, control normal [CI], apical solution contained (in mM) 138 NaCl, 5.3 KCI, 0.24 MgCls,
1.3 CaCl; (total [CI]o = 147), 20 HEPES pH 7.4. Low [CI], solution contained (in mM) 138 NaNOs and
5.3 KNOs instead of NaCl and KClI, respectively (final [Cl], = 4; ~37-fold less than normal [CI],). For

isolated acinar cells, control solution contained (in mM), 136.2 NaCl, 3.8 KCI, 1.2 KH2PO4, 1.2 CaCl2,
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1.2 MgCl2, 11 glucose, 10 HEPES pH 7.4. Low [CI], solution contained NaCl replaced with NaNO3
for a final [CI'], of 8.6 mM. Single cells were continuously perfused with 37°C solution gassed with
95% 02/5% CO, or 100% O as appropriate. Transwell SPQ experiments were carried out at room
temperature without gassing.

Cell volume was estimated by taking the cross-sectional area of the cell as imaged by
differential interference contrast (DIC) to the 3/2 power (as described [3, 5, 6, 9, 30, 32, 33]). This
method yields cell and small acini volume measurements faster than but indistinguishable from
confocal 3D reconstructions [3]. Cell volumes are expressed as normalized volume (V) relative to
initial cell volume (V,). DIC images were acquired sequentially by computer controlled shuttering off
of the fluorescence light, rotating of the DIC polarizer into position, and shuttering on transmitted light.

Imaging data was collected and analyzed in Metafluor and/or FIJI [27].

Calibration of SNARF-5F and measurement of intracellular pH (pH;) buffering capacity

Changes in SNARF 640/580 emission ratio were converted to pH; using SNARF-loaded cells
exposed to high [K*], solutions and the H*/K* exchanger nigericin to equilibrate extracellular pH (pHo)
to pHi exactly as described [4] using solutions buffered to pH, 6.8, 7.2, and 7.6. SNARF-5F
fluorescence varied linearly within the pH ranges observed during agonist stimulation.

Total pH; buffering capacity (B:) encompasses CO>-HCO3™ -dependent buffering capacity
(Brcos-) plus intrinsic CO»-independent intrinsic buffering capacity (Bi) from cytoplasmic
macromolecules and organelles [4, 34, 35]. Assuming the pKa of CO,-HCOs is 6.1 [4, 35, 36] and
assuming that highly permeant [CO:], = [CO2]i (1.2 mM in 5% CO; by Henry’s Law), and using the
Henderson-Hasselbach relationship, then [HCO3]i = 1.2 mM x 10°*¢" and Bucos- = 2.3 x [HCO37].
Because [CO2]; is constant (open buffering), Brcos- rises exponentially as pHi increases [4].

Human serous acinar cell i was empirically determined using observed pHi changes during

exposure to NH4Cl in Na*/HCOs -free solutions to inhibit pH; regulatory mechanisms (as described; [4,
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34, 35, 37]). Exposure of cells to solution containing NH3; and NH4* causes an initial alkalinization of
pHi due to entry of highly cell permeant NHz and resulting H* consumption as it is converted
intracellularly to NH4*. After an experimental change in extracellular [NHs] ([NHs]o), the initial
intracellular [NH4']i can be calculated by Henderson-Hasselbach with [NH4*]i = [NH3]i x 10%-2PH
assuming [NHs], = [NH3]; are identical and pKa = 9.2 [35]. Acinar cells were exposed to solutions
containing (in mM) 0, 5, 10, and 20 mM [NH4Cl],, which equilibrated to (in mM) 0, 0.6, 1.2, and 2.5
[NHs]o. The base solution for Bi buffering experiments was (in mM) 120-140 NDMG-CI, 5 KClI, 1.2
MgCl,, 1.2 CaCly, 1.2 KH2PO4, 11 glucose, 10 HEPES pH 7.4, and 0, 5, 10 or 20 NH4CI gassed with
100% O.. Mean Biwas calculated as the units of acid of base equivalent required to change the pH;
by one unit around the midpoint of the pH change as described [4]. Raw data points for i were taken
from experiments of 12 cells of each genotype (4 patients; 3 experiments per patient) and fit with an

exponential decay function in Prism. The sum of the Bi and Brcos- curves was used to calculate f:.

Measurements of ASL pH and ASL height

ASL height and pH measurement was carried out as described [10-14, 16, 19, 20, 38].
Cultures were imaged at 37°C in a Tokai Hit stage top incubator. For pH measurements, cells were
incubated in serum-free phenol-red-free low glucose DMEM (Gibco) on the basolateral side and
gassed with 5% CO2, 20% O, 80% N2. For “thin film” ASL pH measurements (main text) SNARF-1
dextran (~1 mg/ml) was sonicated in perfluorocarbon and 100 uL was added to the top of each
culture. For longer-term HCOz3™ secretion experiments (supplementary figure S11), 100 uL of 1
mg/ml SNARF dextran in low buffering capacity solution was added (HBSS with 1 mM HEPES, as
described [38]). ASL pH was calibrated by overlaying 1 mg/ml SNARF dextran on top of cultures in
HCOs3 conditions in solutions buffered with 20 mM HEPES at pH 6.8, 7.2, 7.6, and 7.8. SNARF 1

dextran pH changes were linear over the pH range observed here (~7-7.8).
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ASL height was measured similarly and as previously described [11], but in HCO3™ -free
conditions (100% O with basolateral HBSS buffered with 20 mM HEPES) using Texas red dextran
(10,000 MW) as previously described [11]. When corrected for refractive index mismatch (1.52
Noil1.33 Nwater = ~1.14), an observed change in ASL height of ~30 um with agonist stimulation is in
reality 30/1.14 = 26 um. Treating the ALl as a cylinder, where volume = area x height, a change in
ASL height of ~26 um over 15 min equals a secretion volume of 2.6 uL/cm? (2.6x10°m x 1x10™* m?=
2.6 x 10° m®=2.6x10°L) or ~10 uLscm™+hr"". Calu-3 cells were previously reported to secrete fluid at
a rate of 4 or 5.4 uLcm+hr’" when stimulated with forskolin or VIP, respectively, using a virtual gland
technique [39]. The fact that measurements of primary serous cells here using the Texas red ASL
technique are within an order of magnitude of measurements of Calu-3 cells using a different
technique suggests the ASL height measurements made here are reasonable within the context of

cellular fluid secretion capabilities.

Quantitative (q) PCR

RNA was isolated from ALI cultures as previously described [10] and gPCR was performed using a
QuantStudio5 qPCR machine and TagMan primer assays (Applied Biosystems/ThermoFisher
Scientific) for human CFTR (Hs00357011_m1), lysozyme (Hs00426232_m1), lactoferrin
(Hs00914334_m1), Muc5AC (Hs01365616_m1), Muc5B (Hs00861595_m1), Muc7
(Hs00379529_m1), Ano1 (Hs00216121_m1), pendrin (SLC26A4; Hs01070627_m1), alpha-1-
antitrypsin (Hs00164575_m1), B-actin (Hs01060665_g1), beta-defensin 1 (DEFB1 Hs00608345),
beta-defensin 2 (DEFB4; Hs00823638_m1), IL-6 (Hs00174131_m1), IL-8 (Hs00174103_m1), and IL-
1B (Hs01555410_m1) and/or GAPDH (Hs02786623 g1) in separate reactions. Relative expression
was calculated by means of the 2-AA Ct method. Comparison of B-actin with GAPDH was used as a

control to validate suitability of GAPDH as a housekeeping gene in these cells.
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Generation of Calu-3 air-liquid interface (ALIl) cultures

Calu-3 bronchial epithelial cells (shown in supplementary figures S7, S8, and part of S9)
were obtained from ATCC and cultured in T75 flasks in minimal essential medium (MEM) with Earl’s
salts and 1 mM L-glutamine, 10% fetal bovine serum, and 1% penicillin/streptomycin mix. Cells were
lifted with 0.25% trypsin and plated on 1.1 cm? cell culture inserts (Greiner BioOne Thincerts,
transparent, 0.4 um pore size). Cells were grown to confluence for 5 days, followed by apical
exposure to air and subsequent 3 weeks for full differentiation/polarization before use. Only ALIs with

transepithelial resistances (TEERs) of >250-300 Qecm? were used.

Bacterial growth assays

Bacterial growth assays were carried out as previously described [23, 40]. Pseudomonas
aeruginosa strains PAO1 (HER-1018; ATCC BAA-47) and clinical isolates of methicillin-resistant
Staphylococcus aureus (MRSA) and P. aeruginosa were isolated by the Philadelphia VA Medical
Center Microbiology Laboratory and grown in LB or tryptic soy broth (TSB; Gibco/Thermo Scientific),
respectively.

Bacterial 1-N-phenylnaphthylamine (NPN) fluorescence assay was modified from previous
descriptions [41-44]. P. aeruginosa were grown to an ODeoo of 0.5 in LB, centrifuged, and
resuspended at half volume of 10 mM HEPES, 5 mM glucose, 0.1 mM EDTA, pH 8. Bacteria were
then aliquoted and mixed with an equal volume of diluted airway surface liquid secretions or
antibiotics, and then pipetted into a plate reader containing an equal volume of 25% PBS containing
20 uM NPN (final NPN 10 pM, final ODeoo 0.25). Samples were then incubated for 10 min and read
on a Tecan 10M plate reader at 350 nm excitation and 450 nm emission. Samples were read in
triplicate, with averages of 23 independent experiments reported.

CFU antimicrobial assays with Calu-3 ASL washings were carried out similarly to a previously
published protocol [12, 45] and modified based on our own antimicrobial ASL protocols used in our

lab [12, 40]. Cultures were washed copiously with PBS and transferred to antibiotic-free MEME for 48
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hrs. before use. Calu-3 cell secretions were collected from 3 week old ALlIs stimulated basolaterally
with 100 uM isoproterenol for 72 hours, followed by washing of the apical surface with 30 pL 25%
PBS. While washing a 1.1 cm? ALIs with 30 pL significantly dilutes the ASL fluid (~1 pL per cm? of
surface area [46]), washings retained antibacterial activity and were thus sufficient to be used for this
assay. ASL washings (30 pL per culture) were pooled and mixed with bacteria resuspended in 25%
PBS, adjusted to 0.1 OD, then diluted 1:1000 in 25% PBS). Bacteria and ASL mixture was incubated
statically in a 96-well plate at 37 °C for 2 hrs, followed by 4 serial 10-fold dilutions and spot plating
onto LB plates. After overnight incubation at 37 °C, CFUs were manually counted.

CFU antimicrobial assays with primary serous cell ASL washings were carried out as above,
but cultures were not pre-treated with isoproterenol. Cultures were unstimulated or stimulated for 30
min with VIP £ NPY + scrambled NPY on the basolateral side. Afterward, the surface of a 0.33 cm?
transwell was washed with 50 uL 25% saline (thus ASL was ~5x more dilute than used in Calu-3
experiments).

Live-dead staining was carried out with BacLight Live/Dead kit (ThermoFisher Scientific)
consisting of Syto9 (live cell stain) and propidium iodide (dead cell stain), as previously used with P.
aeruginosa [10]. Bacteria were adjusted to an OD = 0.1. Bacterial suspension was mixed with ASL
(25 pL each) in a black microplate and incubated for indicated time at 37 °C. 50 uL 2x Live-Dead
staining solution was then added, followed by further 10 min incubation at room temp and reading on
a fluorescence microplate reader (Tecan Spark 10M) at 488 excitation and dual emission wavelengths
as indicated. Control calibration of live dead staining was carried out by mixing heat-killed (as below)
with live bacteria at the indicated ratios to a final OD of 0.1 followed by mixing with 25 % saline only

and incubation as above prior to live dead staining.

Production of heat-killed bacteria
Bacteria were heat killed according to a previously published protocol [47]. P. aeruginosa or
MRSA strains were grown overnight at 37°C in LB broth, then resuspended in LB and grown for 2-4
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hours to an OD600 of 1. Bacteria were heat killed for 20 min at 95°C. Cells were treated with
bacteria diluted to ODgoo = 0.005 (200x dilution) in 100 uL PBS on the apical side only. Unstimulated

control cultures were treated with 1:200 LB media only.

Western blotting of primary gland cells

Serous ALIs were washed 3x with PBS (apical and basolateral sides), then scrapped and
pelleted with a pulse spin on a tabletop microfuge. Pellets were lysed using RIPA Buffer (20 mM Tris
pH 7.5, 150 mM NaCl, 1% IgePal, 1% deoxycholate, 1 mM DTT, Complete protease inhibitor cocktail
(Roche); 60ug of post 800xg cell lysate was separated on a 4-12% Bis-Tris NuPage SDS-PAGE gels
using MOPS (Muc5B, Muc?, VIPR1, VIPR2) or MES (NKCC1, A1AT, NPY1R, NPY4R) running buffer
with See-Blue Plus2 markers (Thermo). Different marker molecular weights are due to MOPS vs
MES running buffers. As we found that NPY1R and NPY4R aggregated at the top of the gel when
boiled (common for hydrophobic transmembrane GPCRs), we ran these samples without heating,
which likely reflects why these proteins were observed as dimers (also common for GPCRs).
Antibodies were used at a 1:1000 dilution followed by secondary HRP-linked antibodies and BioRad

Clarity western ECL substrate.
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SUPPLEMENTARY TABLE S1 Characteristics of CF (blue; n = 9) and non-CF (green; n = 42)
patients from whom samples were used in this study.

Patient | Age at Surgery | Gender Ethnicity Primary Diagnosis | # Prior FESS | Polyps | Lund-Mackay | SNOT-22 | Smoking History | Asthma | AFS | Abx | Steroids | Comorbidities CF genotype
CF1 26 Female Caucasian CRS 1 No N/A 78 No Yes No | No No CF, GERD, DM F508del/F508del
CF2 23 Male Caucasian CRS 1 Yes N/A N/A No No No | No No CF, GERD F508del/F508del

CF, Double Lung
. Transplant,
CF3 33 Female Caucasian CRS 1 Yes 13 8 No No No | No No Allergies, GERD,
HTN, DM F508del/F508del
CF4 32 Female Caucasian CRS 1 Yes N/A 7 No Yes No | No No CF, GERD F508del/F508del
CF5 58 Female |  Caucasian CRS 2 Yes 18 27 No Yes [ No [ No | No (géggf’a$;* R
CF6 27 Female Caucasian CRS 0 No N/A 59 No Yes No | No No CF F508del/G542X
CF7 28 Female Caucasian CRS 0 Yes 12 45 No Yes No No No CF, Allergies F508del/F508del
CF8 38 Female |  Caucasian CRS 1 Yes 16 93 No No | No | No [ Yes (mﬁ:“‘::g‘%M R
CF, Lung
CF9 42 Male Caucasian CRS 1 No 14 33 No Yes No | Yes No transplant, DM,
GERD, HTN F508del/E585X

non-CF1 34 Male Caucasian CRS 0 Yes N/A N/A No No No No No Allergies N/A

non-CF2 56 Female Caucasian CSF leak 0 No N/A N/A No No No No No Hypothyroid N/A

non-CF3 65 Male Caucasian 1P 0 Yes 4 N/A No No No | No Yes N/A N/A

non-CF4 71 Male Caucasian CRS 2 Yes 24 8 No Yes | No [ No | Yes Sepierad, NIA

Hypothyroid
Samter's triad,
non-CF5 71 Male Caucasian CRS 4 Yes 18 13 No No No No No Allergies, GERD, N/A
AERD, OSA, HTN

non-CF6 60 Male Caucasian CRS 1 Yes 11 57 No No No | No Yes N/A N/A

non-CF7 59 Female Caucasian CRS 0 No N/A 61 No No No No No DM, GERD, HTN N/A

non-CF8 66 Male Caucasian CRS 0 Yes N/A 18 No No No | No Yes N/A N/A

non-CF9 76 Female Caucasian Pituitary microadenoma 0 No N/A N/A No No No No No HTN, CAD, PVD N/A

non-CF10 60 Male Caucasian CRS 0 Yes N/A N/A No Yes No | No No N/A N/A
non-CF11 46 Female | Hispanic, Latino CRS 1 Yes N/A 95 No Yes No No Yes Obesity N/A
non-CF12 48 Male Caucasian CRS 0 No N/A N/A No No No No Yes OSA, COPD N/A
non-CF13 56 Female Caucasian CRS 0 Yes N/A 27 No No No | No No N/A N/A
non-CF14 69 Male Caucasian CRS 3 Yes N/A 12 No No No | No No N/A N/A
non-CF15 34 Male Caucasian CRS 0 Yes N/A N/A No No No No No Allergies N/A
non-CF16 56 Female Caucasian CSF leak 0 No N/A N/A No No No No No hypothyroid N/A
non-CF17 65 Male Caucasian IP 0 Yes 4 N/A No No No | No Yes N/A N/A
non-CF18 7 Male Caucasian CRS 2 Yes 24 8 No Yes | No | No | Yes SETLIOMET] NIA
hypothyroid
non-CF19 78 Female | African American | Control/skull base tumor 0 No N/A 19 No No No | No No HTN, Allergies N/A
non-CF20 19 Male Caucasian CRS 1 Yes N/A 41 No Yes No | No No Allergies N/A
non-CF21 44 Female Caucasian CRS 0 No 6 27 No Yes No | No Yes Pacemaker N/A
non-CF22 70 Female Caucasian CRS 0 No 8 61 No No No | Yes Yes HTN N/A
non-CF23 57 Male Caucasian CRS 0 Yes 15 16 No No No | Yes No Allergies N/A
non-CF24 a7 Male | Caucasian RS 1 Yes 18 68 Yes No | No | No| No |Alergies Sinonasal NA
non-CF25 60 Female Caucasian Control/skull base tumor 0 Yes 14 9 Yes Yes No No Yes DM, HTN, OSA, IP N/A
non-CF26 24 Female Caucasian CRS 0 No 13 69 No No No No No Allergies, GERD N/A
non-CF27 83 Male Caucasian CRS 1 Yes 3 10 No No No | No No HTN N/A
non-CF28 52 Male Caucasian Fungal Ball 0 Yes 15 35 No No Yes | No No Allergies N/A
non-CF29 60 Female |  Caucasian CRS 2 Yes 16 53 No Yes | No [ No [ No ST, N/A
Allergies
non-CF30 61 Female Caucasian CRS 0 Yes N/A 46 Yes Yes No | Yes Yes HTN N/A
non-CF31 65 Male Caucasian CRS 1 No N/A 52 No Yes No | No Yes HTN, GERD N/A
non-CF32 62 Female | Native American CRS 2 No 6 45 Yes No No | No No HTN N/A
. OSA, HTN, MI,
non-CF33 49 Male Caucasian CRS 1 No 14 56 No Yes No | No Yes GERD N/A
non-CF34 72 Female Caucasian CRS 3 No 9 49 No Yes | Yes | No Yes GERD, HTN N/A
: COPD, DM, OSA,
non-CF35 51 Female Caucasian CRS 1 No 4 7 No No No | No No GERD, Allergies N/A
non-CF36 40 Male Caucasian CRS 1 No 13 27 No No No | No No Allergies N/A
non-CF37 42 Male Caucasian CRS 0 No 5 68 No No No | No No HTN, OSA N/A
non-CF38 57 Female Caucasian CRS 0 No 5 14 No No No | No No GERD N/A
non-CF39 79 Male Caucasian CRS 0 Yes 11 22 No No No | No No Afib, CAD, HTN N/A
non-CF40 57 Male Caucasian CRS 0 No 7 11 Yes No No | No No OSA N/A
non-CF41 54 Male Caucasian CRS 0 No 7 78 No No No | No No GERD N/A
non-CF42 38 Male Caucasian CRS 0 No 3 5 No No No | No No GERD N/A

Abbreviations: Abx, antibiotics; AERD, asprin-exacerbated respiratory disease; AFS, allergic fungal
sinusitis; CF, cystic fibrosis; COPD, chronic obstructive pulmonary disease; CRS, chronic
rhinosinusitis; CSF, cerebrospinal fluid; DM, diabetes mellitus; FESS, functional endoscopic sinus
surgery; GERD, gastroesophageal reflux disease; HTN, hypertension; IP, inverted papilloma; Lund-
Mackay, sinonasal staging algorithm score [48, 49]; N/A, not available; OSA, obstructive sleep apnea;
SNOT-22, 22 question sinonasal outcomes test [50]
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SUPPLEMENTARY TABLE S2 Gene expression output from the Cancer Cell Line Encyclopedia

(accessed 26 April, 2019; https://portals.broadinstitute.org/ccle [51]) for NPY receptors, VIP receptors,
and serous cell markers lysozyme (LYZ) and CFTR. Note that Calu-3 cells, a bronchial
adenocarcinoma line frequently used as a model of serous cells due to high CFTR and lysozyme
expression, express the highest amount of NPY1R relative to other airway cancer cell lines.

Affymetrix

Gene NPY1R NPY2R NPY5R VIPR1 VIPR2 LYZ CFTR

A549_LUNG 3.97359 3.910246| 4.316899 5.347613 4.442829 3.861464 3.98063
CALU1_LUNG 4.150831 3.587063 4.239859 7.542943 4.087702 3.718109 3.854273
CALU3_LUNG 7.168295 3.803298 4.45895 6.922686| 4.311346 11.0784 10.05969

CALU6_LUNG 3.512282 3.750993 4.158273 8.829339 4.305164 6.284744| 4.588329
NCIH292_LUNG 3.553423 3.486564| 3.898884 6.090106| 4.314193 3.713948 3.729571
NCIH441_LUNG 3.701913 3.58951 4.291047 7.25233 4.440556 3.726355 4.128871
NCIH520_LUNG 3.952049 3.850606| 4.148694 5.315201 4.260294| 4.190855 4.465682
NCIH522_LUNG 3.666311 3.629025 4.243514 5.523483 4.433325 3.896822 3.716021

RNAseq

Gene NPY1R NPY2R NPY4R NPY5R VIPR1 VIPR2 LYZ CFTR
A549_LUNG -5.3022356( -3.1772462| 5.69438127 -13| -4.4839539| -8.4031139| -4.837362| -6.4493319
CALU1_LUNG -1.6370841 -13] -0.0247348 -13]1.83239394 -13] -3.4844883| -4.3859648
CALU3_LUNG 0.76601676 -13| -2.4547363| -1.7320273[ 0.81640217 -13] 7.36181905] 6.44949113
CALU6_LUNG -4.1292877| -7.6433373| -5.1671067| -6.7017855] 3.62349708| -9.1687653| 1.71665862| 0.66432141
NCIH292_LUNG -8.8698593 -13/0.67477717 -13]0.85130002| -0.6510655| -2.2350607| -7.3064622
NCIH441_LUNG -13 -13| -4.4713423 -13[1.79193401| -6.2665501| -3.3788701| -5.7721996
NCIH520_LUNG -4.5970396 -13]| -6.0181873 -13| -3.6856484| -9.4348835| -0.494092| -3.896139
NCIH522_LUNG -7.686093 -13| -6.7853125 -13] -3.0377362| -6.6170462| -1.6362569| -5.7076583

SUPPLEMENTARY TABLE S3 Gene expression output from MERAV database (accessed 11 July
2018; http://merav.wi.mit.edu/ [52]). Similar to the Cancer Cell Line Atlas data above, MERAV

suggested Calu-3 cells expressed the highest amount of NPY1R among frequently used lung cancer

cell lines.

GENE NPYTR [NPY2R [NPY4R |NPY5R |NPY6R [VIPR1 [VIPR2 |LYZ CFTR

A549 Lung_Cancer.Cell.Line_Large_A549_Non-Small.Cell.Lung.Carcinoma: METIS_p_NCLE_RNAT_Human_U133_Plus_2.0_H01_241018 20.28] 19.39] 104.89] 29.99| 64.41| 69.52 54| 28.38 24.6!
A549 Lung_Cancer.Cell.Line_Large_A549_Non-Small.Cell.Lung.Carcinoma: GSM139646 16.49| 17.66| 78.19| 20.19| 66.14 73.3| 58.19 26.4| 24.02
A549 Lung_Cancer.Cell.Line_Large_A549_Non-Small.Cell.Lung.Carcinoma: GSM253203 26.74| 19.48] 46.55| 43.68| 136.8] 130.62| 54.08] 24.67| 24.66
A549 Lung_Cancer.Cell.Line_Large_A549_Non-Small.Cell.Lung.Carcinoma: GSM274739 18.43| 17.99| 111.42| 36.73| 87.56| 81.09] 50.29] 25.34| 24.33
A549 Lung_Cancer.Cell.Line_Large_A549_Non-Small.Cell.Lung.Carcinoma: GSM274740 20.94| 20.97| 141.78| 35.76| 83.06] 77.51| 42.31| 24.14| 24.59
A549 Lung_Cancer.Cell.Line_Large_A549_Non-Small.Cell.Lung.Carcinoma: GSM433024 55.74| 20.57| 76.52| 39.55| 70.34] 95.51| 55.45| 25.13 26.5
A549 Lung_Cancer.Cell.Line_Large_A549_Non-Small.Cell.Lung.Carcinoma: GSM433025 57.1] 24.58| 81.78| 31.01| 66.64| 92.39| 52.3| 28.06/ 20.06
Calu3 Lung_Cancer.Cell.Line_L arge_Calu-3_Adenocarcinoma: WATCH_p_NCLE_RNA8_HG-U133_Plus_2_AQ02_474612 128.77 18] 45.06] 34.25| 66.32] 195.12| 47.65| 872.07| 708.73
Calu6 Lung_Cancer.Cell.Line_Large_Calu-6_Adenocarcinoma: BRAKE_p_NCLE_RNA2_HG-U133_Plus_2_E04_241144 13.41| 16.41] 50.21| 26.83| 94.21| 447.11| 44.95| 68.77| 32.67
Calu 6 Lung_Cancer.Cell.Line_Large_Calu-6_Adenocarcinoma: Calu-6_SS474757_HG-U133_Plus_2_HCHP-225882_ 17.07| 15.34] 32.14] 40.08| 73.67| 564.18| 45.56] 105.84| 26.02
Calu-6 Lung_Cancer.Cell.Line_Large_Calu-6_Adenocarcinoma: Calu-6_SS474758_HG-U133_Plus_2_HCHP-225883_ 16.23| 17.07| 30.89| 36.32| 79.62| 567.31| 44.38| 109.59| 25.33
Calu-6 Lung_Cancer.Cell.Line_Large_Calu-6_Adenocarcinoma: Calu-6_SS474759_HG-U133_Plus_2_HCHP-225884_ 19.51 17.4] 34.71| 32.74| 69.48| 552.72| 47.16| 104.84| 25.04
H292 Lung_Cancer.Cell.Line_Large_NCI-H292_Mucoepidermoid.Carcinoma: GSM274745 15.82| 14.98| 44.11| 39.69| 75.71| 116.55| 48.99 27.7| 21.59;
H292 Lung_Cancer.Cell.Line_Large_NCI-H292_Mucoepidermoid.Carcinoma: GSM274746 15.69| 16.33] 47.04| 34.49| 74.92] 89.52| 50.44| 24.76] 22.58
H441 Lung_Cancer.Cell.Line_Large_NCI-H441_Bronchioloalveolar.Adenocarcinoma: METIS_p_NCLE_RNA1_Human_U133_Plus_2.0_E05_240954 14.87| 16.62| 49.04| 34.08| 87.71| 212.35| 48.29| 18.77| 24.56
H441 Lung_Cancer.Cell.Line_Large_NCI-H441_Bronchioloalveolar.Adenocarcinoma: GSM274741 16.59 14.5] 38.25| 45.12| 72.27| 119.51| 47.77| 26.89| 22.77,
H441 Lung_Cancer.Cell.Line_Large_NCI-H441_Bronchioloalveolar.Adenocarcinoma: GSM274742 14.95| 15.78| 44.38| 37.62 71.5| 116.88| 44.24| 25.52| 21.04
H441 Lung_Cancer.Cell.Line_Large_NCI-H441_Bronchioloalveolar.Adenocarcinoma: NCI-H441_SS475525_HG-U133_Plus_2_HCHP-225837_ 15.89| 18.07 48.6] 28.07| 69.86| 263.85] 43.29] 23.61 28.88
H441 Lung_Cancer.Cell.Line_Large_NCI-H441_Bronchioloalveolar.Adenocarcinoma: NCI-H441_5S475527_HG-U133_Plus_2_HCHP-225839_ 19.1] 16.67| 50.57| 27.93| 68.59| 226.22| 44.21 26.03| 27.01
H520 Lung_Cancer.Cell.Line_Large_NCI-H520_Squamous.Cell.Carcinoma: BRAKE_p_NCLE_RNA2_HG-U133_Plus_2_D02_241116 19.37] 17.66] 59.98 28.5| 76.65| 67.04| 44.04] 33.57| 34.41
H520 Lung_Cancer.Cell.Line_Large_NCI-H520_Squamous.Cell.Carcinoma: GSM274798 16.5 15.8| 48.05| 30.93| 78.98| 87.21| 46.82| 36.39| 21.66
H520 Lung_Cancer.Cell.Line_Large_NCI-H520_Squamous.Cell.Carcinoma: GSM274831 20.61] 16.66] 47.85] 34.97| 77.36] 82.98| 45.82] 32.57| 25.09
H522 Lung_Cancer.Cell.Line_Large_NCI-H522_Adenocarcinoma: NIECE_p_NCLE_RNA3_HG-U133_Plus_2_B08_296028 14.91| 17.14] 42.85| 31.33| 98.42| 94.97| 57.63| 24.73| 21.26
H522 Lung_Cancer.Cell.Line_Large_NCI-H522_Adenocarcinoma: GSM274753 17.07] 17.13] 48.65 38.8| 86.16] 65.48| 48.6] 28.98] 23.56
H522 Lung_Cancer.Cell.Line_Large_NCI-H522_Adenocarcinoma: GSM274754 16.1 15.3] 42.23 36.5| 81.83] 76.29| 53.99| 31.59| 21.85
H522 Lung_Cancer.Cell.Line_Large_NCI-H522_Non-Small.Cell.Lung.Carcinoma: NCI-H522_SS181856_HG-U133_Plus_2_HCHP-167900_ 14.4] 16.48] 43.98| 22.48]| 68.53| 77.74] 70.22| 20.51| 22.26
H522 Lung_Cancer.Cell.Line_Large_NCI-H522_Non-Small.Cell.Lung.Carcinoma: NCI-H522_SS181857_HG-U133_Plus_2_HCHP-167901_ 15.77] 16.37| 39.13| 22.04| 110.03| 67.85| 54.42| 22.81 23.76
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SUPPLEMENTARY FIGURE S$1
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SUPPLEMENTARY FIGURE S1 Isolated airway serous acinar cells. a) Representative diagram
showing serous acinar cells at the distal ends of submucosal glands, which secrete the bulk of fluid in
response to agonists that utilize cAMP or Ca** as second messengers. b) Representative spinning
disk confocal images of primary human serous acini and acinar cells isolated from human middle
turbinate samples plated on CellTak coated coverslips. c-e) Isolated serous acini exhibited punctate
granular immunofluorescence for lysozyme (c-d) as well as basolateral membrane staining for Na*/K*
ATPase (c), VIPR1 (d-e), and VIPR2 (e). f-g) Apical membrane staining was observed for secretory
CI channels TMEM16A (f) and CFTR (g), as previously described [3-6, 9]. Results are representative
of immunofluorescence experiments using cells from =3 patients. Scale bars are 20 um in b and 25
umin c-9. CFTR, lysozyme, and TMEM16A immunofluorescence matched previous studies [3-6, 9]

of airway submucosal gland serous cells.
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SUPPLEMENTARY FIGURE S2
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SUPPLEMENTARY FIGURE S2 VIP-induced acidification reflects conductive HCOs™ efflux, while subsequent
alkalinization reflects HCOs3™ uptake via Na*HCOs™ cotransporter (NBC). a) In the absence of HCOs™ (20 mM
HEPES-buffered conditions gassed with 100% O3), VIP-induced acidification is eliminated. However, cells still
shrink at a normal magnitude and rate. Residual pHi increase is blocked by DMA, suggesting it reflects NHE
activity. b-c) Bar graphs (mean + SEM) showing peak pHi decrease (b) or volume decrease magnitude and
kinetics (c) during VIP or forskolin stimulation in the presence or absence of CO2/HCOs". Significance
determined by one-way ANOVA with Bonferroni posttest; **p< 0.01 and n.s. = no statistical significance. These
data demonstrate that VIP-induced pHi decrease requires HCOs3', suggesting it reflects HCOs™ efflux. However,
the magnitude of initial cell shrinkage is not HCO3™ -dependent; as previously shown, shrinkage primarily reflects
CI- efflux [3-6, 8, 9]. This is likely due to the relative magnitude of CI- and HCOs solute lost during secretion. A
serous cell has resting [CI]i = ~65 mM (supplementary figure S19 and [3]) and loses >50% of cellular CI- content
(>40 meqgeL™") during ~20% volume decrease [3, 33]. However, the actual HCOs content lost from the cell
during secretion is smaller; a 7.2 to 7.0 pHi change would drop [HCOs3]i from ~16 mM to 12 mM (calculated via
Henderson Hasselbach). Taking into account the cell volume loss (20%) but ignoring non-osmotically active
volume for simplicity, this is a loss of cellular HCOs™ content of (1 x 16 meqeL") — (0.8 x 12 meqeL") = ~6.4
meqeL' HCOs". Thus, cell volume is primarily an indicator of CI- secretion while pHi is primarily an indicator of
HCOg", as previously observed [4, 53]. d) In the presence of HCOs, serous cell pHi increases (after initial
decrease) were substantially reduced by NBC inhibitor 4,4’-dinitrostilbene-2,2’-disulfonic acid (DNDS; 100 pM).
Alkalinization was not significantly reduced by Na*/H* exchanger (NHE) inhibitor dimethyl amiloride (DMA; 30
MM) alone. All experiments done at 37°C in the presence of 5% CO2. Representative traces shown on left. Bar
graph right shows mean + SEM; ** = p <0.01 by one-way ANOVA with Bonferroni posttest. These data suggest
NBC drives serous cell alkalinization during VIP stimulation, likely as a way to sustain HCOs™ secretion due the
basolateral localization of NBC in exocrine acinar cells [54-58], similar to what was previously observed with
NHE sustaining HCO3™ secretion during cholinergic-evoked secretion [4]. By keeping [HCOzs7]; elevated during
VIP stimulation, basolateral NBC will increase the driving force for HCO3™ efflux across the apical membrane
through CFTR. e€) In the presence of high K*/low CI- conditions designed to block conductive HCOs™ efflux by
clamping Ek+ = Eci. = Encos- = Vm (described in the supplementary methods and [4]), VIP-induced acidification is
blocked. Bar graph in b shows mean + SEM with significance (**p<0.01) determined via Student’s t test. DMA
(30 M) + DNDS (100 uM) were used to prevent alkalinization so we could observe only the acidification (HCOs
efflux). Thus, the VIP-induced acidification likely reflects conductive HCOs efflux, likely through an ion channel
like CFTR and not a CI/THCO3" exchanger.
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SUPPLEMENTARY FIGURE S3
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SUPPLEMENTARY FIGURE S3 Representative traces of responses summarized in main text figure 1. a)
Representative traces of responses summarized in figure 1e. b) Representative traces of responses
summarized in main text figure 1f. ¢) Representative traces of responses summarized in figure 1g. d)
Representative traces of responses summarized in main text figure 1h. e) Eact was recently suggested to be an
indirect activator of TMEM16A via TRPV4 activation and elevation of Ca?* [59]. Serous cells were loaded with
either fura-2 or Calbryte 590 by incubation in the AM ester form for 20 min as described [3, 5, 6] and imaged
using fura-2 or TRITC filter sets, respectively. No evidence of changes in [Ca?*] were observed with
concentrations of Eact used in this study, despite changes with sub-saturating cholinergic or purinergic
stimulation. Traces are representative of experiments using 3-5 serous acini from 3 individual patients (9-15
experiments total with each dye). Two dyes were used to confirm no effects on [Ca?*].
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SUPPLEMENTARY FIGURE S4
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SUPPLEMENTARY FIGURE S4 Isolation of the VIP-induced HCOz™ efflux pathway under 0-Na* conditions. a-
b) To better isolate VIP-induced acidification, we performed experiments in 0-Na* to prevent alkalinization by
Na* dependent mechanisms (NHE, NBC) in serous cells from non-CF patients. In the absence of Na*
(isosmotic substitution with NMDG™; solutions used described in the supplementary methods and [4]), cells
exhibited a slow acidification. VIP (1 yM) nonetheless still increased the acidification rate under these
conditions. Panel B shows comparisons of rates * VIP (blue vs green). c-d) The VIP-induced increased in
acidification was inhibited by CFTRinn172 (20 uM; ¢), but not by Ca?*-activated CI channel (CaCC) and/or CI-
/HCOs exchanger (e.g., pendrin [60]) inhibitors like 4,4’-diisothiocyano-2,2’-stilbenedisulfonic acid (DIDS; d; 1
mM), DNDS (30 uM), NFA (100 uM), or CaCCinn-A01. e) Bar graphs showing rates measured from
experiments as in A-D. VIP-induced acidification was inhibited only by CFTRinn172, VIP receptor antagonist
VIP6-28), or PKA inhibitor H89 (10 uM). Graph shows mean + SEM with significance determined by one-way
ANOVA with Bonferroni posttest; **p<0.01 and n.s. = no statistical significance. All experiments done at 37°C
in 5% CO2/25 mM HCOs". These data show that inhibitors of TMEM16A/CaCC [61-63] or pendrin [60] do not
inhibit VIP-induced acidification. Along with ion substitution (supplementary figure S1) and data from CF
patient cells (figure 1), these data support CFTR conduction as the primary HCOj3™ efflux pathway in serous

cells during VIP stimulation.
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SUPPLEMENTARY FIGURE S5
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SUPPLEMENTARY FIGURE S5 Effects of 24 hours NPY stimulation on CI- ion transport phenotypes. a)
Representative traces of SPQ fluorescence from isolated serous cells in the presence of 5 uM VIP after 24 hrs
prior stimulation with media only (control), 1 uM NPY, or scrambled NPY (scNPY). Cells were isolated and
plated on Matrigel-coated coverslips (1:30 dillution of growth factor reduced Matrigel) and stimulated in serum-
free MEME for 24 hours. Cells were loaded with SPQ 2 hours prior to the experiments, done in the continued
presence of NPY or scNPY as applicable. Unstimulated SPQ fluorescence (no VIP) changes are shown in
green and VIP-stimulated fluorescence changes shown in magenta (separate experiments). As described in the
text, supplementary methods, and previous studies [3-6, 9, 11, 14], SPQ is quenched by CI- but no NOs". Upon
substitution of extracellular CI for NOz", intracellular [CI] decreases via electroneutral exchange of CI for NOs-
via diffusion and SPQ fluorescence increases. As most CI' channels have roughly equal permeability to CI- and
NOgs, the relative rate of SPQ fluorescence change is roughly equal to relative anion permeability. b) Bar graph
showing initial rate of SPQ fluorescence change over first 30 sec of NO3™ substitution. NPY, but not scNY,
significantly reduced SPQ fluorescence changes under VIP-stimulated conditions but not unstimulated
conditions. Data points for each bar are 6 independent experiments using cells from 3 patients (2 experiments
per patient); **p <0.01 by 1-way ANOVA with Bonferroni posttest. c) Cells were stimulated with NPY or scNPY
as above and then VIP cell volume responses were immediately imaged in the continued presence of NPY or
scNPY (representative traces from independent experiments shown on left). The peak cell shrinkage and time
to peak shrinkage in response to 10 yM VIP was reduced in the presence of NPY (bar graph on right). d)
Similar experiments were carried out as ¢ but with stimulation with 10 uM CCh. No inhibition of secretion was
observed with CCh. Significance in ¢ and d by 1-way ANOVA with Bonferroni posttest with paired comparisons
as indicated; *p<0.05 and **p<0.01. Data points for each bar are 6 independent experiments using cells from 3
patients (2 experiments per patient); **p <0.01 by 1-way ANOVA with Bonferroni posttest. Together with
experiments in the main text, these data suggest NPY reduces anion secretion in response to cAMP-elevating
VIP but does not affect anion secretion in response to CCh.
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SUPPLEMENTARY FIGURE S6
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SUPPLEMENTARY FIGURE S6 Comparison of VIP-induced cAMP signaling in CF vs non-CF cells. CFTR
has been proposed to act as a hub for kinases and other signaling proteins. We used a fluorescent cAMP
biosensor to visualize VIP-activated cAMP increases in CF and non-CF serous cells. We utilized a baculovirus
pseudotyped for mammalian cells (BacMam) vector [2], as BacMam was previously used to express proteins in
primary lacrimal gland acinar cells [64-66]. Serous acinar cells were isolated, seeded onto CellTak-coated
coverslips, and transduced for 6 hrs with a BacMam expressing an mNeonGreen-based fluorescent cAMP
biosensor (downward cADDis; Montana Molecular, Bozeman MT; [1]) under a CMV promotor followed by 18-24
hrs incubation. Single transduced cells and acini were imaged using GFP filters. A decrease in F/F, (plotted
inversely, thus shown as an upward deflection of trace) equals an increase in cAMP (as indicated by the arrow
on the axis). a-b) We examined if CF serous cells exhibited alterations in cAMP signaling in response to 0.05,
0.5, and 5 uM VIP. No differences were observed between CF and non-CF patients. This suggests that VIP-
evoked cAMP signaling, at least at a global cytoplasmic level, is intact in CF serous cells. We also treated non-
CF cells with CFTRinn172, and found no alterations of CAMP signals. ¢) Bar graph of peak responses (absolute
values are plotted) from representative experiments as shown in a-b (3-5 patients samples used for each group,
=2 experiments per patient per group). 1-way ANOVA with Bonferroni posttest suggested no statistically

significant differences. Bar graph shows mean + SEM; n.s. = no statistical significance.
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SUPPLEMENTARY FIGURE S7
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SUPPLEMENTARY FIGURE S7 Expression of serous cell markers lysozyme (a), lactoferrin (b), and alpha-1-
antitrypsin (c) in Calu-3 cells as well as goblet cell marker Muc5AC (d). Cells were seeded and grown as a
monolaryer on collagen coated glass bottom dishes (MatTek), and confluent monolayers were fixed in ice cold

MeOH for 3 min before immunostaining as described in the supplementary methods. Antibody against Na*/K*
ATPase was used as a positive plasma membrane control.
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SUPPLEMENTARY FIGURE S8

DAPI
VIPR1 VIPR2
(VPAC1) (VPAC2)
98
640 S <
- <
50 50 '
: 1
36 36 M B

SUPPLEMENTARY FIGURE S8 Expression of both VIPR1 (VPAC1) and VIPR2 (VPAC2) in Calu-3 cells. a-d)
Cells were seeded and grown as a monolaryer on collagen coated glass bottom dishes (MatTek), and confluent
monolayers were fixed in ice cold MeOH for 3 min before immunostaining as described in the supplementary
methods. GLUT1 and B2AR1 were used as plasma membrane controls. e) Western blot showing bands
corresponding to VIPR1 and VIPR2 using antibodies from b and ¢ and as used in the main text.

Supplementary Material. McMahon, et al. 26
Neuropeptide regulation of secretion and inflammation in human airway gland serous cells



SUPPLEMENTARY FIGURE S9
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SUPPLEMENTARY FIGURE S9 Verification of Muc7, but not Muc5AC or Muc5B, production from primary
human nasal serous cell cultures, suggesting maintenance of serous phenotype. ASL was collected +
stimulation with thapsigarin and ionomycin (10 pug/ml each; 30 min, basolaterally) to maximally elevate Ca?* and
activate acute secretion. a) Calu-3 cells produced goblet cell Muc5AC [67] as previously reported [68-70], as did
H292 cells, as previously reported [71-74]. b) H292 cells produced mucous cell-marker Muc5B [75, 76], as
previously reported [77-80]. Calu-3 and serous cells did not make detectible Muc5B. c) Both Calu-3 and
primary serous cells produced serous cell marker Muc? [75, 76]. H292 cells did not. Secretion of all mucins
was increased acutely after basolateral stimulation with thapsigargin and ionomycin. d) Primary surface
epithelial cells (cultured as described [13, 14, 19, 20] to generate primarily ciliated and goblet cells) and serous
cells were cultured from the same patients for three weeks after air exposure. Expression of CFTR, lysozyme
(LYZ), lactoferrin (LTF), Muc5AC, Muc5B, Muc7, Ano1 (TMEM16A), alpha-1-antrypsin (SERPINA1), and actin
were compared with GAPDH. Serous cell cultures expressed higher levels of CFTR and serous cell markers
lysozyme, lactoferrin, alpha-1-antitrypsin, and Muc? than surface epithelial cells. Surface epithelial cells
expressed higher levels of goblet cell Muc5AC. Mucous cell Muc5B was not expressed at high levels in either

type of culture. All data are mean + SEM of 3-5 independent experiments using primary serious cells from 3-5
separate non-CF patients.
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SUPPLEMENTARY FIGURE S10
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SUPPLEMENTARY FIGURE S$10 Confirmation of macrophage (M¢) differentiation by production of appropriate
cytokines in response to M1 vs M2 polarization. a) Human monocyte-derived M¢ were cultured as described in
the text, and stimulated as indicated in the graphs for the final 3 days of the 10 day differentiation. M1
polarization (IFN y + LPS [81, 82]) resulted in robust secretion of TNFa, IL-6, and IL-12, while M2 polarization
(IL-4 [81, 82]) resulted in robust secretion of IL-10, as determined by ELISA. b) Stimulation of MO (unpolarized)
Mos by PMA for 48 hrs. resulted in secretion of TNFa (left two bars) as well as NPY (right two bars), as
previously reported [26, 83-86], as determined by ELISA. Add data are from 6 independent experiments from
Mos isolated from 3 separate individuals (2 experiments per individual). Significance determined by 1-way

ANOVA with Bonferroni posttest; **p<0.01.
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SUPPLEMENTARY FIGURE S11
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SUPPLEMENTARY FIGURE S11 VIP, forskolin, or prostaglandin E2 (PGE-2) increased apical secretion of

HCOs™ over >8 hours, while NPY reduced secretion in response to all three agonists. a) Non-CF serous cell

ALls were imaged in a stage top incubator (Tokai Hit, Tokyo, Japan) at 37 °C with 5% CO2. 100 uL of 1 mg/ml
SNARF dextran in low buffering capacity solution was added (HBSS with 1 mM HEPES, as described [38]), and
pH was measured every 10 min. These experiments facilitated addition of inhibitors to the apical side. Shown
are representative traces (average of 3 ALls, 3 fields per ALI) from single experiments. b) Bar graphs (mean *
SEM) of 6 individual experiments from =3 patients. Left bar graph shows inhibition of VIP-induced pHi increase
by NPY but not scrambled NPY as well as by CFTRinm172 (15 uM) but not by apical TMEM16A inhibitors

CaCCinn-A01 (15 pm) or niflumic acid (NFA; 100 uM). Block by basolateral DNDS (25 uM) suggests surface
liquid pHi increases are due to HCOz3™ secretion sustained by Na*HCOzs™ co-transporter (NBC) activity. Middle
bar graph shows reduction of forskolin-induced ASL pH; increase by NPY but not scrambed NPY. Right bar

graph shows inhibition of PGE2-inducd HCO3" secretion by NPY, protein kinase A inhibitor H89 (10 uM), or

CFTRinn172. Significance determined by 1-way ANOVA with Bonferroni posttest; **p<0.01 vs bracketed bars

and #p<0.01 vs unstimulated control. These data support the hypothesis that cAMP-elevating agonists like VIP,
forskolin, and PGE:2 activates HCOj3 secretion through apical CFTR sustained by basolateral NBC and support

results from the main text that NPY has an inhibitory effect on this process.
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SUPPLEMENTARY FIGURE S12 Primary serous cell air-liquid interface (ALI) cultures or surface epithelial cell
ALls (primarily ciliated and goblet cells) were grown and stimulated with IL-13 or NPY as indicated in the figure
and main text. Quantitative PCR was carried out for the indicated genes as described in the supplementary
methods. Three ALls from three individual patients were used for each condition as independent experiments.
The same patients were used for surface epithelial and gland cultures. Significance determined by Bonferroni
posttest with paired comparisons; **p<0.01.
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SUPPLEMENTARY FIGURE S13
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SUPPLEMENTARY FIGURE S13 HCOs increases antimicrobial efficacy of Calu-3 secretions against clinical
Pseudomonas aeruginosa strains isolated from chronic rhinosinusitis (CRS) patients. HCOs™ has been
suggested to be critical to efficacy of antimicrobial peptides secreted by serous cells [8, 87-91]. Antimicrobial
assays were carried out as described ([40] modified from [45]) using ASL from Calu-3 bronchial cell cultures. a-
c) Apical washings (collected with either 25% PBS + 20 mM HEPES or 25% PBS + 25 mM HCOs") were mixed
with clinical CRS isolates of P. aeruginosa (b) or methicillin-resistant S. aureus (c) and incubated at 37°C in
room air (HEPES-buffered washings) or 5% CO2 (HCOs™-buffered washings) followed by serial dilutions and
spotting on plates for CFU counting. At low dilutions (6.25-12.5%), antimicrobial activity was greater in the
presence of 5% CO2. d) NPN fluorescence (reflecting uptake due to cell wall damage) of clinical P. aeruginosa
strains was measured after 5 min of lysozyme treatment (as described [40]) in the presence (pink) or absence of
HCOs (green). e) GFP-release of GFP-expressing P. aeruginosa (PAO-GFP) was measured during lysozyme
treatment in the presence (pink) or absence (green) of HCOs". f) P. aeruginosa lab type strain PAO-1 was
mixed in the presence (pink) or absence (green) of HCOs™ with various concentrations of NO donors, which have
anti-bacterial effects (as described [92]). Overall, the presence of HCO3s had small but significant pro-
bactericidal effect in all assays tested.
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SUPPLEMENTARY FIGURE S14 a) Lysozyme, Muc?, and B-defensin 1 (hD1) secretion was quantified by
ELISA as in the main text. Fold increase in secretion from 5 individual experiments (using ALIs from 5 individual
patients) was plotted. No significant reduction of secretion was observed to forskolin (10 uM) or VIP (5 pM)
stimulation in the presence of apical CFTRinn172 (10 pM) or CaCCinn-A01 (10 uM), determined by one-way
ANOVA with Bonferroni posttest. b) ALls grown from non-CF (gray) or CF (blue) tissue were stimulated with
VIP (5 uM) or forskolin (10 uM) and assayed for lysozyme or hBD1 as above. No difference was observed in
baseline or stimulated secretion between CF and non-CF patients by 1-way ANOVA with Bonferroni posttest
with paired comparisons. Data shown are from 4 independent experiments using ALIs from 2 CF and 2 non-CF
patients (2 ALls per patient per condition). c) Lysozyme and hpD1 were assayed after 2 hours stimulation with
10 uM carbachol (CCh), a cholinergic agonist that activates Ca?*-dependent, TMEM16A-dependent, CFTR-
independent secretion from serous cells (this study and [3-6, 8, 9]). No significant inhibition of secretion was
observed with NPY (1 uM), determined by one-way ANOVA with Bonferroni posttest. Each condition shows
data points from independent experiments using ALIs from separate individual patients (5 experiments per
condition); *p<0.05.
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SUPPLEMENTARY FIGURE S15
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SUPPLEMENTARY FIGURE S15 Confirmation of neuropeptide-induced changes in ASL antimicrobial efficacy
by live-dead staining. a) Incubation of dilutions of live and heat-killed P. aeruginosa (PAO-1) showed a linear
relationship of Syto9 (live cell stain) and propidium iodide (PI; dead cell stain). Strain PA-CRS01 was used for
calibration. b) Live bacteria were mixed with ASL washings from primary serious ALI cultures stimulated as

indicated, stained with Syto9 and PI, and read on a plate reader using 488 nm excitation and ratiometric

emission (530 and 620 nm). Calibration from a was used to convert fluorescence ratio into viability. Bar graph

shows mean + SEM from 5-6 independent experiments using ALl washings from =3 separate patients. Three

clinical isolates of P. aeruginosa isolated from CRS patients were used. Significance determined by 1-way

ANOVA with Bonferroni posttest; **p<0.01.
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SUPPLEMENTARY FIGURE S16
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SUPPLEMENTARY FIGURE S16 Longer-term alterations of antimicrobial peptide production, secretion, and
efficacy in serous ALI cultures. a) Expression of B-defensin 1 (DEFB1 gene) and B-defensin 2 (DEFB4 gene)
was measured by qPCR TagMan assay at 24 hours * VIP, = NPY, + LPS (100 ng/ml). As expected, LPS
increased NF«B-regulated B-defensin 2 but not constitutive g-defensin 1 [93, 94]. NPY (100 nM) and VIP (1
MM) had no effects on expression alone. VIP reduced B-defensin 2 expression at 48 hours. While LPS + NPY
was significantly different from LPS + VIP conditions, LPS + NPY was not significantly different from LPS alone.
Significance by 1-way ANOVA with Bonferroni posttest. Each bar graph shows mean + SEM of 4 independent
experiments using cultures from 4 different patients. b) Measurement of 3-defensins 1 and 2 secretion into the
ASL by ELISA as described in the methods and text. VIP increased secretion of B-defensin 1 over 48 hours
(VIP p<0.01 vs unstimulated) while NPY eliminated the effect of VIP (VIP + NPY p<0.01 vs VIP alone). j-
defensin 2 was not significantly increased by any stimulation. Significance determined by 1-way ANOVA with
Bonferroni posttest comparing all points at 48 hours. Data are mean + SEM of 4 independent experiments per
condition per timepoint using cultures from 4 different patients. ¢) Measurement of B-defensins 1 and 2 secretion
into the ASL by ELISA in the presence of LPS. LPS had minimal effect on p-defensins 1, but NPY reduced (-
defensin 1 secretion (p<0.05 vs LPS only) while VIP enhanced it (p<0.01 vs LPS only). In contrast, LPS
enhanced secretion of B-defensin 2, and this was further enhanced (p<0.05) with NPY + LPS. VIP reduced the
effect of LPS on B-defensin 2 (p<0.05 vs LPS only). Significance determined by 1-way ANOVA with Bonferroni
posttest comparing all points at 48 hours. Data are mean + SEM of 4 independent experiments per timepoint per
condition using cultures from 4 different patients. d) Left bar graph: lysozyme expression was measured +VIP
*NPY £LPS. VIP increased expression of lysozyme while VIP + NPY together did not increase lysozyme
expression over control (unstimulated). LPS also increased lysozyme expression, and this was potentiated by
VIP but not NPY. Right bar graph: Increase of lysozyme expression by VIP was inhibited by H89 (1 uM) while
increase in response to LPS was not. This suggest that effects of VIP may be mediated by cAMP-activated
transcription factor CREB, which can increase lysozyme transcription [95, 96]. Significance determined by 1-
way ANOVA with Bonferronni posttest comparing all points at 48 hours. Data are mean + SEM of 5 independent
experiments using cultures from 5 different patients for each time point.  e) Lysozyme and Muc5AC secretion
was measured at 24 hours by ELISA as described in the text. Secretion was enhanced by VIP and reduced by
NPY. VIP also increased lysozyme and Muc? secretion in the presence of LPS. Significance determined by 1-
way ANOVA with Bonferroni posttest comparing all points at 48 hours. Data are mean + SEM of 4 independent
experiments using cultures from 4 different patients for each time point. f) CFU assays were carried out as
described in the text and using airway surface liquid (ASL) washings after 24 hours (left bar graph) and 48 hours
(right bar graph). Two clinical strains of P. aeruginosa were used. At both time points, VIP increased
antimicrobial efficacy while NPY reduced it. Significance determined by 1-way ANOVA with Bonferroni posttest
comparing all points at 48 hours. Data are mean + SEM of 5 independent experiments using cultures from 5
different patients for each time point. Due to the increased antimicrobial capacity of culture secretion at 24 and
48 hours (vs 2 hours as shown in the main text), we altered the parameters of the assay to be able to measure
CFUs. 40,000 and 80,000 CFUs were used as the starting inputs for 24 hour and 48 hour ASL experiments,
respectively (vs 20,000 at 2 hours in the main text). ASL was also diluted 1:2 compared with the main text.
These alterations allowed the CFUs obtained in this assay to be within a countable range.
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SUPPLEMENTARY FIGURE S17 Pro-inflammatory effects of NPY and anti-inflammatory effects fo VIP. Acinar cells
from parotid and pancreatic exocrine glands can make and release cytokines [97-100]. Infection of isolated human
tracheal submucosal gland cells with rhinovirus, which can activate TLR3 [101], increases IL-1a, IL-1pB, IL-6, and IL-8
[102]. TLR4 is also expressed in pig tracheal acinar cells [103], and submucosal TLR4 levels may be elevated in CF
[104]. Both VIP and NPY are immunomodulatory [105]. a-d) As described in the text, serous cell cultures were
stimulated with TLR4 agonist LPS (1 pg/ml), TLR3 agonist poly(I:C) (5 yg/ml), TLR2 agonist LTA (1 pg/ml), TNFa
(100 ng/ml) or a Th2 cocktail of IL-4 and IL-13 (20 ng/ml each; [106]) on the apical side only, with VIP (1 uM) and/or
NPY (100 nM) or scrambled NPY (100 nM) on the basolateral side, or followed by collection of basolateral media and
determination of IL-6 (a), TNFa (b), IL-1B (c), or GM-CSF (d) concentration by ELISA. In most cases, NPY
potentiated inflammatory responses while VIP reduce them. The only cytokine affected by either VIP or NPY alone
was IL-1B, which was increased by NPY. Bar graphs show individual experiments using at least 6 ALI cultures from at
least 3 patients (2 ALls per patient); Significance by 1-way ANOVA with Bonferroni posttest comparing secretion of
each specific cytokine among bars within each color-matched group (LPS, poly(l:C), LTA, TNFa, or IL-4 and IL-13;
*p<0.05 and **p<0.01. These data agree with other studies showing VIP having anti-inflammatory or protective
effects in parotid acini [105, 107-110] and NPY having pro-inflammatory effects in leukocytes [111]. GM-CSF and IL-
1p that are important in allergic inflammation [112], neutrophil or eosinophil infiltration [113], and Th2 polarization
[114]. Note that NPY itself increased IL-1$, and IL-1 polymorphisms may contribute to CF [115] or CRS [116]. It
remains to be determined if these polymorphisms affect expression or secretion of IL-1p from gland acini. e-g)
Cytokine mRNA was examined in serous ALls stimulated as indicated for 4 hours. Isolated RNA was subject to
reverse transcription quantitative PCR (qPCR) using TagMan primers as indicated in the supplementary methods.
Concentrations of agonists used are the same as in a-d. Significance by one-way ANOVA with Bonferroni posttest.
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SUPPLEMENTARY FIGURE S18
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SUPPLEMENTARY FIGURE S18 Pro-inflammatory effects of NPY in cultured (A) and acutely isolated (B)
airway gland serous cells. a) A strong Th2 environment by itself may increase other inflammatory responses in
airway cells [117]. IL-6 and GM-CSF secretion was measured by ELISA using non-CF primary serous cell ALIs
stimulated with a Th2 cytokine cocktail (IL-4 + IL-13) as well as TLR3 agonists poly(l:C) or TLR4 agonist (LPS) +
NPY for 48 hrs. IL-4 + IL-13 increased responses to poly(l:C) and LPS, and NPY had a further pro-inflammatory
effect even in the presence of IL-4 and IL-13, suggesting that NPY can augment inflammatory responses even
in the strong Th2 environment that accompanies many inflammatory airway diseases. Bar graphs show mean +
SEM from 3-5 individual experiments each using an ALI from a separate non-CF patients. Significance
determined by 1-way ANOVA with Bonferroni posttest; *p<0.05 and **p<0.01. b) Isolated acinar cells were
stimulated with TNFa. or poly(I:C) £ NPY or scrambled NPY. NPY, but not scrambled NPY, increased secretion
of IL-33, GM-CSF, and IL-6 (measured via ELISA) in response to both TNFa or poly(l:C) but had minimal effect
on its own, supporting data from cultured cells. Bar graphs show mean + SEM from 6 individual experiments
using 2 ALls each from 3 non-CF patients. Significance determined by 1-way ANOVA with Bonferroni posttest;
*p<0.05 and **p<0.01.
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SUPPLEMENTARY FIGURE S19

= 150 mM K*, nigericin, tributyltin , 80+ n.s.

a) 5 20007 ! 35 70 14070 35 0 | b) Wivs CF C) .
= e ——4 slope p=0.14 - ==
@ 2000- L 3. intercept p = 0.07 L—, 601 |= "

S 000 3 o,
[
3 1500 = £ 40
o =
o 7]
g % 2 $ 20
S 10004 -~ Wt (K, 17506 mol) &
"0' ==~ CF (K, 16.6 £ 0.5 mol') 0
500 4 1 T T T 4 4
7] 0 200 400 600 800 1000 0 50 CI100 150 Q,Cf( o
seconds [CH; &
NO, NO,
d) L© —_ —
o g S et
N
© 2 min
non-CF CF
. 15 =
e) _toumvie | f0uM forskolin f) 10 uM VIP g) % e
! R ! NO.- NO; [} non-CF
NOs —_ ®ul ., IcF
N == 10 ,{ e £
DL = =
0 7} 7]
CF NG el5 |el5
_ b =1 ) slv
non-CF ©SY 54 7 I
10 uM forskolin £ as 1212 1312
[ A —— | ) — |¢ 2
NO, z 1= | :
I.I.o — S Q &
3 @ N S
:: &\)\o §‘ &
| . o
S 2 min & S Q&\
N> O
h . SOPMNFA 50 UM T16A,,,,-A01 % 154 o
I 1 : : 11_‘
) 10 uM VIP 70 UM VIP |) o
L } NO;- " ‘E |-|-° 10
So 2
% ‘% E|IE] |E 2
non-CF £E< 3 HEHIH B
) alla]| |s] €
> > >
S P L L 0 i
N
00 o,() \\\Q v.\{\“ Q‘\é\
£ &«
20 uM CFTR, 172 10 uM H89 &® &L
—_—
10 uM VIP 10 uM VIP & &
: — & &
o5 NOs NN

Nw

Supplementary Material. McMahon, et al.
Neuropeptide regulation of secretion and inflammation in human airway gland serous cells



SUPPLEMENTARY FIGURE S19 Resting [CIi is not different in non-CF and CF serous cells, but CF serous
cells lack VIP/cAMP-stimulated CI- permeability. Non-CF and CF serous cells were obtained and isolated from
patient samples and loaded with CI" -sensitive dye SPQ as described in the supplementary methods and [3, 5,
6]. a) Representative trace of calibration of SPQ fluorescence at various [CI]i values was carried out using high
extracellular K* solution and H*/K* exchanger nigericin and anion exchanger tributyltin. b) Stern-Volmer plot (as
described [3]) showed Stern-Volmer constant (Ksv) values of ~17/mol for both genotypes and revealed similar
resting [CI']i ¢) Bar graph of resting [CI']i (mean + SEM) in non-CF and CF serous cells, which not significantly
different by Student’s t test. d-g) We examined CI- permeability using extracellular NOs™ substitution with SPQ
loaded cells. SPQ is quenched by CI but not by NOs", and CI channels are nearly equally permeable to CI- and
NOs. NOs substitution (0-Cl) revealed identical resting Cl- permeabilities in non-CF and CF cells (d, g).
However, when stimulated with VIP or forskolin, CI- permeability increased in non-CF but not CF cells (e-g). A
downward deflection of traces reflects a decrease in [CIi (increase in SPQ F/F,). Bar graph in g shows mean *
SEM; * and ** = p< 0.05 and 0.01, respectively (one-way ANOVA with Bonferroni posttest). All data points are
independent experiments from 3-4 CF and 3-5 non CF patients (at least 2 independent acinar cell experiments
per patient). These data show that cAMP-activated CI- permeability is absent in CF serous cells. h-i) In non-
CF cells, increased CI- permeability in response to VIP was inhibited by CFTRinn172 (CFTR inhibitor) or H89
(PKA inhibitor) but not by niflumic acid (NFA) or T16Ain-A01 (Ca?*-activated CI- channel inhibitors). Bar graph in
| shows mean + SEM; * and ** = p<0.05 and 0.01, respectively by one-way ANOVA with Bonferroni posttest.

Thus, VIP-activated CI permeability is cAMP-dependent and is blocked by CFTR inhibition.
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SUPPLEMENTARY FIGURE S20 Measurement of intracellular pH (pHi) in serous cells from CF and non-CF
patients. a-c) Non-CF and CF serous cells were loaded with the ratiometric intracellular pH (pH;i) indicator
SNARF-5F. SNARF-5F fluorescence was calibrated using high K* solutions of known pH containing H*/K*
exchanger nigericin (as described in [4]). Example calibration shown in (a). b shows calibration of acinar cells
of all genotypes and ¢ shows CF vs non-CF cells. No differences were observed between CF and non-CF
acinar cells (n = 3 patients each), allowing comparison of the SNARF responses in the two groups. (D).
Resting pHi was extrapolated from experiments in the presence or absence of HCOs. No significant difference
was observed in CF vs non-CF cells. Mean + SEM; n.s. = not significantly different by one-way ANOVA with
Bonferroni posttest. All data points are independent experiments from 3-4 CF and 3-5 non CF patients (at least
2 independent acinar cell experiments per patient). e-g) Intrinsic (HCOs -independent) pHi buffering capacity
(Bi) was measured using NH3s/NH4 pulse method [described in [4, 35]) under 0-Na* conditions to reduce pHi
regulatory mechanisms. Because of marked variation in buffering capacity of various cell types due to size and
organelle composition, i must be experimentally determined. Representative calibration experiments shown in
(e). Pooled buffering capacity measurements were used to compare CF and non-CF acinar cells (f). No
significant difference in Bi was observed between the two cells. This means pHi changes similarly represent OH-
eq fluxes in the two groups; pHi changes can thus be compared between the two groups. Biwas fit with an
exponential decay curve (g) and combined with HCO3™ -dependent buffering (BHcos-) to calculate total buffering
capacity (Bt) to convert pHi changes to OH eq fluxes (not shown here). We measured pH; changes in cells
exposed to solutions of various [NH4Cl]o. Exposure of cells to a solution of NH3-NH4* leads to rapid entry of
membrane-permeant NHs into the cell, causing pHi alkalinization as H* is consumed as intracellular NH3
converts to NH4*. This is followed by a slower acidification, likely NH4* entry through K* channels or the Na*/K*
ATPase [34, 118]. Upon changing [NHs]o, the [NH4™]i can be calculated using Henderson-Hasselbach with
[NH4*)i = [NH3]i X 10PKa-PHi with pKa of NHa/NH4* = 9.2 [35]. Solutions containing 0, 5, 10, and 20 mM [NH4Cl]o
contained 0, 0.6, 1.2, and 2.5 mM [NHz]o, respectively, at pHo = 7.4. Buffering was calculated after an
experimental change in [NHs]o using the initial fast pHi increase or decrease to estimate buffering power around
the midpoint of the pHi change A[NH4*]/ApH; (units of mmoleL"" of acid or base equivalent required to change pHi
by one unit). Raw data points from experiments as in e were fit with an exponential decay function (f). No
difference was observed between CF and non-CF acinar cells in Bi. Total buffering capacity (Bt; g) was
calculated using all data points (both genotypes) and adding the Bicurve to Brcos- (2.3 x [HCOz37], with [HCOz37];
calculated from Henderson Hasselbach with CO2 clamped at 5%). See the supplementary methods and [4, 35]

for more experimental information.
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SUPPLEMENTARY FIGURE S21
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SUPPLEMENTARY FIGURE S21 Minimal patient-to-patient variability of responses in primary serous cells
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acutely isolated (a-b) and cultured at air-liquid interface (ALI) for 4 weeks (c-d). a) Representative responses to

of intracellular pHi (to track HCOs™ secretion) and cell volume (to track CI- secretion) in primary ALIs from six

different patients. b) quantification of responses from 9 independent acini imaged from each patient. No
significant differences were observed by 1-way ANOVA. Note that resolution of time to peak shrinkage and time
to peak pHi decrease values are limited by the 4 sec sampling frequency, used to limit phototoxicity and
photobleaching during fluorescence live cell imaging experiments (as described in supplementary methods and
[3, 5, 6, 30]). c) Quantification of B defensin 1 and lysozyme secretion in 4-week serous cell ALls over 2 hours in
unstimulated (basal) conditions and 10 uM VIP-stimulated conditions. No significant differences were observed

by 1-way ANOVA. d) Quantification of IL-6 secretion at baseline (unstimulated) and after stimulation with 1

pg/ml LPS for 24 hours. No significant differences among patients were observed by 1-way ANOVA. Each bar

graph in ¢ and d shows mean + SEM of 5 independent experiments from each patient. Together, these data
suggest that culture-to-culture variability rather than patient-to-patient variability is the main variable factor in
these types of experiments. In our experience with surface epithelial ALI cultures [10-18], we find that once

primary cells are expanded and cultured for 3-6 weeks in defined media, secondary disease-related phenotypes

are removed and cells reflect a “healthy” baseline state, with responses overwhelmingly dictated by genetics.

This allows disease-relevant in vitro manipulations (treatment with IL-13, NPY, etc.) with comparison of
unmanipulated cells from the same patient as “control.”
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SUPPLEMENTARY FIGURE S22
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SUPPLEMENTARY FIGURE S22 Confirmation of M¢ differentiation by functional H1 receptor expression.
Differentiation of monocytes into Mds is accompanied by switch of histamine receptor expression from H2 to H1
isoform [119-121]. a-c) Representative Ca?* oscillations induced in individual Fluo-4 loaded M®s by 1, 10 uM
histamine as well as larger transients with 100 uM histamine in M¢s differentiated for 10 days as indicated in the
text. d) Average representative traces (~25 M¢s) of response to 100 pM histamine in the absence (blue) or
presence of 10 yM cetirizine (H1 antagonist). (E) Plot of responses from individual M¢s from 23 independent
experiments using M¢s from 23 individuals. f-g) Representative Ca?* oscillations from freshly isolated
monocytes imaged on Cell-Tak-coated coverslips. h) Bar graph of individual experiments (n = 3-6 from =3
patients) showing inhibition of Ca?* responses to 10 uM histamine by H1 antagonists cetirizine or fexofenadine
in M¢s and H2 antagonists ranitidine and cimetidine in monocytes. Bar graphs are mean + SEM with

significance determined by 1-way ANOVA with Bonferroni posttest; *p<0.05 and **p<0.01.
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