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Abstract
Obesity is a signi�cant co-morbidity that associates with increased prevalence and severity of asthma.
The mechanism underlying the obesity-asthma association remains poorly understood, and for obese
asthmatics there is no effective therapy for obese asthmatics. Here we show that cholecystokinin (CCK)—
a metabolic hormone best known for its roles in satiety regulation and fat metabolism–is increased in the
lungs of obese mice and that pharmacological blockade of CCK and its receptor (CCKAR) signaling in the
lung abolishes obesity-associated airway hyperresponsiveness (AHR)—a hallmark of asthma. By mining
existing RNA-seq transcriptomic data, we �rst discovered CCKAR as a highly expressed G-protein-coupled
receptor in primary human airway smooth muscle (ASM) cells. Interestingly, CCK is also expressed in
ASM cells and is induced by free fatty acids. Activation of CCKAR by CCK induces ASM stiffening and
contraction, which is abolished by either CRISPR-mediated CCKAR inactivation or CCKAR antagonists. In
vivo, CCK levels are elevated in the lung of both genetically obese (db/db) and diet-induced obese mice.
Importantly, intranasal administration of highly potent CCKAR antagonists (proglumide and devazepide)
abolishes AHR in both genetically obese and diet-induced obese mice. Together, our results reveal an
unexpected role for the metabolic hormone CCK and its receptor CCKAR in airway smooth muscle cells
and in obesity-associated asthma. Our study provides critical pre-clinical data that support the
repurposing of CCKAR antagonists as a novel therapy for obese asthmatics.

Introduction
Asthma is a major chronic lung disease that affects over 300 million people worldwide1. A key feature of
asthma is air�ow limitation, often caused by hyperactive contraction of airway smooth muscle (ASM)
cells2. Consequently, a major therapeutic goal for asthma is to reduce ASM constriction2. β-agonists—a
mainstay asthma therapy–work by relaxing ASM to relieve bronchospasm3,4. However, long-term use of
β-agonists, especially long-acting β-agonists (LABAs), can lead to paradoxically adverse effects, including
loss of asthma control and even death5 − 7. Furthermore, standard controller therapy that uses inhaled
corticosteroid in combination with a β-agonist does not work well for certain patient populations, notably
obese asthmatics.

Obesity is a well-known risk factor for asthma: obesity increases both the prevalence and incidence of
asthma and worsens asthma control8–12. It is estimated that in the US alone, obesity leads to
approximately 250,000 new cases of asthma each year11. In general, obese asthmatics have more
symptoms, use more healthcare, and have worse quality of life12,13. Consistent with these human studies,
obese mice exhibit innate airway hyperresponsiveness (AHR)14–17, a cardinal feature of asthma. Obesity
also affects response to asthma therapy10,18,19. For example, corticosteroids are less effective in obese
patients18–21, in whom asthma control is more di�cult to achieve13,22−24. There is also some evidence
that bronchodilators are less effective in obese asthmatics25,26. Despite the overwhelming evidence
linking obesity to worsened asthma and to reduced response to therapy, the underlying mechanisms are
not well understood. Consequently, for the obese asthmatic there are few therapeutic options.
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Cholecystokinin (CCK) is a peptide hormone found predominantly in the gastrointestinal (GI) tract and
throughout the central nervous system (CNS)27. In the GI tract, CCK is released in response to food intake
to regulate the motility and contraction of gall bladder and stomach28,29. In the CNS, CCK acts as a
neurotransmitter to regulate satiety and nociception30. CCK has two speci�c receptors: CCKAR and
CCKBR31,32. CCKAR mediates most of the CCK’s action in the GI tract and in the inhibition of food intake,
whereas CCKBR plays a more prominent role in the CNS by regulating anxiety and neuroleptic activity33.
In the GI tract, CCKAR induces the contraction of smooth muscle of gall bladder and stomach34–36.
Intriguingly, Stretton and Barnes showed in a 1989 study that a CCK octapeptide constricts both guinea
pig and human airways37. However, the potential in vivo function of CCK in the lung was not further
explored, and it was not known which CCK receptor mediates the CCK action in the airway.

Here, we present evidence that CCK and its receptor CCKAR are functionally expressed in and induce
contraction of airway smooth muscle cells. In vivo, CCK is upregulated in the respiratory system of diet-
induced obese and genetically obese mice which suggests that it contributes to the heightened AHR
associated with obesity. Our data using obese mouse models further demonstrate that antagonizing
CCK/CCKAR in the lung abolishes obesity-induced AHR and suggest the possibility of developing CCKAR
antagonists as novel therapeutic strategies for asthma in the obese.

Results
CCKAR expression in ASM. A large family of proteins known as G-protein-coupled receptors (GPCR) are
direct targets of roughly 35% of all modern pharmaceuticals38,39. Many existing asthma drugs such as β-
agonists, anti-cholinergics, and leukotrienes work by targeting their cognate GPCRs in the airways40. In
order to identify potential new therapeutic targets for asthma, we evaluated the expression of non-
olfactory GPCRs (361 in total) in primary human ASM cells using our previously published RNA-seq-
based transcriptomic dataset41. We assessed the expression of each non-olfactory GPCR based on the
values of Fragments Per Kilobase of transcript per Million mapped reads (FPKM). From this analysis, we
identi�ed 115 (~ 32%) non-olfactory GPCRs that are moderately-to-highly expressed (FPKM > 0.1) in ASM
cells (Supplementary Table).

Among the top 5 expressed GPCRs, CCKAR has not been previously implicated in any aspect of airway
smooth muscle function42–47. CCKAR expression in ASM cells has a high FPKM value of 26.52. In
comparison, the β-adrenergic receptor 2 (gene name ADRB2), which is the target of bronchodilator β-
agonists, has an FPKM value of 0.27 (Supplementary Table). Interestingly, the other CCK receptor CCKBR
is not expressed at all in the ASM cells (no reads in the RNAseq data). The expression and function of
CCKAR have been mostly investigated in extrapulmonary tissues such as the gallbladder and the
sphincter of Oddi where it mediates CCK-induced contraction and relaxation, respectively48,49. However,
CCKAR’s surprising high expression in ASM cells suggests a potential biological role for the receptor in
the ASM and airways.
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We next validated the expression of CCKAR in ASM cells using qRT-PCR analysis. We found that CCKAR
is highly expressed in ASM cells but is very lowly expressed in other cell types of airways such as the lung
�broblasts and is absent in both basal and differentiated bronchial epithelial cells (Fig. 1a). Consistent
with the RNAseq data, we did not detect CCKBR expression in ASM cells using qRT-PCR (data not shown).
Immunostaining of human airway tissue sections revealed co-localization of CCKAR with α-SMA, a widely
known marker of airway smooth muscle (Fig. 1b). Together these results demonstrate the expression of
CCKAR in ASM cells.

Activation of CCKAR evokes ASM contraction. CCKAR is known to mediate smooth muscle contraction in
gallbladder and pyloric sphincter; however, in the sphincter of Oddi, CCKAR mediates relaxation of the
muscle tissue. To test whether CCKAR evokes contraction or relaxation in ASM cells, we measured
changes of cell stiffness using a biomechanical assay known as optical magnetic twisting cytometry
(OMTC)50. Changes in cell stiffness measured in this way are tightly related to changes in contractile
force.51 Upon treatment with the highly speci�c CCKAR agonist A71623 (10 nM) the stiffness of ASM
cells increased (Fig. 1c). Such increases in cell stiffness are comparable in magnitude and timing (~ 1.4
fold, ~ 50 seconds) to those induced by acetylcholine, a known ASM constrictor, and opposite to those
induced by of albuterol, a β-agonist that relaxes ASM cells. To assess more directly the effect of A71623
on the contractility of ASM cells, we used traction force microscopy (TFM); TFM measures the contractile
forces exerted by cells on their surroundings (e.g. extracellular matrix)52, to directly assess the effect of
A71623 on the contractility of ASM cells. Using TFM, we measured contractile force in ASM cells pre- and
post-addition of A71623 and found that A71623 increased ASM cell contraction as shown by the ~ 2-fold
increase in the force response ratio compared to control (Fig. 1d). Together these biophysical
measurements demonstrated that the CCKAR agonist A71623 induces contraction of ASM cells.

We next investigated whether ASM contraction by A71623 is speci�cally mediated by CCKAR using either
genetic or pharmacologic interventions. Using the CRISPR-Cas9 technology, we �rst generated
independent CCKAR-knockout lines (CCKAR-KO1 and CCKAR-KO2) using two different guide RNAs
targeting distinct regions of the CCKAR gene (Fig. 2a). CRISPR-mediated knockout of CCKAR prevented
A71623-induced contraction of ASM cells as measured by TFM (Fig. 2b). Similarly, there was no increase
in cell stiffness upon A71623 treatment in the two CCKAR-KO ASM cell lines (Fig. 2c). Consistent with the
results in CCKAR-KO cells, pretreatment with a pan-CCK antagonist lorglumide (Fig. 2d) or a highly
speci�c CCKAR antagonist devazepide (Fig. 2e) completely abolished A71623-induced stiffening of ASM
cells. Together, these data demonstrate that CCKAR is required for CCK agonist-induced contraction in
ASM cells.

CCK expression and induction by free fatty acids in ASM cells. Our in vitro biophysical experiments so far
have used a synthetic tetrapeptide analogue of CCK hormone (A71623) that was given exogenously to
ASM cell cultures. Studies have shown that cells that express CCK receptors often also express
endogenous CCK which provides evidence for autocrine activation and signaling of CCKAR53–55. We thus
examined whether ASM cells also express CCK. Our qRT-PCR measurements (Fg.3a) showed that CCK is
expressed in ASM cells at a level much higher than in other airway cells such as lung �broblasts, basal
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epithelial cells, or differentiated epithelial cells. Immunostaining experiment also showed that CCK is
expressed in the ASM cells (marked by α-SMA staining) in the mouse airways (Fig. 3b).

As the ligand binding site of CCKAR is located extracellularly56, we asked whether endogenous CCK is
secreted by ASM cells. In vivo, the CCK hormone is induced and secreted by cells lining the small intestine
in response to ingestion of food, especially those with high fat content57. Because free fatty acids have
been shown to induce CCK secretion in culture57 and in vivo58, we next sought to determine if CCK may
likewise be induced by free fatty acids in ASM cells. We treated ASM cells with various types of free fatty
acids and assessed their effects on CCK expression and secretion. As shown in Fig. 3c, treatment with
long-chain free fatty acids (palmitoleic and myristoleic acids) increased CCK mRNA by ~ 3.5 fold in ASM
cells, whereas treatment with free fatty acids with shorter carbon chains (hexanoic acid, decenoic acid,
dodecanoic acid) did not signi�cantly increase CCK mRNA expression. Consistent with the mRNA
expression data, the CCK hormone level as detected by ELISA increased by ~ 30 and ~ 15 fold in ASM
cells treated with palmitoleic and myristoleic acids (Fig. 3d). Together these data show that expression of
CCK hormone is induced by free fatty acids in ASM cells.

Elevated CCK levels in the lungs of obese mice. Because high levels of circulating free fatty acids are
associated with obesity and obesity-associated AHR59–61, and because our data revealed that fatty acids
induce CCK expression in ASM cells, we asked whether CCK expression is elevated concomitantly with an
increased level of fatty acids in vivo. We examined the lungs of both high-fat-diet (HFD)-induced obese
and genetically obese (db/db) mice. We found that the level of free fatty acids (FFA) in the
bronchioalveolar lavage (BAL) �uid of HFD-fed obese mice was elevated by at least 1.9-fold compared to
regular chow-fed lean mice (Fig. 3e). Importantly, there was a concomitant increase in CCK mRNA in the
lungs of HFD-fed mice compared to their controls (Fig. 3f), whereas the expression of CCKAR mRNA in
HFD-fed obese mice was not signi�cantly changed (Supplementary Fig. S2a). Similarly, we also found
that the level of FFA was higher (~ 1.5 fold) in the BAL of db/db mice than in wild-type controls (Fig. 3g).
Moreover, the expression of CCK mRNA was increased by ~ 1.4 fold in db/db mice compared to wild type
controls (Fig. 3h). Together these data reveal an elevated CCK level in the lungs of obese mice.

Antagonizing CCK/CCKAR abolishes the innate AHR in obese mice. Obese mice exhibit innate AHR, a
clinical feature of asthma62. Our data showing elevated CCK in obese lungs suggest that an increased
CCK/CCKAR signaling and subsequent ASM contraction may contribute to the development of obesity-
associated AHR. We therefore directly tested whether antagonizing CCKAR counteracts AHR in obese
mouse models. Mice fed with high-fat diet (60% kcal/fat) gain weight very rapidly and develop AHR,
which becomes pronounced at 21-24th weeks of age compared to the regular chow-fed, lean controls15.
We administered CCKAR antagonists into HFD-obese and control mice and then assessed AHR in
response to increasing doses of methacholine (Fig. 4a). Intranasal administration of proglumide, a potent
CCKAR antagonist, reduced AHR in HFD-fed obese mice as shown by the decrease in pulmonary
resistance (RL) to a level similar to that of lean controls (Fig. 4b). Similarly, intranasal treatment with
devazepide, another potent and highly selective CCKAR antagonist, signi�cantly reduced the innate AHR
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of HFD-fed obese mice as compared to vehicle-treated obese mice (Fig. 4c). Because previous reports
have suggested that the AHR in obese mice is facilitated by the pro-in�ammatory cytokine IL-17A63 and
that obese asthmatics have increased levels of IL-17A64, we measured the expression of IL-17A in the
lungs of proglumide and vehicle-treated mice. We found that while IL-17A is increased in HFD-fed obese
mice compared to lean mice, CCKAR antagonist treatment did not alter the expression of IL-17A
(Supplementary Fig. S4), suggesting that effect of CCK/CCKAR on AHR is independent of IL-17A
production and likely of in�ammation.

We likewise tested the effect of antagonizing CCKAR on the AHR of genetically induced obese mice.
Db/db mice, which lack the receptor for leptin, rapidly develop obesity on the standard chow diet and
exhibit AHR starting at 8 weeks, even in the absence of any inciting exposure15,64. Similar to the effect of
antagonizing CCKAR in HFD-fed mice, administration of proglumide or devazepide signi�cantly reduced
the pulmonary resistance in response to methacholine in db/db mice (Fig. 4d-f).

Discussion
Obesity is a signi�cant risk factor for the development of symptoms, worsening of those symptoms, and
poor management of asthma8,21,65. The underlying mechanisms for these effects remain incompletely
understood. The lack of concrete knowledge of the pathophysiology of obesity-associated asthma
precludes the development of new therapies that could effectively treat asthma in obese patients. Our
study uncovers a novel mechanism for obesity-associated asthma based on the largely unexplored ability
of CCK hormone and its receptor CCKAR in promoting ASM contraction. Furthermore, our study provides
direct pre-clinical evidence for the repurposing of potent CCKAR antagonists as novel, effective therapies
for obese asthmatics.

Although CCK increases airway constriction ex vivo37, neither the identity of the cognate receptor nor the
in vivo implication of such airway constriction was known. Our study �rst identi�ed CCKAR as a highly
expressed GPCR in ASM cells from an unbiased RNA sequencing dataset that led us to investigate its role
in CCK-induced airway constriction. Using genetic ablation and pharmacologic intervention, we �rmly
established the role of CCK and CCKAR in contracting ASM cells. We also found that CCK is elevated in
the lungs of mouse models of obesity-associated asthma which implied that CCK/CCKAR mediates AHR
in the obese. Indeed, blocking CCKAR using potent CCKAR antagonists abolishes obesity associated with
AHR in two different obese mouse models. Our results support a hypothesis in which elevated CCK level
associated with obesity increases CCKAR signaling in the lung to constrict ASM cells to drive
bronchoconstriction and AHR. Antagonizing such elevated CCK/CCKAR signaling in the ASM blocks
obesity-induced AHR and thus presents a completely novel way to treat obese asthmatics (Fig. 4g).

Our studies clearly established the in vivo role of CCK-induced airway constriction as blocking the
heightened CCK/CCKAR signaling using potent antagonists decreased the pulmonary resistance to
methacholine challenge in two distinct mouse models of obesity-associated asthma – a genetically
obese mouse model and a diet-induced mouse model. CCKAR antagonists are intended for gastric ulcer
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to inhibit gastrointestinal motility and gastric secretions, and are known to possess a favorable safety
pro�le66–69. Thus, our data showing that CCKAR antagonists attenuated AHR support the idea that these
drugs could potentially be repurposed for the treatment of asthma in the obese. We used two antagonists
(proglumide and devazepide) possessing different selectivity pro�les with respect to CCK receptors.
Devazepide, in addition to being more potent in reducing AHR, is also the more highly selective CCKAR
antagonist than the pan-CCK receptor-targeting proglumide. Thus, the use of devazepide or other highly
selective CCKAR antagonists would be the priority for asthma drug repurposing in order to limit the
undesirable effects brought by the possibility of activating the other CCK receptor (CCKBR). CCKAR
antagonists are normally administered via oral or intraperitoneal delivery that increases drug
bioavailability in the systemic circulation. We showed that intranasal administration of CCKAR
antagonists is su�cient to reduce AHR in obese mice. By this method, the potential unwanted effects of
CCKAR inhibition in extra-pulmonary tissues is likely lower, although we did not examine the toxicity
pro�le of intranasal administration compared to other modes of delivery. Potent bronchodilators are
commonly delivered via nebulization suggesting that CCKAR antagonists may be developed in similar
formulation to effectively abrogate asthma symptoms while avoiding undesirable systemic effects.

Our experimental results suggest an autocrine stimulatory loop of CCK-activated, CCKAR-mediated ASM
contraction where free fatty acids induce the expression and secretion of CCK in ASM cells. However,
such activation of CCKAR signaling in ASM may also come from circulating CCK that reach the lung
given that plasma levels of CCK are elevated in obese rodents or after high-fat diet intake70–73.
Individuals with high circulating CCK levels may thus be prone to altered lung function and heightened
AHR. Similarly, conditions that lead to elevation of plasma CCK may trigger asthma symptoms. It was
reported that exercise elevates plasma CCK levels in individuals with exercise-induced asthma74.
Similarly, plasma CCK was observed to be increased by high altitude75. It is possible that the worsening
of asthma symptoms associated with these clinical scenarios is related to elevated plasma CCK levels
and may be alleviated by blocking CCK/CCKAR signaling with the antagonists.

Our data suggest that, at least in obesity-associated asthma, the heightened CCK/CCKAR signaling in the
lung appears to lead to increased ASM contractility that is independent of airway in�ammation as CCKAR
antagonists did not alter IL-17A, a pro-in�ammatory cytokine that has been shown to mediate AHR in
obesity-associated mouse models. This is supported by our in vitro biophysical studies which
demonstrated that CCK causes direct ASM contraction. While our studies focused largely on inhibiting
CCKAR-mediated contraction and did not extensively study the effect of CCKAR antagonists on airway
in�ammation, which is thought to be an important precipitating factor in asthma, our data showing the
absence of effect of CCKAR antagonists on IL-17A nevertheless suggest that blocking CCKAR-mediated
ASM contraction is su�cient to abolish obesity-associated AHR.

In summary, there is a pressing need to develop new therapeutic strategies for asthma especially for the
obese asthmatic subpopulation. Our present study reveals that CCKAR mediates CCK-induced contraction
of ASM cells and that CCK/CCKAR signaling is a novel mechanism underlying obesity-induced AHR. Such
�ndings imply that blocking CCKAR may be developed into a new asthma therapy for obese asthmatic
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patients who still rely on ineffective symptomatic treatments mainly prescribed for lean asthmatics. Our
study provides critical pre-clinical evidence for repurposing CCK/CCKAR antagonists, many of them
already developed for gastrointestinal diseases62, to treat obesity-associated asthma. Future clinical
studies built upon our �ndings here may lead to the development of much-needed effective therapies for
obese asthmatics.

Methods
Cell Culture

Primary cultures of human ASM cells were provided by Dr. Reynold Panettieri (Rutgers University) and
cultured as described76. ASM cultures were maintained in F12 (HAM) nutrient medium (Gibco)
supplemented with 10% FBS, 100 units/ml penicillin, 100 µg/ml streptomycin, 300 µg/ml L-glutamine, 4.8
mM HEPES, 0.34 mM CaCl2, and 2.4 mM NaOH. Passages 3–8 were used in the experiments.

Normal human bronchial epithelial (HBE) cells were provided by Dr. Jin-ah Park (HSPH). They were
obtained from the Marsico Lung Institute/Cystic Fibrosis Center at the University of North Carolina,
Chapel Hill and cultured in bronchial epithelial basal media (Lonza) supplemented with bovine pituitary
extract (52mg/mL), hydrocortisone (0.5mg/mL), human epidermal growth factor (25 ng/mL), epinephrine
(0.5mg/mL), insulin (5mg/mL), triiodothyronine (6.5 ng/mL), transferrin (10mg/mL), gentamicin
(50mg/mL), amphotericin-B (50 ng/mL), BSA (1.5mg/mL), andretinoic acid (50 nM). To establish ALI
culture, HBE cells were fed with a 1:1 mixture of bronchial epithelial basal media and DMEM (Mediatech,
Tewksbury, MA) supplemented with the same components above except that the concentration of human
epidermal growth factor was reduced (0.5 ng/mL). Cells were cultured on collagen-coated 12-Transwell
plate (Corning, Tewksbury, MA) under submerged conditions. When the cells reached con�uence, the
medium was removed from the apical surface. ALI culture was maintained up to 14 days until needed77.

Quantitative Real-Time (qRT)PCR

Total RNA was extracted using the RNEasy kit according to the manufacturer’s instructions (Qiagen, Cat.
74106). RNA was then reverse-transcribed using the Superscript III First-Strand Synthesis System (Life
Technologies, Cat. 18080-051). Quantitative PCR was performed using SYBR green master mix (Qiagen,
Cat. 214145) with gene-speci�c primers

Human CCKAR forward: 5’- TGCTCAAGGATTTCATCTTCG

Human CCKAR reverse: 5’- TGGTCACCAGATTAAAGGTAGATACA

Human CCK forward: 5’- CTGGCAAGATACATCCAGCA

Human CCK reverse: 5’- CCATGTAGTCCCGGTCACTT

Human ACTB (β-actin) forward: 5’- CCAACCGCGAGAAGATGA
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Human ACTB (β-actin) reverse: 5’- CCAGAGGCGTACAGGGATAG

Human 18s rRNA forward: 5’- CCGATTGGATGGTTTAGTGAG

Human 18s rRNA reverse: 5’ - AGTTCGACCGTCTTCTCAGC

Mouse CCK forward: 5’- GCTGATTTCCCCATCCAAA

Mouse CCK reverse: 5’- GCTTCTGCAGGGACTACCG

Mouse CCKAR forward: 5’- GATGCCAGCCAGAAGAAATC

Mouse CCKAR reverse: 5’- ACAGCCATCGCTATCCTCAT

Mouse IL-17A forward: 5’- CAGGGAGAGCTTCATCTGTGT

Mouse IL-17A reverse: 5’- GCTGAGCTTTGAGGGATGAT

Mouse ACTB (β-actin) forward: 5’- CTAAGGCCAACCGTGAAAAG

Mouse ACTB (β-actin) reverse: 5’- ACCAGAGGCATACAGGGACA

Immuno�uorescence Staining: Immuno�uorescence staining of lung tissue sections were performed as
previously described54. Antigen retrieval was performed using 10 mM citrate buffer, pH 6.0. Lung tissue
sections were blocked with PBS supplemented with 5% normal donkey serum and 0.2% Triton X-100 for 1
hour at room temperature. Primary antibodies (1:1000) used were anti-CCKAR (Pierce, Cat. PA3-116), anti-
CCK (Santa Cruz Biotechnology, Inc., Cat. Sc-21617), and anti-α-SMA (Sigma, Cat. C6198). ProLong gold
anti-fade mountant with DAPI (Life Technologies, Cat. P36941) was used for mounting samples.
Confocal images were taken using Leica SPE Confocal Microscope and the images were processed using
ImageJ.

Generation of CCKAR-Knockout Cells: Two CCKAR-knockout cell lines (KO1 and KO2) were generated
using CRISPR with the following guide RNAs (gRNAs): TAGAAAGCGGCACATATTCG for KO1 and
CCGCTTGTTCCGAATCAGCA for KO2. Guides were cloned into lentiCRISPRv2 vector containing hSpCas9
cassette (Addgene) as previously described 55. Brie�y, oligonucleotides targeting the site sequence were
synthesized with 3-bp NGG PAM sequence �anking the 3’ end, annealed and cloned into the BsmBI-
digested lentiCRISPRv2 vector. The resulting plasmids were transformed into Stbl3 bacteria
(ThermoFisher Scienti�c, Cat. C737303) and puri�ed using Mini-prep Kit (Qiagen, Cat. 27104).
Lentiviruses were produced by co-transfecting the lentiCRISPRv2 containing gRNAs with the packaging
plasmids pVSVg and psPAX2 (AddGene) in HEK293T cells. Lentiviral transduction in HASM cells was
performed in the presence of polybrene (8 µg/ul) for 24 hours. Stably transduced HASM cells were
selected using puromycin (ThermoFisher Scienti�c, Cat. A1113803). T7E1 assay was performed to
determine knockout e�ciency. For the T7E1 assay, the genomic region harboring the target of gRNAs was
�rst PCR ampli�ed, subjected to denaturing and reannealing temperatures (95° C for 2 min, ramp down at
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-2° C/s to 85°C, ramp down at -0.1° C/s to 25° C, and stopped at 16° C. T7E1 (New England Biolabs, Cat.
M0302S) cleavage reaction was then performed at 37° C for 20 min. The PCR products were visualized
using 1.5% agarose gel.

Optical Magnetic Twisting Cytometry

Cell stiffness was measured using optical magnetic twisting cytometry as described50. Brie�y, ASM cells
were cultured to con�uence in collagen-coated 96-well plate (Stripwell Microplates, Corning, NY). After
overnight serum starvation, cells were incubated with ferrimagnetic beads (4.5 µm in diameter, produced
in house, and coated with poly-L-lysine) for 20min to allow beads to attach to cell surfaces78. The beads
were then magnetized with a strong magnetic pulse in the horizontal direction and twisted with a much
weaker oscillatory magnetic �eld (0.77 Hz) in the vertical direction. The ratio of magnetic torque to bead
motion50,78,79 was used to determine cell stiffness and average of stiffness normalized to baseline to
determine relative changes in cell stiffness after drug treatment.

Traction Force Microscopy

Cell contraction was measured using traction force microscopy as described52. Brie�y, ASM cells were
cultured to con�uence in 96-well plates containing custom elastic polyacrylamide substrate. The average
contractile stress was measured before plating the cells (reference), prior to treatment (baseline) and 1
hour after addition of drugs (treatment). Data are reported as the force-response ratio of treatment vs.
baseline contraction.

CCK Enzyme Immunoassay

We used a CCK Enzyme Immunoassay Kit (Sigma-Aldrich, Cat RAB0039) that is based on the principle of
competitive enzyme immunoassay. Samples and standards were mixed with biotinylated CCK (�nal
concentration was 20 pg/mL in every sample). A 96-well plate was coated with anti-CCK antibody and
incubated overnight at 4°C with gentle shaking (1–2 cycles/sec). Following incubation, the wells were
washed 5 times with wash buffer. Samples and standards were added into appropriate wells. A blank
well containing assay diluent was also included. The plate was incubated overnight at 4°C with gentle
shaking (1–2 cycles/sec). Following incubation, the wells were washed 5 times with wash buffer. A
solution of HRP-streptavidin was added to each well and the plate was incubated for 45 minutes with
gentle shaking at room temperature. The solution was discarded and the plate washed 5 times with wash
buffer. TMB One-Step Substrate Reagent was then added to each well and the plate was incubated for 30
minutes at room temperature in the dark with gentle shaking. Following incubation, a stop solution was
added to each well and absorbance was read at 450 nm (SpectraMax 190 Microplate Reader, Molecular
Devices). A four-parameter logistic regression model was then used to plot the standard curve and to
calculate the concentration of CCK in the sample.

Free Fatty Acid Quanti�cation Assay
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For the detection of FFA in samples, the Free Fatty Acid Quanti�cation Kit (Biovision, Cat. K612-100) was
used. This assay converts fatty acids into their CoA-derivatives which are then oxidized with the
concomitant generation of color or �uoresence. Fifty (50) µl of samples (dissolved in supplied assay
buffer if needed) were added to each well in a 96-well plate. The acyl-CoA synthesis was then performed
by adding 2 µl of ACS reagent into the wells, mixed, and incubated at 37°C for 30 minutes. A reaction mix
(44 µl assay buffer, 2 µl fatty acid probe, 2 µl enzyme mix, and 2 µl enhancer was added to each well and
incubated at 370C for 30 minutes in the dark. After incubation the absorbance was measured at 570 nm
(SpectraMax 190 Microplate Reader, Molecular Devices). A standard curve was generated using palmitic
acid and the concentration of fatty acid was determined using formula, [FFA] = Fa/Sv (nmol/µl or mM)
where Fa is the fatty acid amount in the well obtained from the standard curve and Sv is the sample
volume (µl) added to the sample well.

Mouse models of obesity-associated AHR

This study was approved by the Harvard Medical Area Standing Committee on Animals. Obese mice and
their corresponding lean controls were acquired from the Jackson Laboratory. For the development of
diet-induced obesity, male C57BL/6J mice were placed on a high fat diet where 60% of calories were
derived from fat in the form of lard (D12492, Research Diets) starting at 8 weeks of age for 13–14 weeks
until the time of the experiment. Mice places on a regular chow diet (PicoLab 5053, Lab Diets) served as
corresponding lean controls. Mice fed with HFD gain weight very rapidly and develop AHR compared to
their corresponding lean controls, which are fed with regular chow diet and have normal airway
reactivity15,64. Db/db mice, which lack the long form of the leptin receptor, were used as the mouse model
of genetic obesity. Db/db mice are substantially obese compared to the age- and sex-matched wild type
controls and exhibit increased airway responsiveness to methacholine even in the absence of any inciting
stimuli (e.g. ovalbumin challenge)80.

Measurement of Airway Hyperresponsiveness (AHR)

This study was approved by the Harvard Medical Area Standing Committee on Animals. The forced-
oscillation technique was used to assess AHR using the Flexivent machine (Scireq, Montreal, QC,
Canada). Mice were �rst anesthetized with xylazine (7 mg/kg) and sodium pentobarbital (50 mg/kg) and
an incision along the tracheal wall was made to expose the trachea. The trachea was then cannulated
with a tubing adaptor and then connected to the machine. The mice were ventilated and instrumented for
the measurement of pulmonary mechanics and airway responsiveness in response to increasing doses
of methacholine81. The chest wall was opened to expose the lungs to atmosphere pressure and a positive
end expiratory pressure of 3 cm H20 was applied. Obese mice were ventilated at a respiratory rate of 180
breaths/minute while lean mice were ventilated at 150 breaths/min. Changes in pulmonary resistance
(RL) were assessed at the baseline and after delivery of aerosolized PBS and aerosolized methacholine in
increasing doses.

Statistical Analysis
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Data are given as mean ± SEM. Differences between groups were analyzed by t-test or two-way ANOVA
with Bonferroni’s multiple comparisons (Prism v8; GraphPad Software Inc). A p < 0.05 (two-tailed) was
considered to be statistically signi�cant.

Data Availability: GPCR expression data are from published datasets (ref.41) that are already deposited
in public databases available at the Gene Expression Omnibus Web site
(http://www.ncbi.nlm.nih.gov/geo/) under accession GSE52778.
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Figures

Figure 1

ASM cells express CCKAR and contract in response to CCK agonist. (a) qRT measurement of CCKAR
mRNA expression in different airways cell types. FIB: primary lung �broblasts; HBE: human bronchial
epithelial cells [d0: day 0 of initiation of air-liquid interface (ALI) culture; d14: day 14 post-ALI]; ASM:
airway smooth muscle cells. (n=3) (b) Immunostaining of human lung tissue section for CCKAR (green).
α-SMA (α-smooth muscle actin, red) was used as a marker of ASM cells. DAPI was used to stain the
nuclei (blue). (c) OMTC-based measurement of cell stiffness in ASM cells treated with CCK agonist
A71623 (10 nM), acetylcholine (Ach), β-agonist (Alb: albuterol) or PBS (vehicle). a.u.: arbitrary unit. (d)
Representative TFM images in ASM cells after treatment with A71623 (10 nM) or PBS. Graph to the right
is the quanti�cation of TFM-based contractility measurement in control and A71623-treated ASM cells. *p
< 0.05.
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Figure 2

CCKAR mediates CCK-induced stiffening and contraction of ASM cells. (a) T7E1 assay on CRISPR/Cas9-
mediated CCKAR knockout ASM cells. CCKAR knockout (KO) cells were generated by lentiviral delivery of
gRNAs targeting the CCKAR gene. DNA cleavage indicating mismatch and mutation induced by the two
gRNAs targeting CCKAR was detected by T7 Endonuclease 1. Multiple bands in the DNA gel indicate
mutation in the CCKAR gene in KO cells (KO1 and KO2). (b) TFM-based contractility measurement in
control vs. CCKAR-KO ASM cells in response to A71623 treatment (10 nM). (n=4) *p < 0.05. (c) OMTC-
based measurement of cell stiffness in control vs. CCKAR-KO cells in response to A71623 treatment (100
nM). (d-e) OMTC-based measurement of cell stiffness in response to A71623 treatment (100 nM) and in
the presence of devazepide (d) or lorglumide (e). Ethanol and PBS were used as vehicles for devazepide
and lorglumide, respectively. dvz: devazepide, EtOH: ethanol, a.u.: arbitrary unit.
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Figure 3

(a) qRT measurement of CCK mRNA expression in different airways cell types. FIB: primary lung
�broblasts; HBE: human bronchial epithelia cellsl; [d0: day 0 of initiation of air-liquid interface (ALI)
culture; d14: day 14 post-ALI]; ASM: airway smooth muscle cells. (n=3) (b) Immunostaining of mouse
lung tissue section for CCK (green). α-SMA (α-smooth muscle actin, red) was used as a marker of ASM
cells. (c) qRT measurement of CCK mRNA expression in ASM cells after treatment with indicated free
fatty acids (n=4) *p < 0.05.(d) ELISA measurement of CCK protein in medium of ASM cells after treatment
with indicated free fatty acids (n=4) *p < 0.05 (e) Quanti�cation of free fatty acid (FFA) in
bronchioalveolar lavage (BAL) �uid of regular chow-fed mice (n=9) vs. HFD-fed mice (n=13) *p < 0.05 (f)
qRT measurement of CCK mRNA expression in in the lungs of regular chow-fed mice (n=6) vs. HFD-fed
mice (n=6) *p < 0.05 (g) Quanti�cation of free fatty acid (FFA) in bronchioalveolar lavage (BAL) �uid of
wild type control mice (n=4) vs. db/db mice (n=4) compared to wild type controls (n=4) *p < 0.05 (h) qRT
measurement of CCK mRNA expression in in the airways (lungs and trachea) of wild type control mice
(n=4) vs. db/db mice (n=4) compared to wild type control (n=4) *p < 0.05. Actin or 18s rRNA was used as
reference gene. Results represent the mean ± SEM.
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Figure 4

CCK contributes to innate AHR in mouse models of obesity-associated AHR. (a) Schematic diagram
showing induction of obesity in mice and treatment with proglumide before Flexivent measurement. 8-
week old C57BL/6J mice were switched to high fat diet for at least 13 weeks. Mice were then given
proglumide (50 mg/kg, intranasal, 3x) or devazepide (25 µg/kg, intranasal, 2x) at a total volume of 25 µl
(12.5 µl in each nostril). Two hours after the last treatment, Flexivent was performed to assess AHR in
response to increasing doses of methacholine (b). Pulmonary resistance of HFD-fed or regular chow-fed
mice treated with proglumide (n=11) or vehicle (n=12). Results represent the mean ± SEM. *p < 0.05. (c)
Pulmonary resistance of HFD-fed mice treated with devazepide (n=9) or vehicle (n=9). Results represent
the mean ± SEM. *p < 0.05. (d) Scheme of treatment with proglumide or devazepide in db/db mice or wild
type control mice. 10-12 week old db/db mice were given proglumide (50 mg/kg, intranasal, 3x) or
devazepide (25 µg/kg, intranasal, 2x). Two hours after the last treatment, Flexivent was performed to
assess AHR in response to increasing doses of methacholine (e) Pulmonary resistance of db/db mice
treated with proglumide (n=8) or vehicle (n=9). Results represent the mean ± SEM. *p < 0.05 (f) (e)
Pulmonary resistance of db/db mice treated with devazepide (n=11) or vehicle (n=12). Results represent



Page 22/22

the mean ± SEM. *p < 0.05 (g) Possible mechanism of obesity-associated AHR. Obesity may induce CCK
in ASM cells through circulating free fatty acids (FFA) or independent of FFA. This leads to secretion and
binding of CCK to CCKAR expressed on the surface of ASM cells which in turn results in contraction of
ASM, the main effector cells of bronchoconstriction and AHR. Antagonizing CCKAR (e.g. by
pharmacological inhibitors) blocks CCK-induced ASM contraction and reduces AHR in the obese.
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