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ABSTRACT

Background: Airway hyperresponsiveness (AHR) is a major feamfr@sthma attributed
predominantly to an extrinsic immune/inflammatogsponse increasing airway smooth
muscle (ASM) contractility.

Objective: We investigated whether increased ASM expressio®RMDL3, a gene on
chromosome 17921 highly linked to asthma, inducetteased ASM proliferation and
contractilityin vitro, as well as influenced airway contractility and aate flux in ASM in

precision cut lung slices from WT and hORMDP%"®

mice (which express increased
levels of human ORMDLZ3).

Methods: Levels of ASM proliferation and contraction weresassed in ASM cells
transfected with ORMDLSn vitro. In addition, airway contractility and calcium dktions
were quantitated in ASM cells in precision cut lwstiges derived from naive WT and naive
hORMDL3**“"™®mice which do not have a blood supply.

Results: Increased ASM expression of ORMDLS8 vitro resulted in increased ASM
proliferation and contractility. Precision cut lustices derived from naive hORMDf?3 "
mice which do not have airway inflammation exhiinitreased airway contractility with
increased calcium oscillations in ASM cells. Inae@d ASM ORMDL3 increases ASM
sarcoplasmic reticulum aATPase 2b (SERCA2b) which increases ASM proliferat
and contractility.

Conclusion: Overall, these studies provide evidence that aimsic increase in ORMDL3

in ASM can induce increased ASM proliferation armhtcactility which may contribute to

increased AHR in the absence of airway inflammaitoasthma.
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KEY MESSAGES

* Increased ASM expression of ORMDL3 induces incréas8M proliferation and
contractility in vitro.

« Precision cut lung slices derived from naive hORMBE “"mice (which express
increased levels of human ORMDL3) and do not haweay inflammation exhibit
increased airway contractility with increased aateioscillations in ASM cells.

* In addition to extrinsic inflammation, intrinsic AGexpression of ORMDL3, can
increase ASM contractility and proliferation andgimi contribute to increased

AHR in asthma.

CAPSULE SUMMARY
This study demonstrates that an intrinsic increas®©RMDL3 in ASM can induce
increased ASM proliferation and contractility whichght contribute to increased AHR in

the absence of airway inflammation in asthma.

KEY WORDS
« ORMDL3
e Asthma

* Airway smooth muscle
« SERCA2b

* Airway hyperresponsiveness
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ABBREVIATIONS
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5-HT,
GWAS,
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oG,
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SERCA,
SNP,
SR,

TG,
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airway hyperresponsiveness
airway smooth muscle
intracellular C& concentration
cyclopiazonic acid
5-hydroxytryptamine

genome wide association study
methacholine

myosin light-chain

Oregon Green
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transgenic
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INTRODUCTION

Airway hyperresponsiveness (AHR) is a major featfrasthma Conceptually AHR may
either be due to an intrinsic abnormality in airnsyooth muscle (ASM) resulting in
increased contractility, or to an extrinsic effe€inflammatory cells and their mediators on
ASM to increase contractility. The effects of em#ic airway inflammation on ASM is
considered to be the primary driving force for gased AHR mediated by ASM in asthma.
Thus, the presence of airway inflammation in astliones the basis for NIH expert panel
recommendations regarding early institution of -amtammatory therapy to reduce
persistent asthma symptoms, exacerbations, andoimpung function and AHR The
episodes of airway inflammation in asthma are comignériggered by either viruses or
allergen and are associated with release of inflataorg mediators from a variety of lung
resident (mast cell, epithelium, macrophage) anctureed cells (eosinophils, T cell,
neutrophil) that may contribute to increased ASMtcactility, AHR, airway remodelling,

and decline in lung functidn

In contrast to this well established role of exdrininflammation contributing to increased
ASM contractility and AHR, the role of an intrinsabnormality in ASM contributing to
increased ASM contractility and AHR are less wetitablished. Theoretically the
contribution of an intrinsic abnormality in ASM tAHR may be mediated by either
increased amounts of ASM, increased expressiononfractile proteins in ASM cells,
and/or increased activation of the contractile agips™. ASM contraction is initiated by

the binding of calcium and calmodulin to activatgosin light chain (MLC) kinase, which
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phosphorylates MLC to form cross-bridge cyclingMifC with actin filamenté Thus, the
regulation of intracellular calcium concentratiq€&'];) in ASM is essential for airway
contraction. Mathematical models suggest that areased amount of ASM in the airway
submucosa is sufficient to cause AHR through meichheffects alon®’. The presence of
increased airway smooth muscle mass in large anall smrways in asthma is well
described®*3and is considered to be a major contributor to thoronstriction of airways,
and persistent airflow obstructibl. The increase in ASM in asthma can be due to
hyperplasid and/or hypertropHy. There are studies demonstrating ASM hypertrophy i
severe asthmi& but not in mild asthnfa There are several studies demonstrating ekat
vivo asthmatic ASM proliferation (i.e. hyperplasia) iscreased compared to
non-asthmatid$*® Studies of ASM obtained by laser capture fromdngisthmatics and
controls have shown that ASM cell number was netsigfold higher in subjects with
asthma, and the amount of ASM in the submucosaineasased 50-83%6As with studies

of hypertrophy of ASM in asthma, there are somalistithat have not demonstrated
increased proliferation of asthmatic AS8 vivo'. Thus, while there is extensive evidence
from multiple laboratories that there is increage®M in asthm&®*® the mechanism
mediating the increased ASM is incompletely unaerdt Current paradigms consider ASM
as a target of mediators released from inflammatetis in the airway that result in ASM
changes (hypertrophy, hyperplasia) and increase®.AHius, the mechanisms behind these
changes in ASM are considered to be mediated byated episodes of airway

inflammation in asthma, rather than an intrinsin@mality in ASM.,



133 Our previous studies of ORMDL3 (oroscomucoid 3yeme on chromosome 1721 which
134 is highly linked to asthma in genome wide asscoiasitudies (GWASY, demonstrated that
135 these mice generated to express universal incredseels of human ORMDL3
136 (hORMDL3*“"™ mice) spontaneously developed increased ASM, nodtased AHR in
137 the absence of airway inflammatfnThese results suggest that ORMDL3 may be a key
138 gene regulating ASM hypertrophy and hyperplasiag amore importantly, that lung
139 structural cells (such as ASM), rather than inflaabony cells, expressing increased
140 ORMDL3, may be the cells contributing to the in@e& AHR as observed in
141  hORMDL3?*“"™ mice. In this study, we make the novel observatibat ORMDL3
142 upregulates cardinal features of asthma includiSd/Aproliferation, contractility, and G&
143 oscillations in ASM cells. We also provide evideniteat ORMDL3 (localized to the
144 endoplasmic reticulum) upregulates sarcoendoplasmic reticulum calcium aSEP 2b
145 (SERCAZ2Db) (localized in proximity to ORMDL3 in thearcoplasmic endoplasmic
146 reticulum)® which regulates CGa flux and contractility in ASM cells. Therefore, ish
147 ORMDL3, SERCA2b, C3 oscillation, and ASM contractility pathway in ASMay be an
148 important genetic pathway intrinsic to ASM leaditmy increased AHR in the 62% of
149 asthmatics harboring the SNP on chromosome 17g2dedi to increased levels of
150 ORMDLS3 expressioft. These studies support the paradigm that ASM asagd AHR in
151 asthma are not only driven by extrinsic inflammatidout can also be mediated by an
152 intrinsic abnormality in lung structural cells suati ASM.
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METHODS
Generation of hORM DL 3> chimeric mice

hORMDL3**“"chimeric mice were generated as described intlireosupplemenit.

ASM studiesin vitro.
The methods for mASM or hASM culture, transfectwith ORMDL3 or SERCA2b, siRNA
knockdown with SERCAZ2b, quantitation of ASM prolid&ion and contraction in vitro, and

gRT-PCR have been described in the online supplefién

Mouse precision-cut lung slices (PCL Ss)
The methods for generation of PCLSs, measuremennhaise airway contraction and
relaxation, and measurement of *Caignaling have been described in the online

supplemerff®

Statistical Analysis
All data are reported as the mean + SEM. A P<0.85 wonsidered significant. Detailed

methods for statistical analysis have been deatiibéhe online supplement.
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RESULTS

Chimeric hORMDL3**“"®mice have increased ASM without airway inflammation

As our previous studies had demonstrated that rEDRMDL3™>“"mice have increased
ASM without airway inflammatiot?, we generated bone marrow chimeric mice in which
the hORMDL3"*“"chimeric mouse had wild type (WT) bone marrow (withexpression
of hORMDL3) and the mouse lung structural cellsregped increased levels of hORMDLS3.
Establishment of chimerism (WT bone marrow int@adiated hORMDLZ*“"recipient)
was confirmed by RT-gPCR demonstrating hORMDL3 egped in the lungs but not the
blood or bone marrow leukocytes of hORMBE3“"chimeric mouse Kig 1A). These
studies demonstrated that 12 week old naive chinm®RMDL3Z"*"mice had increased
levels of peribronchial smooth muscle (p<0.05 vs \W@ntrol) as assessed by image
analysis quantitation of the areaceémooth muscle actin immunostainirigd 1 B-E). The
naive chimerihORMDL3""*“"®mice with increased ASM did not have evidence ofay
inflammation Eig 1F). These studies provide evidence that lung structalh expression
of hORMDLS3 is sufficient to induce increased ASMiapendent of airway inflammation.
However, these bone marrow chimera studies arel@itabdentify which lung structural
cell expressing ORMDL3 (ASM, fibroblast, epitheliung able to induce increased ASM

mass independent of airway inflammation.

Human ASM cells expressing increased levels of ORMDL3 have increased proliferation,

contraction, and expression of SERCA2b
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To determine whether ASM expression of ORMDL3 itseluld contribute to the increased
ASM observed in naive chimeritORMDL3*“®mice, we transfected normal human
ASM cells (hASM) with hORMDL3 Fig 2A, 2B). These studies demonstrated that
Ad-ORMDL3-GFP transfected hASM cells had signifitgnincreased proliferation
assessed by Ki67 mRNAi@ 2C) and hASM cell countsFH{g 2D) as compared to empty
vector control. In addition, Ad-ORMDL3-GFP transfected HAShad significantly
increased contractility in response to acetylctelfAch) Fig 2E, Fig 2F). These studies
demonstrate that increased ORMDL3 in hASM can iedutwreased proliferation and

increased hASM contractility a major feature ohasa.

We have previously demonstrated that hORMEJE8™ mice have increased expression of
the calcium pump SERCAZ2b in their lun§sbut have not previously investigated whether
ORMDL3 regulates SERCA2b in ASM, and whether tlmiuences ASM contractility.
Thus, we transfected Ad-ORMDL3-GFP into hASM cellkich resulted in significantly
increased levels of expression of SERCA2b in hASNg (2G). The importance of
SERCA2b induction by ORMDL3 is suggested from sgobseat studies in which we
transfected normal hASM with Ad-SERCA2b. These i&sid demonstrated that
Ad-SERCAZ2b transfected hASM cells had significantigreased proliferation as assessed
by Ki67 mRNA Fig 2H) as compared to empty vectontrol. In addition, Ad-SERCA2b
transfected hASM cells had significantly increasashtractility compared to control
transfected hASM (p<0.05Fg 2I, Fig 2J), consistent with in vivo studies demonstrating

increased cardiac smooth muscle contractility ircanexpressing increased levels of
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SERCa2b in the hedft™ Incubation of Ad-SERCA2b transfected hASM celishwAch in
vitro resulted in a trend for increased ASM cortitilg which was not statistically
significant (Ad-SERCA2b vs Ad-SERCA2b + Ach) (p=B)iFig 2J). Thus, the majority of
the increased ASM contractility in Ad-SERCA2b triatsed ASM incubated with Ach was
due to Ad-SERCAZ2b transfection rather than Ach.sEhstudies demonstrate that in hASM
cells, increased SERCA2b (a downstream pathway fORMDL3)!**"" can induce
increased proliferation and increased hASM conitiigcproviding evidence for an intrinsic
pathway in hASM in which ORMDL3 upregulates SERCA®Bulting in increased hASM

and increased contractility.

| ncreased airway contraction in hORM DL 3***“"®mouse precision cut lung slices (PCLSs)
To determine whether ORMDL3 expression in the lurfluences airway contraction, we
visualized Figure 3A, and Supplemental Video 1) and quantitatedH{gure 3B-E) airway

contractility in naive hORMDLZ3¢"®

mouse precision cut lung slices (PCLSs) which
reflect thein situ physiology of mASM of relatively smaller airway®wbid of a blood
supply and thus unable to recruit inflammatory mmune cells from the circulation. To
guantitate airway contraction in PCLSs, we usedh BdCh (a cholinergic agonist used to
assess AHR in asthma) and 5-hydroxytryptamine ($AMfich each trigger Gaoscillation
and contraction in ASKf by binding to their respective ASM cell surfaceaptors, which
as a consequence activate different downstream ofeipr coupled pathways each

generating inositol triphosphate §P?"?2 IP; then binds to intracellular $Freceptors on

the SR to release &&rom the SR into the cytopladif
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There was no significant difference in the basediize of airways chosen for testing between
hORMDL3**™® and WT group dupplemental Figure SIA-D). In addition, no
pre-contraction of the airways was observed ineeittORMDL3P>"or WT mice, as none
of the airways showed relaxation to (R,R)-formoteaolong-acting3,-receptor agonist that
relaxes ASM by inactivating MLC kinase and actingtiMLC phosphatasesypplemental
Figure S1IE and S1F). Both MCh §igure 3B) and 5-HT Figure 3C) induced a
dose-dependent increase in airway contraction infiélise PCLSs at 3Z. As compared to
WT mice, the extent of airway contraction in hORMB>“"mice were significantly
increased for both MCH-{gure 3B, 3D, and Supplemental Video 1) and 5-HT Figure 3C,
3E) at all concentrations tested (100 to 2000 nM) sstygg an overall increased airway
contractility in hORMDL3P*“"®mice. A similar pattern of increased airway corticat in
hORMDL3**“®mice were noted at room temperatusapplemental Figure S2). These
studies demonstrate that increased ORMDL3 expnessionaive lung PCLSs without a
blood supply results in increased airway reactitilyagonists including MCh, a major

feature of asthma.

Increased Ca®* oscillation frequency in ASM cellsin hORMDL 3% “"®mouse PCLSs
As ORMDLS3 induced increased ASM expression of SEREAIg 2G), which regulates
[C&®"]; that control ASM contraction, we further examinadhether ASM cells with

increased ORMDL3 expression in PCLSs from hORMt3™ mice could exhibit

12
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increased frequency of &aoscillations in response to either MCh or 5-HT, G&*
oscillation frequency has been implicated in ASMtcactile responses vivo?®2®

No spontaneous Gasignaling was observed in mASM cells derived freither WT or
hORMDL3**“®mijce. In response to both MCh and 5-HT a@7mASM cells in WT
PCLSs showed a rapid onset within 15 seconds dflaiscy increases of [CG4];, which
occurred in the form of GaAwaves propagating along the length of the mASNsdEigure
4A-4E, and Supplemental Video 2). These C#& oscillations were accompanied by
contraction and shortening in mASM cells resultiimgirway contractionKigure 3A). In the
MASM cell in PCLSs of WT miceR{gure 4F), MCh induced a concentration dependent
increase in CA oscillation frequency in a similar way as obseriredirway contraction. As
compared to WT mice, the €aoscillation frequency in mASM cells in PCLSs of
hORMDL3**“™®mice were significantly increased for both MQFigure 4G and 4H) and
5-HT (Figure 4l) at all concentrations tested (100 to 2000 nM). Ailsir pattern of
increased CA oscillations in MASM cells of hORMDI28*“" mice were noted at room
temperature upplemental Figure S3). These results demonstrate that in the absence of
airway inflammation, mASM cells with increased ORMD expression exhibit increased

Cd* oscillation frequency response to agonists. ThuASM with increased Ca

oscillations is associated with increased airwaytrewtility in hORMDLZ* “"®mice.

Knockdown or inhibition of SERCA2b inhibits ASM contractility and Ca** oscillations
To determine the role of SERCA2b expression induye@®RMDL3 in mediating increased

contractility and C& oscillations in hASM, we initially demonstratedaththe levels of
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SERCAZ2b in mASM cells derived from hORMD1?3“"mice were increased compared to
WT mice Fig 5A) as quantitated by RT-gPCR. In hASM, SERCA2b butStBRCA2a was
detected Fig 5B). We then used siRNA to knockdown SERCA2b expressidtASM cells.
siRNA knockdown of SERCA2b was efficient in hASMIsgFig 5C). siRNA knockdown

of SERCA2b significantly inhibited hASM contraction vitro in response to histamine
starting within 15 minutes of exposure to histanfifigy 5D). Control scrambled siRNA did
not inhibit histamine induced hASM contraction. $beesults demonstrated an important

role of SERCA2b in ASM contractilityn vitro.

To further confirm the role of SERCA2b in airway nt@ction and underlied &a
oscillations in ASM cells, we investigate the etfe€ cyclopiazonic acid (CPA), a specific
SERCA pump inhibitd®, on the MCh-induced airway contraction, as welltlas C&"
oscillations in ASM cells in mouse PCLS&id 5E-H; supplemental Figure $4).
Treatment of MCh-contracted airways with CPA (fr&®0 nM to 5uM) relaxed airway
contraction in a concentration-dependent maniRigy 3E and 5F), 5uM CPA could induce
nearly 73% relaxation as normalized to the con{fily 5F). Consistently, CPA also
inhibited MCh-induced C4 oscillations in a concentration-dependent manhigy. 6G and
5H), while 5 M CPA gradually stopped @aoscillations in 15 minKig. 5G). Taken
together, these results suggest that SERCA2b estpresr activity is important to sustain
ASM contractility via regulating Ga oscillation frequency in ASM cells. Thus, incredise

SERCA2b expression induced by ORMDLS3 in ASM cetsild contribute to the increased
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reactivity of ASM in response to agonists such &hhind 5-HT as observed in the PCLSs

of hORMDLZF"*“"®mice.

DISCUSSION

This study makes the novel observation that ORMBk@ression in ASM may explain the
strong genetic linkage of ORMDL3 on chromosome 17¢2 asthm®&. In addition, this
study provides evidence that intrinsic expressiba gene highly linked to asthma in ASM
can lead to increased ASM proliferation and coniigc independent of extrinsic
inflammation. Thus, asthma may be a disease of Aty inflammation as well as an
intrinsic change in ASM. In support of this, we dmemtrate that ORMDL3 expression in
ASM cellsin vitro induces increased ASM proliferation and increa&8M contractility to
Ach. In addition,in vivo studies demonstrate that naive hORMBEES chimeric mice with
ORMDL3 expressed in lung structural cells (but mobone marrow derived inflammatory
and immune cells) have increased ASM in the absehteng inflammation. Importantly,
in vivo studies demonstrate that ASM in naive hORMBES™mouse PCLSs without a
blood supply have increased contractility and iaseel C& oscillation frequency, a
fundamental signaling mechanism mediating ASM @mtion, in response to MCh and
5-HT. Taken together, these studies underscorarthertant role that ORMDL3 expressed
in ASM plays in inducing increased ASM proliferatiand increased ASM contractility to
MCh, a major feature of asthma. However, this stiglyunable to determine whether

ORMDL3 induces increased AHR by effects on incregsASM proliferation and/or by
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increasing ASM contractilityAs ORMDL3 is highly linked in genetic epidemiologiudies

to childhood asthntd ORMDL3 expression in ASM may help to explain whgividuals
with the SNP linked to chromosome 17921 and ine@a®RMDL3 expression have
increased AHR, a major feature of asthma.

The concept that Th2 inflammation is importanthie tevelopment of allergic disease in the
upper airway and lower airway is well accepted. o&r, there is limited insight into why
certain individuals with the same level of Th2 amfimation will either only have allergic
rhinitis (with no asthma), while others will havideagic rhinitis and asthma. In this study we
provide evidence that ORMDL3, a gene most highiikdd to asthnid (but not linked to
allergic rhinitisf°, when expressed in a lung structural ASM cellsvitmo or in vivo
spontaneously induced increased airway contractila MCh without an additional
inflammatory stimulus. This may help to explain hdk2 inflammation when combined
with an ASM expressed asthma associated gene su@RMDL3 can result in allergic
rhinitis and asthma, whereas Th2 inflammation alonéhe absence of an abnormality in
ASM may result in allergic rhinitis but not asthn@RMDL3 has been linked asthmdut
not to allergic rhiniti€’, underscoring differences between asthma andgalehinitis. In
addition, the SNP linked to increased ORMDL3 exgi@s in asthma is common affecting
approximately 62% of childhood asthmatfcsAnother example of a structural gene being
important to allergic disease is the loss of fumttdf the filaggrin gene in epithelial cells in
the skin in atopic dermatitis which influences marifunction in Th2 inflammation in the

skin*h,

16



349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

Previous studies have also provided evidence tli#R Aan be independent from airway
inflammation. For example, a study of allergic asdtics did not find a correlation between
AHR to MCh and levels of inflammatory cells in spuot, BAL, or bronchial biopsy. In
addition, inhaled corticosteroids can effectivedgluce levels of airway inflammation, but
only attenuate AHR. Patients with eosinophilic bronchitis can alsovehasevere
inflammation but no AH®. Population studies have also demonstrated thaR Ada
heritable trait, with an estimated heritability 80 to 669%** Thus, while airway
inflammation plays an important role in the pathoggs of asthma, there are likely genetic,
as well as airway components (airway inflammati@inyay remodeling) that all contribute

to levels of AHR in asthni&

Our study also provides evidence that SERCA2b neathb downstream pathway by which
ORMDL3 influences ASM contractility. Our prior stied have demonstrated that in human
lung epithelial cells increased expression of hORMDactivates several downstream
pathways including ATRE SERCAZ2b, sphingolipids, chemokines, and remodelin
pathway$®’. As ORMDL3 regulates several downstream pathwagsne downstream
pathways may be more important in ASM compared tioero cell types expressing
ORMDLS3. For example, the importance of increaseRGE2b to ASM hypertrophy and
increased contractility is suggested from studieshe heart, in which mice expressing
increased levels of SERCAZ2b in the heart had isa@aardiac contractility with increased
Cc&”* flux in cardiomyocytes, and increased cardiac neusgpertroph§*?> SERCA are

intracellular ATP driven G4 pumps that transport €afrom the cytoplasm into the
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sarco-endoplasmic reticuldfit’ (the domain of the endoplasmic reticulum that $ack
ribosomes). SERCA proteins are encoded by threesggancal, Serca2, and Serca3, of
which SERCA2 is the only SERCA expressed in A& Alternative splicing of the
Serca2 gene encodes two major protein isoforms, SERCAZachw is expressed
predominantly in cardiomyocytes and slow twitchlet@ musclé®®’ while SERCA2b, the
focus of this study is expressed in ASM and mastg® > Much of the C& entering the
ASM cell and released from stores may be sequekteyethe superficial SR through
SERCA. Cycling between SR &auptake and release mechanisms leads t6" Ca
oscillation$’?® Force generation by ASM is dependent on actin-simya@ross-bridge

28 \When cytosolic C& levels are increased, the combination of*Cand

formatiorf
calmodulin activate myosin light chain (MLC) kinasehich phosphorylates MLC, leading
to enhanced contractidif. Therefore, ASM cell contraction is regulated hg frequency
of oscillations in [C&7*"*® which correspond to the speed of cyclic releds€a" from
the SR and re-uptake of €drom the SR by SERCA®*. In this study we demonstrate that
ORMDL3 increases levels of SERCA2b in ASM which a@ssociated with increased
frequency of C& oscillations in ASM. In addition, increased levelsSSERCA2b in ASM
increases ASM proliferation, while siRNA knockdowsf SERCA2b reduces ASM
contractility. Furthermore, inhibition of SERCA lgiving CPA in PCLSs reduced &a
oscillation frequency in ASM cells and thus airn@yntraction in a dose-dependent way.
These results together suggest that SERCA2Db, regulay ORMDL3 in ASM, plays an
important role in sustaining agonists-induced®'Cascillations in ASM cells and is

3-Cre,

associated with increased airway contractility lzew in PCLSs of hORMDL mice.
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414

Transfection of SERCA2b into ASM resulted in greagahancement of contraction than
that noted with transfection of ORMDLS3. One possibkplanation for these results is that
transfection of ORMDL3 not only increases SERCARbDI¢h increases ASM contractility),
but also inhibits the function of the enzyme senradmitoyltransferase or SPT(which
could reduce ASM contractility). For example, irased levels of ORMDL3 inhibit the
enzyme SPT, the first and rate limiting step inisgablipid synthesis resulting in lower
levels of sphingosine 1 phosphate ($1P)s S1P induces ASM contractfdnlower levels

of S1P induced by increased levels of ORMDL3 cadduce ASM contractility. Thus,
ORMDL3 induction of SERCA2b could increase ASM gauwtility, while its concomitant
induction of the enzyme SPT could reduce S1P athdceeASM contractility. Thus, the net
effect of ORMDL3 on ASM contractility may be ledgan that of SERCA2b, because of the
induction not only of SERCA2b, but also inhibitiai S1P by ORMDL3.Interestingly,
therapeutically targeting &asignaling pathways in smooth muscle in asthmatioénce
smooth muscle contractility and AHR is currentlyamtive area of investigatiéh However,
there are also studies which question whethéf €ignals change in asthmatic ASM while

stimulated with agonist&*®

Interestingly, some studies have reported thatedsed expression of SERCA in ASM from
asthmatics contributes to airway remodéeiingt should be noted that our study differs from
the prior stud$? in examining the effect of increased ORMDLS3 (siatirlg asthmatics with
the SNP on chromosome 17q21 linked to increased DE3Vexpression) on SERCA2b in

ASM, whereas the prior study did not genotype astios to determine whether they had
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436

the SNP associated with increased ORMDL3 expressibich we demonstrate is
associated with increased SERCA2b expression. Tiwes,hypothesize that based on
genotype not all asthmatics will have increased GERb expression. In addition, prior
studies have demonstrated that suppressed SERCAyimkines might slow [CH];
response to agonists, and thus maintain a relgthigh [C&"]; leading to increased ASM
contractility*®. In agreement with this, our results showed tresttment of PCLSs with high
dose (10uM) of CPA stopped MCh-induced &aoscillations and lead to a rise of fCJa
baseline in ASM cells with partially contractedveary (supplemental Fig $4). However,
lower dose of CPA (from 500 to 5000 nM) reduced’@scillations and airway contraction
in a dose-dependent manner, suggesting that unaertain range, increased/decreased
SERCA is proportional to increased/decreased®* Cascillations and therefore
increased/decreased airway contraction, while folock or knockdown of SERCA would
result in an [C&]; plateauthat mediates only impaired ASM contraction respons

agonistd’.

ORMDL3 is expressed in multiple cell types incluglitung structural cells (epithelium,
smooth muscle) and immune and inflammatory cells d@lls, eosinophils, and
macrophage$j*’. As the SNP linking chromosome 17¢21 to asthmassociated with
increased ORMDL3 expressibrwe have previously used cre-lox techniques to igeae
mice selectively deficient in ORMDL3 in airway epiium ©rmdi3*>¥423cc10)* to
simulate an inhaled therapy that effectively intadiORMDL3 expression in the airway. In

contrast to the anticipated reduction in AHR, géer challenge®rmdi3'23423CC10 mice
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had a significant increase in AHR compared to WT celi Levels of
sphingosine-1-phosphate (S1P) were significanttyeiased irOrmdi3>¥423CC10 mice as
well as in airway epithelial cells in which ORMDL®as inhibited with siRNA and
incubation of S1P with ASM cells significantly imased contractilify. Overall,
Oormdi3*¥423CcC10 mice exhibit increased allergen induced AHR indeleen of
inflammation and associated with increased S1P rgéng*’. These studies suggest that
therapies that selectively and effectively inhiBRMDL3 in airway epithelium in asthma,
may not be the best cell to target. Further studiesneeded to determine whether targeting

reduction of ORMDL3 in airway ASM would reduce AHR.

In summary, in this study we provide evidence that intrinsic gain of function in
ORMDL3 in ASM can influence ASM contractility in @#sna, by demonstrating that
increased ORMDL3 expression in ASM cells inducaseased expression of SERCA2b
with consequent increased Cascillation in ASM cells, and increased ASM contiliy.
Overall, these studies provide evidence that ORMDa3gene on chromosome 17g21
highly linked to asthma in GWA®)can induce increased ASM contractility in the alose
of inflammation. As AHR may conceptually be drivey either chronic inflammation
inducing increased ASM contractility, and/or arrimgic change in ASM inducing increased
ASM hyperplasia and contractility, this study pibes evidence that targeting a gene
inducing a fundamental abnormality in ASM such aRMIDL3, may result in a new

therapeutic approach to the treatment of asthma.
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662 FIGURE LEGENDS

663

664  Figurel. hORMDL3**®chimeric miceand increased airway smooth muscle

665  Wild type (WT) and hORMDL%*°"™ mice (n= 8 mice/group) were irradiated and each
666 injected i.v. with WT bone marrow and sacrificed t@eks later. A) Efficiency of
667 chimerism was assessed by RT-qPCR to detect expmesshuman ORMDL3 in blood and
668 lungs. B-E). Lungs of chimeric mice (n= 8 mice/group) were iomastained with an andi-
669 smooth muscle actin antibody and the area of pmnidrial antie smooth muscle actin
670 immunostaining quantitated by image analysiB). (Lungs of chimeric mice (n= 8
671 mice/group) were immunostained with either an &4, anti-F4/80, anti-MBP, or
672 anti-neutrophil elastase antibody and the numbepeafbronchial cells immunostaining

673 positive quantitated by image analysis.
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Figure 2. ORMDL3, SERCAZ2b, and airway smooth muscle proliferation and
contraction

Primary human airway smooth muscle cells (hASM) ewvetransfected with
Ad-ORMDL3-GFP or as a control the empty vector ABFG Efficiency of transfection
was assessed by immunofluorescence microscapwrid FACS B). hASM proliferation
was assessed 72 hours later either@yRT-qPCR of Ki67 mRNA levels (n= 3/group), or
(D) by ASM cell counts by light microscopy (n= 6/groufe-F). hASM contraction (n=
3/group) was assessed in a gel contraction assA8M cells transfected with either
Ad-ORMDL3-GFP or Ad-GFP in the presence or absepnteacetylcholine (Ach).
Ad-ORMDL3 vs Control, p<0.05; Ad-ORMDL3 vs Ad-ORMDBtAch, p<0.05;
Ad-ORMDL3+Ach vs Control +Ach, p<0.05; Ad-ORMDL3 vSontrol + Ach, p= 0.20 ;
Control vs Control + Ach, p<0.05G]|. Levels of SERCA2b (n= 3/group) were quantitated
by RT-gPCR in hASM cells transfected with either-@&MDL3-GFP or Ad-GFP.H)
Levels of hASM proliferation (n= 3/group) were assed by RT-qgPCR of Ki67 mRNA
levels in hASM cells transfected with either Ad-SE&2b or control. -J). hASM
contraction (n= 3/group) was assessed in a getactian assay in hASM cells transfected
with either Ad-SERCA2b or Ad empty vector controlthe presence or absence of Ach.
Ad-SERCA2b vs Control, p<0.05; Ad-SERCA2b vs Ad-SEA2b+Ach, p=0.13;

Ad-SERCA2b3+Ach vs Control +Ach, p<0.05; Ad-SERCARks Control + Ach, P<0.05.
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Figure 3. hORMDL 3**“"® mice have increased airway contraction compared to WT
mice

(A)  Representative phase-contrast images of two ainwvagsprecision cut lung slices
(PCLSs) derived from WT and hORMD$™® mouse, respectively, under resting
condition (left panel, scale bar = 10fn), exposed to 2000 nM MCh (right panel) alG7
The response of airways in PCLSs derived from Wiigine) and hORMDL%*“" (red
line) mouse, respectively, to increased dose of NB)tand 5-HT C) at 37C, followed by

a comparison of dose response curve to MOhafd 5-HT E) between WT (blue line) and
hORMDL3** " (red line) mouse. hORMDI®“"®vs WT, *P<0.05. Each line in (B) and
(C) represents the mean and each point repredentag¢an + SEM at selected time points
of the airway lumen area normalized to the iniize att = 0 s. Data in (B) and (D) “WT”
represent n = 9 airways, “hORMDI’3 ™ represent n = 11 airways from 5 mice,
respectively; data in (C) and (E) “WT” represent=n9 airways, “hORMDLZ3>C"®

represent n = 13 airways from 5 mice, respectively.

Figure 4. hORMDL 3**“"® mice have increased Ca** oscillations in airway smooth
muscle cells compared to WT mice

(A-D) Representative 2-photon images of MCh-induced @scillations in the same airway
smooth muscle cell (labeled ASMC with white arraw)mouse precision cut lung slices
(PCLSsS). A cycle of C4 oscillations in the same ASMC over time can beafized inA-D

as a change in fluorescence intensity of OregoreG(gvhite color change in ASMC in

figure A-C, and normalized intensity change in figDerecorded at baseline pre-MCh at 0
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s (A), and at two time points after MCh, 1.07B9,(and 1.97 sQ) (scale bar = 20um)E]
Representative trace shows that 400 nM MCh indu@&d oscillations in an ASMC at
37°C, which sustained untii MCh was washed off by sBB&dding back MCh would
induce C&" oscillations again. Representative traces sho® 6scillations of ASMC in
PCLSs derived from WTH) and hORMDL3**“"®mouse G), respectively, response to
increased dose of MCh at%&7, followed by a comparison of dose response ctowdCh
(H) and 5-HT () between WT (blue line) and hORMD3°"® (red line) mouse.
hORMDL3P3*C"® ys WT, *P<0.05. Representative traces are expiesseintensity (ff
normalized to the initial intensity at t = 0 g)Fmeasured from a region of interest with size
of 8 x 10 pixel within a single ASMC. Data i) “WT” represent n = 26 ASMCs,
“hORMDL3%**™ represent n = 31 ASMCs from 5 mice, respectivelgta in () “WT”
represent n = 17 ASMCs, “hORMDI3 ™ represent n = 26 ASMCs from 5 mice,

respectively.

Figure 5. Knockdown or inhibition of SERCA2b inhibits airway smooth muscle
contractility and Ca®* oscillations

(A). RT-gPCR was used to detect levels of SERCA2b RN mouse airway smooth
muscle (MASM) derived from either hORMDT3“® mice or WT control mice (n=
6/group). B) Levels of SERCA2a and SERCA2a and 2b mRNA wereniijated by
RT-gPCR in human ASM (hASM) cells (n= 6/groupX)( Levels of SERCA2b mRNA
were quantitated in hASM cells in which SERCA2 siRiNas used to knockdown SERCA.

Scrambled siRNA was used as a control (n= 4/graiy).hASM contraction was assessed
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in a gel contraction assay for 0-60 minutes inghesence of histamine in hASM cells in
which siRNA (or scrambled control siRNA) was usekhockdown SERCA2 (n=8/group).
SERCA2 siRNA vs Scrambled siRNA. **P<0.0IE)(The effect of cyclopiazonic acid
(CPA) (500 to 5000 nM) on airways contracted wiB04M MCh in precision cut lung
slices (PCLSs) derived from WT mice, followed W) @ summary of relaxation effect
normalized to control. Controls were treated wighicle of 0.5% DMSO in sHBSS, P<0.01.
Each line in E) represents the mean and each point representsehe + SEM at selected
time points of the airway lumen area normalizedh® initial size at t = 0 s. Data iff)(
represent n = 8 - 10 airways for each bar from &emi G) Representative trace shows 5
uM CPA gradually stopped &aoscillations induced by 400 nM MCh in a mASM dell
mouse PCLSsH) A summary for the effect of CPA on €ascillation frequency induced
by 400 nM MCh in mASM cells in PCLSs, P <0.05. Data(H) represent n = 17 - 19

mMASM cells for each bar from 5 mice.
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MATERIALSAND METHODS

Animal careand use.
All the mouse experimental protocols describedhm online methods were approved by
the UCSD and University of Massachusetts Medic&loSt Institutional Animal Care and

Use Committees.

Generation of hORM DL 3%*“"® chimeric mice

hORMDL3**“"®mice on a C57BI/6 background which universally essrthe human
ORMDL3 gene were genotyped to confirm expressiothefhuman ORMDL3 gene and
utilized in these studies as previously descrilethis laboratory*. Littermate controls are
referred to as wild type (WT) mice. Recipient m{géT and hORMDL3"*“"mice) were
irradiated once with 450 rad. Donor bone marrowifi&/T or hORMDL3P*“"mice was
isolated from both tibias and fibulas, and appratety 10 million cells were injected 1
hour after irradiation to recipient mice via taéins. Mice were rested for 30 days before
sacrifice Efficiency of chimerism was assessed by RT-gPCRetect human ORMDL3

expression in peripheral blood and lung.

Lung processing
Lungs were processed for immunohistology (paragfimbedded lung sections) as
previously described in this laboratbfy For paraffin-embedded sections, lungs were

equivalently inflated with an intratracheal injecti of the same volume of 4%
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paraformaldehyde solution (Sigma Chemicals, St.id,0MO) to preserve the pulmonary

architecture.

Peribronchial smooth muscle layer.

The thickness of the mouse airway smooth musclerlggnASM) was measured by
a-smooth muscle actin immunohistochemistry as prestio describe®. Lung sections
were immunostained with an antksmooth muscle actin primary Ab (Sigma-Aldrich) to
detect peribronchial smooth muscle. Species- antype-matched Abs were used as
controls in place of the primary Ab. The area aflp@nchiala-smooth muscle actin staining

in paraffin-embedded lungs was outlined and quiadtitinder a light microscope (Leica
DMLS, Leica Microsystems) attached to an imageyaisisystem (Image-Pro Plus, Media
Cybernetics, Bethesda, MD) as previously descfibéRlesults are expressed as the area of
peribronchiaki-smooth muscle actin staining per micrometer lerngthasement membrane

of bronchioles 150-200m internal diameter.

Lung inflammation: eosinophils, CD4+ lymphocytes, neutrophils, and F4/80 positive
macr ophages

Levels of lung eosinophils, CD4+ lymphocytes, nephils, and F4/80 positive
macrophages were quantitated in the peribroncpetesin mouse lung sections processed
for immunohistochemistry using an anti-mouse MBP (Rimdly provided by James Lee
PhD, Mayo Clinic, Scottsdale, Arizona), an anti-m@uCD4 Ab (GeneTex), an

anti-neutrophil elastase antibody (Santa Cruz),amdnti-mouse F4/80 Ab (AbD Serotec)
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as previously describE¥ The number of individual cells staining positi#e the
peribronchial space was counted using a light ,smwpe. Results are expressed as the
number of peribronchial cells staining positive pesnchiole with 150-200m of internal

diameter. At least five bronchioles were countedanh slide.

Human airway smooth muscle transfection with ORMDL 3 or SERCAZ2b in vitro.

Human airway smooth muscle cells (hRASM) were tractefd with 1.5 MOI of either
Ad-ORMDL3-GFP or Ad-GFP without the ORMDL3 inseid a control (OriGene), and
Ad-Serca2b (custom made, ViGene, Rockville, MD) Aor without the SERCA2b as the

control. hASM proliferation and contraction werdeatenined 72 h after transfection.

Human airway smooth muscle proliferation and contraction in vitro.

hASM cell counts were performed by either RT-gPGRedtion of levels of Ki67 mRNA,
or quantitation of ASM cell number by light micragy. hASM cells were used in an
vitro smooth muscle gel contraction assay, previouslyréiesd in our laboratofy. Briefly,
transfected ASM cells were seeded in collagen fge¢sof LPS (Advanced BioMatrix, San
Diego, Calif). After 3 day incubation in collageelg containing smooth muscle complete
media (ScenCell), hASM cells were cultured in tihhespnce or absence of an agonist (50
pl acetylcholine or histamine) or media control fbs, 30, and 60 minutes. With
agonist-induced hASM contraction, the area of takedgcreases significanfy The area

of the gels was quantitated by using a Bio-Rad kdg transilluminator and Versadoc
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scanner (Bio-Rad Laboratories, Hercules, Califhveih accompanying image-capture and

analysis program to generate area in square mikirae

gqRT-PCR
Quantitative RT-PCR (gRT-PCR) was performed as iptwly described in this
laboratory>. In brief, total RNA was extracted with RNA-STAD§Tel-Test) and reverse
transcribed with Oligo-dT and SuperScript Il kitifd Technologies). qRT-PCR was
performed with TagMan PCR Master Mix and Ki67, &RSCA2b primers (all from Life
Technology). The relative amounts of transcriptsenermalized to those of housekeeping
gene (GAPDH) mRNA and compared between the difteganes by theAA cycle

threshold method as previously described in thistatory.

Preparation of mouse precision-cut lung slices (PCL Ss)

Either wide type (WT) or hORMDI®*“"™ mouse (5-7 weeks old, male) was killed by
cervical dislocation at UCSD. After opening therdmc cavity, the lungs were inflated
with ~1 mL air via an intratracheal catheter, teghtoy a thread on the top end of the
trachea, and shipped in DMEM supplemented with 20 REEPES at 4C overnight to
University of Massachusetts Medical School. Theglumas then warmed up to ~87
deflated by inserting an intratracheal catheted fmther inflated with ~1 mL of 1.8%
agarose in sHBSS, followed by ~0.2 mL air at*%37The agarose was then gelled witltG-4
sHBSS. The lung lobes were removed and sectionid~h80 um thick PCLSs by a

vibratome (VF-300, Precisionary Instruments, Grdénv NC, USA) as previously

5
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describeli”. The PCLSs were maintained in DMEM with antibistat either 3T or 25C
and 10% CQ for up to 2 days. The PCLSs experiments were padd at 37C with
constant perfusion using a custom-made, temperatmolled microscope enclosure as

previously describéed.

M easurement of mouse airway contraction and relaxation

Briefly, mouse PCLS was mounted on a perfusion dwancreated by sandwiching the
PCLS between two cover-glasses with the edgesdbslsilicone grease. A 2Q0n nylon
mesh with a hole aligned over a selected airway used to hold down the PCLS.
Phase-contrast images of airway lumen in respanddferent compounds was collected at
a rate of 1 image per 2 seconds with a CCD camenantad on an inverted microscope
(Nikon Diaphot or Olympus IX71) with a 10X objeativ and controlled by a
custom-programed software based on Video Saval@ fustries, Montreal, Canada) as
previously describéd. The change in lumen area of a selected airwayamatyzed by
ImageJ, then normalized by the formulae: % inaiaa = the lumen area at a certain time /
initial lumen area to quantify the airway contrhistias describe®. For the airway
contraction assay, the normalized contraction atifp time point (5, 15, 25, 35, 45 min,
respectively) when responding to a different cotregion of agonists were used for

dose-response curve drawing and statistical asalysi

To record cyclopiazonic acid (CPA) induced airwa&jaxation (%), we initially

normalized the contractile state of an airway (mead at the mid-time point at 30 minutes

6
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in figure 5E) to its own initial contraction (measd at 15 minutes) by the formulae: %
Relaxation (R) = (Are@min- Areasmin)/(100 - Areasmin). We then normalized the CPA
induced relaxation to the amount of relaxation thaturred in the control response by the
formulae: % Normalized Relaxation = {R- Reontro)/(100 - Ronro). These normalized
relaxation responses to different concentrationsCBA were used for comparison and

statistical analysis.

M easurement of intracellular Ca®* signaling

Briefly, mouse PCLSs were incubated with sHBSS @ioimg 20uM Oregon Green (OG)
488 BAPTA-1-AM, 0.1% Pluronic F-127 and 2@d1 sulfobromophthalein (SB) in the
dark at ~36C for ~1 h, followed by sHBSS containing 200 SB for an additional 30 min
at room temperature to allow the de-esterificatdb®G. The mouse PCLS was mounted in
the perfusion chamber as described above. Thecéllmtar C&" signaling as reflected by
the fluorescence change of OG in ASM cells of PClw&s monitored with a custom-built,
video-rate scanning 2-photon laser micros€péat a rate of 15 images per second, and
controlled by a custom-written image acquisitioritware based on Video Savant. The
fluorescence intensity in a region of interest (R®k 10 pixels) within an ASM cell, with
respect to time, was determined using custom-wrigeftware. Relative fluorescence
intensity was expressed agHg, a ratio of the fluorescence intensity at a pakictime (k)

normalized to the initial time @
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Mouse airway smooth muscle (mMASM) cell culture

Mouse airway smooth muscle (mASM) was obtained fkifi and hORMDL3*“"™mice

as previously describEl In brief, after mouse sacrifice, the tracheasewexcised, cut
longitudinally with a scalpel to expose the lumerd dhen transferred to 0.14% Pronase
(Roche Applied Science) in Ham's F-12 nutrient medand incubated at 4°C overnight.
The tracheas were then brushed with a cotton swaterhove the remaining adherent
epithelial cells, cut into small pieces30 per trachea), and cultured in DMEM/F-12 and
10% FBS for attachment and outgrowth. Four daysrlanASM cell outgrowth was
apparent, and the cells were left to multiply fomire days, after which they were
trypsinized and plated into a 175-tftask. Confluency was reached within about 3-5sday

Experiments were done on the second passage, whgkplit 1:2 from the first passage.

Human airway smooth muscle culture and transfection with SERCA2b siRNA

Primary hASM were obtained from Sciencell (Carlsb@d)™® .hASM were maintained

and cultured in flasks or plates (6, 24 and 96 weding smooth muscle cell media with
smooth muscle growth supplement (ScienCell) andf@ bovine serum. hASM were
transfected with either control siRNA or SERCA2 NiR (100nM) by using transfection

reagents siTranl1.0 (OROGENE) and Opti-MEM (Thernsh&r Scientific) according the

manufacturer's instructions. The transfected hAS#llscwere used 48 hrs after the
transfection in all experiments. We assessed fimegicy of SERCA2a and SERCAZ2a and

2b gene knockdown by gRT-PCR as previously destiib¢his laboratory’. There are no

8
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primers specific for SERCA2b. In brief, total RNAag extracted with RNA-STAT-60
(Tel-Test) and reverse transcribed with Oligo-d@ &uperScript 1l kit (Life Technologies).
gRT-PCR was performed with TagMan PCR Master Mig &ERCA primers (all from
Life Technology). The relative amounts of transitsripvere normalized to those of
housekeeping gene (GAPDH) mRNA and compared betweatrol sSIRNA transfected
samples and ATF6 siRNA transfected samples by tiA\ cycle threshold method as

previously described in this laboratbty

Chemicals and reagents

Oregon Green 488 BAPTA-1 AM was obtained from Lichnologies (Grand Island, NY,
USA); Ryanodine was obtained from Abcam Inc. (Cadd®, MA, USA); Other reagents
were obtained from either Sigma-Aldrich (St. LouMO, USA) or Thermo Fisher
Scientific (Pittsburgh, PA, USA). Hanks’ BalancedltSSolution (HBSS) supplemented
with 20 mM HEPES buffer (sHBSS) was adjusted to pM. Hanks' 0-C& solution
(0-C&* sHBSS) was prepared by supplementing HBSS witBatit with 20 mM HEPES,
0.9 mM MgSQ and 1 mM NagH,-EGTA. The stock solutions for CPA were prepared in
DMSO with final working solutions containing 0.01%r less) DMSO. Corresponding

concentrations of DMSO were included in all congolutions.

Statistical Analysis
UCSD: Results of experiments performed at UCSD (Kidrig 2, and Fig 5 A-D) were

analysed using GraphPad Prism (San Diego, CA)d#tkh are reported as the mean £ SEM.

9



198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

A P<0.05 was considered significant. A t test wagdufor analysis of two groups.

ANOVA analysis was use when more than two groupgwempared.

University Massachusetts: Results of experimentgfopaed at the University

Massachusetts (Fig 3, Fig 4, Fig 5E-H, Supplementi, S2, and S3) were analyzed using
Origin 2016 software (OriginLab Corporation, Nortiaton, MA). All data are reported as
the mean + SEM. A P<0.05 was considered signifidaot multiple comparisons, one-way
(Figure 5F, 5H) or two-way (Figure 3D, 3E, 4E, 4kdasupplemental Figures S2C, S2D,
S3C, S3D) ANOVA analysis of variance followed Tuleetionestly significant difference
analysis (Tukey's HSD). For between group comparisd supplemental Figure S1, a

paired/unpaired samples t test was used.
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SUPPLEMENTAL FIGURE LEGENDS

Figure S1. No size difference or pre-contraction was observed on tested airways
derived from either hHORMDL 3%*“"® or WT mice

There was no difference in the initial airway lumarea recorded for analysis in
hORMDL3***" compared to WT mice at room temperatuk@ 6r body temperature
(B).

There was no difference in the initial airway sizecorded for analysis in
hORMDL3** "™ compared to WT mice at room temperatud ¢r body temperature
(D). A representative trace shows that 400 nM (Rdrpbterol can relax MCh-induced
airway contraction ), but not airways (without stimulation) derivedorin either
hORMDL3™*“"(red line) or WT mice (black line)}f). Each line in ) represents the
mean and each point represents the mean + SEMeatesk time points of the airway
lumen area normalized to the initial size at ts: @ata in (A) and (C) “WT” represent n
= 13 airways, “hORMDLEF* "™ represent n = 13 airways from at least 4 mice,
respectively; data in (B) and (D) “WT” representnl7 airways, “hORMDL¥3C™
represent n = 20 airways from at least 5 mice,getbely; data in (F) “WT” represent n

= 3 airways, "hORMDL3zp3-Cre” represent n = 4 aipwérom 3 mice, respectively.
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285

286  Figure S2. hORMDL 3%*“"® mice have increased airway contraction compared to
287  WT mice

288 The response of airways in PCLSs derived from wide (WT, blue line) and
289  hORMDL3**“"(red line) mouse, respectively, to increased @é3dCh (A) and 5-HT
290 (B) under room temperature, followed by a comparisbdose response curve to MCh
291  (C) and 5-HT (D) between WT (blue line) and hORMBE3"™ (red line) mouse.
292  hORMDL3**“"®vs WT, *P<0.05. Each line in (A) and (B) represettie mean and
293 each point represents the mean + SEM at selectedgoints of the airway lumen area
294 normalized to the initial size at t = 0 s. Data(@) and (D) “WT” represent n = 6
295 airways, “hORMDL3P*°™ represent n = 9 airways from 4 mice, respectivelta in
296  (C) and (D) “WT" represent n = 8 airways, “hORMDP3“™ represent n = 6 airways
297 from 4 mice, respectively.

298

299  Figure S3. hORMDL 3%*“"® mice have increased Ca”" oscillations in airway smooth
300 muscle cells compared to WT mice

301 Representative traces show?Cascillations of ASM cells in PCLSs derived fromlavi
302 type (WT) (A) and hORMDLZ*“"*mouse (B), respectively, response to increasee dos
303 of MCh under room temperature, followed by a corguer of dose response curve to
304 MCh (C) and 5-HT (D) between WT (blue line) and H@ERL3%**“"(red line) mouse.
305 hORMDL3*™*“"™ys WT, *P<0.05. Representative traces are expteasdntensity (ff

306 normalized to the initial intensity at t = 0 g)Fmeasured from a region of interest with

14
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328

size of 8 x 10 pixel within a single ASM cells. @an (C) “WT” represent n = 12 ASM
cells, “hORMDLZ?*“™ represent n = 13 ASM cells from 4 mice, respediydata in
(D) “WT" represent n = 10 ASM cells, “hORMDEZ " represent n = 13 ASM cells

from 4 mice, respectively.

Figure S4. The effect of 10 pM CPA on airway contraction and Ca”* oscillationsin
ASM cdlsinduced by 400 nM MCh in mouse PCL Ss

(A) The effect of 10uM CPA on airways contracted with 400 nM MCh in meus
PCLSs, followed by (B) a summary of relaxation effeormalized to control. Controls
were treated with vehicle of 0.5% DMSO in sHBSSPPS. (C) Representative trace
shows 10uM CPA gradually stopped 400 nM MCh-induced*Cascillations and lead
to an increased Gabaseline in an ASM cell of mouse PCLSs Each lime(A)
represents the mean and each point representseidne fi'SEM at selected time points of
the airway lumen area normalized to the initiabsit t = 0 s. Representative traces (C)
are expressed as intensity)(formalized to the initial intensity at t = 0 g)Fmeasured
from a region of interest with size of 8 x 10 pixéthin a single ASM cells. Data in (A)
and (B) represent n = 8 - 10 airways for eachfiiom 5 mice. Data in (C) represent n =

7 ASM cells from 5 mice.
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SUPPLEMENTAL VIDEO LEGENDS

Video S1. Airway contraction in mouse precision cut lung slices

A representative comparison of airway contractimmiouse precision-cut lung slices

(PCLS) induced by increasing doses of MCh in hORNIHt“"®and WT mouse.

Video S2. Ca** oscillationsin airway smooth muscle cellsin mouse precision cut

lung dlices

Representative Ghoscillations in airway smooth muscle cells (ASM@sjuced by
400 nM MCh in precision-cut lung slices (PCLS) ged from WT mouse. Note that
C&”* oscillations occurred in the form of €avaves propagating along the length of

ASMCs.
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