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Abstract

Background—Airway hyperresponsiveness (AHR) is a major feature of asthma attributed
predominantly to an extrinsic immune/inflammatory response increasing airway smooth muscle
(ASM) contractility.

Objective—We investigated whether increased ASM expression of ORMDL3, a gene on
chromosome 17921 highly linked to asthma, induced increased ASM proliferation and
contractility /n vitro, as well as influenced airway contractility and calcium flux in ASM in
precision cut lung slices from WT and hORMDL32P3-C'e mice (which express increased levels of
human ORMDL3).

Methods—Levels of ASM proliferation and contraction were assessed in ASM cells transfected
with ORMDL3 J/n vitro. In addition, airway contractility and calcium oscillations were quantitated
in ASM cells in precision cut lung slices derived from naive WT and naive hORMDL3ZP3-Cre
mice which do not have a blood supply.

Results—Increased ASM expression of ORMDL3 /n vitroresulted in increased ASM
proliferation and contractility. Precision cut lung slices derived from naive hORMDL3%P3-Ce mice
which do not have airway inflammation exhibit increased airway contractility with increased
calcium oscillations in ASM cells. Increased ASM ORMDL3 increases ASM sarcoplasmic
reticulum Ca?* ATPase 2b (SERCA2b) which increases ASM proliferation and contractility.
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Conclusion—Overall, these studies provide evidence that an intrinsic increase in ORMDL3 in
ASM can induce increased ASM proliferation and contractility which may contribute to increased
AHR in the absence of airway inflammation in asthma.

Keywords
ORMDL3; Asthma; Airway smooth muscle; SERCA2b; Airway hyperresponsiveness

INTRODUCTION

Airway hyperresponsiveness (AHR) is a major feature of asthmal. Conceptually AHR may
either be due to an intrinsic abnormality in airway smooth muscle (ASM) resulting in
increased contractility, or to an extrinsic effect of inflammatory cells and their mediators on
ASM to increase contractility. The effects of extrinsic airway inflammation on ASM is
considered to be the primary driving force for increased AHR mediated by ASM in asthma.
Thus, the presence of airway inflammation in asthma forms the basis for NIH expert panel
recommendations regarding early institution of anti-inflammatory therapy to reduce
persistent asthma symptoms, exacerbations, and improve lung function and AHR?. The
episodes of airway inflammation in asthma are commonly triggered by either viruses or
allergen and are associated with release of inflammatory mediators from a variety of lung
resident (mast cell, epithelium, macrophage) and recruited cells (eosinophils, T cell,
neutrophil) that may contribute to increased ASM contractility, AHR, airway remodelling,
and decline in lung function?.

In contrast to this well established role of extrinsic inflammation contributing to increased
ASM contractility and AHR, the role of an intrinsic abnormality in ASM contributing to
increased ASM contractility and AHR are less well established. Theoretically the
contribution of an intrinsic abnormality in ASM to AHR may be mediated by either
increased amounts of ASM, increased expression of contractile proteins in ASM cells,
and/or increased activation of the contractile apparatus?—4. ASM contraction is initiated by
the binding of calcium and calmodulin to activate myosin light chain (MLC) kinase, which
phosphorylates MLC to form cross-bridge cycling of MLC with actin filaments?. Thus, the
regulation of intracellular calcium concentration ([Ca2*];) in ASM is essential for airway
contraction. Mathematical models suggest that an increased amount of ASM in the airway
submucosa is sufficient to cause AHR through mechanical effects alone®~". The presence of
increased airway smooth muscle mass in large and small airways in asthma is well
described38-13 and is considered to be a major contributor to bronchoconstriction of
airways, and persistent airflow obstruction®:11, The increase in ASM in asthma can be due to
hyperplasia3 and/or hypertrophy!l. There are studies demonstrating ASM hypertrophy in
severe asthmal®11 but not in mild asthma3. There are several studies demonstrating that ex
vivo asthmatic ASM proliferation (i.e. hyperplasia) is increased compared to non-
asthmatics1213. Studies of ASM obtained by laser capture from mild asthmatics and controls
have shown that ASM cell number was nearly twofold higher in subjects with asthma, and
the amount of ASM in the submucosa was increased 50-83%3. As with studies of
hypertrophy of ASM in asthma, there are some studies that have not demonstrated increased
proliferation of asthmatic ASM ex vivol4. Thus, while there is extensive evidence from
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multiple laboratories that there is increased ASM in asthma®8-13, the mechanism mediating
the increased ASM is incompletely understood. Current paradigms consider ASM as a target
of mediators released from inflammatory cells in the airway that result in ASM changes
(hypertrophy, hyperplasia) and increased AHR. Thus, the mechanisms behind these changes
in ASM are considered to be mediated by repeated episodes of airway inflammation in
asthma, rather than an intrinsic abnormality in ASMZ.

Our previous studies of ORMDL3 (oroscomucoid 3), a gene on chromosome 17g21 which is
highly linked to asthma in genome wide association studies (GWAS)15, demonstrated that
these mice generated to express universal increased levels of human ORMDL3
(hORMDL32P3-Cre mice) spontaneously developed increased ASM, and increased AHR in
the absence of airway inflammation1®, These results suggest that ORMDL3 may be a key
gene regulating ASM hypertrophy and hyperplasia, and more importantly, that lung
structural cells (such as ASM), rather than inflammatory cells, expressing increased
ORMDL3, may be the cells contributing to the increased AHR as observed in
hORMDL3ZP3-Cre mijce. In this study, we make the novel observation that ORMDL3
upregulates cardinal features of asthma including ASM proliferation, contractility, and Ca2*
oscillations in ASM cells. We also provide evidence that ORMDL3 (localized to the
endoplasmic reticulum)1’ upregulates sarcoendoplasmic reticulum calcium ATPase 2b
(SERCAZ2D) (localized in proximity to ORMDL3 in the sarcoplasmic endoplasmic
reticulum)18 which regulates Ca?* flux and contractility in ASM cells. Therefore, this
ORMDL3, SERCA2b, Ca2* oscillation, and ASM contractility pathway in ASM may be an
important genetic pathway intrinsic to ASM leading to increased AHR in the 62% of
asthmatics harboring the SNP on chromosome 1721 linked to increased levels of ORMDL3
expressionl®. These studies support the paradigm that ASM changes and AHR in asthma are
not only driven by extrinsic inflammation, but can also be mediated by an intrinsic
abnormality in lung structural cells such as ASM.

METHODS

Generation of hORMDL32P3-Cré chimeric mice

hORMDL32P3-Cre chimeric mice were generated as described in the online supplement?.

ASM studies in vitro

The methods for mMASM or hASM culture, transfection with ORMDL3 or SERCAZ2b,
siRNA knockdown with SERCA2b, quantitation of ASM proliferation and contraction in
vitro, and qRT-PCR have been described in the online supplement6:19,

Mouse precision-cut lung slices (PCLSs)

The methods for generation of PCLSs, measurement of mouse airway contraction and
relaxation, and measurement of Ca2* signaling have been described in the online
supplement20-23,
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Statistical Analysis

All data are reported as the mean £ SEM. A P<0.05 was considered significant. Detailed
methods for statistical analysis have been described in the online supplement.

RESULTS

Chimeric hORMDL3ZP3-Cre mice have increased ASM without airway inflammation

As our previous studies had demonstrated that naive hORMDL32P3-Cre mice have increased
ASM without airway inflammation1®, we generated bone marrow chimeric mice in which
the hORMDL32P3-Cre chimeric mouse had wild type (WT) bone marrow (with no
expression of hORMDL3) and the mouse lung structural cells expressed increased levels of
hORMDLS3. Establishment of chimerism (WT bone marrow into irradiated
hORMDL3ZP3-Cre recipient) was confirmed by RT-gPCR demonstrating hORMDL3
expressed in the lungs but not the blood or bone marrow leukocytes of hORMDL34P3-Cre
chimeric mouse (Fig 1A). These studies demonstrated that 12 week old naive chimeric
hORMDL3ZP3-Cre mice had increased levels of peribronchial smooth muscle (p<0.05 vs WT
control) as assessed by image analysis quantitation of the area of a.-smooth muscle actin
immunostaining (Fig 1 B-E). The naive chimeric hORMDL3ZP3-C'¢ mice with increased
ASM did not have evidence of airway inflammation (Fig 1F). These studies provide
evidence that lung structural cell expression of hORMDL3 is sufficient to induce increased
ASM independent of airway inflammation. However, these bone marrow chimera studies are
unable to identify which lung structural cell expressing ORMDL3 (ASM, fibroblast,
epithelium) is 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

To determine whether ASM expression of ORMDL3 itself could contribute to the increased
ASM observed in naive chimeric hORMDL32P3-Cre mice, we transfected normal human
ASM cells (hASM) with hORMDL3 (Fig 2A, 2B). These studies demonstrated that Ad-
ORMDL3-GFP transfected hASM cells had significantly increased proliferation assessed by
Ki67 mRNA (Fig 2C) and hASM cell counts (Fig 2D) as compared to empty vector control.
In addition, Ad-ORMDL3-GFP transfected hASM had significantly increased contractility
in response to acetylcholine (Ach) (Fig 2E, Fig 2F). These studies demonstrate that
increased ORMDL3 in hASM can induce increased proliferation and increased hASM
contractility a major feature of asthma.

We have previously demonstrated that hRORMDL3%P3-Ce mice have increased expression of
the calcium pump SERCA2b in their lungsl®, but have not previously investigated whether
ORMDL3 regulates SERCAZ2b in ASM, and whether this influences ASM contractility.
Thus, we transfected Ad-ORMDL3-GFP into hASM cells which resulted in significantly
increased levels of expression of SERCA2b in hASM (Fig 2G). The importance of
SERCAZ2b induction by ORMDL3 is suggested from subsequent studies in which we
transfected normal hASM with Ad-SERCAZ2b. These studies demonstrated that Ad-
SERCAZ2b transfected hASM cells had significantly increased proliferation as assessed by
Ki67 mRNA (Fig 2H) as compared to empty vector control. In addition, Ad-SERCAZ2b
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transfected hASM cells had significantly increased contractility compared to control
transfected hASM (p<0.05) (Fig 2I, Fig 2J), consistent with in vivo studies demonstrating
increased cardiac smooth muscle contractility in mice expressing increased levels of
SERCa2b in the heart?»25, Incubation of Ad-SERCA2b transfected hASM cells with Ach in
vitro resulted in a trend for increased ASM contractility which was not statistically
significant (Ad-SERCAZ2b vs Ad-SERCA2b + Ach) (p=0.13) (Fig 2J). Thus, the majority of
the increased ASM contractility in Ad-SERCAZ2b transfected ASM incubated with Ach was
due to Ad-SERCAZ2b transfection rather than Ach. These studies demonstrate that in hASM
cells, increased SERCA2b (a downstream pathway from ORMDL3)16:17 can induce
increased proliferation and increased hASM contractility providing evidence for an intrinsic
pathway in hASM in which ORMDL3 upregulates SERCA2b resulting in increased hASM
and increased contractility.

Increased airway contraction in hORMDL3%P3-Cr¢ mouse precision cut lung slices (PCLSs)

To determine whether ORMDL3 expression in the lung influences airway contraction, we
visualized (Figure 3A, and Supplemental Video 1) and quantitated (Figure 3B-E) airway
contractility in naive hORMDL3ZP3-Cre mouse precision cut lung slices (PCLSs) which
reflect the /n situ physiology of mMASM of relatively smaller airways devoid of a blood
supply and thus unable to recruit inflammatory or immune cells from the circulation. To
quantitate airway contraction in PCLSs, we used both MCh (a cholinergic agonist used to
assess AHR in asthma) and 5-hydroxytryptamine (5-HT) which each trigger Ca2* oscillation
and contraction in ASM?26 by binding to their respective ASM cell surface receptors, which
as a consequence activate different downstream G-protein coupled pathways each generating
inositol triphosphate (IP3)*27-28, |P5 then binds to intracellular 1P3 receptors on the SR to
release Ca%* from the SR into the cytoplasm#?27-28,

There was no significant difference in the baseline size of airways chosen for testing
between hORMDL32P3-Cre and WT group (supplemental Figure SLA-D). In addition, no
pre-contraction of the airways was observed in either hORMDL3ZP3-C'€ or WT mice, as
none of the airways showed relaxation to (R,R)-formoterol, a long-acting p-receptor
agonist that relaxes ASM by inactivating MLC kinase and activating MLC phosphatase
(supplemental Figure S1E and S1F). Both MCh (Figure 3B) and 5-HT (Figure 3C) induced a
dose-dependent increase in airway contraction in WT mouse PCLSs at 37°C. As compared
to WT mice, the extent of airway contraction in hORMDL37P3-C'e mice were significantly
increased for both MCh (Figure 3B, 3D, and Supplemental Video 1) and 5-HT (Figure 3C,
3E) at all concentrations tested (100 to 2000 nM) suggesting an overall increased airway
contractility in hORMDL37P3-C'e mice. A similar pattern of increased airway contraction in
hORMDL32P3-Cre mice were noted at room temperature (supplemental Figure S2). These
studies demonstrate that increased ORMDL3 expression in naive lung PCLSs without a
blood supply results in increased airway reactivity to agonists including MCh, a major
feature of asthma.

Increased Ca2* oscillation frequency in ASM cells in hORMDL34P3-Cr¢ mouse PCLSs

As ORMDL3 induced increased ASM expression of SERCA2b (Fig 2G), which regulates
[CaZ*]; that control ASM contraction, we further examined whether ASM cells with
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increased ORMDL3 expression in PCLSs from hORMDL32P3-Cre mice could exhibit
increased frequency of Ca2* oscillations in response to either MCh or 5-HT, as Ca?*
oscillation frequency has been implicated in ASM contractile responses in7 Vive?5-28, No
spontaneous Ca2* signaling was observed in mASM cells derived from either WT or
hORMDL32P3-Cre mice. In response to both MCh and 5-HT at 37°C, mASM cells in WT
PCLSs showed a rapid onset within 15 seconds of oscillatory increases of [CaZ*];, which
occurred in the form of Ca2* waves propagating along the length of the mASM cells (Figure
4A-4E, and Supplemental Video 2). These Ca2* oscillations were accompanied by
contraction and shortening in mASM cells resulting in airway contraction (Figure 3A). In
the mASM cell in PCLSs of WT mice (Figure 4F), MCh induced a concentration dependent
increase in Ca2* oscillation frequency in a similar way as observed in airway contraction. As
compared to WT mice, the Ca2* oscillation frequency in mASM cells in PCLSs of
hORMDL32P3-Cre mice were significantly increased for both MCh (Figure 4G and 4H) and
5-HT (Figure 4l) at all concentrations tested (100 to 2000 nM). A similar pattern of
increased Ca2* oscillations in mASM cells of hORMDL37P3-C'e mice were noted at room
temperature (supplemental Figure S3). These results demonstrate that in the absence of
airway inflammation, mASM cells with increased ORMDL3 expression exhibit increased
Ca?* oscillation frequency response to agonists. Thus, mASM with increased Ca2*
oscillations is associated with increased airway contractility in hRORMDL37P3-Cre mice.

or inhibition of SERCA2b inhibits ASM contractility and Ca?* oscillations

To determine the role of SERCA2b expression induced by ORMDL3 in mediating increased
contractility and Ca%* oscillations in hASM, we initially demonstrated that the levels of
SERCA2b in mASM cells derived from hORMDL32P3-C'e mijce were increased compared to
WT mice (Fig 5A) as quantitated by RT-qPCR. In hASM, SERCA2b but not SERCA2a was
detected (Fig 5B). We then used siRNA to knockdown SERCAZ2b expression in hASM cells.
siRNA knockdown of SERCA2b was efficient in hASM cells (Fig 5C). siRNA knockdown
of SERCAZ2b significantly inhibited hASM contraction /n vitro in response to histamine
starting within 15 minutes of exposure to histamine (Fig 5D). Control scrambled siRNA did
not inhibit histamine induced hASM contraction. These results demonstrated an important
role of SERCAZ2b in ASM contractility /in vitro.

To further confirm the role of SERCA2b in airway contraction and underlied Ca2*
oscillations in ASM cells, we investigate the effect of cyclopiazonic acid (CPA), a specific
SERCA pump inhibitor2?, on the MCh-induced airway contraction, as well as the Ca2*
oscillations in ASM cells in mouse PCLSs (Fig 5E-H; supplemental Figure S4). Treatment
of MCh-contracted airways with CPA (from 500 nM to 5 pM) relaxed airway contraction in
a concentration-dependent manner (Fig 5E and 5F), 5 uM CPA could induce nearly 73%
relaxation as normalized to the control (Fig 5F). Consistently, CPA also inhibited MCh-
induced Ca2* oscillations in a concentration-dependent manner (Fig. 5G and 5H), while 5
UM CPA gradually stopped Ca?* oscillations in 15 min (Fig. 5G). Taken together, these
results suggest that SERCA2b expression or activity is important to sustain ASM
contractility via regulating Ca2* oscillation frequency in ASM cells. Thus, increased
SERCAZ2b expression induced by ORMDL3 in ASM cells could contribute to the increased
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reactivity of ASM in response to agonists such as MCh and 5-HT as observed in the PCLSs
of hORMDL3ZP3-Cre mijce.

DISCUSSION

This study makes the novel observation that ORMDL3 expression in ASM may explain the
strong genetic linkage of ORMDL3 on chromosome 17g21 to asthmal®. In addition, this
study provides evidence that intrinsic expression of a gene highly linked to asthma in ASM
can lead to increased ASM proliferation and contractility independent of extrinsic
inflammation. Thus, asthma may be a disease of both airway inflammation as well as an
intrinsic change in ASM. In support of this, we demonstrate that ORMDL3 expression in
ASM cells /n vitro induces increased ASM proliferation and increased ASM contractility to
Ach. In addition, /n vivo studies demonstrate that naive hORMDL3ZP3-C€ chimeric mice
with ORMDL3 expressed in lung structural cells (but not in bone marrow derived
inflammatory and immune cells) have increased ASM in the absence of lung inflammation.
Importantly, in vivo studies demonstrate that ASM in naive hORMDL3ZP3-Cre mouse PCLSs
without a blood supply have increased contractility and increased Ca?* oscillation frequency,
a fundamental signaling mechanism mediating ASM contraction, in response to MCh and 5-
HT. Taken together, these studies underscore the important role that ORMDL3 expressed in
ASM plays in inducing increased ASM proliferation and increased ASM contractility to
MCh, a major feature of asthma. However, this study is unable to determine whether
ORMDL3 induces increased AHR by effects on increasing ASM proliferation and/or by
increasing ASM contractility. As ORMDL3 is highly linked in genetic epidemiology studies
to childhood asthmal®, ORMDL3 expression in ASM may help to explain why individuals
with the SNP linked to chromosome 17g21 and increased ORMDL3 expression have
increased AHR, a major feature of asthma.

The concept that Th2 inflammation is important to the development of allergic disease in the
upper airway and lower airway is well accepted. However, there is limited insight into why
certain individuals with the same level of Th2 inflammation will either only have allergic
rhinitis (with no asthma), while others will have allergic rhinitis and asthma. In this study we
provide evidence that ORMDL3, a gene most highly linked to asthmal® (but not linked to
allergic rhinitis)3°, when expressed in a lung structural ASM cells in vitro or in vivo
spontaneously induced increased airway contractility to MCh without an additional
inflammatory stimulus. This may help to explain how Th2 inflammation when combined
with an ASM expressed asthma associated gene such as ORMDL3 can result in allergic
rhinitis and asthma, whereas Th2 inflammation alone in the absence of an abnormality in
ASM may result in allergic rhinitis but not asthma. ORMDL3 has been linked asthmal® but
not to allergic rhinitis3?, underscoring differences between asthma and allergic rhinitis. In
addition, the SNP linked to increased ORMDL3 expression in asthma is common affecting
approximately 62% of childhood asthmatics!®. Another example of a structural gene being
important to allergic disease is the loss of function of the filaggrin gene in epithelial cells in
the skin in atopic dermatitis which influences barrier function in Th2 inflammation in the
skin31,
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Previous studies have also provided evidence that AHR can be independent from airway
inflammation. For example, a study of allergic asthmatics did not find a correlation between
AHR to MCh and levels of inflammatory cells in sputum, BAL, or bronchial biopsy32. In
addition, inhaled corticosteroids can effectively reduce levels of airway inflammation, but
only attenuate AHR33. Patients with eosinophilic bronchitis can also have severe
inflammation but no AHR32, Population studies have also demonstrated that AHR is a
heritable trait, with an estimated heritability of 30 to 66%343°. Thus, while airway
inflammation plays an important role in the pathogenesis of asthma, there are likely genetic,
as well as airway components (airway inflammation; airway remodeling) that all contribute
to levels of AHR in asthma3®.

Our study also provides evidence that SERCA2b may be the downstream pathway by which
ORMDL3 influences ASM contractility. Our prior studies have demonstrated that in human
lung epithelial cells increased expression of hORMDL3 activates several downstream
pathways including ATF6a, SERCA2b, sphingolipids, chemokines, and remodeling
pathways!6.17. As ORMDL3 regulates several downstream pathways, some downstream
pathways may be more important in ASM compared to other cell types expressing
ORMDL3. For example, the importance of increased SERCA2b to ASM hypertrophy and
increased contractility is suggested from studies of the heart, in which mice expressing
increased levels of SERCAZ2b in the heart had increased cardiac contractility with increased
Ca?* flux in cardiomyocytes, and increased cardiac muscle hypertrophy?425, SERCA are
intracellular ATP driven Ca2* pumps that transport Ca2* from the cytoplasm into the sarco-
endoplasmic reticulum8:37 (the domain of the endoplasmic reticulum that lacks ribosomes).
SERCA proteins are encoded by three genes Sercal, SercaZ, and Serca3, of which SERCA2
is the only SERCA expressed in ASM18:37_ Alternative splicing of the Serca2 gene encodes
two major protein isoforms, SERCA2a which is expressed predominantly in cardiomyocytes
and slow twitch skeletal muscle8:37 while SERCA2b, the focus of this study is expressed in
ASM and most tissues8:37. Much of the Ca2* entering the ASM cell and released from
stores may be sequestered by the superficial SR through SERCA. Cycling between SR Ca2*
uptake and release mechanisms leads to Ca2* oscillations?”-28, Force generation by ASM is
dependent on actin-myosin cross-bridge formation#28. When cytosolic Ca2* levels are
increased, the combination of CaZ* and calmodulin activate myosin light chain (MLC)
kinase, which phosphorylates MLC, leading to enhanced contraction*38. Therefore, ASM
cell contraction is regulated by the frequency of oscillations in [Ca2*];2"+28, which
correspond to the speed of cyclic release of Ca2* from the SR and re-uptake of Ca2* from
the SR by SERCA38:39, In this study we demonstrate that ORMDL3 increases levels of
SERCA2b in ASM which is associated with increased frequency of Ca2* oscillations in
ASM. In addition, increased levels of SERCA2b in ASM increases ASM proliferation, while
siRNA knockdown of SERCA2b reduces ASM contractility. Furthermore, inhibition of
SERCA by giving CPA in PCLSs reduced Ca2* oscillation frequency in ASM cells and thus
airway contraction in a dose-dependent way. These results together suggest that SERCA2D,
regulated by ORMDL3 in ASM, plays an important role in sustaining agonists-induced Ca?*
oscillations in ASM cells and is associated with increased airway contractility as shown in
PCLSs of hORMDL32P3-Cre mjce. Transfection of SERCA2b into ASM resulted in greater
enhancement of contraction than that noted with transfection of ORMDLS3. One possible
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explanation for these results is that transfection of ORMDL3 not only increases SERCA2b
(which increases ASM contractility), but also inhibits the function of the enzyme serine
palmitoyltransferase or SPT40 (which could reduce ASM contractility). For example,
increased levels of ORMDL3 inhibit the enzyme SPT, the first and rate limiting step in
sphingolipid synthesis resulting in lower levels of sphingosine 1 phosphate (S1P)4°. As S1P
induces ASM contraction*?, lower levels of S1P induced by increased levels of ORMDL3
could reduce ASM contractility. Thus, ORMDL3 induction of SERCAZ2b could increase
ASM contractility, while its concomitant induction of the enzyme SPT could reduce S1P and
reduce ASM contractility. Thus, the net effect of ORMDL3 on ASM contractility may be
less than that of SERCAZ2b, because of the induction not only of SERCA2b, but also
inhibition of S1P by ORMDLA3. Interestingly, therapeutically targeting Ca2* signaling
pathways in smooth muscle in asthma to influence smooth muscle contractility and AHR is
currently an active area of investigation#2. However, there are also studies which question
whether Ca2* signals change in asthmatic ASM while stimulated with agonists*3-45.

Interestingly, some studies have reported that decreased expression of SERCA in ASM from
asthmatics contributes to airway remodeling#3. It should be noted that our study differs from
the prior study*3 in examining the effect of increased ORMDL3 (simulating asthmatics with
the SNP on chromosome 17¢21 linked to increased ORMDL3 expression) on SERCA2b in
ASM, whereas the prior study did not genotype asthmatics to determine whether they had
the SNP associated with increased ORMDL3 expression which we demonstrate is associated
with increased SERCA2b expression. Thus, we hypothesize that based on genotype not all
asthmatics will have increased SERCAZ2b expression. In addition, prior studies have
demonstrated that suppressed SERCA by cytokines might slow [Ca2*]; response to agonists,
and thus maintain a relatively high [Ca2*]; leading to increased ASM contractility48. In
agreement with this, our results showed that treatment of PCLSs with high dose (10 M) of
CPA stopped MCh-induced Ca2* oscillations and lead to a rise of [Ca2*]; baseline in ASM
cells with partially contracted airway (supplemental Fig S4). However, lower dose of CPA
(from 500 to 5000 nM) reduced Ca?* oscillations and airway contraction in a dose-
dependent manner, suggesting that under a certain range, increased/decreased SERCA is
proportional to increased/decreased Ca?* oscillations and therefore increased/decreased
airway contraction, while fully block or knockdown of SERCA would result in an [Ca2*];
plateau that mediates only impaired ASM contraction response to agonists*’.

ORMDL3 is expressed in multiple cell types including lung structural cells (epithelium,
smooth muscle) and immune and inflammatory cells (T cells, eosinophils, and
macrophages)16:17. As the SNP linking chromosome 1721 to asthma is associated with
increased ORMDL3 expression!® we have previously used cre-lox techniques to generate
mice selectively deficient in ORMDLS3 in airway epithelium (Ormadf332-#22-3cc10)*! to
simulate an inhaled therapy that effectively inhibited ORMDL3 expression in the airway. In
contrast to the anticipated reduction in AHR, allergen challenged Orma/32-342-3cC10
mice had a significant increase in AHR compared to WT mice*!. Levels of sphingosine-1-
phosphate (S1P) were significantly increased in Ormad/f342-3/42-3CC10mice as well as in
airway epithelial cells in which ORMDL3 was inhibited with siRNA and incubation of S1P
with ASM cells significantly increased contractility*L. Overall, Ormal342-3/42-3CC10 mice
exhibit increased allergen induced AHR independent of inflammation and associated with
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increased S1P generation*!. These studies suggest that therapies that selectively and
effectively inhibit ORMDL3 in airway epithelium in asthma, may not be the best cell to
target. Further studies are needed to determine whether targeting reduction of ORMDL3 in
airway ASM would reduce AHR.

In summary, in this study we provide evidence that an intrinsic gain of function in ORMDL3
in ASM can influence ASM contractility in asthma, by demonstrating that increased
ORMDL3 expression in ASM cells induces increased expression of SERCA2b with
consequent increased Ca2* oscillation in ASM cells, and increased ASM contractility.
Overall, these studies provide evidence that ORMDL3 (a gene on chromosome 17921 highly
linked to asthma in GWAS)® can induce increased ASM contractility in the absence of
inflammation. As AHR may conceptually be driven by either chronic inflammation inducing
increased ASM contractility, and/or an intrinsic change in ASM inducing increased ASM
hyperplasia and contractility, this study provides evidence that targeting a gene inducing a
fundamental abnormality in ASM such as ORMDL3, may result in a new therapeutic
approach to the treatment of asthma.
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KEY MESSAGES

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

. Precision cut lung slices derived from naive hORMDL32P3-C€ mice (which
express increased levels of human ORMDL3) and do not have airway
inflammation exhibit increased airway contractility with increased calcium
oscillations in ASM cells.

. In addition to extrinsic inflammation, intrinsic ASM expression of ORMDLS3,
can increase ASM contractility and proliferation and might contribute to
increased AHR in asthma.
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CAPSULE SUMMARY

This study demonstrates that an intrinsic increase in ORMDL3 in ASM can induce
increased ASM proliferation and contractility which might contribute to increased AHR
in the absence of airway inflammation in asthma.
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Figure 1. hORMDL3ZP3-Cre chimeric mice and increased airway smooth muscle
Wild type (WT) and hORMDL3ZP3-Cre mice (n= 8 mice/group) were irradiated and each

injected i.v. with WT bone marrow and sacrificed 12 weeks later. (A) Efficiency of
chimerism was assessed by RT-gPCR to detect expression of human ORMDL3 in blood and
lungs. (B-E). Lungs of chimeric mice (n= 8 mice/group) were immunostained with an anti-
a smooth muscle actin antibody and the area of peribronchial anti-a. smooth muscle actin
immunostaining quantitated by image analysis. (F). Lungs of chimeric mice (n= 8 mice/
group) were immunostained with either an anti-CD4, anti-F4/80, anti-MBP, or anti-
neutrophil elastase antibody and the number of peribronchial cells immunostaining positive
quantitated by image analysis.
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Figure 2. ORMDL3, SERCA2b, and airway smooth muscle proliferation and contraction
Primary human airway smooth muscle cells (hHASM) were transfected with Ad-ORMDL3-

GFP or as a control the empty vector Ad-GFP. Efficiency of transfection was assessed by
immunofluorescence microscopy (A) and FACS (B). hASM proliferation was assessed 72
hours later either by (C) RT-qPCR of Ki67 mRNA levels (n= 3/group), or (D) by ASM cell
counts by light microscopy (n= 6/group). (E-F). hASM contraction (n= 3/group) was
assessed in a gel contraction assay in hASM cells transfected with either Ad-ORMDL3-GFP
or Ad-GFP in the presence or absence of acetylcholine (Ach). Ad-ORMDL3 vs Control,
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p<0.05; Ad-ORMDL3 vs Ad-ORMDL3+Ach, p<0.05; Ad-ORMDL3+Ach vs Control
+Ach, p<0.05; Ad-ORMDL3 vs Control + Ach, p= 0.20; Control vs Control + Ach, p<0.05.
(G). Levels of SERCA2b (n= 3/group) were quantitated by RT-gPCR in hASM cells
transfected with either Ad-ORMDL3-GFP or Ad-GFP. (H) Levels of hASM proliferation
(n=3/group) were assessed by RT-gPCR of Ki67 mRNA levels in hASM cells transfected
with either Ad-SERCAZ2Db or control. (I-J). hASM contraction (n= 3/group) was assessed in
a gel contraction assay in hASM cells transfected with either Ad-SERCAZ2b or Ad empty
vector control in the presence or absence of Ach. Ad-SERCAZ2b vs Control, p<0.05; Ad-
SERCA2b vs Ad-SERCA2b+Ach, p=0.13; Ad-SERCA2b3+Ach vs Control +Ach, p<0.05;
Ad-SERCAZ2b + vs Control + Ach, P<0.05.
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Figure 3. hORMDL3%P3-Cre mice have increased airway contraction compared to WT mice
(A) Representative phase-contrast images of two airways in a precision cut lung slices

(PCLSs) derived from WT and hORMDL32P3-C'® mouse, respectively, under resting
condition (left panel, scale bar = 100 um), exposed to 2000 nM MCh (right panel) at 37°C.
The response of airways in PCLSs derived from WT (blue line) and hORMDL37P3-Cre (red
line) mouse, respectively, to increased dose of MCh (B) and 5-HT (C) at 37°C, followed by
a comparison of dose response curve to MCh (D) and 5-HT (E) between WT (blue line) and
hORMDL32P3-Cre (red line) mouse. hORMDL32P3-Cre ys WT, *P<0.05. Each line in (B) and
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(C) represents the mean and each point represents the mean + SEM at selected time points of
the airway lumen area normalized to the initial size att = 0 s. Data in (B) and (D) “WT”
represent n = 9 airways, “hORMDL32ZP3-Cre” represent n = 11 airways from 5 mice,
respectively; data in (C) and (E) “WT” represent n = 9 airways, “hORMDL3zP3-Cre»
represent n = 13 airways from 5 mice, respectively.
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Figure 4. hORMDL3ZP3-Ce mice have increased Ca?* oscillations in airway smooth muscle cells

compared to WT mice

(A-D) Representative 2-photon images of MCh-induced Ca?* oscillations in the same

airway smooth muscl

e cell (labeled ASMC with white arrow) in mouse precision cut lung

slices (PCLSs). A cycle of Ca2* oscillations in the same ASMC over time can be visualized
in A-D as a change in fluorescence intensity of Oregon Green (white color change in ASMC
in figure A—C, and normalized intensity change in figure D) recorded at baseline pre-MCh at
0s (A), and at two time points after MCh, 1.07 s (B), and 1.97 s (C) (scale bar = 20um). (E)
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Representative trace shows that 400 nM MCh induced Ca?* oscillations in an ASMC at
37°C, which sustained until MCh was washed off by sHBSS, adding back MCh would
induce Ca?* oscillations again. Representative traces show Ca?* oscillations of ASMC in
PCLSs derived from WT (F) and hORMDL37P3-C'e mouse (G), respectively, response to
increased dose of MCh at 37°C, followed by a comparison of dose response curve to MCh
(H) and 5-HT (1) between WT (blue line) and hORMDL32P3-Cre (red line) mouse.
hORMDL32P3-Cre ys WT, *P<0.05. Representative traces are expressed as intensity (Fy)
normalized to the initial intensity at t = 0 s (Fg), measured from a region of interest with size
of 8 x 10 pixel within a single ASMC. Data in (H) “WT” represent n = 26 ASMCs,
“hORMDL37P3-Cre” represent n = 31 ASMCs from 5 mice, respectively; data in (1) “WT”
represent n = 17 ASMCs, “hORMDL37P3-Cre” represent n = 26 ASMCs from 5 mice,
respectively.
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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 mRNA in mouse airway smooth
muscle (MASM) derived from either hORMDL32P3-Cre mice or WT control mice (n=6/
group). (B) Levels of SERCA2a and SERCA2a and 2b mRNA were quantitated by RT-
gPCR in human ASM (hASM) cells (n= 6/group). (C). Levels of SERCA2b mRNA were
quantitated in hASM cells in which SERCA2 siRNA was used to knockdown SERCA.
Scrambled siRNA was used as a control (n= 4/group). (D). hASM contraction was assessed
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in a gel contraction assay for 0—60 minutes in the presence of histamine in hASM cells in
which siRNA (or scrambled control siRNA) was used to knockdown SERCA2 (n=8/group).
SERCAZ2 siRNA vs Scrambled siRNA. **P<0.01. (E) The effect of cyclopiazonic acid
(CPA) (500 to 5000 nM) on airways contracted with 400 nM MCh in precision cut lung
slices (PCLSs) derived from WT mice, followed by (F) a summary of relaxation effect
normalized to control. Controls were treated with vehicle of 0.5% DMSO in sHBSS,
P<0.01. Each line in (E) represents the mean and each point represents the mean + SEM at
selected time points of the airway lumen area normalized to the initial size att =0 s. Data in
(F) represent n = 8 — 10 airways for each bar from 5 mice. (G) Representative trace shows 5
M CPA gradually stopped Ca2* oscillations induced by 400 nM MCh in a mASM cell in
mouse PCLSs. (H) A summary for the effect of CPA on Ca2* oscillation frequency induced
by 400 nM MCh in mASM cells in PCLSs, P <0.05. Data in (H) representn =17 — 19
MASM cells for each bar from 5 mice.
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