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ORMDL3 transgenic mice have increased airway remodeling and
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Abstract
ORMDL3 (orosomucoid like 3) has been strongly linked with asthma in genetic association
studies. As allergen challenge induces lung ORMDL3 expression in WT mice, we have generated
human ORMDL3 Zona Pellucida 3 Cre (hORMDL3zp3-Cre) mice that overexpress human
ORMDL3 universally to investigate the role of ORMDL3 in regulating airway inflammation and
remodeling. These hORMDL3zp3-Cre mice have significantly increased levels of airway
remodeling including increased airway smooth muscle, subepithelial fibrosis, and mucus.
hORMDL3zp3-Cre mice had spontaneous increased AHR to methacholine compared to WT mice.
This increased airway remodeling was associated with selective activation of the Unfolded Protein
Response pathway transcription factor ATF6 (but not Ire1 or PERK). The ATF6 target gene
SERCA2b, implicated in airway remodeling in asthma, was strongly induced in the lungs of
hORMDL3zp3-Cre mice. In addition, increased levels of expression of genes associated with
airway remodeling (TGF-β1, ADAM8) were detected in airway epithelium of these mice.
Increased levels of airway remodeling preceded increased levels of airway inflammation in
hORMDL3zp3-Cre mice. hORMDL3zp3-Cre mice had increased levels of IgE, with no change in
levels of IgG, IgM, and IgA. These studies provide evidence that ORMDL3 plays an important
role in vivo in airway remodeling potentially through ATF6 target genes such as SERCA2b, and/
or through ATF6 independent genes (TGF-β1, ADAM8).

INTRODUCTION
ORMDL3 (orosomucoid like 3) is a gene localized to chromosome 17q21 which was
initially linked to asthma in a genome wide association study (GWAS)(1) with subsequent
confirmation in multiple additional GWAS (2–4) and non-GWAS genetic association
studies in populations of diverse ethnic backgrounds (5–10). ORMDL3 has been linked to
severe asthma (4,9), childhood onset of asthma (1,7,8), exposure of children to
environmental tobacco smoke and risk of asthma (2,10), as well as to rhinoviral wheezing
illness and genetic risk of childhood onset of asthma (11), underscoring the importance of
understanding its function. ORMDL3 is a member of the three member ORMDL gene
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family (ORMDL1,-2,-3) which encode transmembrane proteins located at the endoplasmic
reticulum (ER)(12). ORMDL1 (chromosome 2)(12), and ORMDL2 (chromosome 12)(12)
are on different chromosomes from ORMDL3 (chromosome 17q21)(12) and have not been
linked to asthma. Both humans and mice express the same three ORMDL family members
with ORMDL3 exhibiting 96% identity between these two species (12). ORMDL3 is a 153
amino acid protein with two predicted transmembrane domains (12). We recently
demonstrated that in wild type (WT) mice ORMDL3 is an allergen and Th2 cytokine (IL-4,
or IL-13) inducible gene localized to the endoplasmic reticulum (ER) and highly expressed
in airway epithelial cells (13). Allergen challenge induced a 127 fold increase in ORMDL3
mRNA in bronchial epithelium in WT mice, with lesser 15 fold increases in ORMDL2, and
no changes in ORMDL1 (13). We also demonstrated that transfection of ORMDL-3 in
human bronchial epithelial cells in vitro induced expression of CC chemokines (CCL-20
also known as MIP-3α)(13), CXC chemokines (IL-8; CXCL-10 also known as IP-10;
CXCL-11 also known as ITAC)(13), metalloproteases (MMP-9; ADAM-8)(13), and
selectively activated ATF6 (13), one of three ER Unfolded Protein Response (UPR)
pathway transcription factors (14) with subsequent regulation of SERCA2b (sarco/
endoplasmic reticulum Ca2+ ATPase) which has been implicated in airway remodeling in
asthma (15). Thus, these studies with bronchial epithelium in WT mice and in normal
human bronchial epithelial cells suggest an important role for a pathway in which initial
induction of ORMDL3 with subsequent activation of both ATF6 dependent pathways (i.e.
SERCA2b) and/or ATF6 independent pathways (MMP9, ADAM8, CCL20, CXCL10,
CXCL11) may contribute to the pathogenesis of asthma.

Although our previous studies demonstrated that Ormdl3 is an allergen and Th2 cytokine
inducible gene that is dependent upon Stat6 for expression (13), these prior studies in WT
mice did not determine which downstream pathways were regulated by ORMDL3 in vivo.
To address this question we have generated ORMDL3 transgenic (TG) mice, and in this
study we demonstrate that TG mice overexpressing human ORMDL3 (hORMDL3)
spontaneously develop significantly increased levels of airway remodeling (smooth muscle,
fibrosis, mucus) that precede the development of airway inflammation. In addition, allergen
challenge of ORMDL3 TG mice resulted in enhanced OVA specific IgE responses
compared to OVA challenged WT mice and was associated with increased Major Basic
Protein (MBP) positive peribronchial eosinophils and lung levels of IL-4. These studies in
ORMDL3 TG mice also provide evidence that the ER localized ORMDL3 plays an
important role in selective activation of one of the three UPR pathways in vivo (i.e. ATF6),
and that expression of ORMDL3 in vivo regulates airway remodeling (smooth muscle,
fibrosis, mucus) potentially through ATF6 target genes such as SERCA2b, and/or through
ATF6 independent-genes (TGF-β1, ADAM8) which we detected at increased levels in the
lungs of ORMDL3 TG mice. ORMDL3 may therefore activate several pathways important
to the pathogenesis of airway remodeling and asthma in vivo.

MATERIALS AND METHODS
Zp3-Cre mice

Zp3-Cre mice (embryonic Cre expression) on a C57Bl/6 background were acquired from
Jackson labs.

hORMDL3zp3-Cre mouse generation
All the mouse experimental protocols were approved by the UCSD Institutional Animal
Care and Use Committee.
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Targeting plasmid construction—The hORMDL3 transgenic construct pCAGEN Lox
mRFP-H2B STOP Lox hORMDL3 was generated by cloning the 462bp hORMDL3 open
reading frame (orf) from pCMV6-AC-ORMDL3 (Origene) with Agel/Notl into a construct
previously developed and generously provided by AJ Holland and DW Celeveland (Ludwig
Institute for Cancer Research at the University of California, San Diego).

RFP-StopFLhORMDL3-TG mouse generation—Spel/Pvul linearized pCAGEN Lox
mRFP-H2B STOP Lox hORMDL3 (Fig 1A, B) was microinjected into the pronuclei of
fertilized mouse embryos and implanted into a pseudopregnant mouse (all on a C57Bl/6
background) via an established protocol by the UCSD mouse transgenic core. Progeny were
then screened by PCR for the presence of the transgene. Subsequent mouse genotyping was
performed using PCR with the following primers: F1-3530: 5′-GCA ACG TGC TGG TTA
TTG TG; F2-4009: 5′-CCC CCT GAA CCT GAA ACA TA-3′; R-4644: 5′-TAC AGC ACG
ATG GGT GTG AT-3′ (Fig 1C). These RFP-StopFLhORMDL3-TG mice (C57Bl/6
background) were crossed with Zp3-Cre mice (C57Bl/6 background) to generate
hORMDL3zp3-Cre mice (C57Bl/6 background).

Processing of lungs, BAL, and blood
hORMDL3zp3-Cre mice and littermate controls were euthanized at different ages (4 weeks, 8
weeks, 26 weeks) to quantitate levels of airway inflammation, airway remodeling, as well as
expression of cytokines, chemokines, and remodeling genes. In addition to examining whole
lung, purified populations of selected lung cell types (bronchial epithelium, BAL
macrophages) were also studied. Levels of IgE and other immunoglobulins were quantitated
in peripheral blood.

Lung processing—Lungs were processed for protein and RNA extraction, as well as for
immunohistology (paraffin-embedded lung sections) as previously described in this
laboratory (13, 16). For protein and RNA extractions, lungs were initially snap-frozen in
liquid nitrogen and stored at −80°C. For paraffin-embedded sections, lungs were
equivalently inflated with an intratracheal injection of the same volume of 4%
paraformaldehyde solution (Sigma Chemicals, St. Louis, MO) to preserve the pulmonary
architecture. Lung sections were processed for immunohistochemistry to detect major basic
protein (MBP)(anti-mouse MBP Ab kindly provided by James Lee PhD, Mayo Clinic,
Scottsdale, Arizona), neutrophil elastase (anti-mouse neutrophil elastase Ab; Santa Cruz
Biotech), F4/80 (anti-mouse F4/80 Ab; Santa Cruz Biotech), and CD4 (anti-mouse CD4 Ab;
GeneTex). The number of individual cells staining positive for different cell types in the
peribronchial space was counted using a light microscope. Results are expressed as the
number of peribronchial cells staining positive per bronchiole with 150–200 μm of internal
diameter. At least ten bronchioles were counted in each slide.

BAL macrophages—In selected experiments, purified populations of BAL macrophages
(>98% purity) were obtained by adhesion by placing BAL cells in a 10-cm Petri dish in
complete media for 4 h at 37°C as previously described in this laboratory (13). Pooled BAL
macrophages from 4 mice/group were used for RNA and protein extraction.

Isolation of bronchial epithelial cells—The isolation of bronchial epithelial cells was
performed as previously described in this laboratory (13, 17). Briefly, the epithelial brushing
was performed using a sterile plastic feeding tube (Solomon Scientific) inserted into the
right main and left main bronchus with gentle brushing and immediately placed in RNA-
STAT-60 (Tel-Test) for RNA extraction. Bronchial epithelial cells were of >95% purity as
assessed by E-cadherin expression on FACS, and histologic detection of ciliated epithelial
cells (13, 17). Four mice/group were used for each data point.
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BAL Fluid collection—BAL fluid was collected by lavaging the lung with 1 ml PBS via a
tracheal catheter as previously described (16). BAL fluid was centrifuged, and the
supernatant frozen at 80 °C for subsequent cytokine analysis.

Peripheral Blood—Peripheral blood was obtained from mice by cardiac puncture into
tubes without anticoagulant added for quantitation of serum immunoglobulin levels.

Detection of ORMDL3 and ORMDL3 regulated genes by qRT/PCR
qRT/PCR was performed as previously described in this laboratory (13). In brief, total RNA
was extracted with RNA-STAT-60 (Tel-Test) and reverse transcribed with Oligo-dT and
SuperScript II kit (Life Technologies). qPCR was performed with TaqMan PCR Master Mix
and ORMDL1, ORMDL2, ORMDL3 (human and mouse), SERCA2b, TGF-β1, ADAM8,
MMP9, ITAC, and IP-10 primers (all from Applied Biosystems). The relative amounts of
transcripts were normalized to those of housekeeping gene (GAPDH) mRNA and compared
between the different genes by the ΔΔCt method as previously described in this laboratory
(13).

Detection of airway remodeling
Peribronchial smooth muscle layer—The thickness of the airway smooth muscle layer
was measured by α-smooth muscle actin immunohistochemistry as previously described
(16). Lung sections were immunostained with an anti-α-smooth muscle actin primary
antibody (Sigma-Aldrich) to detect peribronchial smooth muscle. Species- and isotype-
matched Abs were used as controls in place of the primary Ab. The area of peribronchial α-
smooth muscle actin staining in paraffin-embedded lungs was outlined and quantified under
a light microscope (Leica DMLS) attached to an image analysis system (Image-Pro plus) as
previously described (16). Results are expressed as the area of peribronchial α-smooth
muscle actin staining per μm length of basement membrane of bronchioles 150–200 μm of
internal diameter.

Peribronchial trichrome staining—The area of peribronchial trichrome staining in
paraffin-embedded lungs was outlined and quantified under a light microscope (Leica
DMLS, Leica Microsystems) attached to an image analysis system (Image-Pro plus, Media
Cybernetics) as previously described (16). Results are expressed as the area of trichrome
staining per μm length of basement membrane of bronchioles 150–200 μm of internal
diameter.

Lung collagen—The amount of lung collagen was measured as previously described in
this laboratory (16) with a collagen assay kit that uses a dye reagent that selectively binds to
the [Gly-X-Y]n tripeptide sequence of mammalian collagens (Biocolor; Newtonabbey). In
all experiments, a collagen standard was used to calibrate the assay.

Airway mucus expression—To quantitate the level of mucus expression in the airway,
the number of periodic acid Schiff (PAS)-positive and PAS-negative epithelial cells in
individual bronchioles was counted as previously described in this laboratory (16). At least
ten bronchioles were counted in each slide. Results are expressed as the percentage of PAS-
positive cells per bronchiole, which is calculated from the number of PAS-positive epithelial
cells per bronchus divided by the total number of epithelial cells of each bronchiole.

Lung protein for Elisa and western blot
Lung tissue was homogenized in 500 μl of lysis buffer and 100 mg of stainless steel beads
(Next Advance, Inc) for 5 min using the Bullet Blender™ homogenizer (Next Advance, Inc).
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The lysate was centrifuged at 13,000rpm for 10 min at 4°C. The supernatant was used for
Elisa and western blots.

Quantitation of lung cytokines
BAL fluid and lung levels of selected Th2 cytokine (IL-4, IL-5, IL-13), and chemokines
(eotaxin-1) was performed by ELISA according to the manufacturer’s instructions (R & D
Systems). Levels of lung IL-4, IL-5, IL-13, and eotaxin-1 are expressed as the amount of
cytokine/chemokine in pg per mg lung protein. Lung protein levels were quantitated by the
BCA method (Thermo Scientific).

Detection of SERCA2b by western blot
Lung protein was separated on a SDS/PAGE gel and transferred to a PVDF membrane.
Membranes were blocked in 5% (wt/vol) milk in 1× Tris-buffered saline with Tween for 1 h
and then incubated with the primary antibody overnight at 4 °C. The primary antibodies
used in this study were mouse monoclonal anti-SERCA2b (Abcam), and rabbit monoclonal
anti-GAPDH (Genetex).

Quantitation of bronchial epithelial TGF-β1, ADAM8, Serca2b, MMP9 by image analysis
Lung sections from hORMDL3zp3-Cre and WT mice were immunostained with either anti-
TGFβ1, anti-ADAM8, anti-Serca2b, or anti-MMP9 Abs. Levels of expression of either
TGFβ1, ADAM8, Serca2B, or MMP-9 by bronchial epithelial cells (outlined and visualized
with a light microscope attached to an image-analysis system) was quantitated by image
analysis as described (18). The images were saved and analyzed with Image-Pro Plus 3
software (Media Cybernetics, Bethesda, MD). The mean value of bronchial epithelial
immuostain intensity was normalized for the total area of bronchial epithelium.

Quantitation of serum IgE, IgG, IgM, and IgA
Serum total IgE was quantitated with an IgE ELISA kit (BD Biosciences). Serum IgG (IgG1
and IgG2a), IgM, and IgA were quantitated using a mouse immunoglobulin isotyping
ELISA kit (BD Pharmingen) with results reported as OD at 450nm per manufacturer’s
instructions. Serum OVA-specific IgE was quantitated with a mouse OVA-specific IgE kit
(Biolegend) with results reported as ng/ml. All ELISA plates were read with a BioRad
Model 680 microplate reader.

Activation of ATF6, IRE1, and PERK
Purified populations of macrophages (> 95% pure) were generated from hORMDL3zp3-Cre

and WT mouse bone marrow cells cultured in complete DMEM media (Gibco)
supplemented with stem cell growth factors (L-cells media, ATCC) for 10 days as described
(19). Activation of ATF6 was detected with immunofluorescence microscopy to detect
nuclear localization of ATF6 using an ATF6 Ab (Imgenex) as previously described (13, 20).
Activation of Ire1 was detected by PCR as it removes the UPR intron from the un-spliced
form of XBP1 (XBP1u) to generate the spliced form of XBP1 (XBP1s) mRNA (13, 20).
Activation of PERK was assessed by increased levels of phospho-eIF2α by western blot
using an antibody specific to the phosphorylated form of eIF2α (13, 20). In all UPR
experiments, thapsigargin a known activator of the UPR was incubated with cells for one
hour before collecting cells for either RNA or protein analyses. As insufficient numbers of
bronchial epithelial cells were available for UPR western blot studies, the UPR studies were
performed on macrophages a cell type that like epithelial cells express high levels of
ORMDL3 (13).
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Acute OVA Challenge Model
hORMDL3zp3-Cre and littermate control mice aged 12 weeks were sensitized and challenged
with OVA (Worthington, Lakewood, NJ) as previously described (13). In brief, mice were
sensitized i.p. with 100 μg OVA and 2 mg aluminum hydroxide (Imject Alum; Thermo
Fisher Scientific, Waltham, MA) in a total volume of 200 μl PBS on days 0 and 10 followed
by intranasal administration of 200 μg OVA in 20 μl PBS on days 21, 23, and 25. Non-OVA
challenged ORMDL3 TG and littermate groups of mice were sensitized and challenged with
PBS only. Twenty-four hours after the last challenge, bronchoalveolar lavage (BAL) fluid,
lungs, and blood, were collected as described above.

Airway hyperreactivity to methacholine
Airway responsiveness to methacholine (MCh) was assessed in intubated and ventilated
mice aged 12 weeks (n=8 mice/group)(flexiVent ventilator; Scireq) anesthetized with
ketamine (100 mg/kg) and xylazine (10 mg/kg) intraperitoneally as previously described
(16). The dynamic airway resistance and elastance were determined using Scireq software in
mice exposed to nebulized PBS and MCh (0, 3, 24, 48 mg/ml). The following ventilator
settings were used: tidal volume (10 ml/kg), frequency (150/min), and positive end-
expiratory pressure (3 cmH2O). Increased elastance values signal an increased stiffness of
the lungs, and elastance is the inverse of compliance (Scireq).

Statistical Analysis
All results are presented as mean ± SEM. A statistical software package (Graph Pad Prism,
San Diego, CA) was used for the analysis. P values of < 0.05 were considered statistically
significant.

RESULTS
Generation of hORMDL3 TG mice

To perform studies in hORMDL3 TG mice, we generated conditional hORMDL3 TG floxed
mice (RFP-StopFLhORMDL3-TG mice) with the pCAGEN lox mRFP-H2B STOP lox
hORMDL3 transgene construct (Fig 1 A, B), and crossed these with Zona Pellucida 3 (Zp3)
Cre mice resulting in offspring with expression of human ORMDL3 in all cells
(hORMDL3zp3-Cre mice)(21). The transgene construct we developed has a loxP flanked red
fluorescent protein (RFP) and transcriptional stop codon positioned at the transcriptional
initiation site of the hORMDL3 transgene which prevents transcription of hORMDL3 (Fig
1A). Thus, all cells in this RFP-StopFLhORMDL3-TG mouse will not express hORMDL3
until crossed with a Cre expressing mouse which excises the transcriptional stop codon and
RFP (Fig 1B). We used PCR (Fig 1C) to confirm successful expression of the hORMDL3
transgene in hORMDL3zp3-Cre mice. The presence of the non-expressed floxed transgene
construct in RFP-StopFLhORMDL3-TG mice tissues/cells was assessed by red fluorescence
prior to crossing to Zp3 Cre mice. Crossing RFP-StopFLhORMDL3-TG mice to Zp3 Cre
mice results in the loss of RFP expression in cells that was designed to provide a rapid initial
screen for successful expression of hORMDL3 (Fig 1A, 1B). However, as levels of the red
fluorescent protein as detected by immunofluorescence microscopy varied widely in RFP-
StopFLhORMDL3-TG mice, we utilized hORMDL3 PCR, rather than loss of red
fluoresecence, to detect hORMDL3 expression. hORMDL3zp3-Cre mice overexpressing
hORMDL3 constitutively in all cells were viable with no obvious developmental or
morphologic defects (Fig 1 D) and their lung size and weights and were similar to that of
WT mice (Fig 1E–F).

Levels of the human ORMDL3 transgene were highly expressed in hORMDL3zp3-Cre mouse
lung (Fig 1G), bronchial epithelium (Fig 1H), and BAL macrophages (Fig 1I) as assessed by
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qRT/PCR. In contrast, no expression of the human ORMDL3 transgene was detected in wild
type littermate mice (referred to as WT subsequently) (Fig 1G–I). Levels of mouse
ORMDL1, mouse ORMDL2, and mouse ORMDL3 in hORMDL3zp3-Cre mice were not
altered in mouse lung (Fig 1J), bronchial epithelium (Fig 1K), and BAL macrophages (Fig
1L) as assessed by qRT/PCR.

Increased airway remodeling in hORMDL3zp3-Cre mice
hORMDL3zp3-Cre mice have evidence of airway remodeling characteristic of asthma at 4
weeks of age which persisted through 26 weeks of life (Fig 2). Features of airway
remodeling that are evident in hORMDL3zp3-Cre mice include an increase in the area of
peribronchial smooth muscle as assessed by immunostaining with an anti-α-smooth muscle
actin Ab (Fig 2A–C), an increase in peribronchial fibrosis as assessed by the area of
peribronchial trichrome staining to detect lung collagen (Fig 2D–F), and an increase in total
lung collagen (Fig 2G). In addition, there was a significant increase in mucus expression
detected by PAS staining (Fig 2H–L). While the levels of peribronchial smooth muscle (Fig
2C), and peribronchial fibrosis as assessed by trichrome staining (Fig 2F) remained stably
increased from week 4 to week 26, levels of mucus continued to increase from week 4 to
week 26 (Fig 2J).

Activation of ATF6 but not Ire1 or PERK in hORMDL3zp3-Cre mice
We have previously demonstrated that in vitro transfection of ORMDL3 activates only one
of the three pathways of the UPR (i.e. activates the ATF6 pathway and not the Ire1 or PERK
pathway) (13). To determine whether in vivo hORMDL3 activated the UPR, we cultured
bone marrow derived macrophages from WT and hORMDL3zp3-Cre mice to have sufficient
numbers of cells to perform a western blot. hORMDL3zp3-Cre mouse macrophages, but not
WT macrophages, spontaneously activated the ATF6 pathway as assessed by translocation
of ATF6 from being dispersed in the ER to the nucleus using immunofluorescence
microscopy (Fig 3A–B). In contrast, both WT and hORMDL3zp3-Cre mouse macrophages
did not activate either Ire1 (Fig 3C), or PERK (Fig 3D) pathways. Incubation of WT and
hORMDL3zp3-Cre mouse macrophages with thapsigargin a known activator of the UPR
induced activation of the ATF6 (Fig 3A–B), Ire1 (Fig 3C), and PERK (Fig 3D) pathways in
both WT and hORMDL3zp3-Cre mouse macrophages. Thus, bone marrow derived
macrophages from hORMDL3zp3-Cre mice, like cells transfected with ORMDL3 in vitro
(13), exhibit selective activation of the ATF6 UPR pathway.

Increased remodeling genes in lungs of hORMDL3zp3-Cre mice
As Serca2b has been implicated in airway remodeling in asthma (15), we examined whether
levels of Serca2b were modulated in hORMDL3zp3-Cre mice. Our studies demonstrate that
hORMDL3zp3-Cre mice have increased lung levels of Serca2b as assessed by qRT/PCR (Fig
4A), and western blot (Fig 4B). In addition, hORMDL3zp3-Cre mice have increased levels of
bronchial epithelial expression of TGF-β1 (Fig 4C), and ADAM8 (Fig 4D), with a smaller
increase in MMP-9 (Fig 4E) as assessed by qRT/PCR. Levels of TGF-β1 (Fig 4F), ADAM8
(Fig 4G), Serca2b (Fig 4H), but not MMP-9 (data not shown), were increased in bronchial
epithelium in hORMDL3zp3-Cre mice as assessed by immunohistochemistry with
quantitation by image analysis.

Levels of selected CXC and CC chemokines in hORMDL3zp3-Cre mice
As we had previously demonstrated that transfection of ORMDL-3 in vitro induced high
levels of expression of CXC chemokines (IL-8; CXCL-10 also known as IP-10; CXCL-11
also known as ITAC)(13), and lower levels of CC chemokines (CCL-20 also known as
MIP-3α)(13), we measured levels of these chemokines by qPCR in the hORMDL3zp3-Cre
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mice. hORMDL3zp3-Cre mice had significantly increased levels of lung CXC chemokine
mRNA including CXCL10 in bronchial epithelial cells (Fig 4I), as well as increased levels
of CXCL11 mRNA in BAL macrophages (Fig 4J), while levels of lung KC mRNA the
murine equivalent of IL-8 was not increased (data not shown). Levels of selected CC
chemokine mRNA (CCL-20 and eotaxin-1) were also not different in lung, bronchial
epithelium or BAL macrophages in hORMDL3zp3-Cre compared to WT mice (data not
shown).

Airway remodeling preceded airway inflammation in hORMDL3zp3-Cre mice
hORMDL3zp3-Cre mice exhibit significant airway remodeling at 4 weeks of age (Fig 2), a
time point at which there is no evidence of any increase in peribronchial CD4+ cells (Fig
5A), F4/80+ macrophages (Fig 5B), MBP+ eosinophils (Fig 5C), or neutrophil elastase+
neutrophils (Fig 5D) compared to WT mice. At 8 weeks of age there is a small increase in
F4/80+ peribronchial macrophages (Fig 5B) in the lungs of hORMDL3zp3-Cre mice, with no
change in CD4+ cells, eosinophils, or neutrophils (Fig 5A, C, D). At 26 weeks of age there
is a significant increase in peribronchial CD4+ cells (Fig 5A), F4/80+ macrophages (Fig
5B), eosinophils (Fig 5C), and neutrophils (Fig 5D) in hORMDL3zp3-Cre compared to WT
mice.

Airway remodeling precedes increase in Th2 cytokines in hORMDL3zp3-Cre mice
Levels of Th2 cytokines IL-5, IL-13 were not increased in either BAL or lung of
hORMDL3zp3-Cre mice at 4 weeks of age (Fig 5E–H), a time point at which
hORMDL3zp3-Cre mice exhibit significant airway remodeling. Levels of BAL IL-13 (Fig
5E) and lung IL-13 (Fig 5F) were significantly increased in hORMDL3zp3-Cre mice at 8
weeks and 26 weeks of age as assessed by ELISA. Levels of BAL IL-5 (Fig 5G) were
significantly increased in hORMDL3zp3-Cre mice at 8 weeks and 26 weeks of age, while
levels of lung IL-5 were only increased at 8 weeks (Fig 5H). In contrast, there was no
increase in levels of lung IL-4 in hORMDL3zp3-Cre mice at 4, 8, or 26 weeks of age (data
not shown).

Increased IgE but not IgG, IgM, or IgA in hORMDL3zp3-Cre mice
Levels of IgE were significantly increased in hORMDL3zp3-Cre compared to WT mice at 4
weeks of age, and this increase in IgE persisted at 8 weeks and 26 weeks (Fig 6A). The
increase in IgE was selective, as there was no increase in IgG (IgG1 or IgG2)(Fig 6B, 6C),
IgM (Fig 6D), or IgA (Fig 6E) in hORMDL3zp3-Cre mice.

Acute OVA allergen challenge enhances peribronchial eosinophilic inflammation, OVA
specific IgE, and IL-4 in hORMDL3zp3-Cre mice

Acute OVA challenge induced a greater increase in peribronchial eosinophils (Figure 7A–E)
and OVA specific IgE (Fig 7F) in hORMDL3zp3-Cre mice compared to WT mice. This was
associated with increased lung IL-4 levels in hORMDL3zp3-Cre mice compared to WT mice
(Fig 7G). While acute OVA challenge induced increased levels of lung IL-5 (Fig 7I), IL-13
(Fig 7H), and eotaxin-1 (Fig 7J) in hORMDL3zp3-Cre mice (OVA vs no OVA), these levels
were not different from that detected in OVA challenged WT mice.

Airway hyperreactivity to methacholine
hORMDL3zp3-Cre mice had spontaneous increased AHR to methacholine compared to WT
mice at 12 weeks of age (Fig 8A). In addition, hORMDL3zp3-Cre mice had increased lung
elastance compared to WT mice (Fig 8B).
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DISCUSSION
Although multiple genetic association studies have demonstrated that ORMDL3 is highly
linked to asthma (1–10), the mechanism by which ORMDL3 may contribute to the
pathogenesis of asthma in vivo is at present unknown. In this study using a mouse model in
which the human ORMDL3 gene is overexpressed, we demonstrate the novel findings that
expression of the human ORMDL3 transgene in vivo is associated with significantly
increased airway remodeling including increased airway smooth muscle, subepithelial
fibrosis, and mucus. These airway remodeling changes in hORMDL3zp3-Cre mice were
associated with the spontaneous development of increased airway responsiveness. In
addition, the remodeling changes were associated with an increased lung elastance (the
inverse of lung compliance) which indicates an increased stiffness of the remodeled lungs.
The mechanism of the increased airway remodeling did not appear to be dependent upon
increased airway inflammation, as significant airway remodeling was evident at 4 weeks of
age in the hORMDL3zp3-Cre mice, a time point not associated with an increased number of
peribronchial eosinophils, neutrophils, macrophages, or CD4 cells. Increased levels of
expression of genes associated with airway remodeling were detected in the lung
(SERCA2b) and airway epithelium (TGF-β1, ADAM8, MMP-9) of hORMDL3zp3-Cre mice
suggesting that these pathways may contribute to airway remodeling detected in these mice.
The importance of these genes that are highly expressed in hORMDL3zp3-Cre mice to airway
remodeling and asthma is suggested from studies demonstrating expression of these
pathways in the airways of human asthmatics (15, 22–27), induction of these mediators by
allergen inhalation in asthmatics (TGF-β1, MMP-9)(28–30), and inhibition of asthma
outcomes in mice deficient in these genes (ADAM-8, Smad3, MMP-9)(31–35), or in mice
treated with neutralizing antibodies (TGF-β1) (36).

We have previously performed in vitro studies and demonstrated that transfection of
ORMDL3 induces activation of one of the three pathways of the endoplasmic reticulum
UPR, namely the ATF6 pathway (13). Using hORMDL3zp3-Cre mice we have made the
novel observation that the ATF6 pathway of the UPR, is selectively activated by the human
ORMDL-3 transgene in vivo. ATF6 (consisting of the closely related ATF6α and ATF6β in
mammals)(37) is a transcription factor known to regulate genes involved in ER protein
folding (14), as well as expression of SERCA2b which has been implicated in airway
remodeling in asthma (15). In this study we demonstrate that hORMDL3zp3-Cre mice exhibit
both activation of ATF6 and increased levels of lung SERCA2b, suggesting that the ATF6
and SERCA2b pathways are downstream of ORMDL3 in vivo as previously demonstrated
in vitro (13). In prior in vitro studies we have demonstrated that transfection of ORMDL3
induced activation of ATF6 and expression of SERCA2b, while knockdown of ATF6α
inhibited SERCA2b expression (13). Activation of ATF6 was maximum as further induction
of the UPR upon treatment of the cells with thapsigargin, a well characterized ER stress
inducer, did not increase the nuclear localization of ATF6. Overall, these studies of
hORMDL3zp3-Cre mice provide in vivo evidence of ATF-6α dependent pathways
(SERCA2b) and ATF-6α independent pathways (TGF-β1, ADAM-8, MMP-9) through
which the ER localized ORMDL3 may be linked to airway remodeling and asthma.
However, only future studies in which the ATF6 pathway is selectively inhibited will be
able to determine the role played by the ATF6 pathway in any remodeling changes we have
noted in hORMDL3zp3-Cre mice.

hORMDL3zp3-Cre mice also had an age related increase in levels of airway inflammation, as
well as increase in lung cytokines and chemokines. The increased levels of airway
inflammation were not evident in hORMDL3zp3-Cre mice aged 4 weeks, and only started to
be evident at 8 weeks (increase in peribronchial macrophages). At 26 weeks
hORMDL3zp3-Cre mice had significantly increased levels of peribronchial CD4+ cells,
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eosinophils, macrophages, and neutrophils, suggesting that the airway inflammatory
response in hORMDL3zp3-Cre mice increased during the period from 8 weeks to 26 weeks of
age. As the inflammatory response in hORMDL3zp3-Cre mice had evidence of both Th2
mediated inflammation (increased CD4+ cells and eosinophils), as well as increased
neutrophils and macrophages we investigated whether their lungs expressed cytokines and
chemokines associated with Th2 mediated inflammation (IL-4, IL-5, IL-13, eotaxin-1), or
chemokines known to be regulated by ORMDL3 in vitro (CXCL10, CXCL11, IL-8, CCL20)
(13). Levels of lung Th2 cytokines (IL-5 and IL-13) were increased in hORMDL3zp3-Cre

mice at 8 and 26 weeks of age. In contrast, there was no increase in lung IL-4 or eotaxin-1 at
any time point. Allergen challenged hORMDL3zp3-Cre mice had significantly increased
levels of peribronchial eosinophils and lung IL-4 compared to allergen challenged WT mice.
IL-4 can contribute to increased lung eosinophilic inflammation as evident in studies of IL-4
transgenic mice (38). Our studies of hORMDL3zp3-Cre mice confirmed that chemokines
(CXCL10, CXCL11) we had observed to be highly expressed in vitro in ORMDL3
transfected cells (13), were highly expressed in hORMDL3zp3-Cre mice bronchial epithelium
(CXCL10) and alveolar macrophages (CXCL11). Although asthma has predominantly been
associated with expression of CC chemokines, CXC chemokines have also been linked to
asthma in studies in humans with asthma (39–42), as well as in studies in animal models
(43, 44)(i.e. CXCL-10 KO have significant reduction in Th2-type allergic airway
inflammation and AHR)(43).

hORMDL3zp3-Cre mice also had increased levels of IgE without increases in IgG, IgM, or
IgA. The level of OVA specific IgE increased significantly more in hORMDL3zp3-Cre mice
challenged with OVA compared to WT mice challenged with OVA. As IL-4, and IL-13
switch B cells to IgE production (45), we examined whether either cytokine was increased in
association with increases in OVA specific IgE or increases in total IgE. The increase in
OVA specific IgE in hORMDL3zp3-Cre mice following acute OVA challenge was associated
with increased levels of IL-4. In contrast, the increase in total IgE detected in
hORMDL3zp3-Cre mice preceded the increase in IL-13. Preliminary studies did not
demonstrate a difference in the number of splenic B cells expressing IgE in
hORMDL3zp3-Cre compared to WT mice (data not shown). Further studies are needed to
determine whether the increased total IgE, and allergen specific IgE, production we have
noted in hORMDL3zp3-Cre mice is due to either cytokines (IL-4, IL-13), or T cell and/or B
cell pathways that are regulated by ORMDL3. In epidemiologic studies of asthma
chromosome 17q21 has been linked to IgE in some (5, 8) but not all studies (3, 7). Studies of
ORMDL3 in Puerto-Rican asthmatics have demonstrated a significant association between
SNP rs12603332 and log10 IgE levels (5), while, subgroup analysis showed important
associations between SNPs rs4378650 and rs12603332 in patients with allergic asthma (IgE
> 100 IU/ml). The association between these SNPs and asthma became stronger in patients
with IgE levels exceeding 100 IU/ml (5).

In summary, these studies in hORMDL3zp3-Cre mice provide evidence that ORMDL3 plays
an important role in activation of the ATF6 UPR pathway in vivo, and that expression of
ORMDL3 in vivo regulates airway remodeling (smooth muscle, fibrosis, mucus) potentially
through ATF6 target genes such as SERCA2b, and/or through ATF6 independent genes
(TGF-β1, ADAM8, MMP-9) detected in airway epithelium, as well as through as yet
unidentified and/or uninvestigated pathways. In this regard sphingolipids are known to be
regulated by ORMDL3 and sphingolipid pathways have been associated with asthma but not
airway remodeling in mouse models (46–48). ORMDL3 also regulates ER mediated calcium
signaling (49) and lymphocyte activation in vitro (50). As ORMDL3 is expressed in
multiple cell types important to the pathogenesis of asthma (i.e. epithelial cells,
macrophages, eosinophils, T cells)(13, 51), in this study we have examined how increased
expression of ORMDL3 in multiple cell types contribute to the pathogenesis of asthma.
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Future studies with selective over-expression of ORMDL3 in particular cell types will
provide insight into the role of ORMDL3 in these individual cell types to the pathogenesis
of asthma. Interestingly, increased levels of airway remodeling preceded increased levels of
airway inflammation (CD4+ cells, macrophages, eosinophils, neutrophils) in the lungs of
hORMDL3zp3-Cre mice, suggesting that airway remodeling can be dissociated from these
pathways by activation of ORMDL3. As airway remodeling can be detected not only in
adults with asthma, but also in childhood asthma (52), increased expression of ORMDL3 in
childhood asthmatics could contribute to the early development of airway remodeling.
Overall, these studies provide preliminary evidence for an in vivo mechanism to link an ER
localized protein such as ORMDL-3 to the pathogenesis of airway remodeling, airway
hyperreactivity, and asthma.
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Abbreviation used in this article

ADAM8 a disintegrin and metalloproteinase domain-containing protein 8

ATF6 activating transcription factor 6

AHR airway responsiveness

BAL bronchoalveolar lavage

ER endoplasmic reticulum

IP-10 interferon gamma-induced protein 10

Ire1 inositol-requiring-enzyme 1

ITAC interferon-inducible T-cell alpha

MBP major basic protein

ORMDL orosomucoid like

PAS periodic acid Schiff

PERK protein-kinase-regulated-by-RNA-like-ER-associated-kinase

Serca2B sarco/endoplasmic reticulum Ca2+ ATPase

TGF-β1 transforming growth factor beta 1

UPR unfolded protein response

WB western blot

WT wild-type

XBP1 x-box-binding protein 1
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Figure 1. Generation of ORMDL3 TG mice
(A). The human ORMDL3 transgenic construct contains a CAG promoter for universal
over-expression (light blue), H2B-mRFP (red fluorescent protein)(red), followed by a
transcriptional stop site (orange), the human ORMDL3 open reading frame (green), and a
rabbit B-globin poly-adenylation sequence (pink). The H2B-mRFP (red fluorescent protein)
and transcriptional stop site are flanked by LoxP sites (triangles). Cells containing this
pCAGEN Lox mRFP-H2B STOP Lox hORMDL3 construct will express RFP (red
fluorescent protein) and not express hORMDL3 as the transcriptional stop codon (orange)
prevents transcription of hORMDL-3. (B). Expression of the hORMDL3 gene is Cre
recombinase dependent since the transcriptional stop codon preventing hORMDL-3
expression (and RFP) are excised by Cre recombinase via the Lox P sites resulting in over-
expression of hORMDL3 only in those cells expressing Cre recombinase. (C) Primer sets
(F1, R; F2, R) used to detect progeny of RFP-StopFLhORMDL3-TG mice crossed with Zp3-
cre mouse and predicted sizes of transgene mRNA assessed by PCR. (D) WT mice (left) and
hORMDL3zp3-Cre mice (right) aged 26 weeks appeared morphologically similar. (E) The
gross appearance of lungs of WT mice (left) and hORMDL3zp3-Cre mice (right) aged 26
weeks appeared morphologically similar. (F). Other than airway remodeling the appearance
of lungs of WT mice (left) and hORMDL3zp3-Cre mice (right) aged 26 weeks appeared
morphologically similar. (G) Expression of the human ORMDL3 (hORMDL3) transgene
was detected by qRT/PCR in mouse lung, (H) mouse bronchial epithelium, and (I) mouse
BAL macrophages in hORMDL3zp3-Cre mice, but not in WT mice. The human ORMDL3
transgene did not increase levels of mouse ORMDL1 (m-ORMDL1), mouse ORMDL2 (m-
ORMDL2), or mouse ORMDL3 (m-ORMDL3) as assessed by qRT/PCR in mouse lung (J),
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mouse bronchial epithelium (K), and mouse BAL macrophages (L) in either
hORMDL3zp3-Cre or WT mice.
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Figure 2. Airway remodeling in hORMDL3zp3-Cre mice
A.–C. Levels of peribronchial smooth muscle were quantitated by immunohistochemistry
using an anti-α-smooth muscle actin antibody and image analysis. Results are expressed as
the α-smooth muscle actin stained area (μm2) per μm length of basement membrane of
bronchioles 150–200 μm of internal diameter in (A) WT and (B,C) hORMDL3zp3-Cre mice
aged 4, 8, and 26 weeks of age (n=12 mice/group). D–F. Levels of peribronchial trichrome
staining were quantitated by image analysis. Results are expressed as the trichrome stained
area (μm2) per μm length of basement membrane of bronchioles 150–200 μm of internal
diameter in (D) WT and (E,F) hORMDL3zp3-Cre mice 4, 8, and 26 weeks of age (n=12
mice/group). G. Levels of lung collagen were quantitated by a Sircol assay in WT and
hORMDL3zp3-Cre mice aged 4, 8, and 26 weeks of age (n=12 mice/group). H–L. Levels of
mucus were quantitated by PAS staining in (H) WT and (I, J) hORMDL3zp3-Cre mice aged
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4, 8, and 26 weeks of age (n=12 mice/group). Higher magnification view of PAS staining in
(K) WT and (L) hORMDL3zp3-Cre mice.
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Figure 3. ORMDL3 AND UPR
Bone marrow derived macrophages from WT or hORMDL3zp3-Cre mice were treated with
Thapsigargin (Tg), a known activator of the UPR, for 1 hour. (A–B) ATF6.
Immunofluorescence against ATF6 (red) was performed. Active ATF6 is shown by nuclear
localization (merged purple color) as depicted by co-localization with DAPI (blue). (C).
Ire1. Activation of Ire1 was detected by RT/PCR as it removes the UPR intron from the un-
spliced form of XBP1 (XBP1u) to generate the spliced form of XBP1 (XBP1s) mRNA. (D)
PERK. Activation of PERK is assessed by phosphorylation of elF2α (P-elF2α) blotted by
anti-phospho specific elF2α antibody on SDS-PAGE by western blot. Total elF2α was
blotted by anti-elF2α antibody.
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Figure 4. hORMDL3zp3-Cre mice express SERCA2b, TGFβ1, ADAM8, MMP9, CXCL10, and
CXCL11
Levels of SERCA2b were quantitated in the lungs of hORMDL3zp3-Cre and WT mice by (A)
qPCR, and (B), western blot. Levels of (C) TGFβ1, (D) ADAM8, and (E) MMP9, were
quantitated by qPCR in the lungs, bronchial epithelium, and BAL macrophages of
hORMDL3zp3-Cre and WT mice. Levels of (F) TGFβ1, (G) ADAM8, and (H) Serca2b were
quantitated by immunohistochemistry and image analysis in bronchial epithelium of
hORMDL3zp3-Cre and WT mice. Levels of (I) CXCL10 (IP-10), and (J) CXCL11 (ITAC),
were quantitated by qPCR in the lungs, bronchial epithelium, and BAL macrophages of
hORMDL3zp3-Cre and WT mice. (n=12 mice/group).
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Figure 5. Levels of lung immune and inflammatory cells, and Th2 cytokines in
hORMDL3zp3-Cre mice
The number of (A) CD4+, (B) F4/80+, (C) MBP+, and (D) neutrophil elastase+ (NE+) cells
per bronchiole of 150–200 μm of internal diameter was quantitated by
immunohistochemistry and image analysis in WT and hORMDL3zp3-Cremice at 4, 8, and 26
weeks of age (n=12 mice/group). Levels of IL-13 in (E) BAL and (F) lung, as well as levels
of IL-5 in (G) BAL and (H) lung were quantitated by ELISA (n=12 mice/group).
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Figure 6. Levels of IgE, IgG, IgM, and IgA in hORMDL3zp3-Cre mice
Levels of (A) IgE, (B) IgG1, (C) IgG2, (D) IgM, and (E) IgA were quantitated by ELISA in
hORMDL3zp3-Cre (black bar) and WT (white bar) mice at 4, 8, and 26 weeks of age (n=12
mice/group).
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Figure 7. Effect of acute OVA allergen challenge on airway inflammation, IgE, and Th2
cytokines in hORMDL3zp3-Cre mice
hORMDL3zp3-Cre and WT mice were sensitized to OVA and challenged with OVA allergen
by inhalation. Compared to OVA challenged WT mice, OVA challenged hORMDL3zp3-Cre

mice had significantly increased levels of (A–E) lung MBP+ peribronchial eosinophils as
assessed by immunohistochemistry, (F) OVA specific IgE, and (G) lung IL-4. Levels of
lung (H) IL-13, (I) IL-5, and (J) eotaxin-1 were similar in OVA challenged WT and OVA
challenged hORMDL3zp3-Cre mice (n=12 mice/group).
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Figure 8. Airway Responsiveness in hORMDL3zp3-Cre mice
Airway responsiveness to methacholine (MCh) was assessed in intubated and ventilated
hORMDL3zp3-Cre and WT mice aged 12 weeks (flexiVent ventilator; Scireq)(n=8 mice/
group)(A). Lung elastance (the inverse of compliance) was also recorded in
hORMDL3zp3-Cre and WT mice (n=8mice/group) (B). * p< 0.01; ** P<0.002
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