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ORMDL3 promotes eosinophil trafficking and
activation via regulation of integrins and CD48
Sung Gil Ha1, Xiao Na Ge1, Nooshin S. Bahaie1, Bit Na Kang1, Amrita Rao1, Savita P. Rao1 & P. Sriramarao1

ORM (yeast)-like protein isoform 3 (ORMDL3) has recently been identified as a candidate gene

for susceptibility to asthma; however, the mechanisms by which it contributes to asthma

pathogenesis are not well understood. Here we demonstrate a functional role for ORMDL3 in

eosinophils in the context of allergic inflammation. Eosinophils recruited to the airways of

allergen-challenged mice express ORMDL3. ORMDL3 expression in bone marrow eosinophils

is localized in the endoplasmic reticulum and is induced by interleukin-3 and eotaxin-1.

Overexpression of ORMDL3 in eosinophils causes increased rolling, distinct cytoskeletal

rearrangement, extracellular signal-regulated kinase (1/2) phosphorylation and nuclear

translocation of nuclear factor kappa B. Knockdown of ORMDL3 significantly inhibits activa-

tion-induced cell shape changes, adhesion and recruitment to sites of inflammation in vivo,

combined with reduced expression of CD49d and CD18. In addition, ORMDL3 regulates

interleukin-3-induced expression of CD48 and CD48-mediated eosinophil degranulation.

These studies show that ORMDL3 regulates eosinophil trafficking, recruitment and degra-

nulation, further elucidating a role for this molecule in allergic asthma and potentially other

eosinophilic disorders.
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S
everal genome-wide association studies provide strong
evidence that polymorphisms in the region including
ORM (yeast)-like protein isoform 3 (ORMDL3) on chromo-

some 17q21 contribute to childhood as well as adult-onset asthma
in ethnically diverse populations1–8. The human ORMDL genes,
which include ORMDL1 on chromosome 2, ORMDL2 on
chromosome 12 and ORMDL3 on chromosome 17, are
expressed ubiquitously in adult and fetal tissues, including the
lung, with human ORMDL3 gene demonstrating 96% homology
with mouse ORMDL3 (ref. 9). ORMDL3 gene encodes an
endoplasmic reticulum (ER) trans-membrane protein that binds
to sarco-ER Ca2þ pump regulating ER-mediated Ca2þ signalling
and cellular stress by facilitating the unfolded-protein response in
transfected HEK293 cells10. In addition, ORMDL3 functions as a
mediator of sphingolipid homeostasis in yeast and changes in
gene expression or mutations in its phosphorylation sites cause
dysregulation of Ca2þ homeostasis and sphingolipid
metabolism11. Although genetic studies have clearly
demonstrated that the ORMDL3 locus is a risk factor for
asthma, the function(s) of ORMDL3 in mediating allergic airway
inflammation is only now beginning to emerge. A recent study
showed that ORMDL3 is an inducible, ER-expressed protein in
bronchial epithelial cells where it regulates expression of
metalloproteases and chemokines and that ORMDL3 may be
linked to asthma via an ER unfolded-protein response pathway12.
This study also demonstrated that mRNA for ORMDL3 is
expressed by mouse bone marrow (BM)-derived eosinophils at
significantly higher levels compared with ORMDL1 and
ORMDL2 mRNA and that ORMDL3 protein is induced in
bronchoalveolar lavage fluid (BALF) eosinophils of mice after
allergen challenge. However, the function of this protein at a
cellular level in leukocytes is not known. Interestingly, a recent
case–controlled study in Korean children indicated a link between
ORMDL3 gene variants and eosinophilic inflammation13.
Eosinophils are the predominant inflammatory leukocytes that
infiltrate airways and promote inflammation during allergic
asthma14. Herein, we asked whether ORMDL3 has a role in
regulating eosinophil trafficking, migration and recruitment as
well as activation-dependent degranulation, which are critical
events that support the development and maintenance of tissue
inflammation during allergic asthma and other eosinophil-driven
disorders. Our studies show that ORMDL3 has a role in
promoting eosinophil trafficking and activation via regulation
of integrins (CD49d and CD18) and CD48.

Results
Allergen challenge induces expression of ORMDL3 in the
lungs. Given the identification of ORMDL3 as a candidate gene
associated with asthma, we first examined whether ORMDL3
expression was evident in murine lungs exposed to various
allergens by immunohistology with a polyclonal antibody against
human ORMDL3 that is known to react with mouse ORMDL3.
Ability of this antibody to bind ORMDL3 was established by
western blot analysis of bacterial lysates expressing recombinant
human ORMDL3 (His-tagged) or recombinant mouse ORMDL3
(GST-tagged), which showed bands of B17 kDa for His-
ORMDL3 and B43 kDa for GST-ORMDL3 fusion protein,
respectively (Supplementary Fig. S1a), corresponding to the
molecular weight of ORMDL3 (ref. 12). In lung sections, relative
to control mice, where ORMDL3 expression was noted mostly in
airway epithelial cells and endothelial cells by immunohistology
(Fig. 1a, middle panel), mice challenged with an extract of
Alternaria alternata demonstrated ORMDL3 expression asso-
ciated not only with airway epithelial cells and endothelial cells
but also with inflammatory cells recruited to the allergic airways

(Fig. 1a, right panel). Western blot analysis of lung tissue lysates
with this antibody further indicated increased expression of
ORMDL3 in the lungs after exposure to Alternaria extract
(Supplementary Fig. S1b). Exposure to other allergens such as
ovalbumin (chronic exposure) or cockroach antigen (acute
exposure) also showed ORMDL3 expression in leukocytes in the
lungs of mice, although the level of expression is variable and
likely to be allergen-specific (Supplementary Fig. S2a). As eosi-
nophils are the major inflammatory cells recruited to the airways
in response to Alternaria challenge (Supplementary Fig. S2b), we
next examined whether eosinophils in the lung tissue of Alter-
naria-exposed mice express ORMDL3 by staining sequential lung
sections for expression of ORMDL3 and eosinophil-specific
major basic protein (MBP) with antibodies against ORMDL3 and
MBP, respectively (Fig. 1b). Areas with several MBP-positive cells
also stained positive for ORMDL3. In addition, dual immuno-
fluorescence staining of BALF cells from Alternaria-exposed mice
with these antibodies confirmed that MBP-positive cells (eosi-
nophils) recruited to the airways express ORMDL3 (Fig. 1c).
Expression of ORMDL3 by eosinophils was further validated in
BM-derived murine eosinophils by RT–PCR (see Supplementary
Table S1 for primer details) and western blot analysis, which
demonstrated a major protein band of molecular weight B17
kDa (Fig. 1d). Consistent with the pattern indicated for this
antibody by the manufacturer, additional protein bands in the
molecular weight range of B45–70 kDa were noted. Owing to the
significant homology between ORMDL proteins 1, 2 and 3
(480%)9, one cannot unequivocally rule out that the antibody
does not react with ORMDL1 or 2. However, previous studies
indicating that ORMDL3 mRNA expression is induced in the
lungs of mice challenged with interleukin (IL)-4 or IL-13 (Th2
cytokines expressed in response allergen challenge) and that BM-
derived eosinophils express predominantly ORMDL3 mRNA
relative to ORMDL1 and 2 (ref. 12) support our demonstration of
ORMDL3 protein expression in Alternaria-challenged murine
lungs and eosinophils with this antibody.

Previous studies indicate that ORMDL3 is an ER membrane
protein in transfected HEK293 (ref. 9,10) and A549 epithelial
cells12. We examined sub-cellular localization of ORMDL3 in
murine eosinophils by immunofluorescence staining. Expression
was restricted largely to the cytoplasm (Fig. 1e). To further elucidate
this, eosinophils were transfected with ORMDL3-GFP (green
fluorescent protein). RT–PCR with specific primers demonstrated
increased ORMDL3 expression and confocal microscopy showed a
fluorescent (GFP) signal localized to the cytoplasm in transfected
eosinophils (Fig. 1f). ORMDL3-GFP-transfected eosinophils
(Fig. 1g, left panel) stained with ER-Tracker Red (Fig. 1g, middle
panel) showed that GFP-tagged ORMDL3 expression overlapped
with ER-Tracker Red staining (Fig. 1g, right panel) indicating that
ORMDL3 expression in eosinophils is predominantly confined to
the ER, consistent with previous findings in epithelial cells.

ORMDL3 is induced by IL-3 and participates in cell activation.
As exposure to allergens induces ORMDL3 expression in the
lungs of mice, we evaluated whether expression of ORMDL3 at a
cellular level in murine eosinophils is regulated by IL-3, IL-5,
eotaxin-1 and RANTES that promote allergic asthma14. RT–PCR
and qPCR indicated that IL-3 and eotaxin-1 markedly induce
ORMDL3 expression, whereas IL-5 and RANTES had no effect
(Fig. 2a, top and bottom panel). Western blot analysis of eosi-
nophil lysates demonstrated increased ORMDL3 protein
expression after exposure to IL-3 (Fig. 2b), confirming its ability
to upregulate ORMDL3 expression. In human eosinophils, IL-3
has been shown to induce rapid activation of extracellular signal-
regulated kinase (ERK; 1/2) but not p38 (ref. 15). Likewise,
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eotaxin-1 has been shown to induce rapid activation
of ERK (1/2) (p44/42) and p38 MAP kinases, which have a
role in regulating eosinophil migration and degranulation16,17. As
IL-3 and eotaxin-1 induced ORMDL3 expression, we examined
whether overexpression of ORMDL3 is associated with activation
of ERK and p38 in eosinophils. ORMDL3-GFP-transfected
eosinophils demonstrated a marked increase in levels of
phosphorylated ERK (1/2) compared with non-transfected or
control-GFP-transfected cells, whereas no effect was noted on the
level of activated p38 (Fig. 2c). Activated ERK can induce nuclear
translocation of NF-kB via activation of its cytoplasmic target
I-kB kinase alpha (IKK-alpha)18. Therefore, we next examined if
ORMDL3, when overexpressed, can regulate NF-kB expression
and translocation in murine eosinophils. Overexpression of
ORMDL3 in ORMDL3-GFP-tranfected eosinophils (akin to
IL-3- or eotaxin-1-induced ORMDL3 expression) resulted in

translocation of NF-kB to the nucleus (Fig. 2d). Nuclear trans-
location and activation of NF-kB in eosinophils is known to
induce expression of multiple proteins (such as cytokines and
adhesion molecules) resulting in further cell activation19,20.

Exposure of eosinophils to eotaxin-1 induces cytoskeletal
rearrangement, which enables cells to undergo morphological
changes that are essential for cell motility16,21. As eotaxin-1
upregulated ORMDL3 expression, we examined whether
increased ORMDL3 expression in eosinophils may alter the
actin cytoskeleton based on phalloidin staining. ORMDL3-
GFP-transfected eosinophils exhibited striking changes in the
F-actin cytoskeleton. Although control-GFP-transfected cells
demonstrated a distinct pattern of phalloidin binding localized
to the cell periphery/margin, ORMDL3-GFP-transfected cells
exhibited irregular phalloidin binding all over the cell (Fig. 2e).
The important role of the cytoskeleton in promoting activation-
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Figure 1 | ORMDL3 expression in lungs of allergen-challenged mice and BM-derived murine eosinophils. (a) Expression of ORMDL3 by airway epithelial

cells, endothelial cells and recruited inflammatory cells in the lungs of mice challenged with an extract of A. alternata by immunohistochemistry (IHC)

with antibodies against ORMDL3 (right). Baseline ORMDL3 expression in lungs of PBS-exposed control mice (centre) and reactivity with control IgG

(left) are also shown. Scale bar, 10mm. (b) Peribronchial area in sequential lung sections exhibiting similar pattern of eosinophil-specific MBP (left) and

ORMDL3 (right) expression by IHC (highlighted by the circle as an example). Scale bar, 10 mm. (c) Expression of ORMDL3 by eosinophils in BALF of

Alternaria-challenged mice by dual immunofluorescence staining with antibodies against MBP (green) and ORMDL3 (red) followed by confocal microscopy

after labelling with DAPI (blue). Scale bar, 50mm. A zoom three magnified image of cells highlighted by the circle in the overlay is shown (far right panel).

Scale bar, 20mm. (d) Expression of ORMDL3 in BM-derived murine eosinophils by RT–PCR with b-actin as the internal control (left panel) and by

western blot analysis with antibodies against ORMDL3 (right panel, left lane). Molecular weight markers (centre lane) and binding of control IgG (right

lane) are also shown. (e) Expression of ORMDL3 in DAPI-labelled BM-derived eosinophils by immunofluorescence staining with antibodies against

ORMDL3 (right) or control IgG (left). Scale bar, 20mm. (f) Expression of ORMDL3 in BM-derived eosinophils transfected with ORMDL3-GFP or control-GFP

by RT–PCR (left) and confocal microscopy (right). Expression of b-actin is shown as the internal control for the RT–PCR. Scale bar, 10mm. (g) Sub-cellular

localization of ORMDL3. Murine eosinophils were transfected with ORMDL3-GFP (left) and then treated with ER-Tracker Red for live-cell ER labelling

(middle). Co-localized expression of ORMDL3-GFP and ER-Tracker Red is shown in the overlay (right). Scale bar, 10mm. Data are representative

of n¼4 mice per group in (a–c) and of two to five independent experiments with BM-derived eosinophils from different mice in (d–g).
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dependent cell shape changes required for cell motility22,23

together with the ability of ORMDL3 to alter the F-actin
cytoskeleton when overexpressed, prompted us to investigate
whether ORMDL3 has a role in regulating eosinophil trafficking.
Overexpression of ORMDL3 in eosinophils resulted in significantly
increased eosinophil rolling on recombinant murine (rm) VCAM-
1 under conditions of flow compared with cells transfected with
control-GFP (Fig. 2f).

ORMDL3 regulates integrin expression and cell adhesion. The
role of ORMDL3 in eosinophil trafficking was further validated by
knockdown studies using ORMDL3-specific small interfering RNA
(siRNA). Treatment of eosinophils with ORMDL3-siRNA resulted
in a marked reduction in ORMDL3 mRNA expression by RT–PCR
and protein expression by western blot analysis as well as immu-
nofluorescence staining (Fig. 3a) without significantly affecting cell
viability or proliferation relative to cells treated with control-siRNA
(Supplementary Table S2). Interestingly, knockdown of ORMDL3
had no effect on eosinophil rolling (Supplementary Fig. S3a). This
could be due to redundant eosinophil-expressed adhesion mole-
cules such as galectin-3 that can promote eosinophil rolling on
VCAM-1 (ref. 24). However, a significant reduction in adhesion of
ORMDL3-siRNA-treated eosinophils to rm VCAM-1 and rm
ICAM-1 was noted compared with control-siRNA-treated cells

(Fig. 3b). Confocal microscopy studies after phalloidin staining
revealed that control-siRNA-treated eosinophils adherent to
VCAM-1 and ICAM-1 exhibited cell spreading with distinct cell
polarization (leading edge formation and development of uropodia
and filopodia) (Fig. 3c, middle panel) similar to untreated cells
(Fig. 3c, left panel), whereas knockdown of ORMDL3 resulted in
not only a reduced number of adherent cells but also limited cell
spreading/polarization (Fig. 3c, right panel). Quantitation of these
changes in cell morphology revealed that a significantly larger
percentage of ORMDL3-siRNA-treated eosinophils adhered to
VCAM-1 and ICAM-1 do not spread (retain a compact round cell
body without leading edges) compared with control-siRNA-treated
or untreated eosinophils (Fig. 3d) correlating with the number of
adherent cells in adhesion assays (Fig. 3b).

As knockdown of ORMDL3 in eosinophils resulted in reduced
cell adhesion and inhibition of activation-dependent (that is,
adherent on VCAM-1 and ICAM-1) directed cell shape changes,
we examined whether ORMDL3 regulates expression of adhesion
molecules that are known to mediate eosinophil trafficking (rolling
and adhesion). Knockdown of ORMDL3 in eosinophils resulted
in decreased mRNA levels of a4 and b2, counter receptors for
VCAM-1 and ICAM-1, respectively (Fig. 3e). Consistent
with decreased mRNA levels of a4 and b2, immunostaining
of ORMDL3-silenced eosinophils adherent on VCAM-1 and
ICAM-1 demonstrated decreased surface expression of a4 and
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Figure 2 | IL-3- and eotaxin-1-induced expression of ORMDL3 by eosinophils and cell activation. (a) ORMDL3 expression in BM-derived eosinophils

cultured in medium alone (control) or medium containing IL-5, IL-3, RANTES-1 (100 ngml� 1) or eotaxin-1 (Eot-1, 100 nM) for 2 h by RT–PCR (top) and

qPCR (bottom). (b) ORMDL3 expression in eosinophils treated with IL-3 for 12 h by western blot analysis followed by densitometry. Densitometry data are

normalized against expression of b-actin used as the internal control. ORMDL3 expression in representative control and IL-3-treated eosinophil lysates is

shown below bar graph. (c) Levels of ERK (1/2), phospho-ERK (1/2), p38 and phospho-p38 in eosinophils transfected with control-GFP, ORMDL3-GFP or

left untreated by western blot analysis. (d) NF-kB expression in DAPI-labelled control-GFP- and ORMDL3-GFP-transfected eosinophils by

immunofluorescence staining with antibodies against phospho-NF-kB p65. Scale bar, 10mm. (e) Cytoskeletal arrangement in eosinophils transfected with

control-GFP or ORMDL3-GFP by confocal microscopy after phalloidin staining. Scale bar, 10mm. (f) Rolling of murine eosinophils transfected with control-

GFP or ORMDL3-GFP on rm VCAM-1-coated cover-slips under conditions of flow in vitro. Data shown in (a, top) and (c–e) is representative of two to three

independent experiments with eosinophils from different mice. Combined data (mean±s.e.m.) from three experiments in triplicate in (a, bottom) and two

experiments in duplicate in (f) is shown. In (b), combined data (mean±s.d.) from two out of three experiments with similar results is shown. *Po0.01 in

(a, bottom) compared with control ando0.02 in (f) compared with rolling on PBS; #Po0.05 in (f) compared with control-GFP. Statistical significance was

determined by unpaired two-tailed Student’s t-test.
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Mac-1 (aM), respectively (Fig. 3f, right panels), relative to
untreated (Fig. 3f, left panels) and control-siRNA-treated
(Fig. 3f, middle panels) eosinophils. Conversely, eosinophils
overexpressing ORMDL3 demonstrated increased expression of
a4 and b2 by RT–PCR (Supplementary Fig. S3b). mRNA levels
of aM and aL as well as that of b1 remained unaffected in
ORMDL3-silenced eosinophils (Supplementary Fig. S3c),
suggesting that the reduced surface expression of Mac-1 is
most likely due to decreased expression of the b2 subunit by
these cells.

ORMDL3 regulates migration and CD48-mediated degranu-
lation. Cellular events such as adhesion and migration are known
to be regulated by [Ca2þ ]i levels through integrin activation and
cytoskeletal changes25,26. Previous studies have demonstrated
a role for ORMDL3 in regulating ER-mediated Ca2þ

homeostasis10,27. As our data suggest that ORMDL3 is involved
in regulating cytoskeletal changes and adhesion of eosinophils, we
examined whether [Ca2þ ]i has a role in mediating these effects of
ORMDL3. Basal- and agonist (eotaxin-1)-induced [Ca2þ ]i levels
in control-siRNA-treated cells were significantly higher than in

RT–PCRa

c d e

f

b
Control-
siRNA

ORMDL3-
siRNA

Control-
siRNA

Untreated ORMDL3-
siRNA

ORMDL3
150 bp

β-actin
160 bp

0
VCAM-1 ICAM-1

N
o.

 o
f a

dh
er

ed
 c

el
ls

 ×
 1

03

2

# #4

6

Western blot
Control-
siRNA

Control-siRNA

60
α4

204 bp

β2
98 bp

β-actin
160 bp

VCAM-1
ICAM-1

#
#

45

30

15

%
 C

el
ls

 th
at

 d
o 

no
t s

pr
ea

d

0

Control-siRNA

Control-siRNA

ORMDL3-
siRNA

ORMDL3-siRNA

ORMDL3-siRNA

ORMDL3-siRNA

Control-
siRNA

ORMDL3-
siRNA

ORMDL3, 17 kDa

V
C

A
M

-1
IC

A
M

-1

β-actin, 43 kDa

Untreated

Control-siRNA ORMDL3-siRNA

α4
M

ac
-1

Untreated

Figure 3 | ORMDL3-mediated eosinophil adhesion and regulation of integrin receptors a4 and b2. (a) Expression of ORMDL3 in BM-derived eosinophils

transfected with control-siRNA or ORMDL3-siRNA by RT–PCR (top left) as well as western blot (bottom) and immunofluorescence staining (top right) with

antibodies against ORMDL3. Scale bar, 50mm. (b) Adhesion of eosinophils treated with control-siRNA or ORMDL3-siRNA to rm VCAM-1 and rm ICAM-1

under static conditions. (c) Changes in morphology of ORMDL3-siRNA-transfected eosinophils adherent on VCAM-1- or ICAM-1-coated cover-slips

evaluated by confocal microscopy after phalloidin staining (right panels). Adherent control-siRNA-treated (middle panels) and untreated (media alone)

eosinophils (left panels) are shown as controls. Scale bar, 20mm. (d) Quantitation of changes in morphology of adherent eosinophils treated with

control-siRNA, ORMDL3-siRNA or left untreated as in (c). The number of adherent cells in each field was counted and the number of cells in the field

that do not spread and/or polarize (retain a round compact cell body without leading edges) were identified and expressed as a percentage of the total

number of adhered cells. Five fields were counted for each cover-slip. (e) Expression of a4 and b2 integrins in eosinophils treated with control-si

RNA or ORMDL3-siRNA by RT–PCR. Expression of b-actin is shown as the internal control. (f) Expression of integrin a4 and Mac-1 (aM) by untreated

(left panels), control-siRNA-treated (middle panels) and ORMDL3-siRNA-treated (right panels) eosinophils adherent on VCAM-1 and ICAM-1, respectively,

by immunofluorescence staining and confocal microscopy. Scale bar, 50mm. Data shown in (a), (c), (e) and (f) are representative of two to three

independent experiments with eosinophils from different mice. Combined data (mean±s.e.m.) of three experiments in triplicate in (b) and two

experiments in duplicate in (d) are shown. #Po0.01 in (b) and (d) compared with control-siRNA. Statistical significance was determined by unpaired

two-tailed Student’s t-test.

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms3479 ARTICLE

NATURE COMMUNICATIONS | 4:2479 |DOI: 10.1038/ncomms3479 |www.nature.com/naturecommunications 5

& 2013 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


ORMDL3-silenced eosinophils (Fig. 4a), and similar to levels in
untreated cells (Supplementary Fig. S4a). This is in contrast to
previous studies where knockdown of ORMDL3 in HEK293 and
Jurkat T cells had no significant effect on basal cytosolic Ca2þ

levels10,27. This difference in the effect of ORMDL3 knockdown
on basal [Ca2þ ]i between our study and the previous studies may
be due to the different cell types investigated (primary
cells (eosinophils) versus transformed epithelial and T cell
lines). Along with decreased agonist (eotaxin-1)-induced
[Ca2þ ]i levels, knockdown of ORMDL3 in eosinophils also
significantly inhibited eotaxin-1-induced migration compared
with eosinophils treated with control-siRNA or untreated
eosinophils in in vitro chemotaxis assays (Fig. 4b). Conversely,
eosinophils overexpressing ORMDL3 demonstrated increased
migration towards eotaxin-1 compared with cells transfected with
control-GFP, although statistical significance was not achieved
(Supplementary Fig. S4b). The ability of ORMDL3 to regulate
eosinophil migration was further validated in vivo where,
in comparison with infused carboxyfluorescein succinimidyl
ester (CFSE)-labelled control-siRNA-treated eosinophils, a
reduced number (three-fold reduction) of CFSE-labelled

ORMDL3-siRNA-treated eosinophils were found to recruit to
the inflamed peritoneum of mice exposed to thioglycollate
(Fig. 4c,d).

Our observation that IL-3 induces ORMDL3 expression by
eosinophils together with previous studies demonstrating that IL-
3 can induce expression of CD48, a GPI-anchored protein
involved in cellular activation, costimulation and adhesion of
eosinophils28, prompted us to investigate whether ORMDL3
regulates CD48 expression. Relative to unstimulated (no IL-3)
murine eosinophils treated with control-siRNA, ORMDL3-
silenced cells exhibited reduced CD48 mRNA expression by
RT–PCR (Fig. 4e, left) as well as protein expression by western
blot analysis (Fig. 4e, centre) and immunofluorescence staining
(Fig. 4e, right). Although exposure to IL-3 induced CD48
expression in eosinophils (Supplementary Fig. S4c), there was a
marked inhibition of IL-3-induced CD48 mRNA expression in
ORMDL3-silenced eosinophils compared with untreated and
control-siRNA-treated cells (Fig. 4f). Given that CD48 cross-
linking on human eosinophils results in activation-dependent cell
degranulation28, we examined whether ORMDL3 regulates
CD48-induced degranulation of murine eosinophils (Fig. 4g).
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Figure 4 | ORMDL3-dependent eosinophil migration and CD48-mediated degranulation. (a) Basal and eotaxin-1 (100nM)-induced [Ca2þ ]i levels in

eosinophils treated with control-siRNA (a total of 598 cells) or ORMDL3-siRNA (a total of 870 cells) by digital video fluorescence imaging after loading

with Fura-2 AM. (b) Chemotaxis of untreated, control-siRNA-treated and ORMDL3-siRNA-treated eosinophils in response to eotaxin-1 (100 nM) in vitro.

(c) Recruitment of infused CFSE-labelled control-siRNA- or ORMDL3-siRNA-treated eosinophils to the peritoneum in a mouse model of thioglycollate

(TG)-induced inflammation by flow cytometry. (d) Dot plots from a representative experiment showing recruitment of CFSE-labelled untreated, control-

siRNA-treated and ORMDL3-siRNA-treated eosinophils to the peritoneum of a TG-exposed mouse. The experiment was repeated three times with similar

results (n¼ 3 mice per condition). (e) Expression of CD48 in eosinophils treated with control-siRNA or ORMDL3-siRNA by RT–PCR (left), western blot

analysis (middle) and immunofluorescence staining (right). Scale bar, 50mm. (f) CD48 expression after IL-3 treatment in control-siRNA-treated,

ORMDL3-siRNA-treated and untreated eosinophils by RT–PCR. Expression of b-actin is shown as the internal control in panels (e,f). (g) EPO release by

untreated, control-siRNA-treated and ORMDL3-siRNA-treated eosinophils after activation with anti-CD48 by colorimetric assay expressed as per cent

change in absorbance relative to treatment with control IgG. In the panels (a,b,g), combined data (mean±s.e.m.) of three experiments in duplicate or

triplicate and in (c), combined data (mean±s.d.) of two experiments are shown. Data shown in (e) and (f) are representative of two to three independent

experiments with eosinophils from different mice. #Po0.01 in the panels (a,g) and o0.05 in (b) compared with control-siRNA. Statistical significance was

determined by unpaired two-tailed Student’s t-test.
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Activation of control eosinophils (treated with media containing
transfection reagent without any siRNA) with anti-CD48 mAbs
induced cellular degranulation as measured by eosinophil
peroxidase (EPO) release. Activation with anti-CD48 after
ORMDL3 knockdown resulted in a five-fold reduction in
degranulation compared with control-siRNA-treated eosinophils.
These results indicate that ORMDL3 is not only required for IL-
3-induced expression of CD48 but also for activation-dependent
(CD48-mediated) degranulation of eosinophils.

Discussion
Considering Th2 cytokines and chemokines exert various
immunomodulatory effects on eosinophils14, it is interesting
that IL-3, but not IL-5, induces ORMDL3 gene expression.
Although the receptor for IL-3 and IL-5 share a b-chain29, our
results suggest that the selective IL-3-induced upregulation of
ORMDL3 is potentially via a IL-3R a-chain-specific mechanism
and independent of common b-chain-mediated signalling in
eosinophils. Likewise, induction of ORMDL3 gene expression by
eotaxin-1, but not RANTES, although both chemokines can bind
to CCR3 (refs 30,31), is suggestive of selective signalling
mechanisms that potentially regulate ORMDL3 expression in
eosinophils. In human eosinophils, eotaxin-1 is known to induce
rapid activation of ERK, which is necessary for eotaxin-induced
cytoskeletal rearrangement, chemotaxis and degranulation16,17,32.
Overexpression of ORMDL3 in murine eosinophils was
associated with increased levels of phosphorylated ERK (1/2),
but not p38, which suggests association of specific MAP kinase
signalling pathways with ORMDL3. Further, increased ORMDL3
expression was found to result in distinct cytoskeletal changes.
Rearrangement of the cytoskeleton in response to a stimulus
enables changes in cell shape/morphology (spreading and
polarization), which are essential for cell trafficking (rolling and
adhesion) and migration22,23. Indeed, eosinophils overexpressing
ORMDL3 demonstrate increased rolling on VCAM-1 and
migration.

[Ca2þ ]i acts as a biologically important second messenger after
stimulation with cytokines and chemokines. ORMDL3-silenced
eosinophils had reduced basal and agonist-induced [Ca2þ ]i levels
relative to control cells. This function of ORMDL3 in regulating
[Ca2þ ]i can impact various functional responses in eosinophils
that are driven by changes in [Ca2þ ]i such as cytoskeletal
reorganization and cell shape change/morphology, as well as
modulation of integrin receptors, cell adhesion, migration and
degranulation33, which were all affected in the present study in
ORMDL3-silenced eosinophils. Specifically, ORMDL3 knockdown
studies resulted in reduced surface expression of a4 and Mac-1
along with decreased adhesion to VCAM-1 and ICAM-1 in
eosinophils. Conversely overexpression of ORMDL3 resulted in
increased a4 and b2 mRNA expression. This could potentially be
through NF-kB activation and translocation as previous studies
have shown that a4 expression in monocytes-derived dendritic
cells34 and b2 expression in eosinophils20 is dependent on
NF-kB activation/nuclear translocation. Further, with cell surface
expression of CCR3 (receptor for eotaxin-1) remaining unaffected
after ORMDL3 knockdown (Supplementary Fig. S4d), decreased
migration of these cells suggests that signalling via ORMDL3 might
be essential for eotaxin-1-induced eosinophil migration and
recruitment to sites of inflammation in vivo.

Induction of CD48 in eosinophils by IL-3 is b chain-
independent28 similar to IL-3-induced upregulation of
ORMDL3 described here. ORMDL3 appears to have a role in
regulating CD48. Not only IL-3-induced expression of CD48 but
also CD48-mediated eosinophil degranulation (EPO release) is
inhibited in ORMDL3-silenced eosinophils. We postulate that

ORMDL3 regulates CD48 via NF-kB activation in eosinophils
based on the following lines of evidence. First, CD48 is known to
be a target gene for NF-kB35. Second, IL-3 has been shown to
induce NF-kB activation in eosinophils20. Third, in our studies,
we show that IL-3 induces ORMDL3 as well as CD48, with
expression of the latter being dependent on ORMDL3 and finally,
overexpression of ORMDL3 is associated with NF-kB activation.

In summary, we demonstrate for the first time a functional role
for ORMDL3 in regulating eosinophil trafficking, recruitment and
degranulation, which can promote airway eosinophilia and
inflammation in allergic asthma. Further, our studies suggest
that blockade of ORMDL3 may serve as a potential means to
ameliorate eosinophilic inflammation during allergic asthma and
other eosinophilic disorders.

Methods
Mouse model of allergic airway inflammation. C57BL/6 mice (male, 6–8 weeks)
were challenged with 50 mg of A. alternata extract (Greer Laboratories Inc.) in
50 ml of PBS or PBS alone (control) intranasally on days 0, 3 and 6 under anaes-
thesia36. Mice were killed 18–24 h after the last challenge and evaluated for
development of inflammation based on cellular infiltration in BALF and lung
tissue37. In addition, lung tissue was harvested from C57BL/6 mice exposed to
chronic challenge with ovalbumin37 or acute challenge with cockroach antigen21.
All animal studies were performed following standards and procedures approved
by the Institutional Animal Care and Use Committee at the University of
Minnesota.

Immunohistology. Expression of ORMDL3 in paraffin-embedded lung tissue
sections was evaluated using rabbit anti-ORMDL3 (0.5 mgml� 1 for Alternaria-
challenged, 2.5 mgml� 1 for ovalbumin- and cockroach antigen-challenged) gen-
erated against a synthetic peptide corresponding to internal sequence amino acids
56–85 of human ORMDL3 that is known to cross-react with mouse ORMDL3
(Abcam). Rabbit IgG (R&D systems) was used as the negative control. VECTAS-
TAIN ABC kit containing biotinylated anti-rabbit secondary antibodies and
avidin–biotin–HRP complex followed by peroxidase AEC substrate kit (both from
Vector Laboratories) was used for detection. Lung tissue eosinophils were evaluated
by staining for eosinophil-specific MBP with rat mAbs against murine MBP
(2 mgml� 1, provided by Dr J. Lee, Mayo Clinics Arizona, Scottsdale, AZ)37. Slides
were examined under a Nikon Microphot EPI-FL microscope and images were
captured with an Olympus DP71 camera.

Immunofluorescence staining and confocal microscopy. BALF cells from
Alternaria-exposed mice cytocentrifuged onto glass slides were fixed, permeabi-
lized, blocked with normal goat serum and simultaneously incubated overnight
with antibodies against ORMDL3 (Abcam, 2.5 mgml� 1) and MBP (2 mgml� 1) at
4 �C. Rabbit IgG (for ORMDL3) and rat IgG (for MBP) were used as controls.
Rhodamine Red-X-conjugated goat anti-rabbit and FITC-conjugated goat anti-rat
(both at 7.5 mgml� 1, Jackson ImmunoResearch Laboratories, Inc.) were used as
secondary antibodies. With BM-derived eosinophils, cells on glass slides were fixed
and blocked as described above. For detection of ORMDL3 expression, permea-
bilized cells were used, whereas for CD48 expression, cells were not permeabilized.
Cells were incubated with antibodies against ORMDL3 (1.25 mgml� 1), mAb
against CD48 (Santa Cruz Biotechnology, Inc., 1.25 mgml� 1) or control IgG
followed by Rhodamine Red-X-conjugated goat anti-rabbit IgG (3 mgml� 1) or
Rhodamine Red-X-conjugated donkey anti-mouse IgG (1.25 mgml� 1, Jackson
ImmunoResearch Laboratories). Slides were washed, mounted in medium
containing 40,6-diamidino-2-phenylindole (DAPI) and visualized by confocal
microscopy at ambient temperature.

Murine eosinophils. Murine eosinophils were cultured from BM of C57BL/6
mice38. Cells between 12–14 days of culture differentiated based on Hema 3
staining and verified for expression of both MBP (by confocal microscopy with rat
mAb against murine MBP at 2.5 mgml� 1) and Siglec-F (by flow cytometry with
PE-conjugated rat anti-mouse Siglec-F at 5 mgml� 1) were used in studies. See
Supplementary Methods for detailed culture conditions.

RT–PCR and quantitative real-time RT–PCR. Primers specific for murine
ORMDL3 (50-CACACGGGTGATGAACAGTC-30 and 30-
TTTGCCTTGGTCTGGAGTCT-50) were designed using Primer3 (v. 0.4.0, avail-
able online at http://frodo.wi.mit.edu/primers3/). Expression of CD48, CD18 (b2),
CD49d (a4), CD11a (aL), CD11b (aM), CD29 (b1) and b-actin were examined
using previously published primer sequences (Supplementary Table S1). All pri-
mers were synthesized by Integrated DNA Technologies. PCR products were
analysed by agarose gel (1.2%) electrophoresis. qPCR was carried out in a iQ5
multicolour real-time PCR detection System (Bio-Rad) using the same primer pair

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms3479 ARTICLE

NATURE COMMUNICATIONS | 4:2479 |DOI: 10.1038/ncomms3479 |www.nature.com/naturecommunications 7

& 2013 Macmillan Publishers Limited. All rights reserved.

http://frodo.wi.mit.edu/primers3/
http://www.nature.com/naturecommunications


for ORMDL3 described above under the following conditions: initial denaturation
at 95 �C for 2min followed by 44 cycles of 95 �C for 15 s and 64 �C for 1min. The
relative amount of mRNA for each sample was calculated based on its threshold
cycle, Ct, suggested by the software (IQ5 Optical System software) in comparison
with the Ct of the housekeeping gene b-actin37. Results were expresses as fold
change (2DDCT) in expression after subtraction of internal b-actin control.

Western blot analysis. Murine BM-derived eosinophil lysates were analysed
using antibodies against (i) ORMDL3 (0.16 mgml� 1), (ii) CD48 (0.2 mgml� 1),
(iii) ERK (1/2) (0.01 mgml� 1), (iv) phospho-ERK (1/2), (0.12 mgml� 1), (v) p38
(0.026 mgml� 1), (vi) phospho-p38 (0.3 mgml� 1) (antibodies for (iii)–(vi) were
from Cell Signaling Technology) and (vii) b-actin (BD Transduction Laboratories,
0.06 or 0.12 mgml� 1). Lung tissue lysates from PBS and Alternaria-exposed mice
prepared in RIPA buffer containing protease and phosphatase inhibitors were
examined for ORMDL3 expression as described for BM eosinophils. Expression of
b-actin was monitored as an internal control in all cases and detection was carried
out using secondary antibodies appropriate for the detection system used. See
Supplementary Methods for experimental details. Representative full-length wes-
tern blots are shown in the Supplementary Information (Supplementary Figs
S5,S6).

Expression of recombinant ORMDL3. Full-length cDNA encoding the human
ORMDL3 gene (Thermo Scientific Open Biosystems) was cloned into pET-28a
vector containing a His tag, while full-length cDNA encoding the mouse ORMDL3
gene (Thermo Scientific Open Biosystems) was cloned into pGEX-6p-2 vector
containing a GST tag. The resulting expression plasmids of the human or mouse
ORMDL3 gene were transformed into E. coli Rosetta (DE3) pLysS cells. IPTG
(1mM)-induced recombinant bacteria were lysed in RIPA buffer containing pro-
tease inhibitors and 1mM DTT and expression of His-tagged or GST-tagged
ORMDL3 in the bacterial lysates was analysed by western blot analysis using
polyclonal antibodies against ORMDL3.

Overexpression and knockdown of ORMDL3. Full-length cDNA for ORMDL3
was cloned into pEGFP-N1 using standard cloning procedures. BM-derived mouse
eosinophils were transfected with pEGFP-N1 containing cDNA for ORMDL3
(ORMDL3-GFP) or with the empty vector (control-GFP) using Trans IT-2020
DNA transfection reagent (Mirus Bio LLC) as recommended by the manufacturer.
Transfected cells cytocentrifuged onto glass slides, fixed, mounted in DAPI were
evaluated by confocal microscopy and by RT–PCR.

BM-derived eosinophils were transected with siRNA specific for ORMDL3
(ORMDL3-siRNA) or scrambled siRNA (control-siRNA, both from Santa Cruz
Biotechnology, Inc.) using INTERFERin siRNA transfection reagent (Polyplus-
transfection) according to the manufacturer’s recommendations. Cells were
assessed for knockdown of ORMDL3 expression by RT–PCR and western blot.
Cell number and viability based on Trypan blue exclusion was assessed before and
after transfection.

ER localization of ORMDL3. Eosinophils were treated with ER-Tracker Red
for live-cell ER labelling (Invitrogen, 1 mM) according to the manufacturer, fixed
with 4% paraformaldehyde, cytocentrifuged onto glass slides and evaluated by
confocal microscopy.

Assessment of cytoskeleton. Eosinophils were cytocentrifuged onto glass slides,
air dried, permeabilized with 4% paraformaldehyde containing 0.5% saponin
and 2.5Uml� 1 rhodamine-conjugated phalloidin (Invitrogen)21 and evaluated
by confocal microscopy.

Induction of ORMDL3 and CD48 expression. BM-derived eosinophils (1� 106

per well) were suspended in culture medium alone or medium containing IL-5,
IL-3 (both from PeproTech), RANTES-1 (R&D Systems, all at 100 ngml� 1) or
eotaxin-1 (PeproTech, 100 nM) for 2 h at 37 �C and 5% CO2 after which cells were
analysed for ORMDL3 mRNA expression by RT–PCR and qPCR. To evaluate
CD48 mRNA expression, eosinophils were treated with IL-3 as described above.
For protein expression, eosinophils were treated with IL-3 for 12 h and then
examined for ORMDL3 and CD48 by western blot analysis followed by densito-
metry using ImageJ (for ORMDL3).

In vitro flow chamber assay. Rolling of BM-derived eosinophils (1–2� 105 per
ml) on rm VCAM-1-coated cover-slips under conditions of flow (1mlmin� 1, wall
shear stress B1.0–2.0 dynes cm� 2) was evaluated in an in vitro parallel plate flow
chamber38. Interaction of the infused eosinophils with VCAM-1 was observed
using a Leitz Wetzlar inverted microscope and images were recorded for
subsequent offline analysis to manually determine the number of cells
demonstrating multiple discrete interruptions and flow slowly (rolling) relative to
non-interacting cells. Results were expressed as the number of rolling cells per min.

Adhesion assay. Adhesion of BM-derived eosinophils to rm VCAM-1 and rm
ICAM-1 was evaluated using static adhesion assays39. Cells labelled with 1 mM
Calcein-AM (Invitrogen) were added to 96-well plates coated with rm VCAM-1
(5 mgml� 1) or rm ICAM-1 (10 mgml� 1). After washing to remove non-adherent
cells, the number of adherent cells was quantitated using a FLUOStar Optima
microplate reader (BMG Labtech) at an excitation wavelength of 485 nm and an
emission of 520 nm against a generated standard curve of labelled eosinophils.

Cell morphology and adhesion molecule expression. Eosinophils were allowed
to adhere to rm VCAM-1- or ICAM-1-coated cover slips for 30min. After washing
with PBS to remove non-adherent cells, adhered cells were fixed with 4% paraf-
ormaldehyde, permeablized and stained with Alexa Fluor 488 Phalloidin (Invi-
trogen) and visualized by confocal microscopy39. To quantitate differences in cell
morphology, the number of adherent cells in a given field of each cover-slip was
counted and the number of cells in the field that do not spread (retain a compact
round cell body without leading edges) were identified and expressed as a
percentage of the total number of adhered cells. Five fields were counted for each
cover-slip.

a4 and Mac-1 (aM) expression by eosinophils adhered on rm VCAM-1 and rm
ICAM-1, respectively, was evaluated by confocal microscopy after staining with
antibodies against a4 (5 mgml� 1, Santa Cruz Biotechnology, Inc.) and Mac-1
(10 mgml� 1, eBiosciences, Inc.)39.

NF-jB translocation. Eosinophils cytocentrifuged onto glass slides were fixed,
permeabilized, blocked and incubated overnight at 4 �C with polyclonal antibodies
against phospho-NF-kB p65 (Santa Cruz Biotechnology, Inc., 1 mgml� 1) followed
by Rhodamine Red-X-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch
Laboratories, Inc., 1:1,000)40, stained with DAPI and then examined by confocal
microscopy.

Measurement of intracellular calcium concentration. Basal and agonist
(eotaxin-1 (100 nM))-induced [Ca2þ ]i levels in eosinophils was determined using
the permeant Ca2þ indicator dye Fura-2AM (Invitrogen) by real-time digital video
fluorescence imaging38,41. See Supplementary Methods for experimental details.

In vitro migration assay. Migration of eosinophils in response to murine eotaxin-
1 (100 nM) was evaluated in 96-well Transwell Chambers as described previously39.
Media alone served as the control to record background migration. The number of
migrated cells per well was expressed as per cent migration relative to control
(untreated) eosinophils after subtraction of background migration.

In vivo migration of eosinophils. Eosinophils were labelled with carboxy-
fluorescein succinimidyl ester (CSFE, Invitrogen) and infused (10� 106 cells) into
wild-type mice 13 h after peritoneal inflammation had been induced by injecting
thioglycollate as described38. Two hours after cell infusion, the peritoneal cavity
was lavaged and the number of cells recovered was counted. Peritoneal cells were
analysed by flow cytometry to determine the number of CFSE-positive cells (that is,
infused eosinophils).

Cell activation and EPO release assay. Eosinophils (2� 105 per 200 ml) were
incubated with anti-mouse CD48 mAb (BioLegend) or control hamster IgG
(BioLegend) at 37 �C for 2 h in culture media containing transfection reagent
without any siRNA after which EPO in supernatants was determined by colori-
metric assay. Results are expressed as per cent change in absorbance relative to
treatment with control IgG after subtraction of background.

Statistical analysis. Data are presented as mean±s.e.m. unless otherwise stated.
Statistical significance between two groups was determined using a two-tail
unpaired Student’s t-test. A P-value o0.05 was considered as significant.

References
1. Moffatt, M. F. et al. Genetic variants regulating ORMDL3 expression contribute

to the risk of childhood asthma. Nature 448, 470–473 (2007).
2. Hirota, T. et al. Genetic polymorphism regulating ORM1-like 3

(Saccharomyces cerevisiae) expression is associated with childhood atopic
asthma in a Japanese population. J. Aller. Clin. Immunol. 121, 769–770 (2008).

3. Galanter, J. et al. ORMDL3 gene is associated with asthma in three ethnically
diverse populations. Am. J. Respir. Crit. Care Med. 177, 1194–1200 (2008).

4. Vercelli, D. Discovering susceptibility genes for asthma and allergy. Nat. Rev.
Immunol. 8, 169–182 (2008).

5. Wu, H. et al. Genetic variation in ORM1-like 3 (ORMDL3) and gasdermin-like
(GSDML) and childhood asthma. Allergy 64, 629–635 (2009).

6. Fang, Q., Zhao, H., Wang, A., Gong, Y. & Liu, Q. Association of genetic
variants in chromosome 17q21 and adult-onset asthma in a Chinese Han
population. BMC Med. Genet. 12, 133 (2011).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms3479

8 NATURE COMMUNICATIONS | 4:2479 | DOI: 10.1038/ncomms3479 | www.nature.com/naturecommunications

& 2013 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


7. Hrdlickova, B. & Holla, L. I. Relationship between the 17q21 locus and adult
asthma in a Czech population. Hum. Immunol. 72, 921–925 (2011).

8. Wan, Y. I. et al. Genome-wide association study to identify genetic
determinants of severe asthma. Thorax 67, 762–768 (2012).

9. Hjelmqvist, L. et al. ORMDL proteins are a conserved new family of
endoplasmic reticulum membrane proteins. Genome Biol. 3, research0027.1–
0027.16 http://genomebiology.com/2002/3/6/research/0027 (2002).

10. Cantero-Recasens, G., Fandos, C., Rubio-Moscardo, F., Valverde, M. A. &
Vicente, R. The asthma-associated ORMDL3 gene product regulates
endoplasmic reticulum-mediated calcium signaling and cellular stress.
Hum. Mol. Genet. 19, 111–121 (2010).

11. Breslow, D. K. et al. Orm family proteins mediate sphingolipid homeostasis.
Nature 463, 1048–1053 (2010).

12. Miller, M. et al. ORMDL3 is an inducible lung epithelial gene regulating
metalloproteases, chemokines, OAS, and ATF6. Proc. Natl Acad. Sci. USA 109,
16648–16653 (2012).

13. Kang, M.-J. et al. GSDMB/ORMDL3 variants contribute to asthma
susceptibility and eosinophil-mediated bronchial hyperresponsiveness.
Hum. Immunol. 73, 954–959 (2012).

14. Hamid, Q. & Tulic, M. Immunobiology of asthma. Annu. Rev. Physiol. 71,
489–507 (2009).

15. Kelly, E. A. B., Liu, L. Y., Esnault, S., Quinchia Johnson, B. H. & Jarjour, N. N.
Potent synergistic effect of IL-3 and TNF on matrix metalloproteinase 9
generation by human eosinophils. Cytokine 58, 199–206 (2012).

16. Boehme, S. A. et al. Activation of mitogen-activated protein kinase
regulates eotaxin- induced eosinophil migration. J. Immunol. 163, 1611–1618
(1999).

17. Kampen, G. T. et al. Eotaxin induces degranulation and chemotaxis of
eosinophils through the activation of ERK2 and p38 mitogen-activated protein
kinases. Blood 95, 1911–1917 (2000).

18. Lee, F. S., Peters, R. T., Dang, L. C. & Maniatis, T. MEKK1 activates both
IkappaB kinase alpha and IkappaB kinase beta. Proc. Natl Acad. Sci. USA 95,
9319–9324 (1998).

19. Coward, W. R., Sagara, H., Wilson, S. J., Holgate, S. T. & Church, M. K.
Allergen activates peripheral blood eosinophil nuclear factor-kappaB to
generate granulocyte macrophage-colony stimulating factor, tumour necrosis
factor-alpha and interleukin-8. Clin. Exp. Aller. 34, 1071–1078 (2004).

20. Ip, W. K., Wong, C. K., Wang, C. B., Tian, Y. P. & Lam, C. W. Interleukin-3, -5,
and granulocyte macrophage colony-stimulating factor induce adhesion and
chemotaxis of human eosinophils via p38 mitogen-activated protein kinase and
nuclear factor kappaB. Immunopharmacol. Immunotoxicol. 27, 371–393 (2005).

21. Kang, B. N. et al. The p110d subunit of PI3K regulates bone marrow-derived
eosinophil trafficking and airway eosinophilia in allergen-challenged mice.
Am. J. Physiol. Lung Cell Mol. Physiol. 302, L1179–L1191 (2012).

22. Ridley, A. J. et al. Cell Migration: integrating signals from front to back. Science
302, 1704–1709 (2003).

23. Huveneers, S. & Danen, E. H. J. Adhesion signaling - crosstalk between
integrins, Src and Rho. J. Cell Sci. 122, 1059–1069 (2009).

24. Rao, S. P. et al. Galectin-3 functions as an adhesion molecule to support
eosinophil rolling and adhesion under conditions of flow. J. Immunol. 179,
7800–7807 (2007).

25. Sjaastad, M. D. & Nelson, W. J. Integrin-mediated calcium signaling and
regulation of cell adhesion by intracellular calcium. Bioessays 19, 47–55 (1997).

26. Simon, S. I., Sarantos, M. R., Green, C. E. & Schaff, U. Y. Leucocyte recruitment
under fluid shear: mechanical and molecular regulation within the
inflammatory synapse. Clin. Exp. Pharmacol. Physiol. 36, 217–224 (2009).

27. Carreras-Sureda, A. et al. ORMDL3 modulates store-operated calcium entry
and lymphocyte activation. Hum. Mol. Genet. 22, 519–530 (2013).

28. Munitz, A. et al. CD48 is an allergen and IL-3-induced activation molecule on
eosinophils. J. Immunol. 177, 77–83 (2006).

29. Martinez-Moczygemba, M. & Huston, D. P. Biology of common beta receptor-
signaling cytokines: IL-3, IL-5, and GM-CSF. J. Allergy Clin. Immunol. 112,
653–665 (2003).

30. Daugherty, B. L. et al. Cloning, expression, and characterization of the human
eosinophil eotaxin receptor. J. Exp. Med. 183, 2349–2354 (1996).

31. Bisset, L. R. & Schmid-Grendelmeier, P. Chemokines and their receptors in the
pathogenesis of allergic asthma: progress and perspective. Curr. Opin. Pulm.
Med. 11, 35–42 (2005).

32. Adachi, T., Stafford, S., Kayaba, H., Chihara, J. & Alam, R. Myosin light chain
kinase mediates eosinophil chemotaxis in a mitogen-activated protein kinase-
dependent manner. J. Aller. Clin. Immunol. 111, 113–116 (2003).

33. Wong, C. K., Ip, W. K. & Kei Lam, C. W. Biochemical assessment of
intracellular signal transduction pathways in eosinophils: implications for
pharmacotherapy. Crit. Rev. Clin. Lab. Sci. 41, 79–113 (2004).

34. Puig-Kroger, A. et al. Maturation-dependent expression and function of the
CD49d Integrin on monocyte-derived human dendritic cells. J. Immunol. 165,
4338–4345 (2000).

35. Klaman, L. D. & Thorley-Lawson, D. A. Characterization of the CD48 gene
demonstrates a positive element that is specific to Epstein-Barr virus-
immortalized B-cell lines and contains an essential NF-kappa B site. J. Virol. 69,
871–881 (1995).

36. Bartemes, K. R. et al. IL-33-responsive lineage -CD25þCD44hi lymphoid cells
mediate innate Type 2 immunity and allergic inflammation in the lungs.
J. Immunol. 188, 1503–1513 (2012).

37. Ge, X. N. et al. Allergen-induced airway remodeling is impaired in galectin-3
deficient mice. J. Immunol. 185, 1205–1214 (2010).

38. Bahaie, N. S. et al. N-glycans differentially regulate eosinophil and neutrophil
recruitment during allergic airway inflammation. J. Biol. Chem. 286,
38231–38241 (2011).

39. Bahaie, N. S. et al. Regulation of eosinophil trafficking by SWAP-70 and its role
in allergic airway inflammation. J. Immunol. 188, 1479–1490 (2012).

40. Shang, T. et al. Toll-like receptor-initiated testicular innate immune responses
in mouse leydig cells. Endocrinology 152, 2827–2836 (2011).

41. Deshpande, D. A., Walseth, T. F., Panettieri, R. A. & Kannan, M. S. CD38-cyclic
ADP-ribose-mediated Ca2þ signaling contributes to airway smooth muscle
hyperresponsiveness. FASEB J. 17, 452–454 (2003).

Acknowledgements
The authors wish to thank Yana Greenberg for excellent technical assistance. This work
was supported by NIH Grant no. HL108000 and AI35796 to P.S.

Author contributions
P.S., S.P.R. and S.G.H. contributed to the conception and design; S.G.H., X.N.G., N.S.B.,
B.N.K. and A.R. were associated with experiments and data analysis; S.P.R. and P.S.
involved with article writing with contributions from other authors.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Ha, S.G. et al. ORMDL3 promotes eosinophil trafficking and
activation via regulation of integrins and CD48. Nat. Commun. 4:2479 doi: 10.1038/
ncomms3479 (2013).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms3479 ARTICLE

NATURE COMMUNICATIONS | 4:2479 |DOI: 10.1038/ncomms3479 |www.nature.com/naturecommunications 9

& 2013 Macmillan Publishers Limited. All rights reserved.

http://genomebiology.com/2002/3/6/research/0027
http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://www.nature.com/naturecommunications

	ORMDL3 promotes eosinophil trafficking and activation via regulation of integrins and CD48
	Introduction
	Results
	Allergen challenge induces expression of ORMDL3 in the lungs
	ORMDL3 is induced by IL-3 and participates in cell activation
	ORMDL3 regulates integrin expression and cell adhesion
	ORMDL3 regulates migration and CD48-mediated degranulation

	Discussion
	Methods
	Mouse model of allergic airway inflammation
	Immunohistology
	Immunofluorescence staining and confocal microscopy
	Murine eosinophils
	RT–PCR and quantitative real-time RT–PCR
	Western blot analysis
	Expression of recombinant ORMDL3
	Overexpression and knockdown of ORMDL3
	ER localization of ORMDL3
	Assessment of cytoskeleton
	Induction of ORMDL3 and CD48 expression
	In vitro flow chamber assay
	Adhesion assay
	Cell morphology and adhesion molecule expression
	NF-κB translocation
	Measurement of intracellular calcium concentration
	In vitro migration assay
	In vivo migration of eosinophils
	Cell activation and EPO release assay
	Statistical analysis

	Additional information
	Acknowledgements
	References




