
IMMUNOPATHOLOGY AND INFECTIOUS DISEASES

Semaphorin 3E Alleviates Hallmarks of House
Dust MiteeInduced Allergic Airway Disease
Hesam Movassagh,* Lianyu Shan,* Jonathan S. Duke-Cohan,yx Andrew J. Halayko,z Jude E. Uzonna,* and Abdelilah S. Gounni*

From the Departments of Immunology* and Physiology and Pathophysiology,z Rady Faculty of Health Sciences, Max Rady College of Medicine, University of
Manitoba, Winnipeg, Manitoba, Canada; and the Department of Medical Oncology,y Laboratory of Immunobiology, Dana-Farber Cancer Institute, Boston,
Massachusetts; and the Department of Medicine,x Harvard Medical School, Boston, Massachusetts

Accepted for publication
March 30, 2017.

Address correspondence to
Abdelilah S. Gounni, Ph.D.,
Department of Immunology,
Max Rady Faculty of Health
Sciences, Rady College of
Medicine, University of Man-
itoba, 419 Apotex Center, 750
McDermot Ave, Winnipeg,
MB, Canada R3E 0T5. E-mail:
abdel.gounni@umanitoba.ca.

Semaphorins are an essential family of guidance cues ubiquitously expressed in various organs, which
play diverse developmental, homeostatic, and pathological roles. Semaphorin 3E (Sema3E), initially
identified as a neuronal chemorepellent, is involved in the regulation of cell migration, proliferation,
and angiogenesis. However, expression and function of Sema3E in allergic asthma has not been
extensively investigated. We determined the expression of Sema3E in the airways and its effect on
airway inflammation, hyperresponsiveness, and remodeling as pathological features of allergic asthma
provoked by house dust mite in vivo. Our data indicate that exposure to house dust mite markedly
reduces Sema3E expression in mouse airways. More important, replenishment of Sema3E by intranasal
administration of exogenous Sema3E protects mice from allergic asthma by reducing eosinophilic
inflammation, serum IgE level, and T helper cell 2/T helper cell 17 cytokine response. The regulatory
effect of Sema3E on cytokine response was sustained on allergen recall response in the lymph nodes and
spleen. Furthermore, goblet cell hyperplasia, collagen deposition, and airway hyperresponsiveness were
significantly diminished on Sema3E treatment. The inhibitory effect of Sema3E was associated with a
reduction of pulmonary CD11bþ conventional dendritic cells and regulation of CD4þ T-cell cytokine
response. Collectively, our data represent a novel approach to treating allergic asthma via regulation of
immune response to house dust mite. (Am J Pathol 2017, 187: 1566e1576; http://dx.doi.org/10.1016/
j.ajpath.2017.03.008)

Asthma is a multifaceted disease of the airways associated
with chronic inflammation, bronchoconstriction, remodel-
ing, and airway hyperresponsiveness (AHR).1 The preva-
lence of allergic asthma has been remarkably increasing for
the past decades.2 Therefore, development of new strategies
to treat allergic asthma, in particular severe refractory form
of the disease, is an urgent unmet clinical need. However,
novel therapeutic approaches fail to significantly alleviate
the cardinal features of asthma, especially AHR and
remodeling.3e5

Continuous exposure with innocuous aeroallergens, such
as house dust mite (HDM), deviates the immune system
toward a granulocytic rich response. It perpetuates the
airway inflammation that leads to a massive structural
alteration of the airways and subsequently AHR as the
hallmark of disease pathology.6 However, the mechanisms
underlying airway remodeling and AHR could

spontaneously develop independent of inflammatory
response.7,8 Also, a considerable portion of asthmatic pa-
tients have a T helper cell (Th) 2-low noneosinophilic
phenotype that poorly responds to current anti-inflammatory
treatments (eg, corticosteroids).5,9,10 Thus, efficient thera-
peutic strategies for allergic asthma should be able to target
various arms of the disease, including both inflammatory
and structural compartments of the airways.
Semaphorins are guidance cues that play diverse

roles, such as immune regulation, angiogenesis, cell
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proliferation, and migration.11e13 Various semaphorins
have been reported to exert proinflammatory or anti-
inflammatory responses in a context-dependent man-
ner.14e17 For instance, Semaphorin 3E (Sema3E) is able
to dualistically promote or suppress inflammation in the
obesity model18 or atherosclerotic plaques,19 respectively,
via regulation of macrophage functions. Sema3E is
ubiquitously expressed in different cell types, including
adipocytes,18 macrophages,19 tumor cells,20 hepato-
cytes,21 osteoblasts,22 and dendritic cells.23 It is involved
in essential cellular functions that are dysregulated in
allergic asthma.24e27 We have previously reported that
in vitro treatment of human airway smooth muscle (ASM)
cells with Sema3E inhibits growth factoreinduced pro-
liferation and migration considered as fundamental
mechanisms contributing to airway remodeling.28 This
effect was associated with suppression of mitogen-
activated protein kinase, phosphatidylinositol 3-kinase,
and Ras-related C3 botulinum toxin substrate 1 GTPase
signaling.28 Furthermore, we have recently revealed that
genetic abrogation of Sema3E in mice leads to a hyper-
granulocytic phenotype, which is associated with
enhanced AHR, remodeling, and Th2/Th17 inflamma-
tion.29 Sema3E was also shown to reduce neutrophil
recruitment to the airways on HDM reexposure.30 How-
ever, the therapeutic potential of Sema3E in allergic
asthma has remained to be understood.

Our goal was first to determine the expression of
Sema3E in the airways and then to address the in vivo
effect of Sema3E on allergic airway inflammation,
remodeling, and AHR using the HDM model of the dis-
ease. We also aimed to understand the mechanisms un-
derlying Sema3E effects on the allergic asthma model. We
found that Sema3E expression was down-regulated in
murine airways on HDM sensitization and challenge.
Administration of exogenous recombinant Sema3E pro-
tected mice from HDM-induced airway inflammation,
mucus overproduction, collagen deposition, and AHR. The
mechanism underlying the Sema3E effect on the HDM
mouse model of allergic asthma was mediated, at least in
part, via regulating cytokine response, pulmonary dendritic
cell (DC) recruitment, and function. Taken together, our
findings reveal a major regulatory role of Sema3E in
allergic asthma.

Materials and Methods

Animals

Female 6- to 8-week-old BALB/c mice were purchased
from the Central Animal Care Services at the University of
Manitoba (Winnipeg, MB, Canada). All of the mice were
maintained at the Central Animal Care Services facility
under specific pathogen-free conditions and used according
to the guidelines stipulated by the Canadian Council for
Animal Care.

House Dust Mite Exposure Model

Lyophilized HDM protein extract was obtained from Greer
Laboratories (Lenoir, NC), which was reconstituted in
sterile saline as 2.5 mg/mL stock concentration before
treatment. A working concentration (25 mg per mouse in 35
mL of saline) was freshly prepared, and an acute model of
the disease was established via intranasal administration
under gaseous anesthesia for 5 days per week during 2
consecutive weeks.31 Recombinant mouse Sema3E-Fc
(10 mg/kg in sterile phosphate-buffered saline) was admin-
istered through the intranasal route 1 hour before each HDM
exposure. The control group received sterile saline-Fc at the
same time points. All experiments were performed 48 hours
after the last HDM exposure, unless otherwise indicated.
Murine Sema3E-Fc recombinant protein was produced as
fusion protein N-terminal to a functional mouse g2c Fc
domain. Complete cDNA was amplified from total RNA of
a mouse brain, ligated into pFUSE-mfc1 vector, and elec-
troporated into CHO cells. Finally, secreted Sema3E-Fc
protein was purified from the conditioned media by pro-
tein A-affinity chromatography, as described previously.24

Immunofluorescence

Formalin-fixed lung tissues were paraffin embedded, and
sections (5 mm thick) were prepared, dewaxed in xylene,
and rehydrated through graded concentrations of alcohol to
water, and then boiled for 10 minutes in sodium citrate
buffer. Then, sections were incubated with blocking buffer
for 1 hour at room temperature. Rabbit anti-Sema3E anti-
body (2.5 mg/mL; Abcam, Cambridge, MA) or isotype
control IgG (Jackson ImmunoResearch Laboratories, West
Grove, PA) was added, and sections were incubated over-
night at 4�C. Slides were then washed twice with
tris-buffered saline, followed by incubation with Alexa-
488econjugated anti-rabbit secondary antibody for 1 hour
at room temperature away from light. After an extensive
wash with tris-buffered saline, slides were finally mounted
with a DAPI-containing antifade reagent (Life Technologies
Inc., Burlington, ON, Canada) and visualized by Axioskop
2 mot plus microscope using AxioVision software version
4.8 (Carl Zeiss, Inc., Thornwood, NY). Integrated density of
Sema3E immunostaining in the airways was compared be-
tween saline and HDM-challenged mice by ImageJ version
1.51j8 (NIH, Bethesda, MD; http://imagej.nih.gov/ij).

Airway Responsiveness

Mice were anesthetized and cannulated via the trachea 48
hours after the last HDM challenge. An increasing gradient
of methacholine dose was administered intratracheally, and
AHR parameters, including airway resistance, tissue
resistance, and tissue elastance, were measured by using a
FlexiVent small animal ventilator system (SCIREQ,
Montreal, QC, Canada).
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Preparation and Processing of BAL Fluid

Bronchoalveolar lavage (BAL) was performed with two
instillations of 1 mL of sterile saline containing 0.1 mmol/L
EDTA. Red blood cells were lysed using ammonium-
chloride-potassium buffer. Total cells in BAL fluid
(BALF) were spun down at 300 � g/4�C for 5 minutes, and
supernatants were stored at �80�C to measure cytokines.
Cytospins from BALF cells were prepared and stained, and
different inflammatory cell types were characterized
morphologically and counted by two individuals in a blind
manner (H.M. and L.S.).

Lung Histology

Dissected left lobes of mouse lungs were inflated, fixed, and
embedded in paraffin. Then, sections were stained with
hematoxylin and eosin, periodic acideSchiff, and Sirius red
for assessing the presence of airway inflammation, mucus

overproduction, and collagen deposition, respectively.
Slides were quantified by pathological scoring from 0 (the
lowest staining intensity) to 5 (the highest staining intensity)
in a blind manner (H.M. and L.S.).

Quantification of Cytokines and Immunoglobulins

An enzyme-linked immunosorbent assay was performed to
measure IL-4, IL-5, IL-9, IL-12, IL-17A, and interferon
(IFN)-g in BALF supernatants, according to the manufac-
turer’s instructions. Plates were read with SpectraMax plate
reader and analyzed with SoftMax Pro software version
5.4.1 (Molecular Devices, Sunnyvale, CA). All cytokine
enzyme-linked immunosorbent assay kits were from Bio-
Legend (San Diego, CA). A similar procedure was per-
formed on supernatants obtained from the culture of
mediastinal lymph node (MLN) cells, splenocytes, or co-
culture of lung DC subsets and splenic T cells 72 hours after
HDM or vehicle stimulation.

HDM Saline 

Sema3E
DAPI

ICB C D

A

Outcome
measurements

Rest day

IN HDM, 25 µg/mouse

1 6 7 8 9 10 11 12 13 14 1532 4 5

E

Figure 1 Sema3E expression is reduced in the airways of HDM-exposed mice. A: Allergic airway disease model was established by intranasal (IN)
administration of HDM for 2 weeks. B and C: Mouse Sema3E expression was investigated by performing immunofluorescence staining on airway sections
obtained from mice exposed to either saline (B) or HDM (C). D: Staining with isotype control (IC) antibody does not show cross-reactivity. Sema3E expression
was visualized with �100 and �200 magnifications after incubation of tissue sections with antieSema3E-specific primary antibody, fluorescein
isothiocyanateelabeled secondary antibody, and counterstaining of nuclei with DAPI. E: Intensity of Sema3E staining was quantified by measuring
fluorescence-integrated density. Data are expressed as means � SEM. n Z 4 mice per group (BeE). *P < 0.05 versus saline. Scale bars: 20 mm (BeD, top
row); 50 mm (BeD, bottom row). Original magnifications: �100 (BeD, top row); �200 (BeD, bottom row).
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Serum was obtained from the mice exposed intranasally
with saline-Fc or HDM-Fc with or without Sema3E-Fc.
Total and HDM-specific IgE and IgG1 levels were quanti-
fied using commercial kits, according to the manufacturer’s
instructions (Southern Biotech, Birmingham, AL), as we
described previously.32

Flow Cytometric Analysis of Intracellular Cytokines

Briefly, MLN or spleen was collected and a single-cell
suspension was prepared by using a cell strainer. The cells
were resuspended at a concentration of 4 � 106 cells/mL in
Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, 2 mmol/L L-glutamine, 100 U/mL
penicillin, 100 mg/mL streptomycin, and 5 � 10�5 mmol
2-mercaptoethanol, plated in 24-well tissue culture plates.
Then, MLN or spleen cells were incubated with a freshly
prepared cocktail containing 50 ng/mL phorbol myristate
acetate, 500 ng/mL ionomycin, and 10 mg/mL brefeldin A,
all from Sigma-Aldrich (Oakville, ON, Canada) for 4 hours
at 37�C and 5% CO2. Extracellular staining was performed
by using anti-mouse CD3 e-Fluor 450 (clone 17A2) and
CD4efluorescein isothiocyanate (clone RM4-5), both from
eBioscience (San Diego, CA). Fixed and surface-stained
MLN cells were permeabilized with 0.1% saponin in flow
cytometry buffer and then stained with specific
fluorochrome-conjugated monoclonal antibodies, including
anti-mouse IFN-gephosphatidylethanolamine (clone
XMG1.2) and IL-4eallophycocyanin (clone 11B11) from
eBioscience. Samples were acquired on a FACSCanto II
(BD Biosciences, San Jose, CA) and analyzed using FlowJo
software version 10 (Tree Star Inc., Ashland, OR).

Analysis of Lung DC Subsets

Major pulmonary DC subsets from the lungs were charac-
terized 3 days after intranasal exposure with a single high
dose of HDM (100 mg/mouse).33 Sema3E-Fc or saline-Fc
was administered 1 hour before HDM sensitization.
Briefly, lungs were minced and enzymatically digested by 1
mg/mL collagenase IV and 0.5 mg/mL deoxyribonuclease I
(Worthington Biochemical, Lakewood, NJ), followed by red
blood cell lysis and Fc blocking. Then, DCs were stained
by anti-mouse F4/80efluorescein isothiocyanate (clone
BM8; eBioscience), anti-mouse CD11c-allophycocyanin
(clone 418; eBioscience), MHCII eFluor 450 (clone M5/
114.15.2; eBioscience), CD11b- phosphatidylethanolamine-
Cy7 (clone M1/70; BioLegend), and CD103-PerCP-Cy5.5
(clone 2E7; BioLegend) antibodies. Finally, pulmonary
CD11bþ or CD103þ DC subsets (pregated as non-
autofluorescent F4/80� CD11cþ MHCIIhi) were sorted
using a BD FACSAria-III Digital Cell Sorter (BD Bio-
sciences) and co-cultured with splenic T cells in 1:10 ratios
for 72 hours to measure the cytokine response.

Statistical Analysis

GraphPad Prism 5.0 software (Graphpad Software Inc., La
Jolla, CA) was used for statistical analysis, and values were
presented as the means � SEM of at least three independent
experiments. Depending on the number of groups and
treatments, data were analyzed by unpaired t-test, one- or
two-way analysis of variance, followed by the Bonferroni’s
multiple comparisons post hoc test. Differences were
considered to be statistically significant at P � 0.05.

Figure 2 Sema3E prevents HDM-induced airway hyperresponsiveness (AHR) and recruitment of inflammatory cells to the airways. A: Exogenous recom-
binant Sema3E-Fc was administered intranasally (IN) 1 hour before each HDM exposure for 2 weeks. BeF: Sema3E treatment hampers HDM-induced airway
resistance (B), tissue resistance (C), and tissue elastance (D). Total inflammatory cells (E) and eosinophils (F) are reduced in BALF on Sema3E treatment
compared to those of HDM-challenged mice. Data are expressed as means � SEM. nZ 3 to 5 mice per group (BeF). *P < 0.05, **P < 0.01, and ***P < 0.001
versus HDM-Fc.
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Results

HDM Exposure Down-Regulates Sema3E Expression in
Airways

Because repeated exposure to HDM induces AHR, inflam-
mation, and tissue remodeling, we exposed Balbc mice with
this clinically relevant allergen for 2 consecutive weeks
(Figure 1A).31,34,35 Then, Sema3E immunoreactivity was
assessed in the allergic airways and compared with that of the
saline-treated control group. Immunofluorescence staining on
lung tissue sections revealed that Sema3E is highly expressed
in saline-treated mice, especially in the airway epithelium
(Figure 1B). In contrast, HDM sensitization and challenge
dramatically decreased Sema3E expression (Figure 1C).
Staining with isotype control antibody confirmed the speci-
ficity of Sema3E immunoreactivity (Figure 1D). Intensity of
Sema3E immunostaining in the airways was significantly
reduced on HDM exposure (Figure 1E). Decreased expres-
sion of Sema3E on HDM challenge suggests an unknown
key role of this protein in airway homeostasis, which is
impaired in asthmatic conditions.

Sema3E Treatment Prevents HDM-Induced AHR,
Remodeling, and Inflammation

We previously reported an inhibitory effect of Sema3E on
ASM cell proliferation and migration in vitro28 and also a
protective role of this protein in the HDM model of asthma
using Sema3e�/� mice.29,30 These findings combined with
decreased expression of Sema3E (Figure 1) encouraged us
to examine whether Sema3E has a potential therapeutic
effect on allergic asthma in vivo. Therefore, we first treated
mice with either Sema3E-Fc or saline-Fc, followed by
intranasal HDM or saline exposure 1 hour later for 2
consecutive weeks (Figure 2A). We observed a significant
decrease in HDM-induced airway resistance (Figure 2B) as
a key measure of lung function in mice that received
Sema3E-Fc before HDM exposure compared to those that
received saline-Fc alone. Similarly, both tissue resistance
(Figure 2C) and tissue elastance (Figure 2D) were decreased
on Sema3E treatment. In addition, mice treated with
Sema3E-Fc exhibited a reduced number of total inflamma-
tory cells (Figure 2E), particularly eosinophils and, to some
extent, neutrophils (Figure 2F) in BALF compared to

Figure 3 Sema3E reduces HDM-induced pulmonary inflammation and remodeling. Lung inflammation (A and B), mucus overproduction (C and D), and
collagen deposition (E and F) were histologically evaluated in lung tissue sections by performing hematoxylin and eosin (H&E), periodic acideSchiff (PAS),
and Sirius red staining, respectively. Statistical comparison was performed between HDM plus saline-Fc and HDM plus Sema3E-Fc groups. All data represent two
independent experiments. Data are expressed as means � SEM. n Z 3 to 5 mice per group (AeF). *P < 0.05, **P < 0.01. Scale bars Z 50 mm (A, C, and E).
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HDM-Fcetreated controls. The inhibitory effect of Sema3E
on HDM-induced lung leukocytic infiltration was confirmed
by hematoxylin and eosin staining (Figure 3, A and B).
Mucus secretion and collagen deposition, two critical facets
of airway remodeling in allergic asthma, were significantly
decreased by Sema3E administration, as evaluated by peri-
odic acideSchiff (Figure 3, C and D) and Sirius red staining
(Figure 3, E and F) on lung tissue sections, respectively.
Together, these data suggest that Sema3E treatment modu-
lates airway inflammation, remodeling, and AHR provoked
by HDM.

Sema3E Reduces Cytokine and Antibody Responses
during an Allergic Airway Disease

We then investigated the effect of Sema3E-Fc treatment on
cytokine response. Compared to the mice given only saline-
Fc before HDM challenge, Sema3E-Fcetreated mice

showed a significant decrease of IL-4, IL-5, IL-9, and
IL-17A. However, IL-12 level in the BALF was not
significantly altered on Sema3E-Fc treatment, whereas
Sema3E-Fc treatment increased IFN-g level in the BALF
(Figure 4A).

The effect of Sema3E-Fc treatment on Th1/Th2 cytokine
response was further investigated by performing flow
cytometry on lung-draining MLN ex vivo. Sema3E-Fc
decreased HDM-induced intracellular production of IL-4
in CD4þ MLN cells (Figure 4, B and C). However, unlike
BALF data, Sema3E-Fc did not change intracellular IFN-g
production in CD4þ MLN cells (Figure 4, D and E). In vivo
administration of Sema3E-Fc decreased IL-4 (Supplemental
Figure S1, A and B) and increased IFN-g (Supplemental
Figure S1, C and D) intracellular production in CD4þ

spleen cells. Collectively, our data suggest that Sema3E’s
role in allergic asthma is mediated, at least partially, by the
orchestration of inflammatory cytokine response.

Figure 4 Sema3E treatment regulates allergic
cytokine response. BALF samples were collected
from HDM-exposed mice with or without Sema3E
treatment and also naive mice, then subjected to
enzyme-linked immunosorbent assay to measure
different cytokines. A: HDM-mediated secretion of
IL-4, IL-5, IL-9, and IL-17A into the airways
decreases on Sema3E treatment, but interferon
(IFN)-g level increases. BeE: Analysis of medias-
tinal lymph node (MLN) single-cell suspension by
flow cytometry reveals a significant inhibitory ef-
fect of Sema3E on HDM-induced IL-4 (B and C) but
not IFN-g production (D and E). Data are
expressed as means � SEM. All data represent two
independent experiments. n Z 3 to 5 (AeE).
*P < 0.05, **P < 0.01, and ***P < 0.001 versus
HDM.
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The regulatory role of Sema3E in cytokine response
encouraged us to examine whether this effect is sustained on
HDM recall. MLN single-cell suspensions were isolated
from Sema3E-Fc treated and untreated HDM-challenged
mice. Then, cells were restimulated with HDM or vehicle
in vitro for 72 hours to assess the cytokine response in the
supernatant. MLN cells isolated from Sema3E-Fcetreated
and HDM-exposed mice had a significant decrease in IL-4
level (Figure 5A) after in vitro HDM recall stimulation
compared to that of nontreated mice. But, Sema3E did not
significantly alter IFN-g (Figure 5B), IL-17A (Figure 5C),
and IL-9 (Figure 5D) levels on HDM restimulation in MLN
cells.

To address whether the sustained effect of Sema3E
treatment has a potential systemic impact, we studied the
cytokine response in splenocytes after HDM recall.
Un-stimulated splenocytes from Sema3E-Fcetreated HDM-
exposed mice had a significantly lower basal level of IL-4
secretion compared to the HDM-exposed group
(Supplemental Figure S2A). Furthermore, in vitro stimula-
tion with HDM increased IFN-g level in splenocytes
obtained from Sema3E-treated HDM-challenged mice
(Supplemental Figure S2B). Contrary to the MLN recall
data, Sema3E-Fc reduced IL-17A level in response to HDM
restimulation in vitro (Supplemental Figure S2C), whereas
the IL-9 level did not significantly change (Supplemental
Figure S2D). These results suggest that the Sema3E effect
on balancing Th1/Th2 cytokine response is sustained during
recall response provoked by HDM.

Next, we measured the level of antibodies involved in
regulation of allergic response in the serum obtained from

Sema3E with or without HDM-treated mice. We observed a
significant reduction in total (Figure 6A) and HDM-specific
(Figure 6B) IgE synthesis on Sema3E-Fc treatment
compared to those of Fc-control group. Similarly, both total
(Figure 6C) and HDM-specific (Figure 6D) IgG1 levels,
elevated by HDM challenge, were diminished after Sema3E
treatment. Therefore, the Sema3E suppressive role in
allergic airway inflammation could be mediated in part
through down-regulation of HDM-induced IgE and IgG1
synthesis in the serum.

Sema3E Plays a Crucial Role in Regulation of
Pulmonary DC Migration and Function in Allergic
Airway Disease

Pulmonary DC subsets have an essential role in initiation
and maintenance of allergic response. To address whether
Sema3E implicates in the regulation of pulmonary DC
recruitment, we sensitized mice with a single high dose
of HDM for 72 hours with or without prior Sema3E
treatment. Total (CD11cþ MHCIIhi) pulmonary conven-
tional DC (cDC) and also CD103þ subset did not
significantly change after Sema3E treatment (Figure 7A).
In contrast, HDM-induced CD11bþ pulmonary cDC
recruitment was markedly reduced on Sema3E treatment
(Figure 7, A and B).
Because CD11bþ and CD103þ cDCs have been

demonstrated to be essential for shaping the immune
response to allergens, we purified these cells from
HDM with or without Sema3E-Fc treated mice and then
investigated their effect on cytokine response on co-culture

Figure 5 Sema3E treatment induces a sus-
tained regulatory effect on Th1/Th2 balance.
Single-cell suspension of mediastinal lymph node
(MLN) from the mice exposed to HDM with or
without Sema3E-Fc was prepared and stimulated
with medium or HDM in vitro. The levels of IL-4
(A), interferon (IFN)-g (B), IL-17A (C), and IL-9
(D) were measured in the supernatant of the
cultured cells after 72 hours by enzyme-linked
immunosorbent assay. IL-4 secretion induced by
in vivo exposure to HDM is inhibited by Sema3E-Fc
treatment in MLN cells during in vitro HDM recall.
Sema3E treatment does not significantly change
secretion of other cytokines in MLN cells. Data are
expressed as means � SEM. n Z 4 to 6 (AeD).
***P < 0.001.
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with T cells in the presence of HDM in vitro. CD11bþ

pulmonary cDCs from Sema3E-treated mice induced a
significant reduction of IL-5 and IL-17A levels (Figure 7C).
On the other hand, despite no effect of Sema3E on the
pulmonary recruitment of CD103þ cDCs, it resulted in
decreased IL-17A and increased IFN-g levels on HDM
stimulation in vitro (Figure 7D). Furthermore, we demon-
strated that Sema3E high-affinity receptor is constitutively
expressed on the surface of both CD11bþ and CD103þ

pulmonary cDCs (Figure 7E), suggestive of a functional role
on Sema3E binding. Collectively, these data suggest that the
effect of Sema3E in allergic asthma could be mediated by
regulation of pulmonary cDC functions.

Discussion

Semaphorins are ubiquitously expressed and play diverse
roles in many biological processes, including immune regu-
lation11,36; but our understanding of Sema3E expression and
function in allergic asthma has been surprisingly limited. In
the present study, we demonstrated that Sema3E expression
is reduced in the mouse airways on HDM sensitization and
challenge. We further revealed that intranasal administration
of recombinant Sema3E protects mice from HDM-induced
airway inflammation, remodeling, and AHR. This observa-
tion suggests that Sema3E could be considered a promising
therapeutic option for allergic airway disease that regulates
both inflammatory and structural cell functions.

Sema3E immunoreactivity was clearly observed in the
airway epithelium of saline-treated mice, which was

considerably reduced on HDM challenge. Down-regulation
of Sema3E in allergic asthmatic conditions suggests a crucial
role of this mediator in airway homeostasis and allergic
inflammation. Similar to Sema3E down-regulation, we pre-
viously showed a reduced expression of its high-affinity
receptor, PlexinD1, on human ASM cells from allergic
asthmatic subjects,28 suggesting a dysregulated expression of
both ligand and receptor in allergic asthma. Moreover,
PlexinD1 was shown to be expressed on DC23 and ASM
cells in vitro as well as smooth muscle bundle in bronchial
biopsy specimens of allergic asthmatics in vivo.28 We
previously revealed that Sema3E modulates growth
factoreinduced ASM cell proliferation and migration.28

Taken together, it is tempting to speculate that Sema3E
may modulate airway inflammation by regulating DC func-
tion, AHR, and tissue remodeling through inhibiting the
migration and proliferation of ASM cells.28 This speculation
is in accordance with decreased airway inflammation, AHR,
and remodeling observed in HDM-challenged and Sema3E-
treated mice compared to the vehicle-treated counterpart.

AHR is a major clinical facet of allergic asthma.37

Sema3E treatment in mice prevented HDM-induced
airway resistance, tissue resistance, and elastance as the
characteristic parameters of AHR. A decreased level of IL-4
on Sema3E administration or after recall stimulation may
explain, at least in part, the diminished AHR, because IL-4
signaling through STAT6 is required for the development of
sustained AHR in mouse models of allergic asthma.38e40

Down-regulation of IL-4, as a key player for Ig class
switching, by Sema3E treatment may further explain the
reduction of proallergic antibody, IgE.41,42

Figure 6 Sema3E treatment regulates allergic
antibody response. Sema3E treatment reduces
serum levels of both total (A) and HDM-specific (B)
IgE as well as IgG1 (C and D) provoked by HDM
challenge. Data are expressed as means � SEM.
n Z 3 to 5 (AeD). *P < 0.05, **P < 0.01, and
***P < 0.001 versus HDM-Fc. OD, optical density.
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Collagen deposition, considered as a key feature of pul-
monary fibrosis in chronic asthma, was reduced on Sema3E
treatment. There is no report on the role of Sema3E in
pulmonary fibrosis, although a recent study reveals that
Sema3E secreted by damaged hepatocytes regulates liver
fibrosis.21 However, Sema7A signaling plays a crucial role
in pulmonary fibrosis and remodeling by regulation of
phosphatidylinositol 3-kinase/protein kinase B/AKT
signaling.43 Peng et al44 have recently reported that genetic
deletion of Sema7A receptor, PlexinC1, leads to increased
pulmonary fibrosis. Furthermore, endogenous Sema7A has
been shown to inhibit up-regulation of profibrotic genes in
human fibroblasts.45 Therefore, the effect of Sema3E on
pulmonary fibrosis should be further investigated in a
chronic model of allergic asthma.

It has been previously revealed that aeroallergens recruit
DCs to the airways, and elimination of cDCs has been pro-
posed to prevent allergic airway inflammation and AHR.46,47

Herein, we demonstrate that the inhibitory role of Sema3E in
experimental allergic asthma could be mediated via modu-
lating recruitment of CD11bþ cDCs, as Th2 skewing cells, to
the airways. Unlike the CD11bþ cDC subset, HDM-induced

recruitment of CD103þ pulmonary cDCs was not altered by
Sema3E. However, our in vitro evidence indicated Sema3E-
mediated regulation of cytokine response by both cDC
subsets on co-culture with T cells. Sema3E receptor, Plex-
inD1, has been previously demonstrated to be highly
expressed on bone marrowederived dendritic cells,23 as we
also showed its surface expression on both pulmonary cDC
subsets, which suggests them as responder cells to Sema3E
treatment. Decreased recruitment of CD11bþ cDCs into the
airways of Sema3E-treated allergic mice indicates that
Sema3E acts as a guidance cue for these cells, which is
analogous to the original function of semaphorins in axon
guidance.48

In summary, we report that Sema3E plays an essential
immunoregulatory role in experimental allergic asthma.
Given that Sema3E expression was reduced in allergic
asthma and its administration ameliorated the pathological
features of the experimental disease, reintroducing Sema3E
to the airways might prove efficacious in the treatment of
clinical asthma. This previously unknown role for Sema3E in
allergic asthma may lead to developing therapeutic strategies
in other diseases involving AHR and airway inflammation.

Figure 7 Sema3E treatment regulates pulmonary DC functions. A and B: Intranasal administration of Sema3E decreases the number of total and CD11bþ but
not CD103þ pulmonary conventional dendritic cells (cDCs), as determined by flow cytometry. C: Co-culture of Sema3E-treated CD11bþ pulmonary cDCs obtained
from HDM-sensitized mice with T cells reduces IL-5 and IL-17A levels in the supernatant on in vitro HDM stimulation. D: CD103þ pulmonary cDCs from the same
mice increases interferon (IFN)-g, does not change IL-5, and decreases IL-17A levels on co-culture with T cells in the presence of HDM. E: Both CD11bþ and
CD103þ pulmonary cDCs express PlexinD1 on their surface. All data represent two independent experiments. Data are expressed as means � SEM. n Z 4 (AeE).
*P < 0.05, **P < 0.01. IC, isotype control.
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