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The Journal of Immunology

Semaphorin 3E Deficiency Exacerbates Airway Inflammation,
Hyperresponsiveness, and Remodeling in a Mouse Model of
Allergic Asthma

Hesam Movassagh,* Lianyu Shan,* Ashfaque Mohammed,* Andrew J. Halayko,*,† and

Abdelilah S. Gounni*

Semaphorin 3E (Sema3E) plays a crucial role in axon guidance, vascular patterning, and immune regulation. Nevertheless,

the role of Sema3E in asthma is still elusive. In this study, we show that genetic ablation of Sema3E in mice results in increased

lung granulocytosis, airway hyperresponsiveness, mucus overproduction, collagen deposition, and Th2/Th17 inflammation.

Transfer of Sema3e2/2 bone marrow progenitor cells to irradiated wild-type (WT) recipients exacerbates airway hyper-

responsiveness and inflammation, whereas transfer of WT bone marrow progenitor cells ameliorates asthma pathology in

Sema3e2/2 recipients. Sema3e2/2 mice display a higher frequency of CD11b+ pulmonary dendritic cells than their WT

controls at the baseline and after sensitization with house dust mite. Adoptive transfer of CD11b+ pulmonary dendritic cells

from Sema3e2/2 mice into WT recipients increases house dust mite–induced Th2/Th17 inflammation in the airway. To-

gether, these findings identify Sema3E as a novel regulatory molecule in allergic asthma that acts upstream of proallergic

events and suggest that targeting this molecule could be a novel approach to treat allergic asthma. The Journal of

Immunology, 2017, 198: 000–000.

A
sthma is a heterogeneous chronic disorder of the airways
in which the inflammation is associated with airway
hyperresponsiveness (AHR) leading to recurrent episodes

of wheezing, breathlessness, chest tightness, and coughing. It is
among the commonest chronic conditions in Western countries
affecting ∼14% children and 8% adults. Pathophysiological fea-
tures of asthma include eosinophil-rich inflammatory cell infil-
trates, mucus hypersecretion, and airway wall remodeling (1). In
allergic asthma, the most common form of the disease, inhalation
and subsequent presentation of allergens by dendritic cells (DCs),

induces Th2 immune deviation and recruitment of inflammatory
cells into the lungs, which lead to tissue damage in atopic indi-
viduals (2). Allergen-specific pulmonary Th2 cells producing IL-4,

IL-5, and IL-13 play critical roles in IgE synthesis, eosinophil re-
cruitment, mast cell growth, and AHR. However, the containment

of the Th2 response by activation of Th1, Th17, and T regulatory
cells is important in pathogenesis of allergic asthma (3). Consid-

ering the essential role of DCs in induction of Th2 and Th17 re-
sponses, interference with their proallergic functions is considered

as a potential new therapeutic strategy in allergic asthma (4).
Semaphorins, initially discovered as axon guidance molecules, are

ubiquitously expressed beyond the nervous system and control im-

mune regulation (5). Among them, semaphorin 3E (Sema3E) and its
receptor plexinD1 have emerged as an essential axis involved in cell

migration, proliferation, and angiogenesis (6–8), which are key fea-
tures associated with inflammation and tissue remodeling. We have

previously demonstrated that Sema3E inhibits human airway smooth
muscle (ASM) cell proliferation and migration via modulation of

ERK1/2, Akt, and Rac1 pathways, suggesting a potential role of this
pathway in airway remodeling (9). However, the in vivo function of

Sema3E in allergic asthma has not been investigated.
In this study, we aimed to address the role of Sema3E in the

development and maintenance of allergic asthma. We demonstrate

that Sema3e-deficient mice exhibit enhanced basal accumulation of
myeloid cells in their lungs. Upon house dust mite (HDM) sensi-

tization and challenge, Sema3e2/2 mice display an exacerbated
Th2/Th17 inflammatory response, airway remodeling, and AHR

compared with wild-type (WT) counterpart. Collectively, our data
suggest that Sema3E plays a pivotal role in pathogenesis of allergic

asthma, which is mediated by regulation of pulmonary DC subsets.

Materials and Methods
Animals

The 129 P2 Sema3e2/2 mouse was a gift of F. Mann (Developmental
Biology Institute of Marseille Luminy, Université de la Méditerranée,
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Marseille, France), which was described previously (10), and 129P2 WT
littermates were used as the control group. All of the mice were maintained
at the Central Animal Care Services, University of Manitoba facility, under
specific pathogen-free conditions and used according to guidelines stipulated
by the Canadian Council for Animal Care.

Immunophenotyping of the lung inflammatory cells

Lungs were removed from Sema3e2/2 and WT naive mice, minced, and
enzymatically digested using 1 mg/ml collagenase IV (Worthington
Biochemical, Lakewood, NJ) and 0.5 mg/ml DNase from bovine pan-
creas in RPMI 1640 medium. After RBC lysis and Fc blocking, cells
were stained with a mixture containing the following anti-mouse Abs:
CD45-Pacific blue (clone 30‐F11; eBioscience, San Diego, CA), Siglec
F-PE (clone E50-2440; BD Biosciences), CD11b-allophycocyanin
(clone M1/70; eBioscience), CD11c-PE (clone N418; eBioscience),
CD3-FITC (clone 17A2; eBioscience), B220-eFluor 450 (clone RA3-
6B2; eBioscience), CD4-allophycocyanin (clone RM4-5; eBioscience),
CD8-PE (clone 53-6.7; eBioscience), gd-TCR (clone GL3; Bio-
Legend), and NK1.1-PE Cy7 (clone PK136; eBioscience). Then the
samples were acquired using a BD FACSCanto-II flow cytometer and
analyzed using FlowJo software.

HDM exposure model

A total of 25 mg HDM extract (Dermatophagoides pteronyssinus, Lot
259585; LPS, 615 EU/vial; protein, 5.35 mg/vial; dry weight, 23.73 mg/vial;
Greer Laboratories, Lenoir, NC) in 35 ml saline was administered intrana-
sally (i.n.) for 5 d/wk during consecutive 2 wk under gaseous anesthesia
in Sema3e2/2 and WT mice (11). The mice were sacrificed 48 h after the last
HDM challenge to measure the outcomes. Control Sema3e2/2 and WT
groups were exposed to the sterile saline in all experiments. All the mice
were female and 6–8 wk old.

Methacholine challenge test

AHR parameters, including airway resistance, tissue resistance, and tissue
elastance, were measured by using FlexiVent small animal ventilator system
(SCIREQ, Montreal, QC, Canada). Briefly, HDM or saline-sensitized and
challenged mice underwent thoracotomy. Then an increasing gradient of
methacholine dose (0, 3, 6, 12, 25, and 50 mg/ml) was administered
intratracheally with 5-min interval between the doses, and lung function
measurements were performed.

Collection and processing of bronchoalveolar lavage fluid

After measurement of AHR, bronchoalveolar lavage fluid (BALF) was
collected from tracheally canulated Sema3e2/2 or WT mice with two in-
stillations of 1 ml sterile saline containing 0.1 mM EDTA. After lysis of
RBC with ACK buffer, total BALF cells were counted and cytospins were
prepared. Then cytospins were fixed and stained to perform differential
inflammatory cell count. BALF supernatants were stored at 280˚C for
airway cytokine measurements.

Lung histology

Lower left lobe of the lung was dissected, inflated, and fixed in formalin
overnight, followed by embedding in paraffin. Basal and HDM-induced
airway inflammation, mucus production, and collagen deposition in lung
tissue sections obtained from Sema3e2/2 versus WT mice were studied by
performing H&E, periodic acid-Schiff, and sirius red, respectively. The
severity of lung inflammation was determined by histological scoring of
H&E-stained slides in a blind manner (12). Morphometric analysis of
periodic acid-Schiff–stained slides was used to quantify the mucus over-
production in the airways (13).

Measurement of cytokines and Igs

ELISA of mouse BALF for IL-4, IL-5, IL-9, IL-10, IL-12, IL-13, IL-17A,
and IFN-g was performed, according to the manufacturer’s instructions.
ELISA plates were read with SpectraMax plate reader and analyzed with
SoftMax Pro software (Molecular Devices). All cytokine ELISA kits were
from BioLegend (San Diego, CA), except IL-13, which was from eBio-
science.

Serumwas obtained from saline- and HDM-exposedWTand Sema3e2/2

mice 48 h after the last allergen challenge. Total and HDM-specific IgE,
IgG1, and IgG2a levels were quantified using commercial ELISA kits,
according to manufacturer’s instructions, as we described previously (14).
ELISA kits for measuring total and HDM-specific IgE, IgG1, and
IgG2a levels in serum samples were purchased from Southern Biotech
(Birmingham, AL).

Intracellular staining of cytokines and transcription factors

Lung-draining mediastinal lymph nodes (MLN) were collected from HDM-
exposed mice, followed by preparing single-cell suspension using a cell
strainer. The cells were resuspended at a concentration of 4 3 106 cells/ml
in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml
penicillin, 100 U/ml streptomycin, and 5 3 1025 M 2-ME, plated in 24-
well tissue culture plates. Then MLN cells were incubated with a freshly
prepared mixture containing 50 ng/ml PMA, 500 ng/ml ionomycin, and 10
mg/ml brefeldin A (Sigma-Aldrich, Oakville, ON, Canada) for 4 h at 37˚C
and 5% CO2. Extracellular staining was performed by using anti-mouse
CD3 e-Fluor 450 (clone 17A2) and CD4-FITC (both from eBioscience).
For staining cytokines, fixed and surface-stained MLN cells were per-
meabilized with 0.1% saponin in flow cytometry buffer and then stained
with specific anti-mouse IFN-g PE (clone XMG1.2), IL-4 allophycocyanin
(clone 11B11), and IL-17A PE (clone eBio17B7), all from eBioscience.
Staining for transcription factors was performed with Foxp3 Staining
Buffer Set (eBioscience) by using anti-mouse T-bet (clone 4B10) from
BioLegend and GATA3 (clone TWAJ) and RORgt (clone AFKJS-9) from
eBioscience, according to the manufacturer’s instructions. Samples were
acquired on a FACSCanto II and analyzed using FlowJo software.

Bone marrow chimera experiments

Sema3e2/2 and WT mice were irradiated with 500 rad for 7.5 min and were
injected the following day with 5 3 106 bone marrow (BM) progenitor cells
obtained from either Sema3e2/2 or WTmice in a crisscross manner. The donor
cells were established in the recipient mice during 6 wk, and then recipient
mice were exposed to i.n. HDM sensitization and challenge for 2 wk, followed
by AHR and inflammation measurements.

Analysis of lung DC subsets

Major pulmonary conventional DC subsets from Sema3e2/2 or WT
mice were characterized 3 d after i.n. exposure with saline or a single
high dose (100 mg per mouse) of HDM. Briefly, lungs were enzymat-
ically digested, as mentioned above, followed by RBC lysis and Fc
blocking. Then DCs were stained by anti-mouse F4/80-FITC (clone
BM8; eBioscience), anti-mouse CD11c-allophycocyanin (clone 418;
eBioscience), MHC class II (I-A/I-E) eFluor 450 (clone M5/114.15.2;
eBioscience), CD11b PE-Cy7 (clone M1/70; BioLegend), and CD103
PerCP-Cy5.5 (clone 2E7; BioLegend) Abs. Next, the samples were
acquired using a BD FACSCanto-II flow cytometer and analyzed using
FlowJo software. IL-23 was intracellularly stained in MHCII+ CD11c+

pulmonary conventional DCs by using anti-mouse IL-23 Ab (clone
C15.6; BioLegend) after enzymatic digestion of the lungs.

Adoptive transfer of pulmonary DCs

To evaluate the differential ability of CD11b+ pulmonary DCs from
Sema3e2/2 and WT mice to drive Th2/Th17 cell polarization, mice were
first challenged with a single high dose of i.n. HDM (100 mg), and then
lungs were harvested and enzymatically digested after 2 d. CD11b+ pul-
monary DCs were sorted from the population pregated on MHCIIhi and
CD11c+ cells. A total of 15,000 CD11b+ pulmonary DCs from either
Sema3e2/2 or WT mice was administered into 129P2 WT littermates
through the nasal route. One week later, mice were challenged with 10 mg
i.n. HDM for consecutive 5 d. After 2 d, BALF cellularity, lung tissue
inflammation, MLN DC frequency, and cytokine production were evalu-
ated, as described above.

Statistical analyses

GraphPad Prism 5.0 software was used for statistical analysis, and values
were presented as the mean 6 SEM. Depending on the number of groups
and treatments, data were analyzed by unpaired t test, one-way ANOVA, or
two-way ANOVA, followed by the Bonferroni’s multiple comparisons post
hoc test. Differences were considered to be statistically significant at *p #
0.05, **p # 0.01, and ***p # 0.001.

Results
Sema3E-deficient mice demonstrate exaggerated allergic
asthma

To understand how Sema3E could contribute to pulmonary in-
flammatory response, immune cells in the lungs were first com-
pared between Sema3e2/2 and WT mice at the baseline. At
homeostatic conditions, the pulmonary hematopoietic compartment
(CD45+ cells) (Fig. 1A) revealed significant eosinophil (Fig. 1B)
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infiltrate in Sema3e2/2 mice than those of WT controls, whereas
comparable numbers were observed in the spleen (data not shown).
Furthermore, alveolar macrophages, T, B, NK, and NKT cells of
Sema3e2/2 mice were found at comparable numbers to WT mice
(Fig. 1C–H). Our data suggest that Sema3E deficiency leads to
elevated granulocyte numbers in the lungs, potentially predisposing
mice to allergic airway inflammation.
Repeated inhalational exposure to HDM induces AHR and in-

flammation (11, 15, 16). We compared the development of allergic
asthma in the presence or absence of Sema3E in a HDM acute
murine model, as depicted in Fig. 2A (11). After exposure to
nebulized methacholine, HDM-exposed Sema3e2/2 mice showed
a significant increase in AHR parameters, including airway re-
sistance (Fig. 2B), tissue resistance (Fig. 2C), and tissue elastance
(Fig. 2D), compared with WT littermates. Sema3e2/2 mice had
higher total inflammatory cells in BALF than those of WT mice in
response to HDM (Fig. 2E) characterized by a significant increase
in granulocytes, eosinophils, and neutrophils, upon HDM chal-
lenge (Fig. 2F). Increased recruitment of inflammatory cells to the
airways was further confirmed by performing FACS analysis on
BALF cells (data not shown). Concomitantly, lung histology

studies revealed exacerbated peribronchial inflammation (Fig. 2G,
Supplemental Fig. 1A), goblet cell hyperplasia (Fig. 2H, Supple-
mental Fig. 1B), and collagen deposition (Fig. 2I) in HDM-exposed
Sema3e2/2 compared with WT mice.
Corresponding to their having an exaggerated allergic response,

HDM-exposed Sema3e2/2 mice showed a significant increase in
the levels of BALF IL-4, IL-5, IL-13, and IL-17A compared with
WT controls. However, IFN-g and IL-9 levels did not change
significantly (Fig. 3A). Intracellular staining of IFN-g, IL-4, and
IL-17A on lung-draining MLN cells further confirmed the Th2/
Th17-biased cytokine response (Supplemental Fig. 2). Then we
compared the level of essential transcription factors T-bet,
GATA3, and RORgt involved in regulation of Th1, Th2, and
Th17 responses, respectively (Fig. 3B–D). As revealed in Fig. 3B
and 3C and in line with IFN-g secretion data in BALF, T-bet level
does not differ between Sema3e2/2 and WT mice after HDM
challenge (Fig. 4). However, the levels of both GATA3 (Fig. 3C)
and RORgt (Fig. 3D) are significantly higher in MLN CD4+

T cells from Sema3e2/2 mice than those of WT controls upon
HDM challenge, which could explain the Th2/Th17-skewed
phenotype in the absence of Sema3E. The basal expression of

FIGURE 1. Immunophenotyping of pulmonary inflammatory cells in Sema3e2/2 and WT mice. FACS analysis by using Abs against specific surface

markers was used to characterize inflammatory cell populations in the lung single-cell suspensions from Sema3e2/2 or WT mice that underwent enzymatic

digestion. General gating strategy includes exclusion of debris and doublet cells, followed by selection of hematopoietic cells from total lung cells (A).

Eosinophils characterized by expression of Siglec-F and CD11b pregated on Gr-12 population (B). Alveolar macrophages expressing CD11b and CD11c

pregated on auto-fluorescent F4/80+ population (C). T and B cells were characterized by surface expression of CD3 or B220, respectively (D), followed by

further identification of CD4+ and CD8+ cells out of CD3-expressing ones (E). gd T cells were characterized by expression of both CD3 and gd-TCR (F).

CD32 NK1.1+ cells represent pulmonary NK cells, whereas NKT cells express both CD3 and NK1.1 (G). The number of each cell type was compared

between Sema3e2/2 and WT mice (H). Staining with isotype control Ab showed no cross-reactivity. n = 3. *p , 0.05.

The Journal of Immunology 3
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these transcription factors was not significantly different in the
lungs of Sema3e2/2 versus WT mice (data not shown).
Concomitantly, total and HDM-specific IgE (Fig. 4A, 4B) as

well as IgG1 (Fig. 4C, 4D) levels were significantly increased in
HDM-exposed Sema3e2/2 mice in the serum. However, the IgG2a
level remained unchanged between Sema3e2/2 and WT mice
upon HDM sensitization and challenge (Fig. 4E, 4F). These data
collectively indicate an enhanced Th2/Th17-biased inflammation
and tissue remodeling in Sema3e2/2 mice.

Transfer of Sema3E-deficient BM progenitors exacerbates
airway inflammation and hyperresponsiveness

Previous reports show that hematopoietic progenitor cells play
critical roles in the pathophysiology of allergic asthma (17, 18).
Therefore, we wished to determine whether the production of
Sema3E by these cells contributes to disease exacerbation. We
created chimeras by injecting BM progenitor cells from either
Sema3e2/2 or WT mice into sublethally irradiated Sema3e2/2 or
WT recipients, followed by HDM exposure for 2 wk. In contrast to
irradiated Sema3e2/2 mice receiving WT BM progenitor cells,
transfer of Sema3e2/2 BM progenitors to WT irradiated recipients
exacerbated HDM-induced AHR (Fig. 5A–C), enhanced total and
differential BALF cell count (Fig. 5D, 5E), and lung inflammation
(Fig. 5F, 5G). BALF cytokine measurements indicated a type 2

response characterized by higher levels of IL-4 and IL-5 in the
airways of WT mice receiving BM cells from Sema3e2/2 mice,
which was reversed in WT BM-injected Sema3e2/2 mice (data
not shown). These results show that exacerbation of HDM-
induced allergic response in Sema3e2/2 mice is driven at least
partly by BM-derived immune cells.

Sema3E regulates recruitment and function of DC subsets in
the lungs

We aimed to address which inflammatory cell compartment is
involved in Sema3E-mediated regulation of allergic airway disease.
Our immunophenotypic analysis of the lung inflammatory cells
revealed that Sema3e2/2 mice have higher total and CD11b+ but
lower CD103+ DCs than those of WT littermates at homeostatic
conditions (Fig. 6A, 6B). DCs are professional APCs that are
recruited into the airways upon allergen encounter and migrate
into the draining lymph node to present Ag to naive T cells. Given
that CD11b+ DC subset promotes pulmonary Th2 (19, 20) and
Th17 (21) responses, whereas CD103+ DC subset regulates Th1/
Th17 responses (20) and also induces tolerance to inhaled aller-
gens (22), basal differences in DC subsets might be responsible for
the hyperreactivity of Sema3e2/2 mice following HDM exposure.
To test this hypothesis, we sensitized either Sema3e2/2 or WT
mice with a single high dose (100 mg) of HDM for 72 h. We

FIGURE 2. Sema3E-deficient mice have elevated airway hyperresponsiveness, inflammation, and remodeling. Allergic airway disease model was

established by i.n. exposure to HDM for 2 wk, and control mice received saline (A). Either HDM- or saline-exposed Sema3e2/2 or WT mice underwent

tracheotomy accompanied by methacholine challenge to measure airway resistance (B), tissue resistance (C), and tissue elastance (D). Total (E) and

differential (F) count of inflammatory cells was performed on BALF. Lung inflammation (G), mucus overproduction (H), and collagen deposition (I) were

further studied by performing H&E, periodic acid-Schiff, and sirius red staining, respectively. Scale bars, 100 mm. All data are representative of four to five

mice per group. **p , 0.01, ***p , 0.001.
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observed that HDM sensitization provokes significantly higher re-
cruitment of Th2-skewing CD11b+ pulmonary DCs in Sema3e2/2

mice compared with WT littermates. In contrast, the lungs of
Sema3e2/2 mice contained significantly lower numbers of tol-
erogenic CD103+ DCs than the control group (Fig. 6C, 6D). The
expression of IL-23, as a key cytokine in DC development, was
significantly higher in total MHCIIhiDC11c+ pulmonary DCs from
Sema3e2/2 than WT mice after HDM challenge, but not at the
baseline (Supplemental Fig. 3).
Next, we compared the capacity of Sema3e2/2 versus WT

CD11b+ pulmonary DCs to induce Th2/Th17 immunity in vivo.
We sorted WT or Sema3e2/2 pulmonary CD11b+ DCs from
HDM-sensitized mice, adoptively transferred them to WT recipi-
ents via i.n. route, and challenged them with HDM after 7 d
(Fig. 7A). WT mice receiving CD11b+ pulmonary DCs from
Sema3e2/2 mice displayed a significant increase in BALF cells,
particularly eosinophils and to lesser extent neutrophils (Fig. 7B,
7C). Similarly, peribronchial inflammatory cell infiltrate was more
pronounced in mice receiving CD11b+ pulmonary DCs from
Sema3e2/2 mice compared with those of WT littermates (Fig. 7D,
7E). These events were accompanied by an enhanced frequency of
IL-4 and IL-17A, but not IFN-g, producing CD4+ T cells in MLN
upon adoptive transfer of Sema3E-deficient CD11b+ pulmonary
DCs (Fig. 7F–I). Adoptive transfer of Sema3e2/2 CD11b+ pul-
monary DCs into Sema3e2/2 mice induced the highest level of
airway inflammation upon HDM challenge (Fig. 7B–I). Collec-
tively, these findings indicate that Sema3E deficiency increases
pulmonary CD11b+ DC numbers and function, leading to en-

hancement of Th2/Th17 response upon HDM sensitization and
challenge.

Discussion
In the current study, we demonstrate the significance of Sema3E
expression in the airways using a well-described HDM model of
allergic asthma wherein Sema3e2/2 mice displayed exaggerated
airway inflammation, AHR, and goblet cell hyperplasia compared
with WT littermates. We further found that the essential role of
Sema3E in allergic asthma model was mediated by regulation of
pulmonary DC subsets.
One of the key findings of our study is that Sema3e2/2 mice

displayed an enhanced pulmonary granulocytosis at the steady
state that may account for the exacerbation of the allergic response
upon HDM challenge. As such, it will be enticing to suggest that
Sema3E pathway may be a predisposing factor for human asthma,
and some asthmatics may have dysregulated Sema3E expression.
Along the same line, the impact of Sema3E on expression of pre-
disposing mediators involved in development of eosinophils and
neutrophils should be investigated. We have recently demonstrated
that Sema3E inhibits CXCL-8/IL-8–induced migration of human
neutrophils, which is mediated by reduced polymerization of fila-
mentous actin and Rac1 GTPase activity in vitro (23).
Increased levels of IL-5 (24, 25) and IL-17A (26) might be part

of the mechanism underlying higher eosinophil and neutrophil
accumulation in the airways of Sema3e2/2 mice, respectively. IL-
5 level correlates with eosinophilic asthma and controls eosinophil
maturation, differentiation, recruitment, and survival. Targeting

FIGURE 3. HDM promotes an enhanced Th2/Th17 cytokine response in Sema3e2/2 mice. Airway levels of IL-4, IL-5, IL-9, IL-13, IL-17A and IFN-g

were measured by ELISA on BALF supernatants obtained from Sema3e2/2 or WT mice after intranasal exposure to saline or HDM (A). T-bet (B), GATA3

(C) and RORg (D) production was compared between MLN CD4+ T cells obtained from HDM-exposed Sema3e2/2 and WT mice by flow cytometry.

n = 4–5 per group. *p , 0.05, **p , 0.01, and ***p , 0.001.
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IL-5/IL-5R signaling has been developed with some benefit to
subsets of asthmatic patients (27–29). Similarly, IL-17A level is
elevated in severe asthmatic patients, which is associated with
neutrophilic asthma (30, 31). Targeting IL-17A has been shown to
result in an impaired neutrophilic allergic airway inflammation as
well as lower airway remodeling and AHR in mice (32, 33). We
also found that, upon allergen challenge, Sema3e2/2 mice have an
increased goblet cell hyperplasia and AHR, which could be in part
due to increased IL-13 secretion. IL-13, as a pleiotropic cytokine,
plays a major role in the IgE synthesis, goblet cell hyperplasia,
smooth muscle remodeling, subepithelial fibrosis, and AHR in
allergic asthma (34). Our data suggest that Sema3E could be
considered as a novel treatment for allergic asthma via regulation
of Th2, for example, IL-4, IL-5, and IL-13, as well as Th17, IL-
17A cytokines.
Higher levels of both total and HDM-specific IgE and IgG1, as

the Abs associated with type 2 immunity, in Sema3e2/2 mice
suggest a negative regulatory role for Sema3E in Ig class-
switching as a cardinal feature of B cell development and hu-
moral response. These findings could be explained by elevated
levels of IL-4 in Sema3e2/2 mice upon HDM exposure, which is
considered as a key player for Ig class-switching to IgE (35, 36).
Xue et al. (37) have recently reported that sema4c-deficient mice

display an augmented Th2 response, including an increased level
of IgE in the serum after allergen challenge. Transfer of sema4c-
deficient B cells was shown to induce severe allergic Th2 in-
flammation in WT mice characterized by high level of IgE in the
serum (37). It suggests that semaphorin family members could be
essential to regulate B cell response, for example, IgE synthesis.
The relative importance of Sema3E versus Sema4C in regulating
IgE response is not known and warrants further investigation.
Sema3e2/2 mice revealed higher DC recruitment into the air-

ways both at the baseline and after HDM sensitization. In par-
ticular, a higher frequency of pulmonary CD11b+ DCs observed in
Sema3e2/2 mice is consistent with previous studies in which
CD11b+ DCs induced Th2 response upon HDM exposure (19),
whereas CD103+ DCs induced pulmonary tolerance to inhaled
allergens (22) and Th1 deviation (20). Along with more Th2/
Th17-biased response in the airways of Sema3e2/2 mice, we
found that the higher frequency of pulmonary CD11b+ DCs from
Sema3e2/2 mice was also accompanied by privileged secretion of
Th2/Th17 cytokines in our adoptive transfer model in vivo. This
finding implies that Sema3E play a role in regulating Th2/Th17
response in allergic airway inflammation.
AHR, the most characteristic clinical facet of asthma, is trig-

gered mainly by chronic airway inflammation (38), which is ini-

FIGURE 4. Sema3E is involved in serum

Ab response to HDM. Serum samples were

collected from Sema3e2/2 and WT mice

after i.n. sensitization and challenge with

either saline or HDM. Then the levels of

total and HDM-specific IgE (A and B), IgG1

(C and D), and IgG2a (E and F) were mea-

sured by ELISA. All data are representative

of four to five mice per group. *p , 0.05,

**p , 0.01.
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tiated by activated pulmonary DCs via induction of Th2 response
(39). Allergen challenge provokes substantial recruitment of DC
into the airways (40), and specific elimination of conventional
DCs can prevent allergic airway inflammation (3, 4). Therefore,

regulated recruitment of DC subsets or modulation of their func-
tions by Sema3E may be linked to the increased AHR observed in
our Sema3e2/2 model. Importantly, Sema3E receptor, plexinD1,
has been previously demonstrated to be highly expressed on BM-

FIGURE 5. Lack of Sema3E in immune cells contributes to allergic AHR and airway inflammation. Sema3e2/2 or WT BM cells were transferred into

irradiated recipients via i.v. route and then sensitized and challenged with HDM for 2 wk. Lung function parameters, including airway resistance (A), tissue

resistance (B), and tissue elastance (C), were measured. Total (D) and differential (E) inflammatory cells were counted in BALF. Airway inflammation was

investigated by H&E staining of lung sections (F and G). Data represent four to five mice per group. Original magnification 3100. *p , 0.05, **p , 0.01,

***p , 0.001.

FIGURE 6. Sema3E implicates in basal

and HDM-induced pulmonary DC recruit-

ment. Sema3e2/2 or WT mice were sensi-

tized with a single high dose of HDM or

saline for 2 d, and then pulmonary DC

subsets were stained by specific Abs and

acquired, followed by flow cytometry.

Baseline (A and B) and HDM-induced (C

and D) recruitment of total (MHCIIhi

CD11c+) pulmonary DCs as well as

CD11b+ and CD103+ DC subsets was

compared between Sema3e2/2 and WT

mice. Pulmonary DC data represent three

independent experiments generated from

three pooled whole-lung samples in each

group per experiment. n = 9 per group. *p,
0.05.
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derived DCs (41) and pulmonary DCs (data not shown), indicating
that these cells can respond to Sema3E. However, it is important to
highlight that AHR can be driven directly by structural cells (42).
As we previously reported an inhibitory effect of Sema3E on the
proliferation and migration of human ASM cells (9), it is plausible
that the absence of Sema3E may drive ASM cell proliferation and/
or migration, leading to exaggerated AHR in vivo, hence another
layer of complexity to Sema3E role in allergic asthma. We also
found that adoptive transfer of BM progenitor cells from WT mice
to Sema3e2/2 recipients did not recapitulate the tissue elastance
observed in the WT condition. These data suggest that Sema3E
derived from resident compartment play a role in tissue elastance
and thus a component of AHR.
Higher airway inflammation upon adoptive transfer of CD11b+

pulmonary DCs from HDM-sensitized Sema3e2/2 compared with
those of WT mice in WT recipients suggests an essential role of
Sema3E in allergic asthma, which could be mediated at least in
part by regulation of this specific DC subset. One of the key issues
to be considered in future studies is the controversial roles of
CD11b+ versus CD103+ pulmonary DCs wherein CD103+ subset
has been shown to prime Th2 response to HDM or cockroach
allergens, whereas CD11b+ pulmonary DCs induce Th1 differ-
entiation (43).

Increased recruitment of CD11b+ DCs into the airways of
Sema3e2/2 mice suggests that Sema3E acts as a guidance cue for
DCs, which is analogous to the original function of semaphorins
in axon guidance (44). This finding is in line with the previous
studies on the repulsive effect of Sema3E on human ASM cell (9)
and atherosclerotic plaque macrophage (45) migration. However,
Sema3E seems to act as a macrophage chemoattractant to adipose
tissue, leading to inflammation in obesity model (46). In that
study, the mechanism of Sema3E chemoattraction is mediated
through coligation of plexinD1 with coreceptors neuropilin 1
and vascular endothelial growth factor receptor 2 (VEGFR2),
which revert the repulsive activity to chemoattraction (46).
However, VEGFR2 surface expression was not detected in spleen,
blood, BM, and pulmonary DCs (47). In fact, the Immunological
Genome Project has revealed a high expression of VEGFR2 on
plasmocytoid DC, but not other hematopoietic cell types, in-
cluding conventional DCs (48). In addition, we were not able to
detect surface expression of VEGFR2 on mouse lung MHCII+

CD11c+ DCs after HDM exposure by flow cytometry. Neverthe-
less, VEGFR2 expression has been induced upon VEGF stimu-
lation on pulmonary myeloid DCs characterized as MHCIIlo

CD11c+ cells (49). In our experiments, neither neuropilin 1 nor
VEGFR2 was expressed on the surface of pulmonary DCs from

FIGURE 7. Adoptive transfer of CD11b+ pulmonary DCs from Sema3e-deficient mice exacerbates allergic airway inflammation. Cartoon depicting

allergic airway induction by adoptively transferred CD11b+ DCs from HDM-sensitized Sema3e2/2 or WT mice into naive WTor Sema3e2/2 recipients (A).

Total (B) and differential (C) counts of inflammatory cells recovered in the BALF after HDM exposure. Histological examination of lung sections of

recipient mice stained with H&E. Scale bars, 100 mm. (D and E) Intracellular IFN-g (F), IL-4 (G), and IL-17A (H) production in MLN CD4+ T cells after

adoptive transfer and HDM challenge was investigated and statistically compared (I). Data are representative of four independent experiments. n = 5–9 per

group. *p , 0.05, **p , 0.01, ***p , 0.001.
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HDM-exposed mice (data not shown), suggesting that the coligation
is less likely to occur in our system.
It has been previously reported that PlexinD1 could be ligated by

other semaphorins such as Sema4A, suggestive of a potential
competition between these ligands to bind PlexinD1 as the receptor.
Because Sema4A deficiency leads to an exacerbated allergic re-
sponse in the mouse airways (50, 51), there might be a synergistic
role of Sema3E and Sema4A in the context of asthma, which
could be mediated by PlexinD1. Considering the significant im-
pact of Sema3E gene deletion on inflammatory cells, as evident in
our BM chimera data, and the crucial role of Sema4A in allergic
asthma, as another PlexinD1 ligand, it would be very insightful to
investigate the role of PlexinD1 deficiency in lung resident and
also inflammatory cell function.
In summary, we report that Sema3E plays an essential immu-

noregulatory role in experimental allergic asthma. The absence of
Sema3E led to higher airway inflammation in allergic asthmatic
mice, which was associated with exacerbated features of AHR and
remodeling. Sema3E deficiency resulted in uncontrollable re-
cruitment and function of DCs into the airways upon allergen
encounter. This previously unknown role for Sema3E in allergic
asthma may lead to develop therapeutic strategies in other diseases
involving AHR, airway inflammation, and remodeling.
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A B

Supplemental Fig. 1. Sema3E deficiency leads to enhanced inflammation and mucus production in the airways. Lung

tissue sections from either saline or HDM-exposed Sema3e-/- versus WT mice stained with H&E were pathologically scored

from 0-5 to determine the severity of inflammation (A). PAS-stained lung tissue sections underwent morphometric analysis to

quantify the impact of Sema3E deficiency on goblet cell hyperplasia (B). Both experiments were performed in a blind manner

(N=4-5 per group, *P< 0.05 and **P< 0.01).
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Supplemental Fig. 2. Intracellular IFN‐A IL‐4 (B) and IL‐17A (C) production was compared between MLN CD4+ T cells obtained

from HDM‐exposed Sema3e‐/‐ and WT mice by flow cytometry. (N=4‐5 per group, **P < 0.01 and ***P<0.001).
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Supplemental Fig. 3. IL-23 production was investigated in non autofluorescent F4/80- MHCIIhi CD11c+ pulmonary DC purified

from Sema3e-/- or WT mice upon saline (A) or HDM (B) challenge (N=4-5 per group).

A B


