
Neuroimmune semaphorin 4A as a drug and drug target for
asthma

G Mogie1, K Shanks1, EH Nkyimbeng-Takwi1,2, E Smith1, E Davila3, MM Lipsky4, LJ
DeTolla4,5,6,7, AD Keegan1,2,8, and SP Chapoval1,2,8

1Center for Vascular and Inflammatory Diseases, University of Maryland School of Medicine,
Baltimore, MD, USA
2Department of Microbiology and Immunology, University of Maryland School of Medicine,
Baltimore, MD, USA
3Department of Otorhinolaryngology - Head and Neck Surgery, University of Maryland School of
Medicine, Baltimore, MD, USA
4Department of Pathology, University of Maryland School of Medicine, Baltimore, MD, USA
5Departments of Medicine, University of Maryland School of Medicine, Baltimore, MD, USA
6Department of Infectious Diseases, University of Maryland School of Medicine, Baltimore, MD,
USA
7Department of Epidemiology and Public Health, University of Maryland School of Medicine,
Baltimore, MD, USA
8Program in Oncology, Greenebaum Cancer Center, University of Maryland School of Medicine,
Baltimore, MD, USA

Abstract
Neuroimmune semaphorin 4A (Sema4A) has been shown to play an important costimulatory role
in T cell activation and regulation of Th1-mediated diseases such as multiple sclerosis (MS),
experimental autoimmune encephalomyelitis (EAE), and experimental autoimmune myocarditis
(EAM). Sema4A has three functional receptors, Tim-2 expressed on CD4+ T cells, Th2 cells in
particular, and Plexin B1 and D1 predominantly expressed on epithelial and endothelial cells,
correspondingly. We recently showed that Sema4A has a complex expression pattern in lung
tissue in a mouse model of asthma. We and others have shown that corresponding Plexin
expression can be found on immune cells as well. Moreover, we demonstrated that Sema4A-
deficient mice displayed significantly higher lung local and systemic allergic responses pointing to
its critical regulatory role in the disease. To determine the utility of Sema4A as a novel
immunotherapeutic, we introduced recombinant Sema4A protein to the allergen-sensitized WT
and Sema4A−/− mice before allergen challenge. We observed significant reductions in the allergic
inflammatory lung response in Sema4A-treated mice as judged by tissue inflammation including
eosinophilia and mucus production. Furthermore, we demonstrated that in vivo administration of
anti-Tim2 Ab led to a substantial upregulation of allergic inflammation in WT mouse lungs. These
data highlight the potential to develop Sema4A as a new therapeutic for allergic airway disease.
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1. Introduction
Asthma affects approximately 300 million people worldwide and the number is projected to
reach 400 million by 2025 [1]. Inhalations of allergen stimulates lung epithelial cells and
innate immune cells such as dendritic cells (DC), nuocytes, basophils, mast cells, and
macrophages [2-6]. Among lung innate cells, DC are unmatched in allergen-presenting
function leading to the generation and activation of allergen-specific CD4+ T cells of the
Th2 phenotype. These Th2 cells produce Th2 cytokines including, but not limited to, IL-4,
-5, and -13. Th2 cytokines act on multiple cell types locally in the lungs and in draining
lymph nodes to initiate and propagate the hallmark features of asthma such as pulmonary
inflammation, bronchoconstriction, and mucus hypersecretion [7-11]. Asthma is a complex
disease that is not yet preventable or curable [12-14]. Corticosteroids and bronchodilators
are currently being used to alleviate the disease symptoms [15, 16]. To improve current
treatment options and make them more specific, new pathways and therapies continue to be
explored [17-20]. One such novel pathway relates to the T cell costimulatory molecule
Sema4A [21, 22] which, in addition to its previously defined T cell co-stimulatory function
[21, 22], also has many other cellular and tissue effects such as neuron axonal guidance [23,
24], photoreceptor survival [25, 26], and angiogenesis [27]. We previously have shown that
Sema4A−/− mice display a significantly higher acute allergic inflammatory response as
compared to WT mice [28]. Therefore, in contrast to its stimulatory role in Th1-mediated
diseases, Sema4A plays a downregulatory role in allergic asthma severity. In our current
work we reintroduced or introduced recombinant Sema4A to Sema4A−/− or WT mice before
Ag challenge and observed its significant downregulatory effect on inflammation severity.
This study will help to establish Sema4A as a potential drug for allergic asthma and to
develop additional Sema4A-based measures for disease immunotherapy.

2. Materials and Methods
2.1. Mice

The generation and characterization of Sema4A−/− mice has been described in detail
previously [22]. C57BL/6 mice (WT) were purchased from Taconic. Mice were bred and
maintained under specific pathogen-free conditions within the animal facility at University
of Maryland School of Medicine. All procedures on mice were performed according to the
animal protocol approved by University of Maryland School of Medicine Animal Care and
Use Committee. Age- and sex-matched mice were used in all experiments.

2.2. Anesthetic
Avertin in dose of 0.3 mg/kg or 2 mg/kg by i.p. injection was used as previously described
[29] to anesthetize or euthanize the mice, correspondingly.

2.3. Experimental model of acute asthma
Mice were treated with chicken OVA (Sigma) as described previously [30]. Briefly, 100 μg
OVA/2 mg Alum/200 μl was delivered intraperitoneally (i.p.) to WT and Sema4A−/− mice
on days 0 and 5. Control mice were injected with sterile endotoxin-free PBS/Alum. On days
12 and 14, mice received a 40 min aerosol challenge of either PBS (control animals) or 1%
(w/v) OVA, using Invacare Envoy aerosol compressor. Twenty-four hours after the last
nebulization, the AHR in response to increasing doses of methacholine was measured as an
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indicator of changes in the airway resistance. Mice were euthanized 48h after the last OVA
nebulization for other analyses.

2.4. Experimental model of chronic asthma
Mice were treated with OVA as described for an acute model of experimental asthma. After
two OVA aerosol challenges on days 12 and 14 of the experimental protocol, mice received
the additional challenges on days 21 and 28. AHR measurements were performed 24 h later
and mice were euthanized for the allergic response assessments on day 30.

2.5. In vivo recombinant protein or Ab administration
Four micrograms of a recombinant endotoxin-free Sema4A (rSema4A) with N-terminal
GST tag, full-length, NP_071762.2.1a.a. – 761 a.a. (Abnova or Novus Biologicals) in 50 μl
of endotoxin-free sterile PBS were administered i.n. to the anaesthetized Sema4A−/− mice
24h before first OVA challenge in an acute model of asthma and to WT mice 24h before last
allergen challenge in a chronic model of asthma. Fifty microliters of PBS administration per
mouse served as a control.

Goat anti-mouse Tim-2 Ab (AF1885, R&D Systems) were purified from trehalose by
centrifugation using Amicon Ultra 3kDa tubes (Millipore). Five hundred μg of Ab in 200 μl
of PBS was administered by i.p. injection to WT mice before each allergen challenge. Goat
IgG isotype injections were administered to the control group of mice.

2.6. Airway hyperreactivity measurements
AHR measurements to methacholine challenges were performed 24h after the last Ag
nebulization using either non-invasive (BUXCO Electronics) or invasive (FlexiVent,
SCIREQ) techniques as previously described [31, 32].

2.7. Histochemistry
The Core Facility at the Center for Vascular and Inflammatory Diseases was used for
histochemistry (H&E and PAS stains) of deparaffinized lung tissues [33].

2.8. Cellular composition and cytokine-chemokine content in bronchoalveolar lavages and
serum

Bronchoalveolar lavages (BAL) were performed 48h after last Ag nebulization, cells and
BALF collected, cytospin made and cell counts performed as described earlier [28, 33]. Five
times (5×) concentrated (Amicon Ultra 3K membranes, Millipore) BAL fluid and intact
serum sample’s cytokine and chemokine levels were determined using Searchlight Proteome
Array (Aushon), ELISA kits (R&D Systems), and CBA kits (552364, BD Biosciences) [28,
33]. Array and CBA data were analyzed using the ArrayVision software and FlowJo plus
BD CBA softwares, correspondingly. All ELISA plates were read on the Emax Precision
Microplate reader (Molecular Devices) using the manufacturer specified wavelengths for
each assay.

2.9. Flow cytometry
Single cell suspensions from mouse lungs were obtained as described previously [34]. The
staining of lung digest cells for FACS analysis was performed as described elsewhere. Cells
were preincubated with anti-CD16/CD32 (2.4G2) mAb for blocking cell surface FcR. Anti-
GR1-FITC or –PE (Ly-6G and Ly-6C) mAbs were obtained from BD Biosciences
Pharmingen (San Diego, CA). FITC-conjugated Sema4A (5E3) mAb was obtained from
Medical & Biological Laboratories, Japan. Rat IgG1-FITC (R3-34) was used as isotype
control. Biotinylated antimouse Tim-2 Ab (RMT2-1, Biolegend) with SAV-PerCP (BD
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Biosciences Pharmingen) as the second step reagent were used for the cell surface Tim-2
visualization. Cells gated by forward-and side-scatter parameters were analyzed on either
FACSCalibur flow cytometer using either CELLQuest or Flow Jo softwares.

2.10. Spleen mononuclear cell proliferation
Cell proliferation was measured as described [28, 33, 35] using a [H]3 incorporation assay.
Briefly, single cell suspensions were prepared from spleens of chronically OVA-challenged
mice on a day 5 post-challenge. Spleen MNC were plated to a density of 1 × 106 cells/200μl
in 96-well tissue culture plates (Cellstar, Greiner) and stimulated with either OVA (100 mg/
ml) or OVA323-339 peptide (200μg/ml; GenScript USA Inc.) as previously described [28].
After 72h of incubation, [H]3 thymidine (Perkinson-Maer) was added to the wells and plates
were harvested on a Packard Filtermate harvester (Packard Instruments) 24h later.

2.11. Statistics
Data were summarized as mean ± SEM. To calculate the significance levels between the
experimental groups, the Student’s t test (Microsoft Excel) and Mann-Whitney test
(Prizm-4) were performed.

3. Results
3.1. Administration of Sema4A into the airways diminishes allergic lung response

We previously demonstrated that Sema4A is weakly expressed in lung tissue and
moderately upregulated by OVA [36]. Furthermore, our recent report also indicates that
Sema4A reduces allergic response [28]. On the basis of these data we tested the hypothesis
that introduction of recombinant Sema4A into airways would exhibit a therapeutic effect. A
single low dose (4 μg/50 μl PBS/mouse) of rSema4A administration 24h before the first
allergen challenge was sufficient to downregulate the numbers of BAL eosinophils (398,200
± 29,100 vs 191,100 ± 16,000, PBS-treated vs rSema4A-treated OVA-challenged
Sema4A−/− mice, p<0.003) and macrophages (173,000 ± 36,500 vs 67,800 ± 5,800,
p<0.035) (Fig. 1 A). The reduced number of BAL cells correlated with reduced lung tissue
inflammation (Fig. 1 B) as well as a reduction in the levels of BALF IL-6, IL-17A and
TNFα (Fig. 1 C). It is important to note that that administration of rSema4A to Sema4A−/−

mice exhibited a potent anti-inflammatory effect in an acute experimental allergic asthma
model without affecting lung physiology (Fig. 1 D). This shows that Sema4A regulates the
inflammatory arm of allergic response.

3.2. Sema4A restrains a chronic experimental model of asthma
We previously reported that allergic airway response in the mouse lungs has its peaks of
eosinophilia at 48h after allergen challenge, as characterized by eosinophilia, and which
slowly resolves with time over a period of 6 days [37]. We included into an acute model two
more allergen challenges with weekly intervals (Supplemental Figure S1 B). This let us to
study the role of Sema4A in a more chronic disease setting. A heightened allergic
inflammatory response was observed in the lungs of Sema4A−/− mice as compared to the
similarly treated WT mice as characterized by increased numbers of granulocytes
(eosinophils and neutrophils) (246,933 ± 23,403 vs 635,920 ± 101,800, WT vs Sema4A−/−

mice, correspondingly, p<0.01) (Fig. 2 A). Increased lung tissue inflammatory responses in
knockout mice were associated with higher sera IL-13 levels (Fig. 2 B-C). Interestingly, the
difference in an index of airway obstruction, PenH, was observed between WT and
Sema4A−/− mice only at the low doses (6.25 and 12.5 mg/ml) of methacholine (Fig. 2 D)
whereas at the high doses the effect was not different between experimental groups (data not
shown). These data need to be clarified by utilizing a more sensitive FlexiVent method [38].
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Nevertheless, there is a possibility that both groups of mice experienced similar levels of
respiratory distress at high doses of methacholine due to a pre-existing airway
hyperreactivity as it has been shown for people with asthma [39]. Sema4A-/spleen MNC
proliferated more robustly to either OVA peptide or OVA protein re-challenge as compared
to WT cells (Fig. 2 E). As illustrated in Figure 2 F, the intranasal application of rSema4A to
WT mice prior to a single delayed last allergen challenge in this chronic model was effective
in the downregulation of OVA-induced inflammatory response. It reduced an absolute
granulocyte number down from 239,033 ± 39,916 (in PBS-treated mice) to 87,500 ± 25,758
cells. This rSema4A-dependent reduction in inflammatory response in the recurrently
allergen challenged WT mice was also noted on the lung tissue slides (Fig. 2 G). These data
indicate that rSema4A has a potent anti-inflammatory effect in a chronic experimental
allergic asthma model.

3.3. Treatment with anti-Tim2 Ab increases the severity of allergic inflammatory response
Rennert and associates reported that Tim-2−/− mice exhibited a heightened allergic airway
response [40] what supports our contention that Sema4A is a negative regulator of Th2 cell
activation acting through Tim-2. To determine the role that Tim-2 played in the allergen
challenge phase of the inflammatory lung response, we treated WT mice with anti-Tim2 Ab
24h prior to allergen challenges and compared the lung inflammation results with those
obtained using Ab-untreated mice or isotype control Ab treated mice. We have noticed a gap
between heightened lung inflammation found in Ab-treated and isotype control-treated mice
(Fig. 3A and B). The overall number of infiltrating cells increased from 487,500 ± 174,000
to 958,300 ± 186,200 (p<0.065) in response to anti-Tim-2 administration. However, the lung
eosinophil number almost doubled in anti-Tim-2 treated mice (322,000 ± 133,600 and
642,033 ± 113,000 cells, untreated vs Ab treated WT mice, p< 0.04). Lung lymphocyte
number was also affected by the in vivo interference with Tim-2 pathway (12,185 ± 3,200 vs
38,233 ± 8,800, correspondingly, p<0.04). However, the index of airway obstruction to all
doses of methacholine used for challenges did not differ significantly between anti-Tim-2
treated and untreated groups (Fig. 3 D). Therefore, Sema4A-Tim-2 interaction likely plays a
critical role in regulating the severity of inflammation in asthma.

3.4. Expression of Sema4A and Tim-2 on mouse lung granulocytes
Granulocytes (neutrophils, eosinophils, basophils) play important roles in allergic asthma.
GR-1 is highly expressed on neutrophils and whereas eosinophils show an intermediate level
of GR-1 expression. To analyze Sema4A and Tim-2 expression on these granulocytes, we
used mAb to GR-1 in flow cytometry of single cell suspensions obtained from either Alum-
or OVA-treated mice. Around 50% of GR1+ cells in Alum- or OVA-treated mice co-express
Sema4A (Fig. 4 A). The relative numbers of GR1+Tim2+ cells increased from 1.04-1.34%
in Alum-treated WT mice to 5.15-5.41% in OVA-treated counterparts (Fig. 4 B). Therefore,
Sema4A-Tim2 pathway may play a functional role in the subsets of granulocytes.

4. Discussion
In this study we show recombinant Sema4A protein significantly downregulates the
inflammatory response observed in both acute and chronic mouse models of experimental
asthma. We demonstrated here that an application of a single dose of this protein before
allergen challenge significantly reduced many features of an allergic lung response such as
inflammatory cell infiltration, mucus production, and inflammatory cytokine secretion. The
observed in vivo critical regulatory effect of Sema4A in acute and chronic allergic responses
suggests that this pathway may be used for an immunotherapeutic asthma intervention. One
of such proposed intervention is related to the described here use of rSema4A instillations.
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The allergic subtype of asthma is a Th2-mediated disease. Th2 cytokines (IL-4, IL-5, and
IL-13) play critical role in the disease pathogenesis whereas Th1 cytokine (IFNγ) can
counterbalance their effects. We found a selective upregulation of lung and serum IL-13
expression in allergen-treated Sema4A deficient mice as compared to WT mice ([28] and
Fig. 2F). Moreover, BALF IL-13 levels were significantly downregulated in rSema4A-
treated WT mice as compared to PBS-treated control animals (45.5 ± 19.2 vs 75.9 ± 19.6 pg/
ml, correspondingly). The mechanism of a downregulatory effect of Sema4A on the in vivo
IL-13 production needs to be determined. Nevertheless, our current data and previous
observations [28] suggest that this effect may be associated with IL-13 production by innate
immune cells such as mast cells, basophils, and nuocytes which had been shown to be the
major producers of this Th2 cytokine in allergic asthma [41-43]. In addition to that, we
observed a downregulatory effect of rSema4A application on lung TNFa and IL-17A
production. The pathologic effects of both cytokines in allergic asthma have been shown and
discussed in many recent publications [28, 44-49].

The role of Sema4A in Th17 differentiation has been recently demonstrated by Nakatsuji
and associates in the experimental model of multiple sclerosis [50]. The authors have shown
that patients with MS have elevated levels of Sema4A in serum. These levels were not
changed by IFN-β therapy. MS patients with high Sema4A levels had a significantly higher
ratio of IL-17 cells among CD4+ T cells than that in patients with low Sema4A levels. In
contrast, the ratios of IL-4 and IFN-γ producing cells were not different between patients
with low and high serum Sema4A. The authors suggest that Sema4A may determine the
treshhold of Th17 differentiation and that elevated serum Sema4A levels reflect the
underlying Th17-mediated MS pathogenesis. Moreover, the authors directly addressed the
role of Sema4A in Th17 differentiation by coculturing naïve OT-II OVA-TCR CD4+ T cells
with wild-type or Sema4A-deficient DC under Th17-skewing conditions in the presence of
OT-II peptides. IL-17 production was considerably impaired when the naive CD4+ T cells
were cocultured with Sema4A-deficient DC. Even under neutral conditions without
cytokines, IL-17 production was significantly impaired in Sema4A-deficient DC and -
sufficient T cell cultures. Collectively, these findings suggest that DC-derived Sema4A, in
addition to Th1/Th2 cell differentiation, is also critically involved in Ag-specific Th17
differentiation in vitro and in vivo.

The utility of distinct recombinant proteins directed towards Th2 cytokines for the treatment
of experimental and clinical asthma has been a subject of many studies. Recombinant
IL-4Rα has shown a significant therapeutic potential in clinical trials involving patients with
moderate persistent asthma [51]. The clinical perspectives of the use of recombinant Abs
which target specific cytokines such as TNF-α, IL-5, IL-4 and IL-13 for asthma
immunotherapy has been recently discussed by several research groups [52, 53]. However, a
clinical trial with a recombinant IFN-γ in two-center randomized double-blind placebo-
controlled set-up showed no effect of this Th2 response inhibiting cytokine in patients with
steroid-dependent asthma [54] although it was effective in alleviating the inflammation and
clinical symptoms of atopic dermatitis [55]. Interestingly, in a recent experimental model an
oral administration of low doses of IL-12 plus IFN-γ has been shown to resolve the
bronchial hyperresponsiveness [56] suggesting that this novel combinatory cytokine
administration approach may be effective in asthmatic patients.

Recombinant human deoxyribonuclease has been recently used for a treatment of moderate
to severe asthma in children [57]. This mucolitic DNAse has been administered together
with standard medications and such treatment did not show any significant effect over the
placebo plus standard treatment control. The authors concluded that the addition of a single
dose of nebulised rhDNase to standard treatment has no beneficial effects in children with
moderate to severe acute asthma. This study, however, contrasted with other study which
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demonstrated an efficacy of such treatment in resolution of mucus plugging and atelectasis
[58]. The authors explain such differences in the treatment outcome by the lower severity of
the disease and, thus, milder mucus plugging in children they had treated, as well as by a
suboptimal lung deposition of rhDNase in children with bronchial obstruction resulting in its
deposition in the more central airways and not reaching the peripheral airways.

We have previously demonstrated a critical role of vascular endothelial growth factor
(VEGF) in asthma pathogenesis [59]. In transgenic mice, local lung VEGF expression
induces inflammation, edema and mucus secretion as well as other pathological tissue
remodeling relevant to human asthma. Recent study by Kim and associates has shown that
insulin-like growth factor (IGF)-I is also involved in the inflammatory process associated
with asthma and is able to stimulate VEGF expression [60]. The pre- or post-allergen
inhalation administration of a recombinant IGF-binding protein 3 (IGFBP-3) had a
significant downregulatory effect on the VEGF expression, airway inflammation, and
bronchial hyper-responsiveness in the experimental model of disease. Similarly, a soluble
thymic stromal lymphopoietin (TSLP) has been shown to be somewhat comparable to the
effects of VEGF in the lung tissue inflammatory response [61], especially considering its
activation of dendritic cells [62]. Its antagonist, TSLPR-immunoglobulin, downregulated
many features of asthma pathogenesis [63]. Therefore, recombinant proteins targeting
different molecules and pathways in allergic disease can be successfully used in asthmatic
patients, however, carefully planned clinical trials need to be performed first.

Semaphorins represent a large family of secreted and membrane-bound glycoproteins which
were originally found to be expressed in the nervous system and function as axon guidance
molecules [64]. More recently they have been shown to play important roles in many
physiologic and pathologic conditions such as cancer [65-67], multiple sclerosis [68],
photoreceptor survival [25, 26], homeostasis of hormone system [69], and angiogenesis [27,
70, 71]. Therefore, recombinant semaphorin molecules have also been utilized for the
treatments of various disease-related conditions in experimental models. For example,
rSema3A has been successfully used in an ointment for a treatment of atopic dermatitis [72]
where it reduced the density of immunoreactive nerve fibers in the epidermis and the
numbers of inflammatory cells, such as CD4+ T cells and eosinophils. Sema3E has been
shown to play an important role in bone homeostasis and rSema3E inhibited the migration
of osteoblasts in a wound-healing assay and decreased the formation of multinucleated,
tartrate-resistant acid phosphatase-positive osteoclasts by 81% in cultures of mouse bone
marrow macrophages [73]. Therefore, rSema4E can potentially be used for a treatment of
different defects in bone mineralization, differentiation, and in would healing considering its
critical role in coupling osteoblast and osteoclast activity.

As shown in our previous work [28] and here there is a critical downregulatory effect of
Sema4A in experimental asthma severity. Therefore, a specific stimulation of the Sema4A-
receptor pathway can be used for asthma immunotherapy. As Sema4A has three functional
receptors (Tim-2, Plexin B1 and Plexin D1) widely distributed in lung tissue [36], the
individual contribution of each Sema4A-receptor combination in the in vitro corresponding
receptor-expressing cell activation and function and in vivo specific disease modulation
needs to be assessed first. Nevertheless, our data presented here and the previously
published observations [40, 74] suggest a potential dominant role of Sema4A-Tim2 pathway
in allergic diseases as Tim-2 deficient mice showed an exaggerated allergic inflammation.
Moreover, the previously published studies on the in vivo use of anti-Tim2 Ab or Tim2-Fc
fusion protein have shown a critical role of Tim-2 in Th1/Th2 differentiation in vivo.
Kawamoto and associates [75] had shown that anti-Tim-2 Ab administration to the mice in
early but not late phase of collagen-induced arthritis significantly exacerbated the severity of
disease. The authors showed that Tim-2 expression was not found on primary activated
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CD4+ T cells and the anti-Tim-2 mAb treatment did not affect Th1 and Th17 responses,
suggesting that the Tim-2 mAb-induced disease exacerbation does not result from inhibition
of Th2 response or an augmentation of Th1 or Th17 responses. In accord to these data,
Chakravarti and associates [74] demonstrated that recombinant Tim2-Ig administration to
the mice significantly reduced the severity of another autoimmune disease, experimental
autoimmune encephalitis. Moreover, the in vitro blockade of Tim-2 with this fusion protein
led to a T cell hyperproliferation and increase of Th2 cytokine production. Therefore,
Sema4A pathway(s) are essential regulatory pathway(s) in asthma and, therefore, can be
targeted with small molecule activators in order to bring down the Th2-associated effect [76,
77].

It has been shown previously that Tim-2 is expressed on T cell, predominantly on Th2 cells
[74]. However, we have recently demonstrated that under inflammation various cell types
including macrophages, lymphocytes, and a subset of granulocytes in the lung expressed
Tim-2 [36]. Moreover, we show here that the subsets of neutrophils (GR-1high) and
eosinophils (GR-1intermed) in the lung express Sema4A and that a part of lung Tim-2+ cells
also are GR1-positive under inflammation. This suggests that Sema4A-Tim-2 pathway may
play a role in granulocyte (eosinophils, neutrophils) activation and/or migration. Indeed, the
effect of other semaphorin family member, Sema7A, on neutrophil migration has been
reported previously [78]. Furthermore, Sema4A protein has been recently found to be
present in neutrophil granules [79]. For the protein profiling analysis neutrophil granules
have been divided into AGs (primary, identified by myeloperoxidase (MPO)), SGs
(secondary, identified by lactoferrin or neutrophil gelatinase-associated lipocalin (NGAL)),
GGs (tertiary, identified by gelatinase), and FGs (ficolin-rich granules). This division is
essential for understanding the activation and antimicrobial function of neutrophil
granulocytes. Transmembrane proteins important for cell– cell interaction including
Sema4A displayed peak amounts in FGs. Amount of Sema4A was also quite significant in
GGs and SGs, which contained 7% and 28%, respectively. This suggests that neutrophils
can potentially release Sema4A upon degranulation under inflammatory conditions. All
together, the published and presented here data show a complex yet unknown role of
Sema4A in granulocyte function.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We examined the utility of recombinant Sema4A as a novel immunotherapeutic
for allergic lung inflammation

• Allergic inflammatory lung response was downregulated in recombinant
Sema4A-treated mice as compared to PBS-treated control mice

• The in vivo administration of mAb to one of Sema4A receptors, Tim-2,
upregulated allergic inflammation in WT mouse lungs pointing to a critical role
of Sema4A-Tim2 pathway in allergic diseases
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Figure 1.
Local intrarespiratory re-introduction of a recombinant Sema4A protein downregulates acute
allergic airway inflammation in Sema4A−/− mice. Sema4A−/− mice were immunized with
OVA as shown in Supplemental Figure S1 A. Recombinant Sema4A protein was delivered
intranasally to the respiratory system 24 hours before the first OVA aerosol challenge. Note
downregulatory effect of rSema4A on BAL macrophage and eosinophil numbers (A) and
the extent of lung tissue inflammation (B). *,#p<0.05, macrophages and eosinophils, PBS vs
rSema4A treated OVA-challenged Sema4A−/− mice, correspondingly. (C) Cytokine contents
in 5× concentrated BALF were measured using the CBA proinflammatory cytokine and
Th1/Th2/Th17 kits. Data are shown as the FlowJo generated dot plots for pooled samples
from 2 mice in one of 2 representative experiments. (D) Single dose of rSema4A has no
effect of lung resistance measured by an invasive (FlexiVent, SCIREQ) technique.
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Figure 2.
Sema4A downregulates the chronic experimental allergic inflammation and Th2 cytokine
production. WT and Sema4A−/− mice were immunized with OVA as shown in
Supplemental Figure S1 B. (A) The average numbers (n=3-5) of BAL cells ± SEM in one of
two representative experiments are shown. Statistically significant differences in absolute
numbers of BAL total cells and granulocytes between WT and Sema4A−/− mice are shown.
(B) Representative lung tissue histology (H&E, ×40; inserts, ×100) from OVA-challenged
WT and Sema4A−/− mice. (C) Sera cytokine levels were measured using Quatikine ELISA
kits. *p<0.015, WT vs Sema4A−/− mice. Of note, no detectable levels of IFNγ, IL-4, and
IL-5 were found in sera of both mouse lines. (D) AHR was measured and is represented as
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the percent increase in PenH over a baseline (n = 2-5 mice/group from the separate 2
experiments combined). *p< 0.05, OVA-challenged WT mice versus Sema4A−/− for the
corresponding doses of methacholine. (E) Sema4A deficiency leads to an upregulation of T
cell proliferation to the in vitro Ag re-challenge. (F) rSema4A application to WT mice
before the last allergen challenge (Supplemental Fig. S1B) leads to a downregulation of lung
inflammation. (G) Representative H&E stains for tissue inflammation. Magnification used
for pictures is 10x. (H) Downregulation of BALF IL-5, IL-13, and TGF-β1 cytokines by i.n.
rSema4A application. p<0.05, WT/OVA mice vs WT/OVA + rSema4A mice.
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Figure 3.
Systemic anti-Tim2 Ab treatment before allergen challenges upregulates the severity of
allergic inflammation in WT mice. WT mice were immunized with OVA and anti-Tim2 Ab
was injected i.p. 24h before allergen challenges on days 11 and 13 of experimental protocol
as shown in Supplemental Figure S1 C. (A) The average numbers (n=3-5) of BAL cells ±
SEM are shown. *p< 0.05, differences in absolute numbers of BAL eosinophils and
lymphocytes, anti-Tim2 treated vs untreated and isotype control Ab treated WT mice. (B)
Representative lung tissue histology pictures from slides (H&E, ×40; inserts, ×100) of
OVA-challenged untreated, Ab and isotype control treated WT mice. (C) Representative
slides of PAS-stained lung tissues (×40; inserts, ×100) of experimental groups. (D) Anti-
Tim-2 Ab treatment has no effect on AHR in OVA-challenged WT mice as measured by
Buxco.
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Figure 4.
Subsets of lung GR1+ cells express Sema4A and Tim-2. Single cell suspensions obtained
from lungs of Alum- or OVA-treated mice were analyzed for GR1, Sema4A, and Tim-2
expression using corresponding Abs defined in Materials and Methods section. (A)
Approximately a half of lung GR1+ cells co-expressed Sema4A. (B) Tim-2+ cells were
selected for further analysis based on SSC-Fl3 dot plots (not shown) and then re-gated on
Fl1-Fl3 density plots. Note that GR1+Tim2+ cells appear only under inflammatory lung
conditions.
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