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Abbreviations 

 

DCs, dendritic cells; DLL1, Delta-like-1; Th1, type 1 T helper; IL-12, interleukin-12; 

MHC class II , major histocompatibility complex class II, ; OVA , ovalbumin; IFN-γ, 

interferon-γ; IgE, immunoglobulin E; AHR , airway hyperresponsiveness; APCs, 

antigen-presenting cells; Treg, regulatory T; BMDCs, bone marrow-derived DCs; 

Ad-DLL1, DLL1-expressing adenovirus; DLL1-DCs, DLL1-overexpressing DCs; 

RT-PCR, reverse-transcription polymerase chain reaction; MOI, multiplicity of 

infection; MFI, mean fluorescence intensity; TNF-α, tumor necrosis factor-α; ELISA, 

enzyme- linked immunosorbent assay; MLR, mixed lymphocyte reaction; BALF, 

bronchoalveolar lavage fluid; cpm, counts per minute; i.p., intraperitoneal; i.n., 

intranasal; EU, ELISA unit; H&E, hematoxylin and eosin; PAS, periodic acid-Schiff. 
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Abstract 

 

Dendritic cells (DCs) are professional antigen-presenting cells, and Notch ligand 

Delta-like-1 (DLL1) on DCs was implicated in type 1 T helper (Th1) differentiation. 

In this study, we produced genetically engineered bone marrow-derived DCs that 

expressed DLL1 (DLL1-DCs) by adenoviral transduction. DLL1-DCs exerted a fully 

mature phenotype, and had positive effects on expression levels of interleukin (IL)-12 

and costimulatory molecules. Coculture of allogeneic T cells with ovalbumin 

(OVA)-pulsed DLL1-DCs enhanced T cell proliferative responses and promoted Th1 

cell differentiation. Furthermore, adoptive transfer of OVA-stimulated DLL1-DCs 

into asthmatic mice alleviated the cardinal features of allergic asthma, including 

immunoglobulin E (IgE) production, airway hyperresponsiveness (AHR), airway 

inflammation, and production of Th2-type cytokines. Notably, enhanced levels of the 

Th1-biased IgG2a response and interferon (IFN)-γ production were observed in these 

mice. Taken together, these data indicate that DLL1-DCs promoted Th1 cell 

development to alter the Th1/Th2 ratio and ameliorate Th2-mediated allergic asthma 

in mice. 
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1. Introduction 

 

Dendritic cells (DCs), as the most important professional antigen-presenting cells 

(APCs), serve as key regulators of the immune system, and the activation status of 

DCs is crucial for the activation and differentiation of T cells [1,2]. Immature DCs 

have a high capacity to internalize antigens but have a lower ability to activate T cells. 

After antigen uptake, DCs mature and migrate to regional lymph nodes, where they 

present antigens to naïve T cells. These antigen-activated DCs express costimulatory 

molecules and cytokines to provide key signals for the differentiation of CD4+ T cells 

into type 1 T helper (Th1), Th2, or regulatory T (Treg) cells [3]. As major contributors 

to the decision of T cells to either activate or suppress a specific immune response, 

DCs are a focus of various immune interventions for allergic diseases, autoimmunity, 

tumor treatments, and graft rejection [4-7]. Techniques for generating large amounts 

of clinical-grade DCs have become widely available to genetically modify the 

phenotype and degree of maturation of DCs. Thus, an attractive conceptual approach 

to enhancing the immunoregulatory potential of DCs is to genetically modify them to 

overexpress immunomodulatory molecules. 

 

Notch signaling is functionally related to cell development and apoptosis [8,9]. 

Moreover, the important roles of Notch in adaptive immunity have expanded to 

include regulating T cell differentiation and function [10]. Notch is a receptor that 

responds to cell surface-bound ligands. Signaling is mediated by Notch 

ligand-receptor interactions between neighboring cells [11]. There are four 

mammalian Notch receptors (Notch1~4) which are bound by five ligands of the 

Jagged family (Jagged1 and Jagged2) and Delta- like family (Delta- like ligand 1 
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(DLL1), DLL3, and DLL4) [12]. Unfortunately, monoclonal antibodies that 

specifically recognize each Notch receptor or Notch ligand are lacking, which 

prevents analyses of detailed expression patterns of these molecules. In peripheral 

lymphoid organs, naive CD4+ T cells express Notch1 and Notch2 mRNA, while they 

do not express Notch3 or Notch4 mRNA. However, mRNA expressions of all Notch 

molecules increased after antigen stimulation of T cells. Using DLL1-expressing 

fibroblasts (L cell lines) as APCs, Amsen et al. showed that DLL1 constitutes an 

instructive signal for Th1 differentiation, whereas Jagged1 expression on APCs 

promotes generation of Th2 cells [13]. This discovery of the contribution of Notch 

signaling to Th1/Th2 differentiation opened a new pathway for regulating helper T 

cell differentiation. Subsequently, Elyaman's group investigated the roles of DLL1 

and Jagged1 in experimental autoimmune encephalomyelitis  (EAE), a Th1-mediated 

disease, and demonstrated that in vivo blockade of DLL1 during EAE reduced Th1 

responses, while blockade of Jagged1 decreased Th2 cells [14]. These findings 

revealed that the Notch pathway plays a critical role in regulating Th1 and Th2 cell 

differentiation in vivo. Furthermore, other studies confirmed that DCs express Notch1, 

Notch2, DLL1, DLL4, Jagged1, and Jagged2 [15], and under different stimuli, 

expressions of Notch receptors and Notch ligands can be induced in DCs [16]. One 

report showed that the immobilized Notch ligand, DLL1, inhibited differentiation of 

monocytes into mature macrophages [17]. However, it permitted differentiation of 

monocytes into mature DCs. Overall, it appears that DLL1 is involved in DC 

maturation and DC-mediated T-cell differentiation. 

 

Asthma is a chronic inflammatory disease of the lungs with multiple phenotypes. 

A previous study showed that asthma can be induced by both genetic and 

environmental factors [18]. Allergic asthma is a kind of Th2-associated asthma, 
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characterized by increased serum immunoglobulin E (IgE) levels, airway 

hyperresponsiveness (AHR), and inflammatory cell infiltration in the airway through 

the production of Th2-type cytokines (IL-4, IL-5, and IL-13) [19]. Although some 

anti- inflammatory reagents, such as corticosteroids and β-agonists, are used as 

first- line treatment of asthma, they do not cure the disease and have some adverse side 

effects [20]. Accordingly, new therapeutic methods need to be developed to treat 

allergic asthma. As allergic asthma is associated with Th2-dependent disease, 

deviation towards Th1 responses, including increases in interferon (IFN)-γ, IL-12, and 

IgG2a to suppress the Th2 response, was considered a useful approach [21,22]. Taken 

together, a better understanding of how DLL1 affects the maturation, activation, and 

functions of DCs is a prerequisite for designing strategies for treating allergic asthma. 

 

In this study, we attempted to alter the functional behavior of bone 

marrow-derived DCs (BMDCs) through Notch ligand DLL1 gene modification in 

vitro and subsequently observed the effects of such modulations on these cells. First, 

we constructed a DLL1-expressing adenovirus (Ad-DLL1) and transduced it into 

BMDCs. Phenotype changes and the immunoregulatory capacity of 

DLL1-overexpressing DCs (DLL1-DCs) were investigated in vitro. Furthermore, we 

evaluated the therapeutic effects of DLL1-DCs on the potential to inhibit 

Th2-mediated allergic asthma in a mouse model of airway inflammation. We 

demonstrated that overexpression of DLL1 by DCs enhanced the Th1-polarizing 

ability of DCs, and DLL1 may be beneficial as an adjuvant in situations where a Th1 

response needs to be elicited in allergic asthma. 
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2. Methods 

 

2.1 Mice 

Female mouse strains BALB/c (H-2d) and C57BL/6 (H-2b) were obtained from 

the National Laboratory Animal Center and Laboratory Animal Center of National 

Taiwan University (Taipei, Taiwan). OT-II (H-2b) mice expressing a transgenic T-cell 

receptor that is specific for the peptide sequence 323~339 of ovalbumin (OVA) were 

kindly provided by Prof. Chia-Rui Shen (Chang Gung University, Taoyuan, Taiwan). 

The mice were maintained in the Animal Center of Taipei Medical University and 

were used for experimentation at 5~10 weeks of age. Animal care and handing 

protocols were approved (no.: LAC-2013-0207) by the animal use committee of the 

College of Medicine, Taipei Medical University. 

 

2.2 Construction and amplification of the Ad-DLL1 

The DLL1 gene was cloned by a polymerase chain reaction (PCR) from the 

MSCV-IRES-GFP vector which inserted full- length murine DLL1 complementary 

(c)DNA (a gift from Dr. Antonio Freitas, Pasteur Institute, Paris, France) [23]. After 

the PCR, DLL1 cDNA was subcloned into Xba I sites of the pShuttle2 plasmid and 

then inserted into I-Ceu I/PI-Sce I sites of the pAdeno-X vector (TaKaRa Bio, 

Mountain View, CA, USA) to obtain the Ad-DLL1 vector. A control adenovirus 

(Ad-mock) which did not express the transgene was also prepared. Both vectors were 

transfected into the human embryonal kidney AD293 cell line to generate adenoviral 

particles. High- titer adenoviral stocks were purified using a Vivapur ®AdenoPACKTM 

20 kit (Sartorius, Goettingen, Germany). Following purification, viral titers were 

measured by an end-point dilution assay, and the virus stock was stored at -80 °C. 
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2.3 Transduction of BMDCs with adenoviral vectors 

Mouse BMDCs were prepared using tibial and femoral bone marrow from 

5~8-week-old BALB/c mice. The method of culturing bone marrow cells to 

differentiate into DCs was described in our previous study [24]. In brief, bone marrow 

cells were cultured with granulocyte-macrophage colony-stimulating factor (GM-CSF) 

(500 U/mL; PeproTech, Rocky Hill, NJ, USA) and IL-4 (500 U/mL; eBioscience, San 

Diego, CA, USA) on day 0. Fresh medium containing GM-CSF and IL-4 was used to 

replace the old medium on days 2 and 4. On day 6 of culture, non-adherent BMDCs 

were collected and placed in 24-well plates at a concentration of 106 cells/well. Then, 

cells were infected with the Ad-mock or Ad-DLL1 using a multiplicity of infection 

(MOI) of 10, 50, 100, or 1000. After 2 h of transduction, the infecting medium was 

replaced with fresh culture medium for another 16~18 h. To induce DC maturation, 

these adenovirus- infected BMDCs (DLL1-DCs and mock DCs) and uninfected 

BMDCs (control DCs) were further stimulated with 50 μg/well OVA protein 

(Sigma-Aldrich, St. Louis, MO, USA) at 37 °C for 24 h. Messenger (m)RNA and 

protein expressions of the DLL1 transgene were respectively detected by a 

reverse-transcription (RT)-PCR and flow cytometry. 

 

2.4 RT-PCR 

Total RNA from DCs was extracted using TRIzol (Thermo Scientific, Rockford, 

IL, USA) and reverse-transcribed using a high-capacity cDNA reverse transcription 

kit (Thermo Scientific). Amplification reactions were performed using a Taq DNA 

polymerase 2x Master Mix RED kit (Ampliqon, Odense M, Denmark) in the presence 

of 1 μl of total cDNA and specific primers for murine DLL1 (forward, 

5’-tgacctgtgcagatggccct-3’; and reverse, 5’cgcttctagattacacctcagtcgctataacacac-3’). 
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The PCR was performed in a Gene Amp® PCR system 2700 machine (Thermo 

Scientific). The thermal cycler parameters for amplification of the DLL1 gene were as 

follows: 1 cycle at 95 °C for 5 min followed by 30 cycles at 94 °C for 1 min, 60 °C 

for 1 min, and 72 °C for 2 min and 30 s. The level of β-actin mRNA was used as a 

control. 

 

2.5 Flow cytometric analysis 

After OVA stimulation, harvested DCs were stained with fluorescein 

isothiocyanate (FITC)-conjugated anti-CD11c or phycoerythrin (PE)-conjugated 

anti-I-A/I-E (MHC class II), anti-CD80, anti-CD86 (eBioscience), and 

anti-Delta- like1 antibodies (Biolegend, San Diego, CA, USA) to assess the DLL1 

level and maturation status of DCs, which were performed for 30 min in the dark at 

4 °C. Cells were washed and resuspended in FACS buffer (1% fetal bovine serum 

(FBS) and 0.1% NaN3 in a 1× phosphate-buffered saline (PBS) solution). Staining 

with isotype control antibodies was performed in all experiments. Flow cytometry 

was performed using a FACSCalibur (Becton Dickinson, Mountain View, CA, USA), 

and the mean fluorescence intensity (MFI) was analyzed with Cellquest pro software 

(Becton Dickinson). 

 

2.6 Cytokine and chemokine detection 

DCs infected with adenoviral vectors were further pulsed with OVA for 24 h. 

Culture supernatants were collected, and levels of IL-12, IL-10, IL-1β, IL-6, and 

tumor necrosis factor (TNF)-α were measured according to the instructions of the 

enzyme- linked immunosorbent assay (ELISA) kits (eBioscience). In a mixed 

lymphocyte reaction (MLR) and OVA-specific T cell response, the level of IFN-γ in 

the supernatants was detected by an ELISA kit (R&D Systems, Minneapolis, MN, 
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USA). In asthma models, splenocytes (107 cells/well) from each group of mice were 

stimulated with 50 μg/mL OVA in 24-well plates, and culture supernatants were 

collected after 72 h of incubation. Levels of IL-4, IL-5, IL-10, IL-13, IFN-γ, TNF-α, 

and eotaxin in bronchoalveolar lavage fluid (BALF) and the spleen were analyzed 

using ELISA kits (eotaxin and IL-5 kits were from R&D Systems; IL-4 and IL-13 kits 

were from eBioscience). 

 

2.7 CD4+ T cell isolation 

Splenocytes from C57BL/6 mice were resuspended in MACS buffer (0.5% 

bovine serum albumin (BSA) and 2 mM EDTA in a 1× PBS solution) at 108 cells/mL 

and stained with anti-CD4 magnetic beads (Miltenyi Biotec, Auburn, CA, USA), 

which was performed for 15 min at 4 °C. Cells were washed and resuspended in 

MACS buffer to positively select CD4+ T cells for further experiments. 

 

2.8 Measurement of the CD4+ T cell response in vitro 

For the MLR, BMDCs (106 cells/well) of day 6 culture from BALB/c mice were 

infected with the Ad-mock (at an MOI of 100) or the Ad-DLL1 (at an MOI of 100) 

and then treated with OVA protein (50 μg/mL). After 48 h of culture, DCs were 

irradiated and cocultured with allogeneic CD4+ T cells (2 × 105/well) from C57BL/6 

mice at different proportions of irradiated DCs (4 × 104, 2 × 104, 104, 0.5 × 104, and 

0.25 × 104/well). For the antigen-specific T-cell response, treated and irradiated 

BMDCs from C57BL/6 mice were cocultured with syngenetic CD4+ T cells from 

OT-II transgenic mice, and ratios of DCs: T-cells were the same as those used for the 

MLR. Cells were cultured for 48 h and then pulsed with [3H]-thymidine for an 18-h 

incubation. Values of [3H]-thymidine incorporation in T cells were determined with a 

dry scintillation counter and are expressed as counts per minute (cpm). In addition, 
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secretion levels of IFN-γ in supernatants were determined by an ELISA. 

 

2.9 Adoptive transfer of DLL1-DCs to allergen-sensitized mice 

All groups of mice (n = 6/group) were sensitized by an intraperitoneal (i.p.) 

injection of 10 μg OVA plus 4 mg alum (Thermo Scientific) on days 1, 10, and 20. On 

days 28 and 29, mice were intranasally (i.n.) challenged with 100 μg OVA. Finally, 

mice were further challenged with 5% OVA in 0.9% NaCl by inhalation for 30 min 

daily for 3 consecutive days (days 30, 31, and 32). On day 33, the AHR of mice was 

measured. To evaluate the immunomodulatory effect of adenovirus-transduced DCs in 

asthmatic mice, three groups of mice were intravenously injected with 5 × 105 

OVA-pulsed mock DCs (at an MOI of 100), OVA-pulsed DLL1-DCs (at an MOI of 

100), or OVA-pulsed Ad-uninfected DCs (control DCs) on day 20. OVA-sensitized 

and -challenged mice without DC transfer served as an asthmatic positive control (PC 

group). 

 

2.10 OVA-specific serum antibody assay 

Serum samples were collected from mice on day 33. OVA-specific IgE and IgG2a 

antibody titers in serum were detected with ELISA kits (Becton Dickinson 

Biosciences, San Jose, CA, USA) as previously described [25]. Serum was diluted 

1:10 for the IgE determination and 1:100 for IgG2a quantification. Levels of 

antibodies were compared with IgE and IgG2a standards of predetermined 

concentrations (immunoglobulin concentrations: IgE = 1.5 μg/ml and IgG2a = 15.5 

μg/ml). The OVA-specific IgE or IgG2a standards were derived by pooling sera from 

OVA-sensitized mice. The concentration of standard serum was arbitrarily assigned as 

1 ELISA unit (EU). Sample results are expressed as a ratio of the value to the 

standard. 
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2.11 Measurement of the AHR 

The AHR was measured 24 h after the last OVA challenge. The detailed method 

was previously described [26]. Briefly, tracheostomized mice that were anesthetized 

were exposed to increasing concentrations (1~32 mg/mL) of aerosolized 

methacholine (Sigma-Aldrich), and the resulting AHR was measured by the lung 

resistance (RL). The RL was continuously computed (Labview, National Instruments, 

Dallas, TX, USA) by fitting the pressure, flow, and volume to an equation of motion. 

 

2.12 Analysis of BALF and lung tissue histology 

Mice were sacrificed after measuring the AHR, and the lungs were immediately 

lavaged via a tracheal cannula with Hank's balanced salt solution (HBSS) which was 

free of ionized calcium and magnesium. The lavage fluid was centrifuged, and 

supernatants were collected for the chemokine and cytokine assays.  Cells from the 

BALF were washed and resuspended in 1 ml RPMI-1640 medium supplemented with 

2% FBS. The cytocentrifuged preparation of BALF cells was fixed and stained with 

Liu's staining solution (Chi I Pao, Taipei, Taiwan).The total cell number was counted 

for at least 200 cells of preparations via a hemocytometer. Different cell types were 

enumerated as macrophages, eosinophils, neutrophils, and lymphocytes, based on 

standard morphological criteria. The lungs were fixed in 10% buffered formaldehyde 

after the lavage, routinely processed, embedded in paraffin wax, and sectioned at 5 

μm for hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS) staining. 

 

2.13 Data analysis 

Results are expressed as the mean ± standard error of the mean (SEM). Statistical 

analyses were performed using a one-way analysis of variance (ANOVA) followed by 
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Turkey’s multiple-comparison test. p values of <0.05 were considered statistically 

significant. 
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3. Results 

 

3.1 Overexpression of DLL1 in Ad-DLL1-infected DCs 

First, we prepared a recombinant adenovirus carrying the DLL1 sequence 

(Ad-DLL1), and BMDCs were infected with viral particles using various MOIs of the 

Ad-DLL1. An Ad-mock containing no transgene in the expression cassette  was used 

as a control vector. Adenovirus- infected BMDCs (DLL1-DCs and mock DCs) and 

uninfected BMDCs (control DCs) were further stimulated with the OVA protein to 

induce cell maturation. After 24 h of incubation, RNA extractions from these cells 

were collected, and the mRNA of DLL1 was detected by an RT-PCR. As shown in 

Figure 1A, DLL1 mRNA exhibited low constitutive expression in immature DCs, 

control DCs, and mock DCs, while levels of DLL1 mRNA were obviously enhanced 

in DLL1-DCs. Furthermore, expressions of DLL1 surface molecules on DCs were 

analyzed by flow cytometry. Results revealed that DLL1-DCs overexpressed DLL1 in 

a dose-dependent manner (Figure 1B). In contrast, low expression of DLL1 was 

observed in immature DCs, control DCs, and mock DCs. 

 

3.2 Ad-DLL1 infection promoted DC maturation and activation 

It is well known that fully mature DCs secrete high levels of IL-12 and 

proinflammatory cytokines (TNF-α, IL-1β, and IL-6), and also express high levels of 

MHC class II costimulatory surface molecules (CD80 and CD86) to prime activation 

of naïve T cells [27]. IL-12, which stimulates the proliferation and development of 

Th1 cells, was significantly induced in DCs infected with the Ad-DLL1 in a 

dose-dependent manner compared to the secretion from control DCs (Figure 2A). 

IL-10 is an anti- inflammatory cytokine and can be produced by many types of 
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immune cells including DCs, Treg cells, and Th2 cells [28]. In contrast to the 

induction of high amounts of IL-12, IL-10 was slightly upregulated by DCs following 

Ad-DLL1 delivery at an MOI of 1000 (Figure 2B). Additionally, because 

proinflammatory cytokines (IL-1β, IL-6, and TNF-α) are involved in enhancing 

airway inflammation in asthmatic patients [29], we further investigated whether 

DLL1 infection modulated production of these cytokines by DCs. Results 

demonstrated that DCs infected with a high adenovirus titer of 1000 MOI, of either 

the Ad-mock or Ad-DLL1, displayed high levels of proinflammatory cytokines  

(Figure 2C-E). In contrast, at MOIs of 10 and 100, Ad-DLL1 infection did not 

enhance IL-1β or IL-6 production by DCs, although these DCs still exhibited 

increased TNF-α production. Furthermore, to investigate phenotype changes of DCs 

by Ad-DLL1 infection, we measured expressions of surface markers on DCs after 

OVA stimulation. Immature DCs showed low levels of MHC class II CD80 and CD86 

markers, and these markers were upregulated in OVA-stimulated control DCs and 

mock DCs (Figure 2F, G). Moreover, all of these maturation markers had markedly 

increased in DLL1-DCs. These data indicate that Ad-DLL1-infected DCs were 

trending towards a fully mature phenotype in the presence of OVA stimulation. 

Collectively, infection with the Ad-DLL1 at an MOI of 100 promoted DC maturation 

and induced high amounts of IL-12 but did not markedly increase proinflammatory 

cytokine production; thus we predicted that this dose might be optimal for performing 

further experiments. 

 

3.3 DLL1-DCs enhanced T-cell proliferation and induced IFN-γ production by T cells 

DCs are superior APCs and exhibit the ability to direct T-cell proliferation and 

polarization. Therefore, an allogenic MLR assay was performed to clarify whether 

DLL1-DCs possess immunomodulatory effects on T cells. Different groups of 
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irradiated DCs were cocultured with allogenic CD4+ T cells at various ratios (1:10, 

1:20, 1:40, and 1:80). As shown in Figure 3A, DLL1-DCs significantly promoted 

T-cell proliferation compared to control DCs and mock DCs (Figure 3A). We also 

assessed levels of the Th1-type cytokine, IFN-γ, in culture supernatants and found that 

IFN-γ production by T cells at a DC/T-cell ratio of 1:10 was more dramatically 

induced by DLL1-DCs than by control DCs and mock DCs (Figure 3B). Furthermore, 

syngeneic OVA-specific OT-II CD4+ T cells were cocultured with differently treated 

DCs, and the T-cell response was measured. Consistent with the above results, the 

OT-II CD4+ T cell population driven by OVA-pulsed DLL1-DCs showed a higher 

T-cell proliferative response than those of other groups of DCs (Figure 3C). In 

addition, DLL1-DCs exhibited significant enhancement of IFN-γ production in T cells 

at a DC/T-cell ratio of 1:10 (Figure 3D). Taken together, the results demonstrated that 

overexpression of DLL1 by DCs enhanced their ability to activate naïve T cells and  

direct Th1 cell development. 

 

3.4 DLL1-DC treatment downregulated anti-OVA IgE production in mice with 

OVA-induced asthma 

Based on our in vitro findings that DLL1-DCs can promote Th1 development, 

we hypothesized that these cells have the ability to control Th2-mediated asthma by 

altering the Th1/Th2 balance in an OVA-induced asthmatic animal model. Therefore, 

we next focused on the antiallergic effects of DLL1 in allergic asthma. The 

experimental protocol is schematically represented in Figure 4A. OVA-stimulated 

control DCs, mock DCs, and DLL1-DCs were respectively transferred to three groups 

of OVA-sensitized mice. Positive control mice (the PC group) received PBS injection 

instead of DCs. Serum samples were collected on day 33, and titers of OVA-specific 

antibodies were assayed. The Th2-type IL-4 cytokine was suggested to promote IgE 
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production in mice, while the Th1-type IFN-γ cytokine enhanced IgG2a production 

[30]. Compared to the PC group, mice injected with DLL1-DCs expressed a 

significantly lower level of IgE (Figure 4B). In addition, DLL1-DC-treated mice 

exhibited a higher level of IgG2a in serum compared to the other groups (Figure 4C). 

Overall, these results indicated that DLL1-DCs inhibited the Th2 response, while 

inducing a Th1 response in mice with OVA-induced asthma. 

 

3.5 DLL1-DCs reduced the severity of AHR and allergen-induced airway 

inflammation 

We investigated whether administration of DLL1-DCs could attenuate AHR and 

airway inflammation. As shown in Figure 5A, PC mice challenged with methacholine 

(1~32 mg/ml) had high, dose-dependent RL values. Adoptive transfer of control DCs 

or mock DCs had no suppressive effect on the development of AHR. On the contrary, 

in DLL1-DC-treated mice, there was an obvious decrease in RL values at the maximal 

dose of methacholine (32 mg/mL) relative to the other groups (Figure 5A). 

Furthermore, inflammatory cell infiltrates in the BALF and lungs were analyzed. As 

expected in this model, PC mice exposed to OVA challenge had markedly increased 

numbers of total cells and eosinophils in the BALF (Figure 5B). In addition, a 

histological analysis revealed a considerable increase in inflammatory cell infiltration 

(by H&E staining) and mucus production (by PAS staining) in the lungs (Figure 5C, 

D). The control DC and mock DC groups also exhibited similar severities of airway 

inflammation as did the PC group. In contrast, DLL1-DC treatment decreased 

inflammatory cell recruitment and also reduced mucus secretion. 

 

3.6 DLL1-DCs suppressed the production of Th2 cytokines and promoted the 

secretion of a Th1 cytokine 
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We next assayed the release of mediators in the BALF to evaluate the effect of 

DLL1-DCs on T-cell responses in the lungs. Levels of eotaxin, a chemokine for 

recruiting eosinophils, and Th2-type cytokines (IL-4, IL-5, and IL-13) were increased 

in PC mice, whereas administration of control DCs and mock DCs had no inhibitory 

effects (Figure 6A-D). In contrast, DLL1-DC treatment resulted in significant 

downregulation of the production of these mediators. Moreover, the production of 

IFN-γ, an essential cytokine for the development of the Th1 response, showed an 

increasing trend in DLL1-DC-treated mice (Figure 6E). Levels of IL-10 in the BALF 

were also detected, and data showed no difference among these groups (Figure 6F). 

To further identify whether DLL1-DC treatment affected the production of 

cytokines by OVA-stimulated splenocytes of mice, we isolated splenocytes from each 

group of mice and cultured them with OVA for 3 days. Levels of IL-4, IFN-γ, TNF-α, 

and IL-10 in culture supernatants were examined. Results revealed that mice treated 

with DLL1-DCs had a marked reduction in IL-4 production by splenocytes, while the 

level of IFN-γ production was obviously increased in DLL1-DC-treated mice (Figure 

6G, H). There was no effect of DLL1-DC treatment on TNF-α or IL-10 production in 

the spleen (Figure 6I, J). Collectively, these data indicated that DLL1-DCs might 

relieve the allergic syndrome through shifting the Th1/Th2 response toward a 

more-balanced state. 
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4. Discussion 

 

DCs are highly efficient APCs capable of priming activation of T cells. Based on 

their immunostimulatory capacity, DCs have been used as vaccines for treat ing 

cancers and infectious diseases. In this regard, a promising approach is the use of viral 

vectors encoding immunoregulatory molecules to enhance specific functions of DCs. 

Among virus-based vectors, Ads have been widely used in gene therapy and vaccine 

applications during the past two decades. Advantages of Ads include high titers of 

recombinant virus production in vitro, efficient infection of target cells, and an 

inability to cause severe disease in natural hosts [31,32]. In this context, our present 

study clarified the in vitro effects of DLL1-overexpressing Ad transduction on the 

phenotype and function of mouse BMDCs, and these data may be important 

considerations when applying these DCs in mouse models and clinical trials. 

 

Costimulatory and MHC molecules on DCs were identified to play important 

roles in affecting T-cell activation and differentiation [33]. In addition, T-cell 

differentiation can be affected by IL-12 and IL-4, and these cytokines are the main 

respective inducers of Th1 and Th2 subsets [34]. In cultured BMDCs, we found that 

Ad-mock transduction resulted in slight upregulation of MHC II expression after OVA 

stimulation. However, the relative degree of activation was less than that with 

transduction of an Ad vector encoding DLL1 for DC activation. DLL1-DCs provide 

higher levels of costimulatory and MHC molecules optimal for priming naïve T-cell 

activation. Meanwhile, these more-mature DCs can secrete higher levels of IL-12 to 

efficiently force the development of Th1 cells. Consistent with this evidence, one 

report demonstrated that activation of Notch signaling using OP9 cells expressing 
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DLL1 upregulated the expressions of MHC II and CXCR4 in 

lipopolysaccharide-stimulated DCs [35]. Furthermore, another study showed that 

deletion of RBP-J, a transcription factor required for Notch signaling, in DCs resulted 

in lower expressions of MHC II, CD80, and CD86, and inefficient T-cell activation 

[36]. Taken together, these results indicate that Notch triggering may promote DC 

maturation and activation. Thus, it is possible to upregulate their immunoregulatory 

ability through DLL1 and Notch interactions, and blocking experiments with an 

anti-DLL1 antibody need to be performed to confirm this hypothesis in a future study. 

On the other hand, there is some dispute about the induction of DC maturation by Ads. 

Some reports documented that Ad-transduced DCs display a significantly activated 

phenotype manifested by increased expressions of surface activation markers (MHC 

II, CD40, CD80, and CD86), and cytokine production (IL-12, IL-6, IL-1β, and 

TNF-α), whereas others showed little or no enhancement of these markers [37-40]. 

These differences in results probably reflect phenotype changes possibly affected by 

culture conditions, vector doses, and different species. 

 

The role of the Notch signaling in Th cell differentiation has received much 

attention, and several studies addressed the therapeutic potential of manipulating the 

Notch pathway to suppress aberrant immune activation. In particular, DLL1 Notch 

ligand expression by APCs is specifically required for Th1 cell development. In 

results of the MLR, we showed that Ad-DLL1-infected DCs significantly promoted 

the proliferation and production of IFN-γ by T cells. These data imply that 

overexpression of DLL1 by DCs enhances their ability to drive Th1 cell 

differentiation, which is consistent with the finding that the DLL1-Fc protein as a 

soluble Notch agonist on T cells promotes Th1 development [41]. In another study, 

using DLL1 retrovirus-transduced IL-12-/- DCs, Sun et al. revealed that 
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DLL1-promoted Th1 cell responses are IL-12-independent [42]. They further 

demonstrated that DLL1 favoring Th1 cell development is a result of its ability to 

inhibit IL-4 production and Th2 cell development. 

 

In our animal model, we demonstrated that the severity of AHR and the 

development of airway eosinophilia were significantly reduced in asthmatic mice after 

DLL1-DC treatment. At the same time, we found that DLL1-DC treatment 

ameliorated asthma through inhibiting Th2 responses by reducing Th2-type cytokine 

secretion. In Th2-mediated allergic asthma, Th2 cytokines (IL-4, IL-5, and IL-13) 

mainly cause asthma syndromes. IL-4 acts on B cells by driving immunoglobulin 

isotype switching towards the production of IgE, which sensitizes mast cells to 

allergen exposure [43]. In particular, IL-5 induces the maturation and activation of 

eosinophils, which produce cytotoxic proteins for tissue destruction in the airways. 

Additionally, IL-13 increases epithelial permeability and mucus production, which 

thus promotes the development of AHR [44]. Overall, these Th2-type cytokines 

promote critical effects of the asthmatic response. Thus, according to the above 

information, inhibiting Th2 immunity may attenuate the clinical syndromes of allergic 

asthma. 

 

Before giving DLL1-DCs to mice, we pretreated DLL1-DCs with OVA 

stimulation to elevate the allergen presentation by DLL1-DCs, which may have 

induced increased MHC II and costimulatory molecule expressions and high levels of 

IL-12 production, and promoted the development of OVA-specific Th1 cells. Actually, 

a single injection of OVA-pulsed DLL1-DCs reduced the production of OVA-specific 

IgE but increased levels of OVA-specific IgG2a in asthmatic mice. Moreover, the 

Th1-type cytokine, IFN-γ, was enhanced in DLL1-DC-treated mice. Thus, we suggest 
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that DLL1-DCs promoted the secretion of IFN-γ by Th1 cells, and further induced the 

production of IgG2a by IFN-γ-stimulating B cells. Th1 responses are proposed to 

protect against asthma through the production of IFN-γ. Some studies demonstrated 

that allergen- immunized mice deficient in the IFN-γ receptor exhibit an increased 

duration of eosinophilia and Th2 responses [22,45], and adoptive transfer of 

allergic-specific Th1 cells reduces Th2-cytokine-dependent AHR and airway 

eosinophilia in an asthma model via mechanisms that depend on IFN-γ [46]. The 

mechanisms of IFN-γ's action are shown to suppress mRNA synthesis of Th2 

cytokines and Th2 cell proliferation in vitro [45]. In addition, IFN-γ exhibits its 

suppressive effect by inhibiting lung APC functions and migration, thus attenuating T 

cell priming in the airway [47]. Mitchell et al. proved that IFN-γ also acts on the 

airway epithelium to inhibit mucus hyperproduction and airway eosinophilia in 

allergic airway diseases [48]. However, there are contradictory reports on the 

antiallergic effect of IFN-γ. For example, one study revealed that mixed populations 

of Th1 and Th2 cells caused severe airway inflammation [49]. Another report showed 

that local expression of IFN-γ in the lungs increased eosinophilic infiltration and 

promoted Th2-type cytokine production [50]. Collectively, the role of IFN-γ during 

the development of allergic asthma is controversial, and these conflicting results show 

that IFN-γ can both attenuate and augment allergic airway diseases, depending on the 

concentration and timing of application or expression. Thus, the precise mechanisms 

by which Th1 cells affect Th2 responses and the specific conditions that determine the 

net effect of IFN-γ on allergic responses remain to be determined. 

 

A shift in the balance of cytokines from Th2 responses to Th1 responses may 

worsen existing disease. TNF-α, which induces the recruitment of inflammatory cells 

and stimulates smooth muscle contraction in the airway, is produced by Th1 cells, 
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mast cells, and macrophages [51]. Thus, it is possible that upregulation of TNF-α by 

DLL1-DC transfer could potentiate the inflammatory response in asthma. In our study, 

although DLL1-DCs exhibited an increased level of TNF-α in vitro, adoptive transfer 

of these DCs did not affect the level of TNF-α in vivo. Therefore, we suggest that 

DLL1-DC treatment did not modulate Th2-mediated immune responses via TNF-α 

overexpression. In addition, IL-10 is one of the cytokines utilized by thymus-derived 

CD4+FOXP3+ Treg cells and CD4+FOXP3- type 1 regulatory T (Tr1) cells to suppress 

Th2-driven allergic diseases [52]. In this regard, we identified whether the 

counteraction of DLL1-DCs on efferent Th2 cells was by enhancing IL-10 production, 

and found that expression of IL-10 in DLL1-DCs and DLL1-DC-treated mice was not 

upregulated. This indicates that the suppressive mechanism of DLL1-DCs on Th2 

responses does not occur through IL-10 induction. However, we could not rule out the 

possible involvement of TGF-β and Treg populations in our system. 

 

5. Conclusions 

 

In vitro, Ad-DLL1 infection enhanced DC maturation and activation, and these 

modified DCs induced the production of IFN-γ by T cells. In a mouse model of 

OVA-induced asthma, a single injection of these DCs suppressed IgE production, the 

AHR, inflammatory cell infiltration, and Th2 cytokines in the BALF and spleen, but 

induced OVA-specific Th1 responses. Our results suggest that DLL1-overexpressing 

DC-induced attenuation of the allergic response in mice is associated  with enhanced 

Th1 responses which inhibit Th2 responses. This study provides useful information to 

facilitate the use of Ad-DLL1-infected DCs for immunomodulatory treatment of 

allergic asthma and cancer. 
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Figure legends 

 

Figure 1 DLL1 expression following transduction of bone marrow-derived dendritic 

cells (BMDCs) with a DLL1-expressing adenovirus (Ad-DLL1). Levels of (A) 

mRNA and (B) protein expressions of DLL1 in Ad-infected DCs were respectively 

measured by RT-PCR and FACS analyses. DCs were generated from the bone 

marrow of BALB/c mice and infected with the Ad-DLL1 at various multiplicities of 

infection (MOIs) of 10, 50, and 100. DCs transduced with the Ad-mock encoding no 

transgene served as a control (at an MOI of 100). At 24 h after further OVA 

stimulation, cells were collected and assessed. 

 

Figure 2 Transduction of DCs with Ad-DLL1induced activation of the DC phenotype. 

(A-E) IL-12, IL-10, and proinflammatory cytokines (IL-1β, IL-6, and TNF-α) 

production from Ad-infected DCs. (F, G) Expression of MHC class II surface 

molecules, CD80 and CD86, on Ad-infected DCs. After 6 days of culture, DCs were 

infected with various MOIs of the Ad-DLL1 or Ad-mock and then treated with OVA 

(50μg/ml). After 24 h of incubation with OVA, supernatants were analyzed for 

cytokine production by an ELISA, and cells were harvested to detect surface 

activation markers by flow cytometry. Representative flow cytometric profiles of 

expressions of these surface molecules on gated CD11c+ cells are shown. The mean 

fluorescence intensity (MFI) was calculated, and results are expressed as the mean ± 

SEM from three independent experiments. * p < 0.05, ** p < 0.01, ***p < 0.001 vs. 

control DCs. # p < 0.05, ## p < 0.01, ### p < 0.001 vs. mock DCs. 

 

Figure 3 DLL1-DCs enhanced T cell proliferation and IFN-γ production by activated 
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T cells in vitro. (A, B) The ability of DLL1-DCs to stimulate an allogeneic T cell 

response. DCs from BALB/c mice transduced with Ad-DLL1 or Ad-mock at an MOI 

of 100. These DCs were stimulated with OVA (50μg/ml) for another 24 h and then 

irradiated. In a mixed lymphocyte reaction, allogenic CD4+ T cells from C57BL/6 

mice were cocultured with different proportions of γ- irradiated DCs at DC: T-cell 

ratios of 1:10, 1:20, 1:40, and 1:80 in 96-well plates for 54 h. Supernatants were 

collected for cytokine analysis, and cells were pulsed with [3H]-thymidine for another 

18 h. The proliferative capacity was expressed as counts per minute (cpm). Levels of 

IFN-γ in supernatants were analyzed by an ELISA. (C-D) For the OVA-specific CD4+ 

T-cell response, different treated DCs from C57BL/6 mice were cocultured with OT-II 

CD4+ T cells for 54 h. Proliferative responses were assessed, and IFN-γ levels of 

supernatants were analyzed. Results are expressed as the mean ± SEM from three 

independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control DCs. # p 

< 0.05, ## p < 0.01, ### p < 0.001 vs. mock DCs. 

 

Figure 4 Levels of anti-OVA specific antibodies in DLL1-DC-treated asthmatic mice. 

(A) Schematic diagram of the animal sensitization and challenge protocol. Mice were 

randomly assigned to four groups. On days 1, 10, and 20, all groups of mice were 

sensitized by an intraperitoneal (i.p.) injection of OVA. On day 20, three groups of 

mice were respectively intravenously (i.v.) injected with 5 x 105 OVA-pretreated 

control DCs, mock DCs (at an MOI of 100), and DLL1-DCs (at an MOI of 100). 

Positive control (PC) mice were injected with PBS instead of cells. These mice were 

further challenged with OVA for 5 consecutive days (days 28~32), and the AHR was 

measured 1 day after the last challenge. BALF was collected after measuring the AHR. 

(B, C) DLL1-DC treatment reduced IgE production but enhanced IgG2a secretion in 

mice with OVA-induced asthma. Results are expressed as the mean ± SEM of six 
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mice in each group. * p < 0.05, *** p < 0.001 vs. the positive control (PC) group. # 

p<0.05 vs. the control-DC group. + p<0.05 vs. the mock-DC group. 

 

Figure 5 Effects of DLL1-DC treatment on airway function and inflammation. (A) 

Adoptive transfer of DLL1-DCs suppressed the development of AHR in 

OVA-induced asthma. One day after the last OVA challenge, airway reactivity to 

increasing concentrations of methacholine (1~32 mg/mL) was measured by invasive 

body plethysmography. Results are expressed as the pulmonary resistance (RL) in the 

ratio of lung resistance after PBS nebulization. (B) Effect of DLL1-DCs on airway 

inflammatory cells. After measuring the pulmonary function parameters, each group 

of mice was sacrificed, and BALF was collected. Cells from BALF were counted and 

classified as macrophages, eosinophils, neutrophils, and lymphocytes. Results are 

expressed as the mean ± SEM of six mice in each group. * p < 0.05 vs. the PC group. 

# p<0.05, ## p < 0.01 vs. the control-DC group. + p < 0.05 vs. the mock-DC group. (C) 

Lung sections were stained with hematoxylin/eosin (H&E) to measure inflammatory 

cells. (D) Lung sections were stained with periodic acid-Schiff (PAS) to measure 

mucus production around the airway. 

 

Figure 6 Effect of DLL1-DCs on cytokine and chemokine production in BALF and 

OVA-specific splenocyte culture supernatants. (A-F) Effects of DLL1-DCs on 

cytokines (IL-4, IL-5, IL-10, IL-13, and IFN-γ), and eotaxin production in BALF. 

After measuring pulmonary function parameters, each group of mice was immediately 

sacrificed, and the BALF was collected and analyzed for eotaxin, IL-4, IL-5, IL-13, 

and IFN-γ contents by ELISAs. (G-J) Effects of DLL1-DCs on levels of IL-4, IFN-γ, 

TNF-α, and IL-10 production by OVA-specific T cells. Splenocytes (107 cells/well) 

from each group were stimulated with 50 μg/ml OVA in vitro. After 72 h of incubation, 
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culture supernatants were collected, and cytokine contents were measured by ELISAs. 

Results are expressed as the mean ± SEM of six mice in each group. * p < 0.05, ** p 

< 0.01,*** p < 0.001 vs. the PC group. # p<0.05, ## p<0.01, ### p<0.001 vs. the 

control-DC group. + p<0.05 , ++ p<0.01 vs. the mock-DC group. 
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Highlights 

 

1. DLL1-overexpressing DCs (DLL1-DCs) exerted a fully mature phenotype. 

2. DLL1-DCs enhanced T cell proliferation and Th1-cell polarization in vitro. 

3. DLL1-DC treatment downregulated anti-OVA IgE levels in OVA-induced allergic 

asthma. 

4. DLL1-DC treatment decreased the severity of AHR and airway inflammation. 

5. DLL1-DC treatment altered the Th1/Th2 ratio and ameliorated Th2-driven asthma. 
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