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Introduction

Summary

Dendritic cells (DCs) are professional antigen-presenting cells that play a
key role in directing T-cell responses. Regulatory T (Treg) cells possess an
immunosuppressive ability to inhibit effector T-cell responses, and Notch
ligand Jaggedl (Jagl) is implicated in Treg cell differentiation. In this
study, we evaluated whether bone marrow-derived DCs genetically engi-
neered to express Jagl (Jagl-DCs) would affect the maturation and func-
tion of DCs in vitro and further investigated the immunoregulatory
ability of Jagl-DCs to manipulate T helper type 2 (Th2) -mediated allergic
asthma in mice. We produced Jagl-DCs by adenoviral transduction. Over-
expression of Jagl by ovalbumin (OVA) -stimulated Jagl-DCs exhibited
increased expression of programmed cell death ligand 1 (PD-L1) and
OX40L molecules. Subsequently, co-culture of these OVA-pulsed Jagl-
DCs with allogeneic or syngeneic CD4" T cells promoted the generation
of Foxp3™ Treg cells, and blocking PD-L1 using specific antibodies par-
tially reduced Treg cell expansion. Furthermore, adoptive transfer of
OVA-pulsed Jagl-DCs to mice with OVA-induced asthma reduced aller-
gen-specific immunoglobulin E production, airway hyperresponsiveness,
airway inflammation, and secretion of Th2-type cytokines (interleukin-4,
interleukin-5, and interleukin-13). Notably, an increased number of Fox-
p3" Treg cells associated with enhanced levels of transforming growth fac-
tor-f production was observed in Jagl-DC-treated mice. These data
indicate that transgenic expression of Jagl by DCs promotes induction of
Foxp3" Treg cells, which ameliorated Th2-mediated allergic asthma in
mice. Our study supports an attractive strategy to artificially generate
immunoregulatory DCs and provides a novel approach for manipulating
Th2 cell-driven deleterious immune diseases.

Keywords: asthma; dendritic cell; Jaggedl; regulatory T cell; T helper
type 2.

cells produces importantly critical effects on asthmatic
responses. Interleukin-4 causes B cells to produce a high

Asthma is chronic airway inflammation characterized by
different endotypes, and a wide variety of environmental
stimulators can cause this disease.' The most frequent
endotype of asthma is allergic (or atopic) asthma.? Aller-
gic asthma, a type of T helper type 2 (Th2) -associated
asthma, is induced by Th2 responses and allergen-specific
immunoglobulin E (IgE).”> The production of cytokines,
including interleukin-4 (IL-4), IL-5, and IL-13, by Th2
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level of circulating IgE, and this IgE can sensitize mast
cells and basophils after allergen exposure. Additionally,
IL-5 promotes eosinophil maturation and activation and
results in the release of cytotoxic proteins from eosino-
phils that destroy the airway.* In particular, IL-13
enhances the development of airway hyperresponsiveness
(AHR) by increasing epithelial permeability and mucus
production.” Current therapeutic methods for asthma
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include an inhaled corticosteroid to suppress lung inflam-
mation and f3, agonists as bronchodilators.® These stan-
dard therapies are able to relieve asthma syndromes in
patients. However, asthma in some patients remains
poorly controlled. Almost 10% of individuals with asthma
need high doses of inhaled corticosteroid, and 1% require
long-term daily treatment with oral steroids for asthma
management. In addition, in most of this steroid-depen-
dent population, asthma is severe and steroid-resistant.”
Hence, the need for targeted therapies for severe asthma
and novel treatments with sustained effects highlights that
new therapeutic strategies for treating asthma are urgently
required.

In asthma, regulatory T (Treg) cells play a critical role
in controlling immune homeostasis in the airway. Many
studies reported that Treg cells possess an immunosup-
pressive ability to dampen Th2-type inflammation and
induce specific immune tolerance.® ' Hence, inhibition
of Th2 cell responses through induction of Treg cells is a
good strategy to treat Th2-mediated allergic asthma. Treg
cells are a heterogeneous population, and forkhead box
protein 3 (Foxp3) -expressing Treg cells can be either
thymus-derived (t)Treg cells or peripherally derived (p)
Treg cells. The tTreg subset is characterized by the consti-
tutively high expression of CD25 and of Foxp3, whereas
pTreg cells divide into Foxp3" Treg cells and Foxp3~
IL-10* type 1 regulatory cells.'" These Treg cells perform
their suppressive function through cell contact mecha-
nisms and/or release of IL-10 and transforming growth
factor-f (TGF-f)."*> Recently, some interventions focused
on dendritic cells (DCs), because DCs play roles in deter-
mining T-cell differentiation in the face of allergen expo-
sure.'>'* In particular, DCs may promote Foxp3" Treg
cell differentiation by expressing such immunoregulatory
molecules as programmed cell death ligand 1 (PD-L1),
OX40L, and inducible co-stimulatory ligand (ICOSL) by
DCs."> " As immunomodulatory molecules are major
contributors to the decision of T cells to either activate
or suppress a specific immune response, an attractive
approach to altering DC functions is to genetically
modify them to overexpress such immunomodulatory
molecules.

Recent findings have revealed the important roles of
the Notch signaling pathway in T-cell differentiation.'®"
This signaling is mediated by Notch ligand—receptor
interactions between neighboring cells. In mammals,
Notch receptors contain four members (Notchl-4), and
Notch ligands include members of the Delta-like (DII)
family (DII1, DI3, and DIl4) and Jagged (Jag) family
(Jagl and Jag2).”® Although both Notch receptors and
their ligands are expressed by DCs, there is little informa-
tion about the effects of Jagl signaling on DC maturation
and activation. One study showed that culturing DCs
with Jagl-expressing cells up-regulated expressions of
maturation markers and the production of IL-12 by
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DCs.?' On the other hand, low expressions of Notchl
and Notch2 were detected in naive CD4" T cells, and
expressions of all receptors were induced in T cells after
activation.”? Hence, during DC and T-cell interactions, T-
cell differentiation can be controlled by Notch signaling.
To accomplish that, the Jag group promotes Th2 or Treg
responses, whereas the DIl group directs T-cell polariza-
tion toward Th1."”**** Several reports showed that Jagl
ligands possess immunosuppressive properties. A recent
study demonstrated that adoptive transfer of isolated
OX40L" Jagl® bone marrow-derived DCs (BMDCs) led
to Treg cell expansion and suppression of experimental
autoimmune thyroiditis in recipient mice.”> Another
report revealed that stimulation of CD4" T cells with Jagl
facilitated antigen-specific Treg cell production and func-
tion.”® The Jagl/Notch pathway influences the generation
of CD4" Foxp3™ Treg cells by triggering recruitment of
the Notch-specific transcription factor, CSL/RBP-Jk, to
the Foxp3 promoter and by inducing the Notch target
gene, Heyl.”” Moreover, one study identified that knock-
down of Jagl expression in mesenchymal stromal cells
reduced the CD4" CD25" Foxp3" Treg cell population in
an murine model of asthma.?® Collectively, those results
highlight the potential application of gene therapy to
effectively induce Treg cells by providing strong Jagl
stimulation.

In this study, we aimed to alter the functional behavior
of BMDCs through Notch ligand Jagl gene modification
in vitro and subsequently observe what the effects of such
modulation were on the phenotype and function of DCs.
A Jagl-expressing adenovirus (Ad-Jagl) was constructed
and transduced into BMDCs (Jagl-DCs). The activation
and function of Jagl-DCs were subsequently evaluated.
Furthermore, we evaluated the effects of Jagl-DCs on the
potential to suppress established Th2-mediated allergic
asthma in a mouse model. Herein, we provide a new
treatment method that facilitates the clinical use of genet-
ically modified DCs to ameliorate Th2-mediated allergic
diseases.

Materials and methods

Mice

Female BALB/c (H-29) and C57BL/6 (H-2") mice were
obtained from the National Laboratory Animal Center and
Laboratory Animal Center of National Taiwan University
(Taipei, Taiwan). OT-II mice expressing a transgenic T-cell
receptor that is specific for the peptide sequence 323-339
of ovalbumin (OVA) were kindly provided by Prof. Shih-
Jen Liu (National Health Research Institutes, Miaoli, Tai-
wan). Mice were maintained in the Animal Center of Tai-
pei Medical University (TMU). All animals used for the
experiments were 5-9 weeks of age. Animal care and hand-
ing protocols were approved by the animal use committee
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of the College of Medicine, TMU (approval no.: LAC-
2013-0207).

Preparation of an adenovirus containing the Jagl
construct

The JAGI gene was cloned from the pYX-Asc-Jagl plas-
mid (a kind gift from Dr. Michael J. Bevan, University of
Washington, Seattle, WA), subcloned into Xbal-Notl sites
of the pShuttle2-CMV vector, and then inserted into the
pAdeno-X vector after digestion with PI-Sce I and I-Ceu
I (TaKaRa Bio, Mountain View, CA) to obtain Ad-Jagl.
As a control, Ad-mock was made from the pAdeno-X
vector, which did not carry the JAGI transgene. Both vec-
tors were linearized with Pacl and transfected into the
human transformed embryonic kidney AD293 cell line to
generate the Ad-Jagl virus. The adenovirus was propa-
gated and amplified from infected AD293 cells. High-titer
adenoviral stocks were purified by successive banding by
cesium chloride density-gradient centrifugation. The puri-
fied viruses were further dialyzed and then stored at —80°
until the experiment. Viral titers were measured by an
end-point dilution assay.

Preparation of BMDCs

Mouse BMDCS were prepared from tibial and femoral bone
marrow of 5- to 9-week-old BALB/c mice. Bone marrow
cells were cultured in RPMI-1640 combined with 5% fetal
bovine serum complete medium with granulocyte-macro-
phage colony-stimulating factor (GM-CSF) (500 U/ml;
PeproTech, Rocky Hill, NJ) and IL-4 (500 U/ml; Thermo
Fisher Scientific, Rockford, IL) on day 0. Fresh medium
containing GM-CSF and IL-4 was used to replace the old
medium on day 2. Non-adherent cells were collected, and
the old medium was replaced with medium containing
GM-CSF and IL-4 on day 4. On day 6 of culture, BMDCs
(10° cells/well) were infected with the Ad-Jagl or Ad-mock
using different multiplicities of infection (MOIs) of 10, 50,
100, 200, 500, or 1000 in 5% fetal bovine serum—RPMI-
1640. At 4 hr after transduction, cells were moved to fresh
medium containing GM-CSF and IL-4 for another 16—
18 hr of culture. These immature DCs were then stimu-
lated with 50 pg per well OVA protein (Sigma-Aldrich, St.
Louis, MO) at 37° for 24 hr to induce DC maturation and
activation.

Reverse transcription polymerase chain reaction

To detect Jagl messenger (m)RNA expression, virus-trans-
duced DCs (10° cells) were harvested, and total RNA was
extracted according to the TRIzol method (Sigma-Aldrich).
Complementary (c)DNA was generated from 1 pg of total
RNA using a high-capacity cDNA RT kit (Thermo Fisher
Scientific) in the presence of 1 ul of total ¢cDNA and
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specific primers for murine Jagl (forward, 5'-CGGCTCTA-
GAATGCGGTCCCCACGGACGC-3' and reverse, 5'-CC-
CAGCGGCCGCTATACGATGTATTCCATCCGGTTC-3).
A Taq DNA polymerase 2x Master Mix RED kit (Ampli-
qon, Odense M, Denmark) was used to amplify Jagl genes.
The level of f-actin mRNA was used as a control.

Flow cytometric analysis

We used flow cytometry to detect the transduction effi-
ciency of the adenovirus and Jagl protein expression by
DCs. In addition, surface molecule expressions on OVA-
pulsed and virus-transduced DCs were detected. Cells
were harvested and stained with fluorescein isothio-
cyanate (FITC) -conjugated anti-CD11c or phycoerythrin
(PE)-conjugated anti-I-A/I-E (MHC class II), anti-CD80,
anti-CD86, ICOSL, PD-L1, OX40L (Thermo Fisher Scien-
tific), and anti-Jagl (BioLegend, San Diego, CA) antibod-
ies. For the CD4" CD25" Foxp3®™ Treg cell analysis,
T cells were stained with the following antibodies from
Thermo Fisher Scientific: PE-Cy5-conjugated anti-CD4,
PE-conjugated anti-CD25, and FITC-conjugated anti-
Foxp3 antibodies. Intracellular staining of Foxp3 was
performed according to the manufacturer’s protocol (Bio-
Legend). Staining with isotype control antibodies was per-
formed in all experiments. Following incubation with the
antibodies, cells were washed and analyzed using
FACSCalibur (Becton Dickinson, Mountain View, CA).
Data were processed using the CELLQUEST PRO program
(Becton Dickinson).

Determination of cytokine levels

Supernatants of treated DCs were collected, and cytokine
levels of IL-1p, IL-6, and tumor necrosis factor-o (TNF-a)
(Thermo Fisher Scientific) were determined by enzyme-
linked immunosorbent assay (ELISA). In asthma models,
quantities of eotaxin, keratinocyte-derived chemokine,
TGF-f, 1L-4, IL-5, IL-10, IL-13, and interferon-y (IFN-y)
from bronchoalveolar lavage fluid (BALF) were deter-
mined using ELISA kits (R&D Systems, Minneapolis,
MN).

Induction of Treg cells in vitro

Splenocytes from C57BL/6 or OT-II transgenic mice were
isolated, resuspended as signal cells in MACS bulffer, and
stained with anti-CD4 magnetic beads at 107 cells/20 pl
(Miltenyi Biotec, Auburn, CA), which were incubated at
4° for 15 min. Cells were then washed and resuspended
in MACS buffer to positively select CD4" T cells. To
identify whether the PD-L1/PD-1 pathway is involved in
inducing Treg cells, anti-PD-L1 antibodies (BioLegend)
were used to block the interaction between DCs and
T cells. For the mixed lymphocyte reaction (MLR),
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10° cells/well of purified CD4" T cells from C57BL/6 mice
were cultured with allogeneic DCs that were infected with
Ad-mock (at an MOI of 500) or Ad-Jagl (at an MOI of
500) and incubated with or without 10 pg/ml anti-PD-L1
antibodies, and then 50 pg/ml of the OVA protein was
added at a DC : T-cell ratio of 1 : 2 in the presence of
IL-2 (20 units/ml). For the antigen-specific T-cell
response, treated DCs from BALB/c mice were co-cul-
tured with CD4" T cells from OT-II transgenic mice, and
the DC : T-cell ratio was the same as that used in the
MLR. After 5 days of culture, numbers of CD25" Foxp3*
Treg cells were analyzed by flow cytometry.

Sensitization, airway challenge, and adoptive transfer
experiments

All groups of BALB/c mice (n = 5 per group) at 6 weeks
of age were sensitized by an intraperitoneal injection of
50 ug OVA plus 4 mg alum (Thermo Fisher Scientific)
on day 1. Mice were boosted with 30 pug OVA and the
same dosage of alum on days 14, 28, and 44. On days 51
and 52, mice were intranasally challenged with 100 pg
OVA and then further forced to inhale 5% OVA in 0-9%
NaCl for 30 min daily for three consecutive days (days
53, 54, and 55). The AHR was measured 1 day after the
final challenge, and mice were killed for further assays.
Four groups of mice were respectively injected intra-
venously with 5 x 10° OVA-stimulated mock DCs (at an
MOI of 500), OVA-stimulated Jagl-DCs (at an MOI of
50 or 500), and OVA-stimulated Ad-uninfected DCs
(control DCs) on day 45. OVA-sensitized and OVA-chal-
lenged mice without DC transfer served as an asthmatic
positive control (PC) group.

OVA-specific serum antibody assay

Serum samples were collected from mice on day 56.
OVA-specific IgE serum antibody titers were measured
using an ELISA kit (Becton Dickinson Biosciences, San
Jose, CA). The OVA-specific IgE standard was derived by
pooling sera from OVA-sensitized mice. The concentra-
tion of standard serum was arbitrarily assigned as 1
ELISA unit (EU). Results are expressed as a ratio of the
value to the standard.

Measurement of the AHR

After final exposure to the aerosol, the AHR of the mice
was measured as an increase in the pulmonary resistance
after challenge with aerosolized methacholine (MCh;
Sigma-Aldrich). Tracheotomized mice were anesthetized
with 100 pl pentobarbital (10 mg/ml) and 50 ul zoletil
(5 mg/ml). Ventilation was achieved at a rate of
150 breaths/min (model 683; Harvard Apparatus, South
Natick, MA) and a tidal volume of 0-3 ml with a positive
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end-expiratory pressure of 2-4 cmH,O using a ventilator.
Increasing concentrations (1-32 mg/ml) of the MCh
aerosol were administered by nebulization. After each
MCh challenge, data were continuously collected for
3 min, and maximum values of the lung resistance (Ry)
(LABVIEW, National Instruments, Dallas, TX) were taken
to represent changes in these functional parameters.

Determination of airway inflammation and lung tissue
histology

After assessing the AHR, the lungs were immediately lavaged
three times via the tracheal cannula with 1 ml of Hanks’ bal-
anced salt solution (HBSS). The recovered BALF was col-
lected for the chemokine and cytokine assays. The total cell
number in the BALF was counted using a hemocytometer
and cytospin onto microscope slides. Cells were stained with
Liu’s staining solution (Chi I Pao, Taipei, Taiwan), and dif-
ferent cell types were classified as macrophages, eosinophils,
neutrophils, and lymphocytes, based on standard morpho-
logical criteria. Numbers of the four types of cells were
obtained by counting at least 200 cells in randomly selected
fields of the slide. The lungs were immediately removed and
cut into two parts. One half of a lung was fixed in 10% neu-
tral-buffered formalin after the lavage and embedded in
paraffin wax. Five-micrometer sections were prepared and
stained with hematoxylin and eosin (H&E) and periodic
acid-Schiff (PAS). Stained slices were scanned with a digital
camera and analyzed with mvaces software (National Insti-
tutes of Health, Maryland, USA) to quantify the degree of
inflammation and mucus production. The other halves of
the lung and spleen were prepared for a CD4" CD25" Fox-
p3" Treg cell analysis by flow cytometry.

Detection of Foxp3" Treg cells in the lungs and spleen

Half of a lung from each group of mice was extracted
and enzymatically digested with 4 mg/ml collagenase A
(Sigma-Aldrich) for 90 min at 37°. Then, cell suspensions
and digested tissues were collected and passed through a
0-07-mm nylon cell strainer. After further centrifugation,
cells were washed, and the cell number was determined.
Spleens from each group of mice were collected and
ground into single-cell suspensions. After centrifugation,
ACK lysis buffer was used to remove red blood cells,
which were then washed with HBSS. To determine the
number of CD4" CD25% Foxp3* Treg cells, these cells
were stained with the Ture-Nuclear™ transcription factor
buffer set (BioLegend) and measured by flow cytometry.

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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Dunnett’s post-hoc test. P values of < 0-05 were consid-
ered statistically significant.

Results

Ad-Jagl infection enhanced Jagl gene and protein
expressions by DCs

We prepared a recombinant adenovirus carrying the
mouse JAGI gene (Ad-Jagl), and BMDCs from BALB/c
mice were further infected with Ad-Jagl or Ad-mock viral
particles at various MOIs (of 10, 50, 200, 500, or 1000).
After 24 hr of incubation, infected and uninfected DCs
were pulsed with the OVA protein to induce DC matura-
tion and activation. JAGI mRNA expression was analyzed
with RT-PCR. As shown in Fig. 1(a), JAGI mRNA exhib-
ited low constitutive expression in uninfected DCs and
Ad-mock-infected DCs (mock DCs), whereas levels of
JAGI mRNA were obviously enhanced in Ad-Jagl-
infected DCs (Jagl-DCs). In addition, surface expression
of the JAGI protein on DCs was identified by flow
cytometry. Data showed that Ad-Jagl infection resulted
in an increased percentage of Jagl" DCs in a dose-depen-
dent manner (Fig. 1b). In contrast, low Jagl expression
was detected in immature DCs, Ad-uninfected DCs (con-
trol DCs), and mock DCs.

Ad-Jagl infection promoted expressions of
immunomodulatory molecules by DCs

It is well known that fully matured DCs display long-
lasting peptide-MHC class II complexes, co-stimulatory
molecules (CD40, CD80, and CD86) and intercellular
adhesion molecules (CD54). These mature DCs also
secrete high levels of pro-inflammatory cytokines, such
as TNF-o, IL-1f, and IL-6.> We wanted to ascertain
whether overexpression of Jagl modulated the pheno-
type or cytokine production by OVA-stimulated DCs.
Compared with control DCs and mock DCs, DCs
infected with the adenovirus at various MOIs displayed
no different effects on TNF-a, IL-1f, or IL-6 production
(Fig. 2a). Moreover, we used flow cytometry to investi-
gate the phenotype profiles of Ad-Jagl-infected DCs.
Results revealed that CD80 and CD86 molecules were
up-regulated in DCs after Ad-Jagl infection, whereas
MHC 1I expression did not differ in these Ad-infected
DCs (Fig. 2b). We also analyzed expression levels of
PD-L1, OX40L, and ICOSL by Ad-infected DCs. Nota-
bly, Jagl-DCs expressed markedly increased levels of
PD-L1 and OX40L compared with control DCs and
mock DCs. Collectively, Ad-Jagl infection did not
reduce DC maturation, but it induced high expression
levels of tolerance-associated molecules; hence, we spec-
ulated that Jagl-DCs may have the potential to induce
Treg differentiation.

© 2018 John Wiley & Sons Ltd, Immunology, 156, 199-212

Altering dendritic cell function to treat asthma

Jagl-DCs induced Foxp3" Treg cell differentiation
in vitro

Dendritic cells are the most important professional anti-
gen-presenting cells and play a crucial role in the direc-
tion of T-cell polarization. Therefore, we wused an
allogeneic MLR to clarify whether Jagl-DCs possessed the
ability to induce Treg cell differentiation. Furthermore,
because the PD-L1/PD-1 pathway is involved in the
induction of Treg cells by DCs, anti-PD-L1-blocking anti-
bodies were used to identify this possible mechanism.
Allogeneic CD4" T cells were purified and co-cultured
with different groups of DCs. As shown in Fig. 3(a),
infection of DCs with Ad-Jagl at an MOI of 500 obvi-
ously promoted Foxp3" Treg cell differentiation com-
pared with control DCs and mock DCs. Furthermore,
syngeneic OVA-specific OT-II CD4" T cells were co-cul-
tured with differently treated DCs, and T-cell polarization
was measured. Consistent with the above results, the OT-
II CD4" T-cell population driven by OVA-pulsed Jagl-
DCs induced a higher number of Treg cells than those
driven by control DCs and mock DCs (Fig. 3b). Notably,
anti-PD-L1 antibody treatment caused a partial reduction
in the population of Foxp3" Treg cells in both allogeneic
and syngeneic systems. Taken together, these results
demonstrated that overexpression of Jagl by DCs
enhanced their immunomodulatory ability to drive Fox-
p3" Treg cell differentiation and implied that a direct
interaction of PD-L1 with PD-1 receptors on T cells was
required for Treg cell expansion by Jagl-DCs.

Jagl-DC treatment reduced OVA-specific IgE
production and the severity of AHR in mice with
OVA-induced asthma

Based on the above in vitro results, we proposed that
induction of Treg cells by Jagl-DCs may be beneficial as
a regulator in situations where an immune response
needs to be suppressed. Hence, we further examined ther-
apeutic effects of Jagl-DCs in an OVA-induced asthmatic
animal model. All groups of mice were exposed to OVA
sensitization and challenge. The treatment protocol is
shown in Fig. 4(a). OVA-stimulated control DCs, mock
DCs, Jagl-DCs (at 50 MOI), and Jagl-DCs (at 500 MOI)
were, respectively, transferred into four groups of OVA-
sensitized mice. Positive control mice (the PC group)
received phosphate-buffered saline injection instead of
DCGCs. Serum samples were collected on day 56, and levels
of OVA-specific IgE were assayed by ELISA. In the PC,
control DC, and mock DC groups, high levels of IgE pro-
duction were observed. Conversely, administration of
Jagl-DCs at an MOI of 500 [Jagl-DCs (500)] efficiently
inhibited OVA-specific IgE production (Fig. 4b). Some
reports suggested that IL-4, a Th2-type cytokine, pro-
motes IgE production.* Our data indicated that Jagl-DC
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Figure 1. Levels of Jagl (a) mRNA and (b) protein expressions following transduction of bone marrow-derived dendritic cells (DCs) with the

adenovirus vector, Ad-Jagl. DCs were generated from bone marrow of BALB/c mice and cultured for 6 days. These DCs were infected with
various multiplicities of infection (MOIs; of 10, 50, 200, 500, and 1000) of Ad-Jagl or Ad-mock (500 MOI) for 24 hr, and then stimulated
with ovalbumin (OVA; 50 pg/ml) for another 24 hr. Cells were collected, and Jagl expression was detected by RT-PCR and FACS analyses.
Ratios of Jagl to f-actin were calculated, and results are expressed as the mean £ SEM of three independent experiments. Representative flow
cytometric profiles of expression of Jagl molecules on DCs are shown. *P < 0-05, ***P < 0-001 versus control DCs. **P < 0-001 versus mock

DCs.

treatment reduced Th2 responses in mice with allergic
asthma. Further, we investigated whether administration
of Jagl-DCs could attenuate the development of AHR.
After exposure to increasing concentrations of MCh, the
degree of AHR was markedly increased in all groups of
mice except Jagl-DC-treated mice (Fig. 4c). Results indi-
cated that treatment with Jagl-DCs caused a reduction in
the OVA-induced AHR.

Jagl-DCs suppressed allergen-induced lung
inflammation and the production of Th2 cytokines

To assess the anti-allergic effects of Jagl-DCs on allergic
asthma, the accumulation of inflammatory cells in the
BALF and lungs was observed. As shown in Fig. 5(a),
PC mice exhibited increased numbers of total cells, eosi-
nophils, and neutrophils in BALF. In addition, H&E-
and PAS-stained lung sections from the PC group
showed clear infiltration of inflammatory cells around
the bronchioles and mucus production by goblet cells
(Fig. 5b). Similarly, administration of control DCs, mock
DCs, or Jagl-DCs (50) had no effect of alleviating the
degree of airway inflammation. Unlike in PC mice,
Jagl-DC (500) treatment significantly diminished inflam-
matory cell recruitment and mucus secretion. Further-
more, mediators in the lungs were collected and assayed.
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BALF from PC mice was found to have markedly
increased secretion of Th2 cytokines (IL-4, IL-5, and
IL-13) (Fig. 5¢). Additionally, eotaxin and keratinocyte-
derived chemokine are chemokines for recruiting eosino-
phils and neutrophils, and these mediators had also
increased in PC mice. Similar patterns were shown in
control DC-, mock DC-, and Jagl-DCs (50)-treated
mice. In contrast, Jagl-DCs (500) treatment resulted in
significant down-regulation of the production of these
mediators. Both IL-10 and TGEF-f were proposed to
have important anti-inflammatory effects in the immune
system and can be produced by Treg cells.'’ In addition,
IFN-y is a Thl-type cytokine.”® Results showed that
mice treated with a high dose of Jagl-DCs (500)
expressed a significantly enhanced level of TGF-f in the
lungs compared with those expressed in other groups.
However, Jagl-DC treatment had no effects on IL-10 or
IFN-y production in this organ. As expected, similar
cytokine patterns were shown in culture supernatants of
OVA-restimulated splenocytes in these mice (see Supple-
mentary material, Fig. S1). Together, these results indi-
cated that Jagl-DCs were able to inhibit Th2-mediated
responses and might induce TGF-f-producing Treg cells
but produced no induction of IFN-y-producing Thl or
IL-10-producing Treg cells during the development of
OVA-induced allergic asthma.
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Figure 2. Adenovirus (Ad)-Jagl infection changed the phenotype and cytokine pattern of dendritic cells (DCs). (a) Levels of pro-inflammatory
cytokines [interleukin-1f (IL-1f), IL-6, and tumor necrosis factor-oo (TNF-a)] from Ad-Jagl-infected DCs following ovalbumin (OVA) stimula-
tion. On day 6 of culture, DCs were infected with Ad-Jagl (at MOIs of 50, 200, and 500) or Ad-mock (at an MOI of 500) for 24 hr. After incu-
bation, DCs were treated with OVA (50 pug/ml) for another 24 hr. Supernatants were harvested and analyzed using ELISA kits. (b) Expression
levels of CD80, CD86, MHC class II, PD-L1, OX40L, and ICOSL on Ad-Jagl-infected DCs were detected by flow cytometry. Representative flow
cytometric profiles of expressions of these surface molecules on gated live CD11c" cells are shown. The mean fluorescence intensity (MFI) was
calculated, and results are expressed as the mean + SEM of three independent experiments. *P < 0-05, **P < 0-01, ***P < 0-001 versus control
DGs. P < 0-05, *P < 0-01, **P < 0-001 versus mock DCs.
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Figure 3. Jagl-overexpressing dendritic cells (DCs) enhanced Foxp3" regulatory T-cell expansion in vitro. (a) In the mixed lymphocyte reaction,
Jagl-DCs from BALB/c mice were co-cultured with naive CD4" T cells from C57BL/6 mice. (b) For the ovalbumin (OVA) -specific CD4" T-cell
response, differently treated DCs from BALB/6 mice were co-cultured with syngeneic OT-1I CD4" T cells. Anti-PD-L1 antibodies were used to
block the PD-L1/PD-1 signaling pathway between DCs and T cells. After 5 days of culture, CD4" T cells were collected and further analyzed by
flow cytometry. Representative dot plots show expressions of CD25 and Foxp3 on gated CD4" T cells. The percentage was calculated, and results
are expressed as the mean £ SEM of three independent experiments. *P < 0-05, ***P < 0-001 versus Jagl-DCs.

1-DCs i d th ti fT Is in vi . L
Jagl-DCs increased the generation of Treg cells in vivo mice. As shown in Fig. 6(a,b), there were low percentages

Based on the in vitro findings that Jagl-DCs could pro- of Foxp3" Treg cells in the PC, control DC, and mock
mote Foxp3™ Treg cell development, we further identified DC groups. In contrast, the Jagl-DC (500)-treated groups
the population of Foxp3™ Treg cells in Jagl-DC-treated presented significantly increased frequencies of Foxp3™
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Figure 4. Treatment of Jagl-DCs reduced anti-ovalbumin (OVA) IgE production and the severity of airway hyperresponsiveness in mice with
OVA-induced asthma. (a) Procedures of animal sensitization and challenge are briefly summarized. Mice were randomized into five groups. On
days 1, 14, 28, and 44, all groups of mice were sensitized by an intraperitoneal injection of the OVA allergen (100 pg/mice). On day 45, 5 x 10°
OVA-stimulated control dendritic cells (DCs), mock DCs [at a multiplicity of infection (MOI) of 500], and Jagl-DCs (at MOIs of 50 and 500)
were respectively transferred into four groups of mice. Positive control (PC) mice were injected with phosphate-buffered saline (PBS) instead of
cells. These mice were further challenged with OVA for five consecutive days (days 51-55), and the airway hyperresponsiveness (AHR) was mea-
sured 1 day after the last challenge (on day 56). Serum was collected on day 56. (b) Jagl-DCs inhibited OVA-specific IgE production and (c) the
development of AHR in mice with OVA-induced asthma. Results are expressed as the mean 4+ SEM of five mice in each group. *P < 0-05,

##%p < 0.001 versus the PC group. P < 0-05, *P < 0-01 versus the control DC group. *P < 0-05, *"P < 0-01 versus the mock DC group.

Treg cells in both the lungs and spleen. Moreover, we
used flow cytometry analysis to observe TGF-f expression
by Jagl-DC-induced Treg cells in vivo. The treatment
process in the animal model is shown in the Supplemen-
tary material (Fig. S2a). As shown in the Supplementary
material (Fig. S2b), the high-dose Jagl-DC-treated mice
expressed significantly increased percentages of TGF-f-
producing Foxp3™ Treg cells compared with the control
DC group. This evidence revealed that Jagl-DC (500)
treatment promotes the frequencies of TGF-f-producing
Foxp3" Treg cell differentiation in vivo. Overall, these
data indicated that Jagl-DCs might relieve the allergic
syndrome through induction of TGF-f-producing Foxp3™
Treg cells to suppress effector Th2 responses.

Discussion

Human adenoviruses have been developed as replication-
deficient gene delivery vectors and are used to treat can-
cers and allergic diseases.’ > These vectors allow the
transmission of genes to host nuclei but do not insert
their genes into the host chromosome. Therefore, there is
a low probability of disturbing vital cellular genes or pro-
cesses.”* Today, replication-competent adenoviral vectors
have shown promising results in clinical trials.”>*® On the

© 2018 John Wiley & Sons Ltd, Immunology, 156, 199-212

other hand, as major contributors to the decision between
immunity and tolerance, DCs are the focus of various
749 An  attractive conceptual
approach to enhancing the immunosuppressive capacity
of DCs is their genetic modification so that they express
immunomodulatory molecules, which induce Treg

immune interventions.

cells to inhibit effector T-cell responses. Our previous
study revealed that DCs transduced with the IL-10 and
IL-12 genes by adenoviruses possessed the ability to
promote IL-10" IFN-y" CD4" Treg cell development
and suppress asthmatic airway inflammation.*' Our
current study is the first to demonstrate that overex-
pression of Notch ligand Jagl by DCs enhanced their
immunoregulatory capacity and exerted anti-allergic
effects on Th2-mediated allergic asthma in mice by
inducing Foxp3" Treg cells. This study provides evidence
showing that Jagl-DCs may act as immunomodulators
in allergic asthma.

In this study, we constructed Jagl-DCs, and results
clearly showed that the Jagl protein was overexpressed by
Jagl-DCs, and these OVA-stimulated Jagl-DCs exhibited
up-regulated CD80 and CD86 expressions. However,
using CD80/CD86 double-knockout mice, Gopisetty
et al.®® reported that either CD80 or CD86 on BMDCs
was not required for the expansion of Treg cells. Hence,
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Figure 5. Effect of Jagl-dendritic cells (DCs) on airway inflammation and production of mediators in bronchoalveolar lavage fluid (BALF). (a)
Each group of mice was killed after measuring pulmonary function parameters. Cells from the BALF were stained with Liu’s dye. Numbers of
total cells, eosinophils, neutrophils, macrophages, and lymphocytes were counted. (b) Lung sections were stained with H&E and PAS to measure
inflammatory cells and mucus production around the airway. Inflammatory changes and mucus production are respectively presented as percent-
ages of the inflamed area and the PAS-positive area. (c) BALF was collected and analyzed for interleukin-4 (IL-4), IL-5, IL-10, IL-13, interferon-y
(IEN-7), transforming growth factor-f (TGF-f), eotaxin, and keratinocyte-derived chemokine (KC) contents by ELISA kits. Results are expressed
as the mean 4+ SEM of five mice in each group. *P < 0-05, **P < 0-01, ***P < 0-001 versus the positive control (PC) group. “P < 0-05,
#p < 0-01, **P < 0-001 versus the control DC group. P < 0-05, **P < 0-01, ***P < 0-001 versus the mock DC group.

Lung
PC Control DCs Mock DCs
E 3.0 -
0-6% | 0-7% .
o3 @
S 244 o
k) S ~
£ N Q)
- e
. > O o
'Eél) 100 10° 10° 1 10" 10° 10° 10° 4 =
[a)
© _ Jagl-DCs(50)  _ Jagi-DCs (500) o
(=} [=}
- 0-6%| 1-5%
% %
E E
) )
1 M 10*
Foxp3
(@)
Spleen
. PC . Control DCs . Mock DCs 16
E 2 =
6-8% 8-3% 9-5% H
o1 e CE Q
g _ 124
3 = =S &
- 2 e g . b g
e 8] °T ok oY oz NT 84
e i A 58
[Te) ‘io_ ey oy T Q‘E ™ o T og - s v + P
al 10° 10" 10° 10° 10* 10° 10" 10* 10° 10* 10° 10" 10° 10° 10° <
G S 4
. Jag1-DCs (50) . Jag1-DCs (500)
o o
. 92% | 13-6% 0
21 23
= : k=
= ey T 2 e ey T
10° 10" 10° 10° 10° 10° 10" 10®° 10° 10°
Foxp3

Figure 6. Jagl-dendritic cell (DC) treatment enhanced the generation of Foxp3" regulatory T (Treg) cells. The percentage of Foxp3* Treg cells in
(a) the lungs and (b) spleen. Lung and spleen cells from each group were analyzed by flow cytometry. Representative dot plots show expressions
of CD25 and Foxp3 by gated CD4" T cells. The percentage was calculated, and results are expressed as the mean + SEM of five mice in each
group. *P < 0-05, ***P < 0-001 versus the positive control (PC) group. “P < 0-05, P < 0-001 versus the control DC group. *P < 0-05,
P < 0-001 versus the mock DC group.

according to this evidence, we suspected that CD80 and
CD86 might not affect Jagl-DCs by causing expanded
Treg cells. Pro-inflammatory cytokines have a crucial role
in lymphocyte activation and inducing an inflammatory

© 2018 John Wiley & Sons Ltd, Immunology, 156, 199-212

response.”” Some reports documented that recombinant
adenovirus-infected DCs displayed enhanced levels of
pro-inflammatory cytokine production,*** whereas our

data showed no enhancement of these cytokines. We
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up-regulated Jagl and PD-L1 molecules. These modified DCs promote the CD4" CD25" Foxp3" Treg cell expansion and ameliorate Th2-

mediated allergic airway inflammation in mice.

suggest that Ad-Jagl infection might not enhance DC-
mediated inflammatory responses.

In the results of the MLR and antigen-specific T-cell
response assay, we confirmed that Jagl-DCs significantly
promoted the development of Foxp3" Treg cells. One
study revealed that soluble Jagl released from Sertoli cells
triggered Treg cell differentiation by activating the Foxp3
promoter.”” Other studies reported that transgenic expres-
sion of Jagl by Epstein—Barr virus-positive lymphoblastoid
cell lines induced antigen-specific Treg cells and thereby
reduced the alloreactivity of T cells.”**> Moreover, Lin
et al.*® transduced the Jagl gene into the DC2.4 cell line
by an adenovirus, and they demonstrated that blockade of
the CD40 pathway enhanced the immune tolerance by
Jagl-overexpressing DC2.4 cells during heart transplanta-
tion. Collectively, these results indicate that Jagl signaling
is critical for inducing the generation of Treg cells. In our
study, it was interesting to note that Jagl-DCs expressed
enhanced levels of PD-L1 and OX40L surface molecules.
We further demonstrated the important role of PD-1 sig-
naling in the induction of Treg cell expansion by engaging
the PD-1 receptor on T cells by PD-L1 on Jagl-DCs. Fox-
p3" Treg cells expressed high levels of PD-1, and a role for
the PD-L1/PD-1 pathway in the development of Treg cells
was supported by many studies. One study demonstrated
that DCs expressing a great number of PD-L1 molecules
induced more Foxp3* CD25" CD4" Treg cells upon co-
culture with CD4" T cells.” Conversely, DCs from PD-
L1-deficient mice failed to expand such Treg cells
in vitro."” Importantly, by inhibiting the Notch signaling
pathway in a lipopolysaccharide-tolerant THP1 cell model,
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Pan et al. found that the Notch signaling pathway was
involved in up-regulating PD-L1 expression in mono-
cytes.48 On the other hand, the role of OX40L in the
induction of Treg cells is controversial. Although a study
by Gopisetty et al. demonstrated that OX40L- and
Jaggedl-induced co-signaling by BMDCs was required for
Treg cell expansion,” most reports supported up-regula-
tion of OX40L on DCs being implicated in the induction
of Th2 responses and allergic asthma.*”” In addition,
using a human model of allergic asthma, OX40L blockade
did not alter the circulating Treg frequency.”’ Hence, fur-
ther work is needed to clarify the question of whether the
expression of OX40L by Jagl-DCs plays a role in regulat-
ing Treg cell induction.

In our animal model of OVA-induced asthma, we
demonstrated that Jagl-DC treatment efficiently reduced
Th2 cytokine production in the BALF, the severity of
AHR, and eosinophil infiltration in the airway. In addi-
tion, enhanced numbers of CD4" CD25" Foxp3" Treg
cells associated with increased levels of TGF-f produc-
tion were observed in the lungs and spleen of Jagl-DC-
treated mice. However, levels of IL-10 secretion showed
no differences among these groups of mice. One of the
Treg populations, IL-10-producing Treg cells, also called
type 1 regulatory cells, suppress immune responses by
producing high levels of IL-10."° Hence, according to
this result, we predicted that OVA-stimulated Jagl-DCs
could not promote the induction of IL-10-producing
Treg cells. In addition, although transfer of OVA-pulsed
Jagl-DCs induced a low frequency of Foxp3" Treg cells
in vivo, these Treg cells specific for the OVA allergen

© 2018 John Wiley & Sons Ltd, Immunology, 156, 199-212



might be more effective in suppressing effector Th2
responses in allergic asthma than were polyclonally acti-
vated Treg cells. The Treg cell response was proposed to
protect against asthma by blocking T-cell proliferation,
reducing DC activation, and inhibiting Th2 cell
responses.’’ However, although Jagl-DCs were shown to
influence the Th2 response, and hence pulmonary
inflammation, we are unsure whether suppression of the
Th2 allergic response is a direct consequence of an
enhanced Treg cell response. Further work is needed to
additionally demonstrate that depletion of Treg cells
with anti-CD25 antibodies abrogates the protective effect
of Jagl-DCs to provide important proof that the protec-
tion is mediated by Treg cells.

In conclusion, our data demonstrated that the
increased expression of PD-L1 by Jagl-DCs is required
for the enhanced generation of Foxp3™ Treg cells in vitro.
Furthermore, we proved that treatment of mice with
Jagl-DCs can ameliorate allergic asthma, and the suppres-
sive mechanism may be associated with induction of the
Foxp3* Treg cell population to inhibit the Th2 response
(Fig. 7). These results indicate that Ad-Jagl-infected DCs
may be a novel candidate for use as an immunomodula-
tor to prevent or treat allergic asthma.
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Additional Supporting Information may be found in the
online version of this article:

Figure S1. Effect of Jagl-DCs on cytokine production
of OVA-restimulated splenocytes in allergic asthmatic
mice.

Figure S2. Adoptive transfer of Jagl-DCs increased fre-
quencies of CD4" Foxp3" TGF-B" Treg cells in a mouse
model.
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