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Abstract

Objective and design Asthma is thought to result from

the generation of T helper type 2 (Th2) responses, leading

to bronchial inflammation. Interleukin (IL)-35 is a recently

described member of IL-12 cytokine family that plays a

critical role in influencing Th cell differentiation and

inflammatory processes. The aim of this study was to

examine the effect of adenovirus expressing IL-35 (AdIL-

35) on allergic airway hyperresponsiveness (AHR) and

inflammation in a mouse model of asthma.

Methods BALB/c mice were subjected to an established

model of allergic airway disease. AdIL-35 was adminis-

tered intranasally and the effect of IL-35 on Th2 responses,

pulmonary inflammation, goblet cell metaplasia, and AHR

were assessed.

Results Transfer of AdIL-35 significantly reduced the

severity of AHR and numbers of inflammatory cells and

levels of IL-4, IL-5, IL-13, and IL-17 in bronchoalveolar

lavage fluid, compared with administration of a control

virus. Moreover, AdIL-35 elevated the numbers of

CD4?CD25?Foxp3? regulatory T cells in the lungs.

Histological analysis showed that AdIL-35 inhibited

allergic lung tissue inflammation and mucus

hypersecretion.

Conclusion These results demonstrate that adenovirus-

mediated delivery of interleukin-35 gene can mitigate

allergic airway inflammation in experimental asthma and

suggest that IL-35 may offer a novel therapeutic approach

to treat allergic asthma.

Keywords IL-35 � Allergic asthma � Eosinophils �
Th17 cells � Regulatory T cells � Hyperresponsiveness �
Airway inflammation

Introduction

Allergic disease is a major health problem, and the

prevalence of allergic asthma is increasing worldwide.

Asthma is a chronic airway inflammation that is charac-

terized by intense eosinophil infiltrates, mucus

hypersecretion, airway remodeling, and airway hyperre-

sponsiveness (AHR) [1, 2]. These pathognomonic features

are mediated mainly by antigen-specific CD4? T helper

type 2 (Th2) cells and their cytokines such as interleukin

(IL)-4, IL-5, and IL-13 [1, 3]. These Th2 cytokines induce,

prolong, and amplify the inflammatory response by

enhancing the production of allergy-specific immunoglob-

ulin E (IgE); enhancing recruitment, growth, and

differentiation of eosinophils; and directly causing AHR [4,

5]. Other CD4? Th effectors subsets, such as Th1, Th17,

and CD4?CD25?Foxp3? regulatory T (Treg) cells also

participate in disease pathogenesis [6]. Depending on the

specific disease model and stage of inflammation, Th1 cells

can either exacerbate allergic symptoms and asthma, and

the expression of the Th1 cytokine interferon (IFN)-c
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correlates with antigen-induced airway hyperresponsive-

ness and eosinophilic infiltration [7], or dampen allergic

inflammation [8]. Th17 cells are correlated with neu-

trophilic airway inflammation and resistance to

corticosteroid treatment in moderate-to-severe asthmatics

[9]. Treg cells inhibit the development of allergy via sev-

eral mechanisms, including suppression of other effector

Th1, Th2, and Th17 cells; suppression of eosinophils, mast

cells, and basophils; Ab isotype change from IgE to IgG4;

suppression of inflammatory dendritic cell (DC); and sup-

pression of inflammatory cell migration to tissues [10].

Apart from T lymphocytes, the process of airway inflam-

mation involves various types of cells, such as eosinophils,

neutrophils, mast cells, and DCs [11].

IL-35 is the most recently identified member of the IL-12

cytokine family, a heterodimeric cytokine composed of an

Epstein–Barr virus-induced gene 3 (EBI3) chain and an IL-

12p35 chain [12, 13]. IL-35 is highly expressed in Treg cells,

but not in effector or naive T cells and suppresses inflam-

matory responses of immune cells. It has been reported that

IL-35 induces proliferation of Treg cell [14], but inhibits the

proliferation of CD4?CD25- T cells and reduces the

activity of the Th17 cell populations in vitro [13]. In animal

studies, administration of recombinant IL-35 can inhibit

experimental colitis [15, 16] and clinical manifestation of

collagen-induced arthritis or cease further disease exacer-

bation [13, 17]. It has been identified that IL-35 induces

regulatory B cells that suppress autoimmune and infectious

diseases [18, 19]. Intramuscular injection of IL-35 plasmid

DNAcan attenuate dustmite allergen-specificmurineCD4?

Th2 cell-mediated airway inflammation [20]. Wong et al.

[21] reported recently that plasma IL-35 concentration was

significantly elevated in asthmatic patients, but other studies

showed that IL-35 protein and mRNA levels were decreased

in allergic asthmatics [22, 23]. Dong et al. have demonstrated

that IL-35 can act as a crucial regulatory cytokine to inhibit

the development of allergic airway inflammation via sup-

pressing the formation of inflammatory DC [24]. Moreover,

IL-35 production by inducible costimulator-positive Treg

cells can suppress IL-17 production and reverse IL-17-de-

pendent AHR in mice [25].

In the present study, we evaluated the effect of aden-

ovirus expressing mouse IL-35 (AdIL-35) on allergic

airway inflammation and AHR in a mouse model of

asthma. Our results demonstrate that intranasal (i.n.)

delivery of AdIL-35 may inhibit allergic airway inflam-

mation and decrease the severity of AHR in experimental

asthma by down-regulation of antigen-driven Th2-medi-

ated responses, inducing augmentation of

CD4?CD25?Foxp3? Treg cells and suppression of Th17

cells. It provides direct evidence supporting the role of IL-

35 in the regulation of allergy-induced pulmonary allergic

inflammation.

Materials and methods

Animals

Female BALB/c mice, 8–10 weeks of age and free of

murine-specific pathogens, were obtained from the

Shanghai Experimental Animal Center of Chinese Acad-

emy of Sciences (Shanghai, China). The mice were housed

in a controlled environment with a 12 h light/dark cycle,

had free access to food and water, and were maintained on

ovalbumin (OVA)-free diets. All experimental animals

used in this study were under a protocol approved by the

Institutional Animal Care and Use Committee of the

Ningbo University or Shantou University.

Sensitization and antigen challenge

Mice were sensitized and challenged as described previ-

ously with a slight modification [26]. Briefly, mice were

sensitized on days 1 and 14 by intraperitoneal (i.p.) injec-

tion of 20 lg of OVA (Grade V; Sigma-Aldrich, St. Louis,

MO) emulsified in 2 mg of aluminum hydroxide gel (alum,

Sigma) in a total volume of 200 ll. On days 28, 29, and 30

after the initial sensitization, the mice were challenged for

30 min daily with an aerosol of 1 % (wt/vol) OVA in

sterile phosphate-buffered saline (PBS) (or with PBS as a

control) using an ultrasonic nebulizer (Yuyue, Jiangsu,

China). Twenty-four hours after the last exposure to OVA

or PBS, mice were anesthetized and connected to a com-

puter-controlled small animal ventilator (flexiVent,

SCIREQ, Montreal, Canada), and AHR to intravenous

methacholine (Mch) (Sigma) was measured with the pul-

monary resistance (RL) as described previously [27].

Bronchoalveolar lavage fluid (BALF) and tissues were

prepared for further analyses.

Adenoviral vectors and administration of AdIL-35

IL-35 was constructed by linking EBI3 and IL-12p35 with

a linker peptide (3 9 GGGGS) in a pcDNA3.1 vector

(Invitrogen). Briefly, EBI3 and IL-12p35 cDNA PCR

fragments were amplified from mouse splenocyte cDNA,

using primer sequences as follows—EBI3 sense: 50-CTC
GGA TCC GAC ATG TCC AAG CTG CTC TTC-30, and
EBI3 anti-sense: 50-GCC ACC GCC GCT TCC ACC GCC

ACC GGG CTT ATG GGG TGC-30; IL-12p35 sense: 50-
GGC GGA AGC GGC GGT GGC GGC AGC AGG GTC

ATT CCA GTC-30, and IL-12p35 anti-sense: 50-CCG CTC

GAG GGC GGC GGC CGC ATA GCC CAT CAC CCT

GTT GA-30. A BamH I site (shown in italics) was intro-

duced into the EBI3 sense primer. An Xho I site (shown in

italics) was introduced into the IL-12p35 anti-sense primer.
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The additional ATG for initiation of translation is shown in

bold style. Linkers were introduced into the EBI3 anti-

sense and the IL-12p35 sense primer, respectively. The two

PCR-amplified cDNA fragments of mouse IL-35 were

linked by overlapping PCR using EBI3 sense primer and

IL-12p35 anti-sense primer. The PCR fragment, which

encodes the EBI3, 3 9 GGGGS linker, and IL-12p35

cDNA, was then inserted into the BamH I and Xho I sites

of the pcDNA3.1 vector to generate the pcDNA3.1-mIL-35

vector.

Recombinant adenoviral vector was constructed using

the Ad-Easy system that has been described previously

[28]. Briefly, the IL-35 cDNA was inserted into a recom-

binant adenoviral shuttle vector (pAdTrack-CMV) and

cotransformed into Escherichia coli BJ5183 cells with an

adenoviral backbone plasmid (pAdEasy-1). Ad0 was

identical with AdIL-35 structurally, but contained no

transgene in the expression cassette. The linearized

recombinant plasmid was transfected into the adenovirus

packaging 293 cell line. Viruses were purified from

infected cells 48 h after infection by three freeze–thaw

cycles followed by successive banding on cesium chloride

density gradient centrifugation. The purified virus was

dialyzed and stored at -80 �C until needed. Viral titers

were measured by standard end-point dilution assay using

the 293 cells. Furthermore, IL-35 expression was con-

firmed by measuring the culture supernatants of the

infected 293 cells (data not shown).

Mice were anesthetized and held supine at an angle of

45� with pressure applied to the lower mandible to

immobilize the tongue and prevent swallowing. Twenty-

four hours before the first challenge with OVA (day 27),

AdIL-35 (1 9 109 pfu) was introduced to the nasal planum

using a micropipette. Control mice received the same dose

of control virus (Ad0). The dose of adenovirus

(1 9 109 pfu) was chosen as previously described [28].

The dose (1 9 109 pfu/mice) can avoid serious inflam-

mation by vectors and induce adequate target transgene

expression [28].

Bronchoalveolar lavage

Mice were anesthetized with a sodium pentobarbital, and

the lungs were lavaged three times with 1.5 ml saline.

Total cells and cell differentials were counted using a

hemocytometer and Diff-Quik stain (Fisher Scientific,

Pittsburgh, PA), respectively. The supernatant was stored

at -80 �C for cytokine analysis.

Histopathology

Mouse lungs were fixed in Carnoy’s solution and embed-

ded in paraffin using standard methods. Four-micrometer-

thick sections were stained with hematoxylin and eosin

(H&E) or periodic acid–Schiff/alcan blue (PAS/AB).

Enzyme-linked immunosorbent assay (ELISA)

Levels of IL-4, IL-5, IL-13, IFN-c, and IL-17 in BALF

supernatants were measured using ELISA kits (Biosource,

Camarillo, CA) according to the manufacturer’s instruc-

tions. Quantifications of IL-35 in BALF supernatants were

evaluated using commercially available ELISA (R&D

Systems, Minneapolis, MN).

Collection of lung cells and flow cytometry

Collection of lung cells was performed as described pre-

viously [29]. Briefly, lungs were removed, cut, and minced.

Complete RPMI-1640 medium was added to the minced

lungs and incubated for 60 min. The samples were filtered

through 52-lm nylon mesh. The single-cell suspensions

were washed with complete RPMI 1640 medium, and

erythrocytes were lysed with NH4Cl–Tris buffer. Single-

cell suspensions from lungs were resuspended at

1 9 106 cells/ml and stained with FITC-labeled anti-CD4

and PE-labeled anti-CD25 mAbs (BioLegend, San Diego,

CA). For Foxp3 expression, cells were stained for surface

markers and then fixed, permeabilized, and stained with

APC-labeled anti-Foxp3 (eBioscience, San Diego, CA) as

recommended by the manufacturer. Flow cytometry was

performed with an FACSCalibur (Becton-Dickinson,

Mountain View, CA, USA) using CELLQuest software.

Absolute numbers of cells were calculated by multiplying

the percentage of positive staining cells in the total

acquired events by the total number of cells isolated from

the tissue analyzed.

Statistical analysis

Data are presented as mean ± standard error of the mean

(SEM). Significant differences among groups were identi-

fied by ANOVA. Individual comparisons between groups

were confirmed by the Student’s t test. Statistical analysis

was performed using GraphPad Prism 5.0 (GraphPad

Software, San Diego, CA). A P value of less than 0.05 was

considered to be statistically significant.

Results

IL-35 expression in BALF after i.n. delivery

of AdIL-35

To elucidate the effect of IL-35 administration on airway

inflammation in OVA-sensitized mice, we applied AdIL-35
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for gene transfer to induce a high level of IL-35 transgenic

expression in the mouse lung. We examined the kinetics of

the IL-35 expression after a single dose i.n. delivery of

AdIL-35. BALF samples were collected at the indicated

times after the i.n. instillation of AdIL-35 or control virus

(Ad0). We found that the level of IL-35 started to increase

at day 1, peaked at day 2 after the i.n. delivery of AdIL-35,

and gradually decreased thereafter. However, it still

remained high even 10 days after administration of AdIL-

35 (Fig. 1). In contrast, there was no detectable IL-35

protein in the Ad0-treated mice. Of note, at the dose of

1 9 109 pfu, there was no evidence of vascular congestion

and hypersecretion of mucus in bronchioles as shown by

lung H&E staining (data not shown).

Effect of AdIL-35 on allergic airway inflammation

Total cell numbers in BALF were increased 24 h after the

final antigen challenge in OVA-sensitized mice than in

OVA-sensitized PBS-challenged mice. The increase of

total cell numbers was associated with macrophage, eosi-

nophils, lymphocytes, and neutrophils (Fig. 2a). As

compared with Ad0, administration of OVA-sensitized and

challenged mice with i.n. delivery of AdIL-35 reduced

significantly the increase in total cell numbers in BALF

(P\ 0.01). Specific decreases were observed in the num-

ber of eosinophils, lymphocytes, and neutrophils in BALF,

compared with mice treated with Ad0 (P\ 0.05). These

data demonstrate that IL-35 can modulate the inflammatory

response by reducing the number of inflammatory cells in

the airways of allergic mice.

Next, we assessed the impact of i.n. delivery of AdIL-35

on allergic AHR in a murine experimental model of

asthma. Antigen challenge of OVA-sensitized mice led to

heightened AHR, as determined by increased airway

resistance in response to doses of intravenous methacholine

(Fig. 2b). Similarly, the airway resistance was increased in

OVA-sensitized and OVA-challenged mice pretreated with

Ad0. However, BALB/c mice that were sensitized and

challenged with PBS revealed no increase in airway

responsiveness. In contrast, pretreatment with AdIL-35

decreased significantly AHR as compared to Ad0- and

OVA-treated groups (Fig. 2b).

Histological analysis revealed typical pathologic fea-

tures of asthma-like inflammation in the OVA-sensitized

and challenged mice stained with hematoxylin and eosin

(H&E). OVA-exposed mice increased the numbers of

inflammatory cells and interstitial proliferation in the lung

tissue compared with the PBS control. AdIL-35 reduced

the numbers of inflammatory cells in the peribronchial and

alveolar regions (Fig. 2c). Furthermore, OVA-exposed

mice showed goblet cell hyperplasia and mucus overpro-

duction in the airways, which was significantly reduced by

AdIL-35, as shown with periodic acid–Schiff/alcan blue

(PAS/AB) staining (Fig. 2c). In contrast, Ad0 had no effect

on the appearance of inflammatory cells in lung tissue or

mucus hypersecretion. Taken together, these data suggest

that IL-35 can inhibit inflammatory cell infiltration and

goblet cell hyperplasia.

Effect of AdIL-35 on Th1/Th2 and Th17 cytokines

production in BALF

To determine the effect of AdIL-35 on airway inflamma-

tion, IFN-c, IL-4, IL-5, IL-13, and IL-17 concentrations in

BALF were measured by ELISA 24 h after the last OVA

challenge. AdIL-35 markedly decreased IL-4, IL-5, IL-13,

and IL-17 production following OVA challenge (P\ 0.05)

(Fig. 3). The production of IFN-c in BALF was not sig-

nificantly changed by AdIL-35 (data not shown).

Administration of OVA-exposed mice with Ad0 had no

apparent effect on the concentrations of IL-4, IL-5, IL-13,

IL-17, and IFN-c.

Effect of AdIL-35 on the number of regulatory T

cells in mice lung

To investigate whether AdIL-35 induce Treg cells, we

analyzed the expression of CD4, CD25, and Foxp3 on lung

cells of AdIL-35-treated mice. Flow cytometric analysis

revealed that the proportion of CD4?25?Foxp3? Treg

cells in CD4? gated lung cells populations was signifi-

cantly elevated in AdIL-35-treated mice compared with the

Ad0-treated groups (Fig. 4). Such increases in the per-

centage of CD4?CD25?Foxp3? Treg cells were not
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Fig. 1 IL-35 protein expression in BALF after i.n. administration of

AdIL-35. Groups of mice received a single i.n. delivery of 25 lL of

either AdIL-35 or Ad0 (1 9 109 pfu) on day 0. At different time

points, BALF was collected from the mice and individually analyzed

for the presence of IL-35 protein by a standard ELISA. The graph

represents mean ± SEM (n = 5 per group) from at least three

different samples
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observed in Ad0-treated or OVA-sensitized and challenged

groups compared with the PBS control groups (Fig. 4).

Discussion

In this study, we investigated whether adenovirus-mediated

delivery of IL-35 gene can affect AHR and allergic airway

inflammation in a mouse model of asthma. We demon-

strated that transfer of IL-35 gene significantly reduced the

severity of AHR, numbers of inflammatory cells, and levels

of IL-4, IL-5, IL-13, and IL-17 in BALF. Moreover,

administration of AdIL-35 elevated the numbers of

CD4?CD25?Foxp3? Treg cells in the lungs. Histological

analysis showed that IL-35 inhibited allergic lung tissue

inflammation and mucus hypersecretion.

The recruitment of differential leukocytes to the airways

and lungs may worsen the inflammation status; however,

decrease of cells infiltration into BALF may alleviate

allergic asthmatic inflammation [30]. In this study, total

infiltrating leukocytes, eosinophils, lymphocytes, and

neutrophils in BALF were reduced by adenovirus-mediated

IL-35 gene delivery. Our results suggest that IL-35 inhibits

infiltrating leukocytes into the local tissues of sensitized

and challenged mice. On the other hand, increased mucus

production by goblet cells in the airway epithelium is

associated with airway inflammation and asthma. The data

presented here demonstrated that administration with
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Fig. 2 AdIL-35 reduces allergic airway inflammation in a mouse

model of asthma. a AdIL-35 reduces inflammatory cell infiltration in

BALF of OVA-sensitized/challenged mice. The number of total and

differential cells of BALF from PBS-sensitized and -challenged mice

(PBS), OVA-sensitized/challenged mice (OVA), OVA-sensitized/

challenged mice with the administration of Ad0 and with the

administration of AdIL-35 were determined 24 h after the last

challenge. Data are representative of three separate experiments with

similar results and expressed as the mean ± SEM (n = 6–10 per

group). *Significant differences (P\ 0.05) between sensitized/chal-

lenged control groups and sensitized/challenged AdIL-35 groups.

b Effect of AdIL-35 on airway responsiveness to intravenous

methacholine. RL was measured by means of forced oscillation.

Data are representative of three separate experiments with similar

results and expressed as the mean ± SEM (n = 6–10 per group).
#Significant differences (P\ 0.05) between AdIL-35 groups and Ad0

groups. c AdIL-35 reduces lung tissue eosinophilia and mucus

secretion in OVA-sensitized/challenged mice. Lung tissue was fixed,

sectioned at 4 lm thickness and detected with H&E staining for tissue

eosinophilia or PAS/AB staining for goblet cells and mucus

production by light microscopy (original magnification: 9400). Lung

tissues from PBS challenge, OVA challenge, Ad0 control and AdIL-

35. Mice were processed 24 h after the last OVA challenge. A total of

6–10 mice in each group were analyzed and representative findings

are shown
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AdIL-35 reduced goblet cell hyperplasia in the airways

after antigen challenge. Previous studies have implicated

IL-4 and IL-13 in increasing airway mucus secretion by

goblet cells [31, 32]. Also, IL-5 contributes to the increased

mucus production in the airways of allergic mice [33].

Thus, the decrease in the goblet cells observed in mice

treated with IL-35 may be due to the inhibition of Th2

cytokines.

Th2 cytokines include IL-4, IL-5, and IL-13, whereas

Th1 cytokines include IFN-c. IL-4, IL-5, and IL-13

produced by Th2 cells have been postulated to have

central roles in the initiation and maintenance of allergic

inflammation [34]. The development of airway inflam-

mation and allergen-induced AHR is also associated with

increased levels of IL-4, IL-5, and IL-13 in BALF,

consistent with the development of a Th2-mediated

allergic response [35–37]. Our present data showed that

AdIL-35 significantly reduced the levels of IL-4, IL-5,

and IL-13 in BALF from sensitized and challenged mice,

thus indicating its effect in attenuating the inflammatory

response.

Th17 cells secrete primarily IL-17A, IL-17F, and IL-22

[38]. In a mouse model of asthma, IL-17A and IL-17F have

been shown to induce neutrophilic airway inflammation

[39, 40]. In addition, elevated IL-17A has also been cor-

related to increased AHR in response to methacholine in

asthmatics [41]. Furthermore, it has been demonstrated that

Th17 cells significantly enhance Th2 cell-mediated eosi-

nophilic airway inflammation in mice [42]. Importantly,

studies using murine asthma models have shown that IL-17

receptor-deficient (IL-17R-/-) mice exhibit reduced

recruitment not only of neutrophils, but also of eosinophils

into the airways [43], resulting from the impaired priming

of Th2 responses in IL-17R-/- mice [43]. It has also been

demonstrated that IL-17A-/- mice exhibit reduced Th2

responses to antigen sensitization [44]. On the other hand,

it has been demonstrated that the neutralization of IL-17A

at the effector phase of airway inflammation enhances

eosinophilic inflammation [40, 43]. Our data showed that

transfer of IL-35 gene significantly reduced the levels of

IL-17 in BALF of sensitized and challenged mice. This is

consistent with the previous findings that IL-35 reversed

established IL-17-dependent allergic airways disease in

mice [25].

Fig. 3 Effect of AdIL-35 on

cytokine production in BALF.

IL-4, IL-5, IL-13, and IL-17

concentrations in BALF from

PBS-sensitized/challenged mice

(PBS), OVA-sensitized/

challenged mice (OVA), OVA-

sensitized/challenged mice with

the administration of Ad0 and

with the administration of

AdIL-35 were assessed 24 h

after the last challenge.

Mean ± SEM of 6 mice per

group representing data from

three experiments are shown.

*Significant differences

(P\ 0.05) between sensitized/

challenged control groups and

sensitized/challenged AdIL-35

groups
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Fig. 4 AdIL-35 increases lung Treg cells in BALB/c mice. Lung

cells from PBS-sensitized/challenged mice (PBS), OVA-sensitized/

challenged mice (OVA), with the administration of Ad0 and with the

administration of AdIL-35 mice, were stained with specific antibodies

to CD4, CD25, and Foxp3 for quantification of CD4?CD25?Foxp3?

Treg cells, and then analyzed using flow cytometry. #A significant

increase (P\ 0.05) in CD4?CD25?Foxp3? Treg cell numbers was

observed following administration with AdIL-35 compared with the

PBS, OVA, or Ad0 groups
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Treg cells are key immune suppressive cells which

mediate immune tolerance in autoimmune, inflammatory

diseases and cancer. The frequencies of CD4?CD25?Fox-

p3? Tregs in allergic asthma patients were lower than in

healthy controls [23]. In experimental models,

CD4?CD25?Foxp3? Treg cells can reduce established

lung eosinophilia, Th2 infiltration, and expression of IL-5

and IL-13, but have no effect on established airway hyper-

reactivity [45]. Furthermore, it has been shown that IL-35

promoted the proliferation of CD4?CD25? T cells and

inhibited the proliferation of CD4?CD25- T cells in vitro

[13, 23]. A recent study demonstrated that treatment of

allergic mice with house dust mite peptides increased the

proportion of Foxp3?Treg cells among those expressing IL-

10, but it was not associated with increased IL-35 [46]. In the

current study, we demonstrated that AdIL-35 significantly

increased the proportion of CD4?CD25?Foxp3? Treg

cells in the lung of OVA-sensitized and challenged mice.

These results indicate that our model was not only eosino-

philic, but also neutrophilic.

In conclusion, transfer of lL-35 gene can mitigate

allergic airway inflammation through significantly reduced

severity of AHR and numbers of inflammatory cells and

levels of IL-4, IL-5, IL-13, and IL-17 in BALF. Moreover,

IL-35 elevated the numbers of CD4?CD25?Foxp3?

Tregs cells in the lungs. The effects of IL-35 presented in

this study may be applicable to understanding the pul-

monary immune response to allergens and for the

development of new potential therapeutics.

Acknowledgments This work was supported by grants from the

National Natural Science Foundation of China (30671932), the Zhe-

jiang Provincial Natural Science Foundation of China

(LY13H090014), the Scientific Research Fund of Zhejiang Provincial

Education Department (Y201327689), and the Natural Science

Foundation of Ningbo (2014A610241, 2015A610233), Science and

Technology ‘‘Fumin and Huimin’’ Project of Ningbo (2015C50018),

and sponsored by K. C. Wong Magna Fund in Ningbo University. The

funders had no role in study design, data collection and analysis,

decision to publish, or preparation of the manuscript.

References

1. Wills-Karp M. Immunologic basis of antigen-induced airway

hyperresponsiveness. Ann Rev Immunol. 1999;17:255–81.

2. Hamid Q, Tulic M. Immunobiology of asthma. Ann Rev Physiol.

2009;71:489–507.

3. Larche M, Robinson DS, Kay AB. The role of T lymphocytes in

the pathogenesis of asthma. J Allergy Clin Immunol 2003;

111:450–63; quiz 64.

4. Eum SY, Haile S, Lefort J, Huerre M, Vargaftig BB. Eosinophil

recruitment into the respiratory epithelium following antigenic

challenge in hyper-IgE mice is accompanied by interleukin

5-dependent bronchial hyperresponsiveness. Proc Natl Acad Sci

USA. 1995;92:12290–4.

5. Factor P. Gene therapy for asthma. Mol Ther. 2003;7:148–52.

6. Ozdemir C, Akdis M, Akdis CA. T-cell response to allergens.

Chem Immunol Allergy. 2010;95:22–44.

7. Hansen G, Berry G, DeKruyff RH, Umetsu DT. Allergen-specific

Th1 cells fail to counterbalance Th2 cell-induced airway hyper-

reactivity but cause severe airway inflammation. J Clin Invest.

1999;103:175–83.

8. Finotto S, Neurath MF, Glickman JN, Qin S, Lehr HA, Green FH,

et al. Development of spontaneous airway changes consistent

with human asthma in mice lacking T-bet. Science.

2002;295:336–8.

9. Chesne J, Braza F, Mahay G, Brouard S, Aronica M, Magnan A.

IL-17 in severe asthma. Where do we stand? Am J Respir Crit

Care Med. 2014;190:1094–101.

10. Palomares O, Yaman G, Azkur AK, Akkoc T, Akdis M, Akdis

CA. Role of Treg in immune regulation of allergic diseases. Eur J

Immunol. 2010;40:1232–40.

11. Lambrecht BN, Hammad H. The immunology of asthma. Nat

Immunol. 2015;16:45–56.

12. Devergne O, Birkenbach M, Kieff E. Epstein-Barr virus-induced

gene 3 and the p35 subunit of interleukin 12 form a novel het-

erodimeric hematopoietin. Proc Natl Acad Sci USA.

1997;94:12041–6.

13. Niedbala W, Wei XQ, Cai B, Hueber AJ, Leung BP, McInnes IB,

et al. IL-35 is a novel cytokine with therapeutic effects against

collagen-induced arthritis through the expansion of regulatory T

cells and suppression of Th17 cells. Eur J Immunol.

2007;37:3021–9.

14. Collison LW, Chaturvedi V, Henderson AL, Giacomin PR, Guy

C, Bankoti J, et al. IL-35-mediated induction of a potent regu-

latory T cell population. Nat Immunol. 2010;11:1093–101.

15. Collison LW, Workman CJ, Kuo TT, Boyd K, Wang Y, Vignali

KM, et al. The inhibitory cytokine IL-35 contributes to regulatory

T-cell function. Nature. 2007;450:566–9.

16. Wirtz S, Billmeier U, McHedlidze T, Blumberg RS, Neurath MF.

Interleukin-35 mediates mucosal immune responses that protect

against T-cell-dependent colitis. Gastroenterology.

2011;141:1875–86.

17. Kochetkova I, Golden S, Holderness K, Callis G, Pascual DW.

IL-35 stimulation of CD39 ? regulatory T cells confers protec-

tion against collagen II-induced arthritis via the production of IL-

10. J Immunol. 2010;184:7144–53.

18. Wang RX, Yu CR, Dambuza IM, Mahdi RM, Dolinska MB,

Sergeev YV, et al. Interleukin-35 induces regulatory B cells that

suppress autoimmune disease. Nat Med. 2014;20:633–41.

19. Shen P, Roch T, Lampropoulou V, O’Connor RA, Stervbo U,

Hilgenberg E, et al. IL-35-producing B cells are critical regula-

tors of immunity during autoimmune and infectious diseases.

Nature. 2014;507:366–70.

20. Huang CH, Loo EX, Kuo IC, Soh GH, Goh DL, Lee BW, et al.

Airway inflammation and IgE production induced by dust mite

allergen-specific memory/effector Th2 cell line can be effectively

attenuated by IL-35. J Immunol. 2011;187:462–71.

21. Wong CK, Leung TF, Chu IM, Dong J, Lam YY, Lam CW.

Aberrant expression of regulatory cytokine IL-35 and pattern

recognition receptor NOD2 in patients with allergic asthma.

Inflammation. 2015;38:348–60.

22. Ma Y, Liu X, Wei Z, Wang X, Xu D, Dai S, et al. The expression

of a novel anti-inflammatory cytokine IL-35 and its possible

significance in childhood asthma. Immunol Lett. 2014;162:11–7.

23. Wang W, Li P, Chen YF, Yang J. A potential immunopathogenic

role for reduced IL-35 expression in allergic asthma. J Asthma

2015:1–9.

24. Dong J, Wong CK, Cai Z, Jiao D, Chu M, Lam CW. Amelioration

of allergic airway inflammation in mice by regulatory IL-35

through dampening inflammatory dendritic cells. Allergy 2015.

Adenovirus-mediated interleukin-35 gene transfer suppresses allergic airway inflammation in a…

123



25. Whitehead GS, Wilson RH, Nakano K, Burch LH, Nakano H,

Cook DN. IL-35 production by inducible costimulator (ICOS)-

positive regulatory T cells reverses established IL-17-dependent

allergic airways disease. J Allergy Clin Immunol.

2012;129(207–15):e1–5.

26. Liu X, Li M, Wu Y, Zhou Y, Zeng L, Huang T. Anti-IL-33

antibody treatment inhibits airway inflammation in a murine

model of allergic asthma. Biochem Biophys Res Commun.

2009;386:181–5.

27. Shore SA, Terry RD, Flynt L, Xu A, Hug C. Adiponectin

attenuates allergen-induced airway inflammation and hyperre-

sponsiveness in mice. J Allergy Clin Immunol. 2006;118:389–95.

28. Wang CC, Fu CL, Yang YH, Lo YC, Wang LC, Chuang YH,

et al. Adenovirus expressing interleukin-1 receptor antagonist

alleviates allergic airway inflammation in a murine model of

asthma. Gene Ther. 2006;13:1414–21.

29. Matsumoto K, Inoue H, Fukuyama S, Kan OK, Eguchi-Tsuda M,

Matsumoto T, et al. Frequency of Foxp3?CD4CD25? T cells is

associated with the phenotypes of allergic asthma. Respirology.

2009;14:187–94.

30. Ye YL, Lee YL, Chuang ZJ, Lai HJ, Chen CC, Tao MH, et al.

Dendritic cells modulated by cytokine-expressing adenoviruses

alleviate eosinophilia and airway hyperresponsiveness in an

animal model of asthma. J Allergy Clin Immunol.

2004;114:88–96.

31. Cohn L, Homer RJ, MacLeod H, Mohrs M, Brombacher F,

Bottomly K. Th2-induced airway mucus production is dependent

on IL-4Ralpha, but not on eosinophils. J Immunol.

1999;162:6178–83.

32. Zhu Z, Homer RJ, Wang Z, Chen Q, Geba GP, Wang J, et al.

Pulmonary expression of interleukin-13 causes inflammation,

mucus hypersecretion, subepithelial fibrosis, physiologic abnor-

malities, and eotaxin production. J Clin Invest. 1999;103:779–88.

33. Shimizu T, Shimizu S, Hattori R, Majima Y. A mechanism of

antigen-induced goblet cell degranulation in the nasal epithelium

of sensitized rats. J Allergy Clin Immunol. 2003;112:119–25.

34. Finkelman FD, Hogan SP, Hershey GK, Rothenberg ME, Wills-

Karp M. Importance of cytokines in murine allergic airway dis-

ease and human asthma. J Immunol. 2010;184:1663–74.

35. Cohn L, Tepper JS, Bottomly K. IL-4-independent induction of

airway hyperresponsiveness by Th2, but not Th1, cells. J Im-

munol. 1998;161:3813–6.

36. Ying S, Durham SR, Corrigan CJ, Hamid Q, Kay AB. Phenotype

of cells expressing mRNA for TH2-type (interleukin 4 and

interleukin 5) and TH1-type (interleukin 2 and interferon gamma)

cytokines in bronchoalveolar lavage and bronchial biopsies from

atopic asthmatic and normal control subjects. Am J Respir Cell

Mol Biol. 1995;12:477–87.

37. Busse WW, Coffman RL, Gelfand EW, Kay AB, Rosenwasser

LJ. Mechanisms of persistent airway inflammation in asthma. A

role for T cells and T-cell products. Am J Respir Crit Care Med.

1995;152:388–93.

38. Weaver CT, Hatton RD, Mangan PR, Harrington LE. IL-17

family cytokines and the expanding diversity of effector T cell

lineages. Annu Rev Immunol. 2007;25:821–52.

39. Oda N, Canelos PB, Essayan DM, Plunkett BA, Myers AC,

Huang SK. Interleukin-17F induces pulmonary neutrophilia and

amplifies antigen-induced allergic response. Am J Respir Crit

Care Med. 2005;171:12–8.

40. Hellings PW, Kasran A, Liu Z, Vandekerckhove P, Wuyts A,

Overbergh L, et al. Interleukin-17 orchestrates the granulocyte

influx into airways after allergen inhalation in a mouse model of

allergic asthma. Am J Respir Cell Mol Biol. 2003;28:42–50.

41. Barczyk A, Pierzchala W, Sozanska E. Interleukin-17 in sputum

correlates with airway hyperresponsiveness to methacholine.

Respir Med. 2003;97:726–33.

42. Wakashin H, Hirose K, Maezawa Y, Kagami S, Suto A,

Watanabe N, et al. IL-23 and Th17 cells enhance Th2-cell-me-

diated eosinophilic airway inflammation in mice. Am J Respir

Crit Care Med. 2008;178:1023–32.

43. Schnyder-Candrian S, Togbe D, Couillin I, Mercier I, Brom-

bacher F, Quesniaux V, et al. Interleukin-17 is a negative

regulator of established allergic asthma. J Exp Med.

2006;203:2715–25.

44. Nakae S, Komiyama Y, Nambu A, Sudo K, Iwase M, Homma I,

et al. Antigen-specific T cell sensitization is impaired in IL-17-

deficient mice, causing suppression of allergic cellular and

humoral responses. Immunity. 2002;17:375–87.

45. Kearley J, Robinson DS, Lloyd CM. CD4?CD25? regulatory T

cells reverse established allergic airway inflammation and pre-

vent airway remodeling. J Allergy Clin Immunol.

2008;122(617–24):e6.

46. Moldaver DM, Bharhani MS, Wattie JN, Ellis R, Neighbour H,

Lloyd CM, et al. Amelioration of ovalbumin-induced allergic

airway disease following Der p 1 peptide immunotherapy is not

associated with induction of IL-35. Mucosal Immunol.

2014;7:379–90.

Y. Li et al.

123


	Adenovirus-mediated interleukin-35 gene transfer suppresses allergic airway inflammation in a murine model of asthma
	Abstract
	Objective and design
	Methods
	Results
	Conclusion

	Introduction
	Materials and methods
	Animals
	Sensitization and antigen challenge
	Adenoviral vectors and administration of AdIL-35
	Bronchoalveolar lavage
	Histopathology
	Enzyme-linked immunosorbent assay (ELISA)
	Collection of lung cells and flow cytometry
	Statistical analysis

	Results
	IL-35 expression in BALF after i.n. delivery of AdIL-35
	Effect of AdIL-35 on allergic airway inflammation
	Effect of AdIL-35 on Th1/Th2 and Th17 cytokines production in BALF
	Effect of AdIL-35 on the number of regulatory T cells in mice lung

	Discussion
	Acknowledgments
	References




