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dNP2-ctCTLA-4 inhibits German cockroach
extract-induced allergic airway inflammation and
hyper-responsiveness via inhibition of Th2 responses

Sangho Lim1,2, Jung Ho Sohn1,2, Ja-Hyun Koo1,2, Jung-Won Park3 and Je-Min Choi1,2

German cockroaches are major household allergens that can trigger allergic airway inflammatory diseases with sensitive T-cell

responses. Although the use of immune modulatory biologics, such as antibodies, to mediate allergic responses has recently

been examined, only systemic administration is available because of the size limitations on intranasal administration. Here we

utilized a cell-permeable peptide, dNP2, to deliver the cytoplasmic domain of cytotoxic T-lymphocyte antigen-4 (ctCTLA-4)

through the airway epithelium to modulate Th2 responses in a German cockroach extract (GCE)-induced allergic airway

inflammation model. The intranasal delivery efficiency of the dNP2-dTomato protein to the lungs was higher in GCE-induced

asthmatic lung parenchymal cells compared to the sham cells. Intranasal administration of the dNP2-ctCTLA-4 protein inhibited

airway hyper-responsiveness and reduced airway inflammation and remodeling, including goblet cell metaplasia and collagen

deposition around the bronchi. The number of infiltrated cells, including eosinophils, and the levels of IL-4, IL-5, IL-13 and

IFN-γ in the lungs were significantly reduced, presumably owing to inhibition of Th2 differentiation. However, intranasal

administration of CTLA4-Ig did not inhibit airway inflammation. These results collectively suggest that dNP2-ctCTLA-4 is an

efficient intranasally applicable candidate biologic for treating allergic asthma.
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INTRODUCTION

Allergic asthma is a severe chronic pulmonary disease that
causes major health problems, including critically obstructed
inhalation and exhalation, excess mucus, coughing, wheezing,
chest tightness and pain.1 Several causative allergens have
been described, including house dust mites,2 pollen3 and
cockroaches.4

German cockroaches are one of the most common allergens
in urban environments, and its extracts (GCE) are widely
used for allergic airway inflammation models.5 GCE contains
serine protease and Bla g peptide, which can activate T cells
directly or through antigen-presenting cells.6 GCE can prime
Th2 through CD103+ dendritic cells7 by promoting expression
of T-cell immunoglobulin mucin domain 4 (TIM4).8

GCE-mediated Th2 responses induce asthmatic pathology
through secretion of cytokines, such as IL-4, IL-5 and IL-13,
which induce airway inflammation, hyper-responsiveness and
remodeling.9,10 These characteristics mimic human asthmatic
features as a model system.

Despite the importance of Th2 cells and B-cell-mediated
immunoglobulin E (IgE) production in asthma, T-cell-specific
immune modulatory drugs are not still available for topical
asthma therapy. Systemic injection of monoclonal antibodies,
such as anti-IgE (omalizumab), anti-IL-5 (mepolizumab),
anti-IL-13 (anrukinzumab) and anti-TGF-β (daclizumab),
have been studied for asthma treatment.11 However, systemic
injection of these monoclonal antibodies has drawbacks,
including high cost and adverse effects, such as injection
site reactions and potentially increased vulnerability to
infections.11,12 In addition, antibodies can only be applied
systemically because of tight junctions in the respiratory
endothelium and the biomolecule size limitations.13

Cytotoxic T-lymphocyte antigen-4 (CTLA-4) is an
important immune checkpoint protein that inhibits T-cell
activation.14,15 CTLA-4 binds to co-stimulatory molecules
on the surface of antigen-presenting cells, such as CD80 and
CD86, with much higher efficiency than the co-stimulatory
receptor, CD28, on T cells.16 This interaction induces negative
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signaling and inhibits T cells.17 Abatacept is a recombinant
protein consisting of the CTLA-4 extracellular domain
conjugated with the immunoglobulin G constant region
(CTLA-4-Ig). It can inhibit allergic airway inflammation in
an ovalbumin (OVA)-induced asthma model with reduced
Th2 responses, such as eosinophilic infiltration, Th2 cytokine
expression and decreased levels of serum IgE, through
intravenous or intraperitoneal injections.18–20

Recently, we reported a novel human-derived cell-penetrating
peptide, dNP2, that could efficiently escape blood vessels to
access resident cells in various tissues, including the brain.21

We also generated dNP2-ctCTLA-4, a recombinant protein
consisting of dNP2 and the cytoplasmic domain of CTLA-4.
This molecule ameliorated autoimmune encephalomyelitis in
mice and reduced Th1 and Th17 cells in the spinal cord.21

In this study, we hypothesized that dNP2 could efficiently
deliver a protein to asthmatic lung resident cells via intranasal
administration and that dNP2-ctCTLA-4 could regulate Th2
inflammation. We analyzed the efficiency of dNP2 and Hph-1
with respect to intranasal protein delivery. In addition,
we demonstrated the advantage of dNP2-ctCTLA-4 over
CTLA4-Ig via intranasal administration for treating allergic
asthma. We investigated the immune modulatory effects of
dNP2-ctCTLA-4 in a GCE-induced chronic asthma model
and showed that it can control airway inflammation, hyper-
responsiveness and the remodeling process via inhibition of
Th2 responses.

MATERIALS AND METHODS

Animals
Eight-week-old female BALB/c mice were purchased from Orient Bio
(Daejon, South Korea). All mice were housed in a specific pathogen-
free animal facility. The mice were maintained on a 12-h light–dark
cycle with regular chow and autoclaved water. GCE-induced asthma
experiments were approved by the Animal Research Ethics Board
of Yonsei University, and intranasal protein delivery efficiency
experiments were approved by the Animal Care and Use Committees
and Ethics Board for Animal Research of Hanyang University.

dNP2 recombinant protein purifications
All recombinant proteins were purified as previously described.21

In brief, Escherichia coli BL21 (DE3) Star pLysS cells were transformed
with pRSET-b plasmids encoding dNP2 recombinant protein.
The colony was cultured in ampicillin-containing Luria-Bertani
broth media at 37 °C, and protein expression was induced by
1 mM isopropyl-β-D-thiogalactopyranoside (IPTG). The proteins were
purified by Ni-NTA affinity chromatography (Qiagen, Hilden, Ger-
many) and desalted using a PD-10 column (GE Healthcare, Chicago,
IL, USA). All proteins were stored at − 80 °C.

German cockroach extract preparations
German cockroach extract was prepared as previously described.22

The pulverized Blattela germanica were defatted in 200 ml ether/ethyl
acetate and slowly stirred at 4 °C overnight in phosphate-buffered
saline (PBS) with 6 mM β-mercaptoethanol and 1 mg ml− 1 1-phenyl-3
(2-thiazolyl)-2-thiourea. The supernatant was filtered through a
0.22-μm filter after centrifugation and then lyophilized.

Generation of the GCE-induced asthma model
Eight-week-old BALB/c mice were sensitized by intranasal
administration of 120 μg GCE or PBS (Sham) twice a week
for 3 weeks. Mice were treated with 10 μg of dNP2-ctCTLA-4,
dNP2-EGFP, CTLA4-Ig or PBS intranasally every time GCE was
administered. To confirm intranasal delivery efficiency in the lungs,
100 μg of dTomato, Hph-1-dTomato, dNP2-dTomato or PBS was
intranasally administered at day 21 for 15 min. The mice were killed,
and the delivery efficiency of the proteins and the pathological changes
in the lungs were analyzed.

Airway hyper-responsiveness analysis
Airway hyper-responsiveness was measured 4 days after the last GCE
administration using a flexiVent 5.1 small animal ventilator (SCIREQ,
Montreal, PQ, Canada). The mice were challenged with a saline
control aerosol followed by various concentrations of methacholine
(MeCh) (3.1, 6.25, 12.5, 25 and 50 mg ml− 1). The aerosol was
delivered for 10 s, and regular ventilation was maintained during that
time. Measurements were made twice at 1 min intervals following each
concentration of MeCh aerosol.

Bronchoalveolar lavage fluid analysis
The mouse lungs were washed with 1 ml of Hank’s balanced salt
solution (HBSS) with an intubated tube to collect bronchoalveolar
lavage (BAL) fluid. Total cells in the BAL fluids were counted with a
hemocytometer. Then, BAL fluids were centrifuged, and the cells were
prepared on slides using cytocentrifugation at 1000 r.p.m. for 3 min.
All slides were stained with a Hemacolor staining kit (Merck Millipore,
Darmstadt, Germany). The cells were differentially counted until
the total counted number reached at least 200, using standard
hemocytologic procedures to count macrophages and eosinophils.

Lung lysate analysis
The lungs were harvested after BAL fluid collection and homogenized
using T-PER tissue protein extraction reagent (Thermo Fisher
Scientific, Waltham, MA, USA). After homogenization, whole suspen-
sions were incubated at 4 °C for 30 min and centrifuged at 2500 r.p.m.
for 10 min. Supernatants were filtered with a 0.45-μm filter to analyze
cytokine levels.

Histological analysis
Lung tissues were prepared as paraffin blocks and sectioned to 3-μm
thickness. Slide glasses with attached sections were stained with
periodic acid-Schiff or Masson’s trichrome methods. Stained tissues
were analyzed with a microscope (Olympus BX40, Olympus, Center
Valley, PA, USA).

Th2 differentiation assay
Mouse naive CD4 T cells were isolated from 8-week-old BALB/c mice
using magnetic activated cell sorting (MACS, Naive CD4 T cell
isolation kit, mouse, Miltenyi, Bergisch Gladbach, Germany). Then,
2.5 × 105 of the cells were seeded on anti-CD3/anti-CD28 antibody
(0.1 μg per well)-coated 96-well plates. The cells were incubated
in the presence of anti-IFN-γ neutralizing antibody (5 μg ml− 1),
IL-2 (50 Uml− 1), IL-4 (30 ng ml− 1) and PBS, 1 μM of dNP2-EGFP
or 1 μM of dNP2-ctCTLA-4 for 6 days. On day 6, the cells were
analyzed by flow cytometry after re-stimulation, protein transport
inhibitor treatment and intracellular staining with anti-mouse
IFN-γ-FITC and anti-mouse IL-4-PE FACS antibodies.
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Statistical analysis
All data were statistically analyzed by one-way ANOVA using Prism 6
software (GraphPad). P-values o0.05 were considered statistically
significant.

RESULTS

Protein delivery efficiency of dNP2 into the lung resident
cells via intranasal administration
As dNP2 could more efficiently deliver a protein into activated
or memory-like immune cells than it could into resting cells,23

we hypothesized that dNP2 could deliver a protein into the
inflammatory lung resident cells more effectively than it could
in sham mice. We intranasally administered 120 μg of GCE
twice per week for 3 weeks into 8-week-old female BALB/c
mice to induce chronic-like allergic inflammation in the lungs.
On day 21, we intranasally administered 100 μg of dTomato,
dNP2-dTomato or PBS (Figure 1a). After 15 min, the
intracellular signals of dNP2-dTomato in the lung tissue were

significantly increased in the airway epithelium and some
resident cells; however, Hph-1-dTomato- and dTomato-
treated lungs showed comparable levels with the PBS-treated
group, suggesting superior protein delivery efficiency of dNP2
in sham mice (Figure 1b; upper panel). As expected, both
dNP2-dTomato and Hph-1-dTomato were efficiently delivered
into parenchymal cells in the inflammatory lungs, which had
brighter signals, while there was no visible signal in dTomato-
or PBS-treated mice (Figure 1b; bottom panel). In addition,
we isolated BAL cells from the mice and analyzed them via flow
cytometry. The mean fluorescence intensity (MFI) of the cells
from the mice treated with dNP2-dTomato was 10 times
higher than that of Hph-1, demonstrating the superior protein
delivery efficiency of dNP2 compared to Hph-1 (Figure 1c).
These results suggest that dNP2 efficiently delivers proteins
to the lungs via intranasal administration and is much better
than Hph-1.

Figure 1 Efficiency of dNP2 protein delivery into lung cells by intranasal administration. (a–c) Eight-week-old BALB/c mice were
intranasally administered 120 μg of German cockroach extract (GCE) or phosphate-buffered saline (PBS) twice per week for 3 weeks.
On day 21, 100 μg of dTomato, Hph-1-dTomato, dNP2-dTomato, or PBS was intranasally administered. After 15 min, bronchoalveolar
lavage (BAL) was performed twice for each mouse with 1 ml of PBS. The lungs were harvested and prepared as frozen blocks. (b) The
tissues were sectioned to 8 μm thick and observed by fluorescence microscopy after nuclear staining using Hoechst. A representative image
of three independent experiments is shown. (c) BAL fluid was collected, and intracellular fluorescence of the BAL cells was analyzed by
flow cytometry. Histograms of red fluorescence and mean fluorescence intensities (MFIs) of the indicated populations are shown.
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Figure 2 dNP2-ctCTLA-4 ameliorates airway hyper-responsiveness induced by German cockroach extract (GCE). (a) Eight-week-old BALB/c
mice were intranasally administered 120 μg of GCE twice per week for 3 weeks and 10 μg of dNP2-ctCTLA-4, dNP2-EGFP or PBS was
intranasally co-administered. (b, c) Airway hyper-responsiveness was analyzed by a flexiVent 5.1 small animal ventilator. (b) Airway
resistance was measured with increasing doses of methacholine (MeCh). (c) Airway elastance was measured with increasing doses of
MeCh. n=5 per group, and results are presented as the mean± s.e.m. ***Po0.001.

Figure 3 dNP2-ctCTLA-4 ameliorates the pathophysiology of airway inflammation and remodeling. (a) Paraffin-embedded lung tissues were
prepared and sectioned. The tissue sections were stained with periodic acid-Schiff (PAS). The slides were observed using bright-field
microscopy. Red regions indicate mucus-secreting goblet cells. (b) The number of goblet cells was analyzed using ImageJ 1.50i software.
(c) The prepared slides were stained using Masson’s trichrome method and observed by bright-field microscopy. Blue regions indicate
collagen deposition and fibrosis. (d) The fibrotic area was analyzed using ImageJ 1.50i software. A representative of each group is shown
(n=5). Results are presented as the mean± s.e.m. ***Po0.001.
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dNP2-ctCTLA-4 ameliorates airway hyper-responsiveness
induced by GCE
Next, to determine the inhibitory effects of dNP2-ctCTLA-4 in
a chronic-like model of allergic asthma induced by GCE,
we intranasally administered 120 μg of GCE as described above.
In these experiments, 10 μg of dNP2-ctCTLA-4, dNP2-EGFP
or vehicle (PBS) was intranasally administered on the same
day of the allergen challenge (Figure 2a). On day 21, the mice
were anesthetized, and airway resistance to methacholine

(MeCh) was measured with a flexiVent system. PBS- or
dNP2-EGFP-treated mice had increased airway resistance
(Figure 2b) and airway elastance (Figure 2c), indicating
significant airway hyper-responsiveness owing to the reduced
airway space. We found that 10 μg of dNP2-ctCTLA-4
significantly reduced airway hyper-responsiveness, suggesting
that intranasal treatment with dNP2-ctCTLA-4 ameliorates
airway hyper-responsiveness induced by multiple exposures
to GCE in the lungs.

Figure 4 dNP2-ctCTLA-4 reduces Th2 responses, such as eosinophil infiltration and IL-5 production. Bronchoalveolar lavage fluids were
collected, and the cells were stained with a Hemacolor staining kit after cytocentrifugation on slide glasses. The slides were observed on
bright-field microscopy. (a) Total cell numbers were counted. (b) The number of macrophages were counted. (c) The numbers of eosinophils
were counted. (d) The supernatants of bronchoalveolar lavage after centrifugation were collected, and the production of IL-5, IL-13 and IFN-
γ was analyzed using an ELISA kit. (e) The lungs were harvested, and tissues were homogenized on ice. The concentration of IL-5, IL-13,
IL-4 and IFN-γ was analyzed using an ELISA kit, and the values were normalized to the total protein concentration of the tissues, which was
quantitated by Bradford assay. n=5 per group and results are presented as the mean± s.e.m. *Po0.05, **Po0.01, ***Po0.001.
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dNP2-ctCTLA-4 ameliorates airway inflammation and
remodeling
To evaluate the inhibitory effects of dNP2-ctCTLA-4 on
the pathophysiology of asthmatic lungs induced by GCE,
we analyzed lung tissue histology from the mice. Paraffin-
embedded tissues were sectioned and stained with periodic
acid-Schiff or Masson’s trichrome. GCE administration
substantially increased infiltrated mononuclear cells around
blood vessels and goblet cell metaplasia in the airway
epithelium. However, intranasal dNP2-ctCTLA-4 treatment

significantly reduced inflammatory cells in the lungs and goblet
cell abundance (Figure 3a and b). In addition, we measured the
fibrotic area based on Masson’s trichrome staining of the
sectioned slide, which showed that GCE-treated mice exhibited
a high level of peribronchial fibrosis in the lung, while
dNP2-ctCTLA-4 treatment significantly reduced the fibrotic
area around the bronchial regions (Figure 3c and d).
These results collectively suggest that intranasal administration
of dNP2-ctCTLA-4 ameliorates the pathophysiology of airway
inflammation and remodeling.

Figure 5 Intranasal administration of CTLA4-Ig showed marginal inhibitory effects on allergic airway inflammation. (a) Eight-week-old BALB/c
mice were intranasally administered 120 μg of German cockroach extract (GCE) twice per week for 3 weeks, and 10 μg of dNP2-ctCTLA-4,
CTLA4-Ig or PBS was intranasally co-administered. (b) The supernatants of bronchoalveolar lavage after centrifugation were collected, and the
production of IL-13 and IFN-γ was analyzed using an ELISA kit. (c) The lungs were harvested and tissues were homogenized on ice. The
concentration of IL-4, IL-13 and IFN-γ was analyzed using an ELISA kit, and the values were normalized to the total protein concentration.
(d) Paraffin-embedded lung tissues were prepared and sectioned. The tissue sections were stained with hematoxylin and eosin (H&E) and
observed using bright-field microscopy. A representative of each group is shown (n=5). (e) The airway epithelium thickness was measured
using ImageJ 1.50i Software. Results are presented as the mean± s.e.m. *Po0.05, **Po0.01, ***Po0.001.

dNP2-ctCTLA-4 inhibits allergic asthma
S Lim et al

6

Experimental & Molecular Medicine



dNP2-ctCTLA-4 inhibits eosinophil infiltration and Th2
cytokine production
We further analyzed BAL cells, BAL fluid and lung lysate to
examine the effects of dNP2-ctCTLA-4 on the recruitment of
inflammatory cells and Th2 cytokine production. BAL cell
quantification using a Hemacolor staining kit demonstrated
that GCE administration increased the number of total cells
(Figure 4a), macrophages (Figure 4b) and eosinophils
(Figure 4c) in the BAL, while intranasal dNP2-ctCTLA-4
treatment significantly reduced the number of each cell
compared to the control groups. Most cells in the
GCE-induced asthmatic lung were eosinophils, and they were
strongly reduced by dNP2-ctCTLA-4 treatment. Because IL-5 is
critical for eosinophil activation,24 we examined the levels of
IL-5 and other Th2 cytokines, including IL-13 and IL-4, in the
BAL fluid (BALF) and the lung tissue homogenates. IL-5 and
IL-13 levels in both BAL and lung lysate were significantly
decreased by dNP2-ctCTLA-4, and IL-4 levels in the lung were
also decreased (Figure 4d and e). In addition, the IFN-γ level in
both BAL and the lungs was reduced by dNP2-ctCTLA-4
treatment, suggesting that intranasal administration of
dNP2-ctCTLA-4 significantly reduces Th2 inflammation,
including eosinophil recruitment and cytokine production.

Intranasal administration of dNP2-ctCTLA-4, but not
CTLA-Ig, inhibits airway inflammation
Abatacept, a commercial immune regulatory drug, is an
immunoglobulin-like recombinant protein consisting of the

extracellular domain of CTLA-4 and the Fc region of immu-
noglobulin (CTLA4-Ig). Systemic administration of CTLA4-Ig
can inhibit T-cell activation and airway inflammation in
experimental asthma models.18–20 However, we hypothesized
that intranasal CTLA4-Ig cannot inhibit airway inflammation
because of low tissue penetration efficiency, while dNP2-
ctCTLA-4 can. We administered 10 μg of dNP2-ctCTLA-4,
CTLA4-Ig or vehicle with 120 μg of GCE twice per week for
3 weeks (Figure 5a). Th2 cytokines and IFN-γ levels were
measured in BAL fluid and lung tissue homogenates. dNP2-
ctCTLA-4-treated mice showed significantly reduced IL-13 and
IFN-γ in BAL fluid (Figure 5b) and reduced levels of IL-13,
IL-4 and IFN-γ in lung tissues (Figure 5c). However, intranasal
administration of CTLA4-Ig did not significantly inhibit
cytokine production. In lung tissue, hematoxylin and eosin
(H&E) staining also demonstrated that intranasal CTLA4-Ig
treatment did not inhibit airway epithelium thickening and cell
infiltration, while dNP2-ctCTLA-4-treated mice showed a
dramatic reversal of these pathophysiologic features (Figure
5d and e). These results suggest that dNP2-ctCTLA-4 is more
effective than CTLA4-Ig for intranasal treatment of GCE-
induced asthma.

dNP2-ctCTLA-4 inhibits Th2 cell differentiation
Finally, to determine whether dNP2-ctCTLA-4 could directly
inhibit Th2 cell differentiation, we utilized MACS-sorted CD4+

CD62LhiCD44− naïve CD4 T cells from 8-week-old BALB/c
mice and differentiated them into Th2 cells by addition of IL-4

Figure 6 dNP2-ctCTLA-4 inhibits Th2 cell differentiation in vitro. (a, b) CD4+CD62LhiCD44− naive CD4 T cells were isolated from
8-week-old BALB/c mice using magnetic activated cell sorting (MACS). The cells were incubated for 6 days in a 96-well plate with Th2
cell-skewing medium that contained coated anti-CD3/CD28 antibodies (0.1 μg ml−1), anti-IFN-γ neutralizing antibody (5 μg ml−1), IL-2
(50 U ml−1) and IL-4 (30 ng ml−1). Simultaneously, 1 μM of dNP2-EGFP, dNP2-ctCTLA-4 or PBS was added to the cell culture at day 0.
On day 6, the cells were analyzed by flow cytometry after intracellular staining with anti-mouse IL-4-PE and anti-mouse IFN-γ-FITC FACS
antibodies. (a) Dot plots are representative of three independent experiments. (b) The percentage of CD4+IL-4+ differentiated Th2 cells
was analyzed. Results are presented as the mean± s.d. (n=3). Non-activated (NA): negative control group, which was not stimulated with
anti-TcR antibodies nor cytokines. *Po0.05, **Po0.01.
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during activation with anti-CD3/CD28 antibodies for 6 days.
Th2 cells were analyzed as the IL-4 and IL-13-producing
proportion by flow cytometry. Differentiated Th2 cells had a
significant proportion of IL-4- and/or IL-13-producing CD4
T cells, while dNP2-ctCTLA-4 significantly reduced cytokine
production, demonstrating that differentiation of Th2 cells is
inhibited by dNP2-ctCTLA-4 (Figure 6a and b). These results
suggest that dNP2-ctCTLA-4 directly inhibits Th2 differentia-
tion, contributing to its inhibitory effect on GCE-induced Th2
inflammation in the lungs.

DISCUSSION

We examined the inhibitory effects of dNP2-ctCTLA-4 on
cockroach allergen-induced airway inflammation in mice.
dNP2 promoted substantial intranasal protein delivery into
lung cells with higher efficiency in the asthmatic lung than in
the sham group. dNP2-conjugated protein can penetrate
the respiratory epithelium and efficiently localize into resident
cells. Intranasal treatment with dNP2-ctCTLA-4 ameliorated
airway hyper-responsiveness, Th2 inflammation, and airway
remodeling, whereas CTLA-4-Ig could not. dNP2-ctCTLA-4
directly inhibited Th2 differentiation, suggesting it may have
clinical applications for controlling allergic asthma.

Allergic asthma is a well characterized and common disorder
that can be managed using glucocorticoids and β-2-agonist
combination therapy.25 Although those therapeutics can relieve
the physiological symptoms of asthma, they cannot ultimately
cure the disease, and the symptoms of severe persistent
asthmatic patients are not well controlled with those drugs.26

This is because inhibition of Th2 cells and their cytokine
production, which have critical roles in asthma, is required to
cure allergic asthma. Recently, clinical trials have assessed
biological therapeutics that target Th2-related cytokines,
including IL-4, IL-5, IL-13 and tumor necrosis factor-α, and
thymic stromal lymphopoietin using monoclonal antibodies.27

Omalizumab, which targets IgE,28 and reslizumab or
mepolizumab, which target IL-5,29 have been clinically
approved for the treatment of asthma. Although they have
long-lasting and significant regulatory effects, antibody-based
drugs can only be applied through systemic routes and can
cause systemic immunosuppression as a major side effect.11,12

Thus, topical drugs with an appropriate drug delivery
methodology are required for allergic asthma.

CTLA-4 negatively regulates T-cell activation, and there are
CTLA-4-based drugs for immune modulation, which include
the CTLA-4 extracellular domain and the Fc region of
immunoglobulin G (CTLA4-Ig; Abatacept, ~ 92.3 kDa).30

CTLA4-Ig has been studied in clinical trials for allergen-
induced airway inflammation as well as in vivo asthma models,
which showed that CTLA4-Ig did not alter the inflammatory
response in clinical asthma patients through intravenous
injection.31 This suggests that systemic inhibition of T cell
co-stimulation does not effectively modulate allergic asthma
clinically, although it is effective in animal asthma models.
In this study, we also demonstrated that CTLA4-Ig cannot be
used for topical applications, presumably because of its large

size and poor epithelial penetration. However, dNP2-ctCTLA-4
efficiently inhibited allergic airway inflammation in vivo
through intranasal administration, which could have fewer
adverse effects than systemic immune suppression.

In our previous study, we emphasized the role of the
cytoplasmic domain of CTLA-4 (ctCTLA-4) in controlling
T-cell activation and allergic autoimmune diseases; ctCTLA-4
could be an alternative drug based on CTLA-4.21,32,33 Based
on cell-penetrating peptide-mediated protein delivery and
its potent application in immune response regulation,34

we assessed a combination of Hph-1 with ctCTLA-4 in an
ovalbumin (OVA)-induced allergic airway inflammation
model, which showed significant regulation of airway
inflammation and hyper-responsiveness.32 The mechanism
underlying ctCTLA-4-mediated inhibition of T-cell receptor
signaling involved a reduced phosphorylation of ZAP70,
JNK, ERK, p38 and the T-cell receptor ζ-chain.33 This had
comparable results to the study on liCTLA-4, which is a
membrane-bound form of the cytoplasmic domain of CTLA-4.

We previously identified various human-derived CPPs,
including LPIN35 and 2pIL-1αNLS.36 More recently, we
identified dNP2, a novel CPP, and demonstrated that it could
efficiently deliver proteins to various tissues from the blood-
stream, even the brain and lymphocytes, while TAT or Hph-1
did not show a significant effect.21 We directly compared the
intranasal protein delivery efficiency of dNP2 and Hph-1 and
found that dNP2 has a much higher protein delivery efficiency
than Hph-1. This enhanced drug delivery peptide could
perhaps be used as a drug delivery system for other pulmonary
diseases, such as lung cancer, chronic obstructive pulmonary
disease and pulmonary fibrosis.

Based on the efficient tissue penetration of dNP2,
we assessed the effects of ctCTLA-4 on a GCE-induced
asthma model. Compared to a previous study using 25 μg
Hph-1-ctCTLA-4 in an OVA-induced asthma model, we
administered only 10 μg of protein, which is 500 μg kg− 1,
suggesting improved therapeutic efficacy. In addition, while a
previous study focused on the acute allergic model with a
model antigen, we examined dNP2-ctCTLA-4 in a chronic-like
GCE allergen-induced asthma model. This could provide
relevant clues for clinical trials of dNP2-ctCTLA-4 as an
asthma drug candidate.

dNP2-ctCTLA-4 appears to control GCE-induced asthma
through inhibition of Th2 inflammation, including eosinophi-
lic inflammation, which is the most critical feature of allergic
asthma.24 Immune responses against inhaled allergens in the
airways induce differentiation of Th2 cells secreting IL-5, IL-4
and IL-13. IL-5 with eotaxin can stimulate the release of
eosinophils from bone marrow,37 and multiple elements
with IL-5 recruit eosinophils into the lung during
allergic responses.38 Eosinophils are involved in airway hyper-
responsiveness, remodeling, fibrosis and mucus secretion,
which are key features of asthmatic pathophysiology.39–41

dNP2-ctCTLA-4 significantly inhibited eosinophil recruitment
and Th2 cytokine production, with inhibitory effects on
Th2 differentiation. dNP2-ctCTLA-4 also inhibited production
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of IFN-γ, which is regarded as a Th1 cytokine that contributes
to airway inflammation and remodeling in chronic asthma.42

dNP2-ctCTLA-4 can directly regulate Th2-mediated allergic
inflammation but can also regulate Th1-mediated chronic
inflammation and airway remodeling.

Taken together, the findings of this study demonstrate that
dNP2 is an efficient protein delivery peptide in the lung
through intranasal administration. dNP2-ctCTLA-4 may be
able to serve as a topically applicable biologic drug to control
Th2 inflammation in allergic asthma.
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