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A B S T R A C T   

With specific and inherent mRNA cleaving activity, small interfering RNA (siRNA) has been deemed promising 
therapeutics to reduce the exacerbation rate of asthma by inhibiting the expression and release of proin
flammatory cytokines from airway epithelial cells (AECs). To exert the therapeutic effects of siRNA drugs, nano- 
formulations with high efficiency and safety are required to deliver these nucleic acids to the target cells. Herein, 
we exploited novel inhaled lipid nanoparticles (LNPs) targeting intercellular adhesion molecule-1 (ICAM-1) 
receptors on the apical side of AECs. This delivery system is meant to enhance the specific delivery efficiency of 
siRNA in AECs to prevent the expression of proinflammatory cytokines in AECs and the concomitant symptoms in 
parallel. A cyclic peptide that resembles part of the capsid protein of rhinovirus and binds to ICAM-1 receptors 
was initially conjugated with cholesterol and subsequently assembled with ionizable cationic lipids to form the 
LNPs (Pep-LNPs) loaded with siRNA against thymic stromal lymphopoietin (TSLP siRNA). The obtained Pep- 
LNPs were subjected to thorough characterization and evaluations in vitro and in vivo. Pep-LNPs significantly 
enhanced cellular uptake and gene silencing efficiency in human epithelial cells expressing ICAM-1 in vitro, 
exhibited AEC-specific delivery and improved the gene silencing effect in ovalbumin-challenged asthmatic mice 
after pulmonary administration. More importantly, Pep-LNPs remarkably downregulated the expression of TSLP 
in AECs, effectively alleviated inflammatory cell infiltration, and reduced the secretion of other proinflammatory 
cytokines, including IL-4 and IL-13, as well as mucus production in asthmatic mice. This study demonstrates that 
Pep-LNPs are safe and efficient to deliver siRNA drugs to asthmatic AECs and could potentially alleviate allergic 
asthma by inhibiting the overexpression of proinflammatory cytokines in the airway.   

1. Introduction 

Asthma is one of the most common chronic inflammatory disease of 
the lung characterized by varied degrees of airway inflammation, 
airway obstruction, mucus hypersecretion, and airway hyper
responsiveness (AHR) [1]. Asthma affects >300 million people and 
causes death in approximately 0.4 million people annually worldwide 
[2,3]. Due to its complex pathophysiology and multifactorial etiology, 
asthma still remains incurable. Traditional treatment methods, such as 
use of bronchodilators and anti-inflammatory drugs, could provide only 
symptomatic relief but hardly prevent the progressive deterioration of 

lung function in asthmatic patients [1,4]. 
In recent years, studies on mechanisms of asthma have found that 

genetic risk factors can interact with inhaled environmental factors in 
multiple ways to contribute to asthma pathogenesis [5,6]. Increasing 
evidence suggests that many disease susceptibility genes are upregu
lated in asthmatic conditions [7,8]. Small interfering RNA (siRNA)- 
based therapeutics, as a new class of biologics following protein drugs, 
can specifically degrade target mRNA and have been used to suppress 
the expression of disease-relevant genes [9]. siRNA can be an attractive 
therapeutic alternative to small molecule drugs or monoclonal antibody 
drugs for the treatment of asthma due to its high specificity and 
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numerous promising targets [10,11]. 
TSLP is an upstream cytokine produced by airway epithelial cells 

(AECs) in response to pathogenic stimuli and plays a prominent role in 
triggering the inflammatory cascades by activating various immune cells 
[12]. Particularly, it can promote the proliferation and differentiation of 
T cells and stimulate the production of T helper (Th) 2 cytokines (such as 
IL-4 and IL-13), inducing goblet cell hyperplasia, bronchus hyperactivity 
and airway remodeling [12,13]. Studies have shown that multiple 
downstream inflammatory pathways can be inhibited by blocking TSLP 
[13,14]. Inhibiting the expression and release of TSLP from AECs at the 
gene level using siRNA drugs might be a promising strategy to alleviate 
airway inflammation and impede asthma progression. 

Pulmonary delivery of therapeutics is the most straightforward 
method for the treatment of asthma and inhalation of siRNA has been 
reported as one of the most promising approaches for bringing siRNA 
targeting respiratory diseases to the clinic [15]. It can shorten the de
livery path by directly applying the active substances close to the 
disease-related cells, reduce the dose required and prevent them from 
systemic nucleases and other complex components [16]. Despite several 
advantages of pulmonary administration, targeted siRNA delivery to the 
disease-relevant cells in the lung (e.g., AECs) could be challenging. This 
is ascribed to the fact that the lung tissues are composed of a wide va
riety of cell types with variable functionalities and accessibility to siRNA 
therapeutics [16,17]. 

Studies have demonstrated that AECs express increased levels of 
surface markers and receptors associated with inflammatory cell infil
tration and airway remodeling in asthmatic inflammatory conditions 
[18]. Among these surface markers, intercellular adhesion molecule-1 
(ICAM-1), also known as CD54, is upregulated by inflammatory stim
uli in asthma, and its expression level correlates with severity of the 
disease [19,20]. In fact, ICAM-1 plays an important role in cell adhesion 
and migration and serves as a principal receptor for the majority of 
rhinoviruses (RVs), which has been exploited as a target to design drug 
delivery vehicles for site-specific delivery of therapeutic agents into 

AECs [21–24]. Given that ICAM-1 is upregulated in asthma and located 
on the apical side of AECs, ICAM-1 is deemed an appealing receptor to be 
targeted to design a cell-specific siRNA delivery system via pulmonary 
administration. 

Recent years have witnessed significant benefits of LNPs for nucleic 
acid therapeutics [25,26]. However, the delivery of siRNA using LNPs 
has been limited primarily by its poor delivery efficiency in extrahepatic 
tissues and cell types beyond hepatocytes [27]. In this current research 
endeavors, novel inhaled LNPs loaded with TSLP siRNA (siTSLP) were 
constructed to exert AEC-specific delivery of siRNA drugs to prevent the 
overexpression of TSLP and concomitant symptoms in parallel. To this 
end, a cyclic peptide (CSERSMNFC) ligand, which resembles part of the 
capsid protein of rhinovirus and efficiently binds to ICAM-1 receptors on 
the apical side of AECs, was chosen to modify LNPs to obtain the new 
LNPs (Pep-LNPs) [28]. We hypothesized that these siTSLP-loaded Pep- 
LNPs (Pep-LNPs-siTSLP) would enhance the AEC-specific delivery effi
ciency of the siRNA drugs via receptor-mediated endocytosis after pul
monary administration, inhibit the overexpression of TSLP and thus 
alleviate AHR and airway inflammation (Scheme 1). After thorough in 
vitro characterization and evaluation on the formulated LNPs including 
cellular uptake behavior and gene silencing efficiency in different lung 
cell lines, their cell population distribution, safety and gene silencing 
effects were systematically evaluated in mice after pulmonary admin
istration. Last, the effects of Pep-LNPs-siTSLP on the expression of TSLP 
and other cytokines, inflammatory cell infiltration, mucus production 
and lung function were assessed in ovalbumin-challenged asthmatic 
mice. 

2. Materials and methods 

2.1. Materials 

DLin-MC3-DMA (MC3), 1,2-dioleoyl-sn-glycero-3-phosphocholine 
dioleoyl phosphatidylcholine (DOPC), cholesterol and 1,2-dimyristoyl- 

Scheme 1. Schematic illustration of AECs-specific delivery of LNPs-siTSLP alleviates allergic asthma via pulmonary administration. Different LNPs-siRNA exploited 
in this study (A); deposition of LNPs-siRNA in the airway post pulmonary administration (B); ICAM-1 receptor-mediated endocytosis of Pep-LNPs-siTSLP by AECs and 
the following RNA interfering action (C); suppression of the production of T helper (Th) 2 cytokines and the infiltration of eosinophils and over-secretion of mucin 
(D); alleviated airway inflammation in allergic asthma (E). 
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rac-glycero-3-methoxypolyethylene glycol-2000 (PEG-DMG) were pur
chased from AVT (Shanghai, China). The targeting peptide 
(NNGGGGCSERSMNFC) was synthesized and supplied by LifeTein Co., 
Ltd. (Beijing, China). Cholesteryl hemisuccinate (CHEMS), N-hydrox
ysuccinimide (NHS) and 1-(3-dimethylaminopropyl)-3-ethyl
carbodiimide hydrochloride (EDC) were obtained from Aladdin 
(Shanghai, China). The Quant-iT™ RiboGreen® RNA Kit, Lipofectamine 
2000, primary antibody against β-actin (clone 15GA11/E2) and HRP- 
conjugated secondary antibodies (goat anti-mouse IgG) were procured 
from Thermo Fisher Scientific (USA). A primary antibody against 
GAPDH (AC002) was purchased from ABclonal Technology Co., Ltd. 
(Wuhan, China). A primary antibody against MUC5AC (clone 45 M1) 
was purchased from Abcam (Shanghai, China). Mouse IL-6, IL-1β, TNF- 
α, IL-4, IL-13 and TSLP ELISA kits were supplied by NeoBioscience 
(Shenzhen, China). Mouse MUC5AC ELISA kit was purchased from 
JiangLai Biotech (Shanghai, China). GAPDH siRNA (siGAPDH), negative 
control siRNA (siNC) and fluorescently-labeled siRNA were provided by 
GenePharma (Shanghai, China). siRNA targeting TSLP (ON-TARGET
plus SMART pool® siRNA) was purchased from Dharmacon (USA). The 
sequences of the siRNA and primers used for RT–PCR are given in 
Table S1. All the other reagents utilized in this study were of analytical 
grade. 

2.2. Cell lines and animals 

The BEAS-2B epithelial cell line and A549 cell line were purchased 
from the Kunming Cell Bank, Chinese Academy of Sciences. 16HBE was 
received from Otwo Biotech Inc. (Shenzhen, China). Animal studies 
were carried out on female BALB/c mice (6–8 weeks) in accordance with 
the experimental protocols approved by the animal ethical committee, 
Shenyang Pharmaceutical University, China (No. SYPU-IACUE-C2021- 
11-18-105). 

2.3. Synthesis and characterization of the peptide-cholesterol conjugate 

The peptide-cholesterol conjugate (Pep-Chol) was synthesized ac
cording to the previously reported protocol with slight modifications 
[29]. Briefly, CHEMS (365.0 mg, 0.75 mmol), EDC (215.7 mg, 1.125 
mmol) and NHS (129.5 mg, 1.125 mmol) were dissolved in dime
thylformamide (DMF; 5 mL) and stirred at room temperature for 4 h. 
The peptide (1532.7 mg, 0.9 mmol) was then added to the solution and 
the reaction mixture was stirred at room temperature for another 48 h. 
The reaction mixture was then dialyzed (MW, 1500D) against deionized 
water for 48 h to remove the excess peptides and then lyophilized. The 
product was analyzed by ARX-300 spectrometer (BRUKER, Germany) to 
acquire its 1H NMR spectra. The sample was also scanned under FTIR 
spectroscopy (Bruker IFS55, JASCO, Germany) over a wave number 
range of 4000–1000 cm− 1. 

2.4. Preparation and characterization of the siRNA-loaded LNPs 

siRNA loaded-LNPs (LNPs-siRNA) were prepared using the stepwise 
ethanol dilution method [27,30,31]. The lipid components, consisting of 
MC3 lipids, DOPC and cholesterol (at a molar ratio of 1:1:1), were dis
solved in anhydrous ethanol with a total lipid concentration of 5 mM. 
siRNA (N/P ratio, 20) dissolved into pH 4.0 citrate buffer (10 mM) was 
titrated into the lipid solution under vigorous stirring and rapidly 
diluted with citrate buffer (pH 4.0) to reduce ethanol concentration from 
50 % v/v to 20% v/v. The ultrafiltration was then performed (MWCO 50 
kDa, Millipore) to remove ethanol and free siRNA and the external 
buffer of the LNPs-siRNA was replaced with PBS (pH 7.4) and then 
concentrated. A similar method was adopted to formulate PEG-LNPs- 
siRNA and Pep-LNPs-siRNA, except the addition of PEG-DMG and Pep- 
Chol, respectively to the above lipid solution at a certain molar ratio. 
The size distribution and zeta potential of these nanoparticles were 
measured with a Nano ZS Zetasizer instrument (Malvern, UK). The 

LNPs-siRNA were dropped onto a copper grid, stained with 2.0% 
phosphotungstic acid and air dried, and subsequently their morpho
logical characteristics were observed by transmission electron micro
scopy (TEM; Hitachi, Tokyo, Japan). 

2.5. Encapsulation efficiency and RNase stability of siRNA 

To investigate the siRNA loading capability, the total siRNA and free 
siRNA in the LNP formulations were measured using a Quant-iT™ 
RiboGreen® RNA Kit by comparing fluorescence in the presence and 
absence of 0.1% Triton X-100, respectively [30]. The encapsulation ef
ficiency (%) was calculated based on the following equation. 

Encapsulation efficiency (%) = W total siRNA− W free siRNA
W total siRNA × 100% 

An agarose gel electrophoresis-based retardation assay was also used 
to evaluate siRNA encapsulation efficiency and the protective effect of 
the LNPs. Briefly, free siRNA and LNPs-siRNA treated with Triton X-100 
or PBS were loaded onto a 2% agarose gel containing Gel Red (Beyotime 
Biotechnology, China) and electrophoresed at 100 V for 30 min in Tris- 
acetate-EDTA (TBE) buffer. To evaluate the protection effect of the 
nanocarrier from nucleases, free siRNA or LNPs-siRNA were incubated 
with RNase A (0.1 mg/mL; Beyotime Biotechnology, China) or PBS at 
37 ◦C for 30 min. Then, the samples were supplemented with ethyl
enediaminetetraacetic acid (EDTA, 1.5 mM) and incubated at 65 ◦C for 
10 min to inactivate the enzymes [32]. These samples were treated with 
Triton X-100 before being assessed by agarose gel electrophoresis. 

2.6. Cellular uptake 

The in vitro cellular uptake efficiency of Cy3-siRNA-loaded LNPs was 
investigated using flow cytometry. Briefly, cells (A549, BEAS-2B or 
16HBE) were seeded into 6-well plates (3 × 105 cells/well). After 
incubated overnight, cells were treated with Cy3-siRNA-loaded LNPs in 
DMEM medium (Dulbecco’s modified eagle medium, Dalian Meilun 
Biotechnology, China) at an equivalent concentration of siRNA (50 nM), 
incubated at 37 ◦C for 6 h. The cells were washed three times with ice- 
cold PBS, harvested and resuspended in 0.5 mL of PBS and subjected to 
flow cytometry (BD FACSCalibur, USA). 

2.7. Intracellular location of LNPs-siRNA by confocal laser scanning 
microscopy 

The intracellular distribution of Cy3-siRNA-loaded LNPs was inves
tigated by confocal laser scanning microscopy (CLSM). Cells at a density 
of 2 × 105 were seeded on glass-bottomed dishes (diameter, 20 mm) and 
incubated overnight. Cy3-siRNA-loaded LNPs were diluted in DMEM 
medium and incubated with the cells for 6 h at 37 ◦C. After that, the cells 
were washed with PBS three times and stained with 1 mL of LysoTracker 
(Beyotime Biotechnology Co., Ltd., Shanghai, China; 1:2500 dilution) 
for 30 min at 37 ◦C. After rinsing with PBS three times, the cells were 
fixed with 4% paraformaldehyde. The nuclei were marked with 4′,6- 
diamidino-2-phenylindole (DAPI; Dalian Meilun Biotechnology, China) 
and then visualized by CLSM (Olympus FV1000-IX81, Japan). Pearson’s 
coefficient was determined by Image pro Plus 6.0. 

2.8. In vitro gene silencing effect 

2.8.1. Real-time PCR (RT-PCR) 
To evaluate the transfection efficiency of the delivery systems in 

three different cell lines, GAPDH siRNA (siGAPDH) was used as a model 
siRNA. Cells were seeded in 12-well plates (6 × 104 cells/well) and 
cultured for 24 h. The cells were treated with LNPs loaded with 
siGAPDH or negative control siRNA (siNC) (50 nM) in DMEM medium 
and cultured for another 48 h. PBS and Lipofectamine 2000 (Lipo2000) 
were used as the blank and positive control, respectively. Total RNA was 
extracted from the cells using TRIzol reagent according to the 
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manufacturer’s instructions. cDNA synthesis was performed using the 
PrimeScriptTM RT Reagent Kit (Takara, Japan). Real-time PCR ampli
fication and evaluation were performed with TB Green Premix Ex Taq II 
(Takara, Japan) using a Stratagene Mx3005P (Agilent Technologies). 
Cycle threshold (Ct) values were determined by MxPro software (Agilent 
Technologies). The housekeeping gene β-actin was chosen as an internal 
control to normalize the GAPDH gene. The mRNA level of the target 
gene was calculated using the ΔΔCt method [33]. 

2.8.2. Western blot assay 
Western blot assay was also used to evaluate the gene silencing effect 

of different LNP formulations. Cells were seeded in 6-well plates (2 ×
105 cells/well) in DMEM medium and cultured for 24 h. The cells were 
treated with LNPs loaded with siGAPDH or siNC (50 nM) and then 
cultured for another 48 h. These cells were collected and lysed in RIPA 
lysis buffer containing 1% phenylmethanesulfonyl fluoride (PMSF). The 
protein contents in the cell lysates were quantified using a BCA kit and 
then boiled with protein loading buffer. Subsequently, the protein 
samples were fractionated by 10% SDS–PAGE, transferred to PVDF 
membranes and incubated with primary antibodies (1: 2000 dilution) at 
4 ◦C overnight. After washing with TBST, the membranes were incu
bated with the corresponding HRP-conjugated secondary antibodies (1, 
5000 dilution) at 25 ◦C for 1 h and washed again with TBST. The 
designated proteins were detected using ECL substrate by a Gel Imager 
System (Bio-Rad, USA). The protein β-actin was used as an internal 
standard. 

2.9. In vivo lung accumulation and biodistribution 

Female BALB/c mice were anesthetized with intraperitoneal (i.p.) 
injection of 5% choral hydrate and Cy5-siRNA-loaded LNPs or free Cy5- 
siRNA (25 μL, 4 μg of siRNA/mouse) were administered using intra
tracheal microspray (HRH-MAG4, Yuyan Instruments Co. Ltd., China). 
Then, the lungs and other vital organs were excised, washed with saline, 
and radiant efficiency intensity (ROI) of the lung tissue were measured 
with an IVIS Spectrum imaging system (PerkinElmer, USA). 

2.10. Airway distribution and cellular localization 

Cy3-siRNA-loaded LNPs (25 μL, 4 μg of siRNA/mouse) were 
administered to the anesthetized BALB/c mice via intratracheal micro
spray. The lungs of the treated mice were harvested at 0.5 h or 4 h post- 
administration, fixed with 4% paraformaldehyde overnight and flash- 
frozen in Optimal Cutting Temperature (OCT) compound (Fisher 
Healthcare). Cryosections of the lung tissue (10 μm) were obtained and 
stained with DAPI. Images of the cryosections were captured by CLSM 
(Olympus FV1000-IX81, Japan). 

2.11. Animal model of OVA-challenged asthma 

The OVA-challenged asthma model was established based on the 
method reported previously [34]. Briefly, BALB/c mice (female, 18–20 
g) were sensitized by intraperitoneal (i.p.) injection of a 0.2 mL sus
pension of ovalbumin (OVA) and Al(OH)3 (0.5 mg/mL of OVA, and 0.75 
mg/mL of Al(OH)3 in PBS (pH 7.4)) on Day 0 and 7. The sensitized mice 
were then exposed to aerosolized 2% (w/v) OVA solution in PBS (pH 7.4) 
produced by a compressed air atomizer for 30 min on Day 14–42. Mice 
sensitized and aerosolized with PBS (pH 7.4) were used as the normal 
control group. 

2.12. Distribution of LNPs-siRNA in various lung cell populations 

To test the distribution of LNPs-siRNA in different lung cell types, 
lungs from both healthy and asthmatic mice were obtained 8 h after 
pulmonary administration of Cy5-siRNAloaded LNPs (25 μL, 4 μg of 
siRNA/mouse). To prepare the lung single-cell suspensions, the isolated 

lungs were minced and digested using FBS-free DMEM containing 1 mg/ 
mL collagenase D (Roche) and 0.1 mg/mL DNase I (Roche) at 37 ◦C for 
30 min with shaking. The acquired cell suspension was then strained 
through a 40 μm cell strainer (JET BIOFIL, China). Red blood cells 
(RBCs) in the cell suspensions were lysed using 1 × RBC Lysis Buffer 
(Meilun Biotechnology Co., Ltd., Dalian, China) and then washed twice 
with PBS. The cell pellets were resuspended in 100 μL of PBS and then 
incubated with Fc Block (BD, USA) at 4 ◦C for 10 min, and the 
fluorochrome-conjugated antibodies (CD45-FITC (BD, 553079), CD31- 
PerCP-Cy5.5 (BioLegend, 102522), CD326 (Ep-CAM)-PE-Cy7 (Bio
Legend,118216) and CD54 (ICAM-1)-PE (BD, 553253)) were added for 
incubation at 4 ◦C for 30 min [27,35]. The dose of each antibody were 
decided based on the manufacturer’s instructions. The samples were 
analyzed using a multicolor flow cytometer (BD FACSAria™ III, USA). 
The gating scheme is illustrated in Fig. S2, and data analyses were 
analyzed using FlowJo software (BD, USA). 

2.13. The therapeutic effects of Pep-LNPs against allergic asthma 

2.13.1. Treatment with Pep-LNPs-siTSLP in asthmatic mice 
The OVA-challenged asthmatic mice were dosed separately with 

PBS, Pep-LNPs-siTSLP and Pep-LNPs-siNC (25 μL, 4 μg of siRNA/mouse) 
at every three days (on Day35, 38 and 41) by intratracheal microspray 
for total three times (Fig. 6A). Forty-eight hours after the last adminis
tration (i.e., 24 h after the last challenge with OVA or PBS), the lungs 
were harvested, and various biological samples were collected and 
analyzed as described below. 

2.13.2. Measurement of AHR 
Forty-eight hours after the last dose, animals were placed in the 

plethysmography chambers of a whole-body plethysmograph (WBP- 
4MR, TOW, China) [36]. After 20 min of acclimation in the cavity, the 
mice were nebulized with increasing concentrations of methacholine 
(Mch) (0, 3.125, 6.25, 12.5, 25, 50 and 100 mg/mL) through the at
omization port of the chamber. The atomization process for each dose of 
Mch lasted 90 s, and the responses of the mice were recorded for 5 min 
and returned to baseline levels before the next atomization [37,38]. The 
enhanced pause (Penh) values were determined by ResMass 1.4.2 soft
ware (TOW, Shanghai, China.) 

2.13.3. Analysis of immune cells and inflammatory cytokines 
The levels of cytokines (TSLP, IL-4, IL-13) and respiratory mucin 

(MUC5AC) in the supernatants of BALF were quantified by ELISA kits 
according to the manufacturer’s instructions. The cells collected from 
BALF were resuspended in 0.5 mL of PBS for cell counting. The cells 
were also spotted on glass slides and stained with Diff-Quick stain 
(Solarbio, Beijing, China). Eosinophils, lymphocytes and macrophages 
were counted according to their morphological appearances with a total 
of 200 cells per slide. 

2.13.4. Lung histology and MUC5AC expression 
For further histological analyses, the left lungs were collected and 

fixed with 4% paraformaldehyde for 24 h. Subsequently, paraffin sec
tions of the lung tissue (5 μm) were obtained and hematoxylin-eosin 
(H&E) staining and periodic acid-schiff (PAS) staining were performed 
to evaluate lung inflammation and mucin production, respectively. The 
right lungs were homogenized in RIPA lysis buffer using a tissue ho
mogenizer (Biosafer, Beijing, China) to acquire tissue protein products, 
and the MUC5AC expression level in the specimens was further deter
mined by Western blotting. 

2.14. Safety profiles 

To access the safety profiles of the delivery system, BALB/c mice 
were intratracheally administered with LNPs-siRNA (siNC) (25 μL, 4 μg 
of siRNA/mouse) every three days for three times. Mice were also 
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treated with PBS and lipopolysaccharide (LPS) solution (2 μg/μL, 25 μL), 
which were used as the negative control and positive control, respec
tively. Twenty-four hours after the treatment, the mice were anes
thetized, and the lungs were lavaged three times with 1 mL of PBS to 
collect lung bronchoalveolar lavage fluid (BALF). The BALF was 
centrifuged (1000 rpm, 10 min, 4 ◦C) and collect the supernatant to 
assay the concentrations of proinflammatory cytokine (IL-6, IL-1β and 
TNF-α) by ELISA techniques. The cells collected from the BALF were 
resuspended in PBS (pH 7.4, 0.5 mL) for total cell counting. Cells were 
spotted on glass slides and stained with Wright-Giemsa dye (Dalian 
Meilun Biotechnology, China). Macrophages and neutrophils were 
counted according to their morphology with a total of 200 cells per slide. 
The left lungs were fixed in 4% paraformaldehyde and stained with H&E 
to evaluate lung inflammation. 

2.15. Statistical analysis 

The data were analyzed by one-way ANOVA followed by Tukey’s 
post-hoc test via SPSS software 16.0. A p-value <0.05 was considered 
statistically significant. 

3. Results and discussion 

3.1. Synthesis and characterization of the peptide ligand-modified 
cholesterol 

AECs play an important role in airway inflammation and many 
asthma-associated proinflammatory cytokines, including TSLP, are 
overexpressed in AECs [8,18,39]. To achieve an efficient delivery of 
LNPs-sRNA to AECs, a cyclic peptide (CSERSMNFC) ligand was selected 

Fig. 1. Characterization of Pep-Chol and LNPs-siRNA. A schematic diagram of the synthesis of Pep-Chol (A). FT-IR (B) and 1H NMR spectra (C) of CHEMS, peptide 
(NNGGGG-CSERSMNFC) and Pep-Chol. Particle size distributions (D) and zeta potential values (G) of the different LNPs (PEG-LNPs containing 1.6% PEG, Pep-LNPs 
containing 6.6% peptide) determined by DLS analyses. Agarose gel electrophoresis of LNPs-siRNA after the treatment with or without Triton X-100 (E). Protection 
ability of LNPs from siRNA degradation by RNase A (F). TEM images of the different formulations of LNP-siRNA (H). 
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to decorate the surfaces of the LNPs. This peptide screened through 
phage display technology displayed high affinity to the ICAM-1 receptor 
on the surface of AECs [28]. This unique characteristics of the cyclic 
peptide ligand could be attributed to the fact that its structure resembles 
part of the capsid protein of rhinoviruses [23]. In addition, the disulfide 
bridge between the two cysteines of the peptide ligand (Fig. 1A) could 
reduce the conformational freedom of the backbone, leading to its high 
stability and receptor selectivity [40,41]. 

To attach the peptide ligand to the surface of the siRNA-loaded LNPs, 
a short peptide (NNGGGG) was exploited as a linker to connect the 
peptide ligand (CSERSMNFC) and cholesterol molecules prior to their 
assembly with ionizable cationic lipids into LNPs. The linker peptide 
sequence was first attached to the cyclic peptide to obtain a new peptide, 
i.e., NNGGGG-CSERSMNFC. This new peptide was subsequently conju
gated with cholesteryl hemisuccinate (CHEMS) via an amide bond 
(Fig. 1A). As shown in the FT-IR spectrum (Fig. 1B), after the conjuga
tion, the signals of CHEMS at 1709.7 cm− 1 (C=O) and 1179.8 cm− 1 (-C- 
O- stretching) were red shifted to 1630.3 cm− 1 and 1071.8 cm− 1, 
respectively. These drifts could be attributed to the disappearance of the 
carboxylic acid groups of CHEMS and the formation of new amide bonds 
connecting the peptide and CHEMS [42]. 

The structure of the peptide-cholesterol conjugates (Pep-Chol) was 
also validated by 1H NMR spectrum (Fig. 1C). The characteristic signals 
of the peptide moieties were resonated at δ 1.53 ppm (-SCH3), δ 2.92 
ppm (-CH2-SCH3), δ 7.45 ppm (-CO-NH-) and δ 7.07 ppm (aromatic ring) 
in the spectrum of the conjugates. On the other hand, the cholesterol 
backbone in the conjugates could be confirmed by the typical peaks of 
alkyl chain protons appeared within δ1.02, 0.84 and 0.67 ppm. These 
results suggested that the Pep-Chol conjugates were successfully 
synthesized. 

3.2. Preparation and characterization of LNPs-siRNA 

LNPs-siRNA composed of the ionizable lipid MC3, cholesterol, and 
the neutral lipid (DOPC) was prepared by the ethanol dilution method, i. 
e., nLNPs [27,30]. The peptide ligand-decorated LNPs (Pep-LNPs) and 
PEGylated LNPs (PEG-LNPs) were also formulated adopting similar 
methodology, but Pep-Chol and dimyristoyl glycerol (DMG)-poly
ethylene glycol (PEG) 2000 (PEG-DMG) were included to replace part of 
the cholesterol contents in the nLNPs. Previous studies have shown that 
PEG-lipids can improve the colloidal stability of LNPs [26]. Herein, both 
nLNPs and PEG-LNPs were used to compare the delivery efficiency of 
Pep-LNPs via pulmonary administration and better comprehend the 
function of the peptide ligand attached to the LNPs. 

The hydrodynamic sizes of the nLNPs and PEG-LNPs were approxi
mately 150 nm with a narrow size distribution (PDI < 0.2) (Table S1 and 
Fig. 1D). The incorporation of Pep-Chol in Pep-LNPs resulted in an in
crease in the particle size (180–190 nm). The zeta potential values of 
these LNPs were approximately 0.0–0.3 mV (Fig. 1G, Table S1). The 
surface charges of the nLNPs and PEG-LNPs are expected to be neutral, 
as the lipids used to prepare these formulations are neutral under 
physiological conditions [26]. The near neutral surface charge of the 
Pep-LNPs could be due to the isoelectric point of the peptide ligand, 
which is approximately 7.0. Therefore, the net charge of the peptide is 
close to neutral under physiological conditions [41]. The shapes of these 
LNPs were nearly spherical in shape as observed in the TEM images with 
the sizes ranging between 100 and 200 nm (Fig. 1H). The results of the 
colloidal stabilities studies conferred no significant changes in particle 
size of these LNPs during the storage at 4 ◦C for 14 days (Fig. S1), 
indicating their favorable storage stability. 

The LNPs exhibited high encapsulation efficiency of siRNA (~90%) 
as determined by the RiboGreen® RNA assay (Table S1). The agarose gel 
electrophoresis assay displayed siRNA bands only after the LNPs-siRNA 
were treated with Triton X-100 (Fig. 1E). This result suggests that the 
siRNA was strongly associated with the lipids and encapsulated within 
the LNPs. The enzymatic stability of the siRNA in the LNP formulations 

was further investigated via agarose gel electrophoresis by incubating 
the these LNPs with RNase A or PBS. The results showed that LNPs 
protected the loaded siRNA from RNase A degradation. In contrast, free 
naked siRNA was completely degraded by RNase A (Fig. 1F). 

In order to evaluate the structural stability of LNPs in BALF, fluo
rescence resonance energy transfer (FRET) technique was used to 
investigate the integrity of LNPs-siRNA during the incubation in the 
BALF. As shown in Fig. S2A, in the absence of the encapsulation of LNPs, 
the highly charged siRNAs remained far from one another in solution 
due to electrostatic repulsion. However, after encapsulated by LNPs, 
FRET signals were detected due to the short distance between of Cy5- 
siRNA and Cy3-siRNA [43]. The disassembly of LNPs and leakage of 
siRNA could result in the loss of FRET. The FRET signal was represented 
by the relative emission intensity of acceptor and donor and used to 
indicate structure integrity of the LNPs (Fig. S2B) [44]. The initial ratio 
of FRET was about 0.8 for all the three LNP formulations, which was still 
present at similar level after incubation for 8 h, indicating that these 
LNPs could remain intact in the BALF within 8 h. While, after incubation 
for 12 h, the FRET signal of nLNPs reduced to 0.68, suggesting that a 
proportion of siRNA might leak from nLNPs. nLNP without modification 
of hydrophilic molecules on the surface may undergo an increase in the 
amount of adsorbed proteins in the BALF, which could lead to the 
structural instability of the LNPs [45]. 

3.3. Pep-LNPs exhibit enhanced siRNA delivery efficiency in ICAM-1- 
expressing cells 

Efficient cellular uptake of the LNPs is essential for successful siRNA 
transfection. To investigate the capability of the peptide ligand to 
improve the cellular uptake of the LNPs, three different cell lines, i.e., 
16HBE, BEAS-2B and A549, were exploited in this study. 16HBE and 
BEAS-2B cells are normal human bronchial epithelial cell lines 
expressing ICAM-1 [46–48]. A549 cells are adenocarcinomic human 
alveolar basal epithelial cells [49]. The cellular uptake efficiency of the 
Cy3-siRNA-loaded LNPs was evaluated by measuring the fluorescence 
intensity of the transfected cells using flow cytometry. 

As shown in Fig. 2, the fluorescence intensities increased with raising 
the content ratios (i.e., 1.6 % to 6.6 %, mol %) of the peptide ligand in 
the formulations in both 16HBE and BEAS-2B cells (Fig. 2A, B, D and E), 
which implied that the peptide ligand could enhance the cellular uptake 
of LNPs. Among different cell lines, BEAS-2B cells showed strongest 
cellular uptake of Pep-LNPs (Fig. 2D and E), which could be attributed to 
highest expression level of ICAM-1 on these cells compared with 16HBE 
and A549 cell lines (Fig. 2C, F, I and Fig. S3D). The lower ICAM-1 
expression level on A549 cells might account for the limited effect of 
peptide ligand in improving cellular uptake (Fig. 2G, H and I). These 
results indicated the peptide ligand modification facilitated the cellular 
uptakes of siRNA-loaded Pep-LNPs effectively in cells with high 
expression level of ICAM-1. 

The delivery efficiency of Pep-LNP with different peptide ratios was 
further verified by their gene silence effect based on RT-PCR (Fig. S3). 
The gene silencing efficiency of Pep-LNPs in both 16HBE cells (Fig. S3A) 
and BEAS-2B cells (Fig. S3B) were improved with increasing the pro
portion of the peptide ligand in the LNPs, which was consistent with the 
cellular uptake results. The Pep-LNPs consisting of 6.6% peptide ligand 
(6.6%-Pep-LNPs), which exhibited the highest gene silencing effect were 
chosen in the following studies for further investigation. 

Additionally, our data confirmed that the siRNA delivery efficiency 
of PEG-LNPs were decreased with an increase in the PEG-DMG contents 
in the LNPs (Fig. S4), which was consistent with the previous studies 
[50,51]. As a higher level of PEGylation might hinder the siRNA delivery 
efficiency of LNPs, PEG-LNPs consisting 1.6% PEG-DMG were employed 
in the following studies. 

To further confirm the RNAi effect of the Pep-LNPs after cellular 
uptake, the gene silencing efficiency was assessed at both the mRNA and 
protein levels using a model siRNA targeting GAPDH (siGAPDH) based 
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on RT-PCR and Western blot [52–54]. The Pep-LNPs exhibited more 
efficient gene silencing effect than the other two LNP formulations (i.e., 
nLNPs and PEG-LNPs) in both 16HBE and BEAS-2B cells, and even better 
than that of Lipo2000 (Fig. 3A, B, D and E). Furthermore, among the 
three cell lines, Pep-LNPs displayed the highest gene silencing efficiency 
in BEAS-2B cells (Fig. 3B and E). These results suggest that the gene 
silencing efficiency of Pep-LNPs are cell line-dependent, which might be 
due to discrepancies in the expression levels of the ICAM-1 receptors on 
the cells and different intracellular trafficking mechanisms [54]. 

To investigate the subcellular location of these LNPs, endosomes 
were labeled with LysoTracker Green, and the intracellular colocaliza
tion of Cy3-siRNA-loaded LNPs and lysosomes were observed using 
CLSM and Pearson’s coefficient was measured to evaluate the extent of 
correlation between signals of Cy3-siRNA and lysosome. In both 16HBE 
and BEAS-2B cells (Fig. 3G and H), the fluorescence signals of nLNPs and 
Pep-LNPs overlapped with LysoTracker Green to a lesser extent 

compared to PEG-LNPs. In addition, Pep-LNP-treated cells showed a 
much wider distribution of red fluorescent dots than those treated with 
nLNPs and PEG-LNPs. This further confirms that the intracellular de
livery efficiency of Pep-LNPs is higher than that of nLNPs and PEG-LNPs. 
In contrast, more Cy3-siRNA in LNPs colocalized with LysoTracker 
Green in A549 cells than in Lipo2000 group (Fig. 3I), which may explain 
the compromised gene silencing effect on those cells (Fig. 3C and F). 

3.4. LNPs promote the accumulation and extend the retention of siRNAs 
in the lung after pulmonary administration 

Prior to evaluating the in vivo pharmacological effects of the LNPs, 
their biodistribution in various vital organs of mice following pulmonary 
administration were characterized using an IVIS imaging system. In 
addition, the retention of the LNPs-siRNA in the lung as a function of 
time was investigated. 

Fig. 2. Delivery efficiency of Cy3-siRNA-loaded LNPs with different proportions of peptide ligands. Cellular uptake efficiency measured by flow cytometry (A, B and 
C) and their mean fluorescence intensity (B, E and H) in three different cell lines. ICAM-1 expression level in different cell lines detected by flow cytometry: red curves 
represent untreated cells, blue curve represent cells treated with PE-labeled ICAM-1 antibody (C, F and I). Data are shown as the mean ± standard deviation (SD) (n 
= 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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As shown in Fig. 4A, the LNPs-siRNA exhibited significantly greater 
accumulation in the lung than in the gastrointestinal (GI) tract, whereas 
no fluorescence signal was detected in other organs, such as the heart, 
liver, kidneys, and spleen, even 24 h after pulmonary administration. 
The fluorescence signals observed in the GI tract suggested that the LNPs 
might either be swallowed by the mice during intratracheal adminis
tration or underwent a mucociliary clearance in the airway followed by 
swallowing [55]. In contrast, in the free siRNA group, fluorescence 
signals were observed in the GI tract, liver, kidneys and spleen at 24 h 

after pulmonary administration. This suggests that free siRNA can 
translocate from the lung into the systemic circulation after adminis
tration. The encapsulation of siRNA in LNPs results in reduced trans
location of siRNA molecules from the lung to systemic circulation. This 
might be accredited to the close association between siRNA and its 
vector, which prevents cargo leakage from the LNPs. In addition, the 
epithelial cell layers of lungs might have created a barrier for the LNPs to 
transport across the biomembrane and into the blood circulation. The 
limited systemic exposure of siRNA after its loading into nanocarriers 

Fig. 3. In vitro gene silencing effects and endosome colocalization. Relative mRNA level based on RT–PCR (A-C) and protein expression level based on Western blot 
(D–F) in three cell lines (mean ± SD, n = 3). CLSM analysis of the intracellular localization of Cy3-siRNA-loaded LNPs (red) with endosomes and measurement of 
Pearson’s coefficient in 16HBE (G), BEAS-2B (H) and A549 cells (I). The nucleus was stained with DAPI (blue), and lysosomes were stained with LysoTracker (green). 
Scale bar = 10 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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after pulmonary administration was also reported by other research 
groups [56]. 

Subsequently, ex vivo images of the lungs were collected, and the 
fluorescence intensities were quantified at 0.5, 4, and 24 h after pul
monary administration. As depicted in Fig. 4B and C, the fluorescence 
intensity of free Cy5-siRNA in the lungs decreased as a function of time, 
whereas the fluorescence signals from all the LNP treated groups 
remained obviously prominent even after 24 h of the administration. 
nLNPs exhibited comparatively lower fluorescence intensity in the lungs 

than PEG-LNPs and Pep-LNPs at all sampling points. These results 
indicate that loading siRNA into LNPs could prolong siRNA retention in 
the lungs. In addition, both PEGylation and surface modification with 
the peptide ligand could extend LNPs retention in mouse lungs [44]. 

To further confirm the extended lung retention and evaluate the 
airway distribution of the siRNA-loaded LNPs, the lung tissues were 
sliced with a cryo-microtome and observed by CLSM. We first observed 
the distribution of Cy3-siRNA-loaded LNPs in the trachea and upper 
airway, where mucus is abundant, and then the lung lobes [57]. The 

Fig. 4. Biodistribution and lung accumulation after pulmonary administration. Distribution in the vital organs of the animals at different time points after 
administration (A). Representative IVIS images of animal lungs harvested at variable time points after intratracheal administration (B). Radiant efficiency measured 
by IVIS for different animal groups over time (C) (mean ± SD, n = 3). Tracheal distribution of Cy3-siRNA-loaded LNPs 0.5 h after administration (D). LNPs-siRNA 
distribution in lung parenchyma 4 h after administration and the zoomed-in images showing the cellular localization of LNPs in bronchus and alveolar regions. Scale 
bar =100 μm (E). The mean fluorescence intensity (MFI) of Cy3-siRNA in the bronchus and alveolar areas was quantified using ImageJ software (MFI = Total 
fluorescence intensity in the region/the area of this region) (F) (mean ± SD, n = 3). 
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LNPs were spread widely along the tracheal tract without obvious ag
gregation (Fig. 4D). There was no clear difference observed in the 
airway coverage of the fluorescence signals among nLNPs, PEG-LNPs, 
and Pep-LNPs. Airway mucin possess negatively-charged glycan 
coating and periodic hydrophobic domains, which can trap inhaled 
nanoparticles via electrostatic adherence and hydrophobic interactions 
[16,58]. We speculate that the mucus layer in the lungs of mice is too 
thin to trap these LNPs. Previous studies have also pointed out the 
limitations of mice models for evaluating the mucus penetration ability 
due to the species differences in emulating thick mucus layer in human 
airways [59]. It has been reported that PEGylation can promote the 
diffusion of nanoparticles in mucus via decreased hydrophobic and 
electrostatic interactions [58]. Therefore, PEG-LNPs was expected to 
show stronger mucus diffusion ability than that of nLNPs. To investigate 
the mucus penetration ability, we also developed in vitro mucus diffusion 
model according to the method reported in previous studies [60,61]. 
The result was shown in Fig. S6. Unexpectedly, we did not find signifi
cant differences in the mucus penetration ability among different LNP 
formulations. We reflected that airway mucus simulants in the diffusion 
model that can closely mimic in vivo physiological conditions of the 
disease lungs need to be further optimized to provide a solid basis for 
selection of the formulations [62]. 

The cryosections of the lung lobes demonstrated a higher fluores
cence intensity in AECs along the bronchus than in the lower airways 
and alveoli (Fig. 4E and F). The colocalization of Cy3-siRNA-loaded 
LNPs (red) with the nuclei (blue) verified the efficient internalization 
of LNPs into the AECs across the airway [58]. The cellular internaliza
tion of the LNPs might result in the prolonged lung retention and lower 
systemic exposure, as mentioned above. However, considering the 
variability in the anatomic structure of the lungs, these sliced sections 
may not be able to reflect the cellular uptake throughout the whole lung 
tissue [63]. A quantitative method was therefore adopted to evaluate the 
cellular-level distribution of these LNPs within the lungs, and the results 

are presented in the following section. 

3.5. Pep-LNPs enhanced siRNA delivery efficiency in AECs after 
pulmonary administration 

To study the distribution of siRNA in the lung at cellular resolution, 
the fluorescence intensities of Cy5-siRNA-loaded LNPs in three types of 
lung cells, i.e., Immune cells (ICs), endothelial cells (ECs) and epithelial 
cells (EpiCs) were determined at 8 h post pulmonary administration. The 
cell subsets of ICs (CD45 + CD31-), ECs (CD31 + CD45-), EpiCs 
(EpCAM+) and epithelial cells expressing ICAM-1 (i.e., EpiC-ICAM-1, 
EpCAM+ICAM-1+) were identified (Fig. S7A and B) [27,35]. The per
centages of Cy5-siRNA-positive (Cy5-siRNA+) cells within these cell 
populations and their fluorescence intensity were quantified by using 
multicolor flow cytometry in both normal and asthmatic mice (Fig. S7C 
and D). 

As illustrated in Fig. 5A and B, different types of lung cells exhibited 
variable uptake behaviors toward LNPs-siRNA after pulmonary admin
istration. In both normal and asthmatic mice, EpiCs had the highest 
cellular uptake of the inhaled LNPs-siRNA among the three cell types. 
The high percentage of Cy5-siRNA+ epithelial cells corresponded with 
the high localization of siRNA in the AECs in the frozen tissue sections 
(Fig. 4E and F). Previously, some researchers have also reported that 
nano-carriers loaded with nucleic acid exhibited a superior transfection 
efficiency in EpiCs than the other lung cell types following pulmonary 
administration [35]. However, when LNPs were designed for lung tar
geting via intravenous (i.v.) administration, they tended to exhibit a high 
transfection effect in lung endothelial cells [27]. This suggests that 
inhaled formulations render easier accessibility to EpiCs after pulmo
nary administration than other administration routes. 

The ICs represented the second-highest population of Cy5-siRNA+
cells (5–10%) (Fig. 5A). Previous studies have revealed that LNPs 
administered intravenously have could favor a quick transfection in 

Fig. 5. Distribution of Cy5-siRNA-loaded LNPs in different cell populations in the lung tissue. Percentages of Cy5-siRNA+ cells (A) and MFI of Cy5-siRNA loaded 
LNPs (B) in different lung cell subsets of both normal and asthmatic mice (ICs, immune cells; ECs, endothelial cells; and EpiCs, epithelial cells). ICAM-1 expression 
levels in the epithelial cells of normal and asthmatic mice (C). The FACS analyses and their quantitative data of Cy5-siRNA+ cells and mean fluorescence intensity in 
epithelial cells populations expressing ICAM-1 (EpiCs-ICAM-1) in normal mice (D, E and F) and asthmatic mice (G, H and I) (mean ± SD, n = 3). 
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leukocytes [64]. Nevertheless, the LNPs prepared in our study depicted 
relatively limited uptake in immune cells, even under inflammatory 
conditions (i.e., in asthmatic mice). Phagocytosis by macrophages is a 
known clearance pathway of inhaled nanoparticles, and the extent of 
phagocytosis is dependent on the physicochemical properties of the 
inhaled nanoparticles. Researchers have reported that positively 
charged particles are more readily phagocytosed by alveolar macro
phages than negative or neutral-charged particles [65]. The neutrally 
charged surface of the LNPs might account for their low phagocytosis by 
immune cells. In addition to the surface charge, the size of the inhaled 
particles can also has a significant impact on phagocytosis by alveolar 
macrophages. Alveolar macrophages tend to phagocytose particles in 
the 1–5 μm size range. While particles >5 μm or with a diameter < 240 
nm are less taken up by macrophages [65,66]. The nano-sizes of the 
LNPs in this study may also contribute to the results. Lastly, the favor
able biocompatibility of the lipid components in the LNPs might be 
another important factor for the limited infiltration and phagocytosis of 
immune cells [67]. 

The percentage of Cy5-siRNA+ cells among the total endothelial cell 
population was negligible (<5%) (Fig. 5A). Endothelial cells showed 
very limited uptake of the inhaled LNPs-siRNA (Fig. 5A and B). These 
results confirm that the siRNA-loaded LNPs could hardly pass through 
the endothelial cells to reach to the blood system, which is in agreement 
with the IVIS imaging results. 

Ligand incorporation has been considered an effective strategy for 
the selective delivery of nucleic acid-based therapeutics to the targeted 
cells [68,69]. For example, M. Kim and coworkers accomplished a tar
geted delivery of mRNA and siRNA to the liver sinusoidal endothelial 
cells by incorporating mannose moieties as ligand into LNPs [68]. 
Similarly, in our work, the peptide ligand-modified LNPs exhibited an 
enhanced delivery efficiency of siRNA to AECs expressing ICAM-1 
(EpiCs-ICAM-1) compared to the other two formulations in both 
normal and asthmatic mice (Fig. 5D~I). In the normal mice, the delivery 
efficiency of Pep-LNPs in AECs expressing ICAM-1 was approximately 
70% higher than that by nLNPs (Fig. 5D~F). Interestingly, in asthmatic 
mice, the delivery efficiency of Pep-LNPs n AECs expressing ICAM-1 was 
obvious enhanced, which was approximately 1.7-fold greater than that 
of nLNPs (Fig. 5G~I). This could be attributed to the higher expression 
level of ICAM-1 on the surface of AECs in asthmatic mice than normal 
mice (Fig. 5C). The enhanced expression of ICAM-1 in asthmatic airway 
epithelium has also been reported in literature [19,70]. The in vivo gene 
silencing effects of the LNPs were further evaluated at the protein level, 
and the results demonstrated that Pep-LNPs exhibited an improved gene 
silencing effect compared to the other two LNP formulations (Fig. S8). 

3.6. Pep-LNPs-siTSLP alleviate airway inflammation and attenuate AHR 

After confirming the AEC-specific siRNA delivery efficiency and 
enhanced gene silencing effects of Pep-LNPs, their therapeutic effects on 
asthmatic mice were investigated. In this context, TSLP-siRNA was 
loaded in Pep-LNPs and their abilities to alleviate inflammation and 
AHR were assessed in OVA-challenged allergic asthma mice after pul
monary administration (Fig. 6A). The epithelial-cell-derived cytokine, 
TSLP was targeted as it could regulate the multiple signaling pathways 
of the inflammatory cascades involved in the progression of asthma and 
acts as an alarmin for the immune system [12,13]. 

As shown in Fig. 6B, the total cell counts (including lymphocytes, 
eosinophils, macrophages, etc.) in the bronchoalveolar lavage fluid 
(BALF) of the asthmatic mice treated with PBS or Pep-LNPs-siNC were 
significantly higher than those of the Control group (i.e., the mice 
sensitized and challenged by saline) or the mice treated with Pep-LNPs- 
siTSLP. However, there was no significant difference in the total number 
of cells between the Pep-LNP-siTSLP and Control groups. This trend 
remained unaltered in the case of percentages of lymphocytes and eo
sinophils (Fig. 6C and D). In contrast, the percentages of macrophages 
were higher in the Control group and mice treated with Pep-LNP-siTSLP 

compared to those treated with PBS and Pep-LNPs-siNC (Fig. 6E). This 
could be attributed to the fact that the percentages of macrophages were 
calculated rather than the absolute numbers of the cells, and similar 
results has been also reported in other studies [61,71]. Overall, these 
results imply that the total cell counts increased in the BALF of asthmatic 
mice, and Pep-LNP-siTSLP treatment could reduce the infiltration of 
eosinophils and lymphocytes in the airway, normalizing the total cell 
counts. 

When looking into the cytokine levels, a significant increase in TSLP 
and Th2 cytokines (IL-4 and IL-13) in the BALF was observed in the mice 
treated with PBS compared to the Control group (Fig. 6F~H). In 
contrast, Pep-LNP-siTSLP-treated mice exhibited a significant decrease 
in the levels of TSLP, IL-4 and IL-13 in the BALF as compared to the PBS 
group (p < 0.05), and these cytokines levels in the Pep-LNP-siTSLP 
group were comparable to those in the Control group (Fig. 6F~H). A 
similar TSLP level in the mice treated with Pep-LNP-siNC and PBS sug
gested that Pep-LNPs-siNC did not exert an RNAi effect (Fig. 6F). The 
levels of IL-4 and IL-13 were determined in this study because TSLP is 
known to regulate the expression of several Th2 cytokines, including IL- 
4 and IL-13 [12,13,72]. It has been reported that IL-4 is involved in early 
allergic inflammation, activating various immune cells and elevating IgE 
levels [18], and IL-13 increases bronchus hyperactivity, promotes goblet 
cell hyperplasia and activates MUC5AC expression, which further con
tributes to the aggravation of airway obstruction [73,74]. 

TSLP and IL-13 are known to inhibit mucus overproduction, which is 
one of the remarkable pathological characteristics of asthma [75]. 
Therefore, to further evaluate the therapeutic effect caused by the sup
pression of TSLP and IL-13, the level of mucin MUC5AC in the lungs was 
determined by using both ELISA and Western blotting. As shown in 
Fig. 6 I and J, the expression levels of MUC5AC in asthmatic mice treated 
with PBS and Pep-LNPs-siNC were noticeably elevated compared with 
those in the Control group. Following the treatment with Pep-LNPs- 
siTSLP, the MUC5AC level in the BALF as determined by ELISA 
(Fig. 6I) and MUC5AC protein expression in lung tissues as analyzed by 
Western blotting (Fig. 6J) were significantly suppressed, conferring their 
abilities to reduce mucus overproduction. 

The impact of attenuated expression of MUC5AC by Pep-LNPs-siTSLP 
treatment on lung functions was also evaluated by monitoring airway 
responsiveness in response to the variable concentration of aerosolized 
methacholine (Mch) [37,74]. The enhanced pause (Penh) was measured 
by whole-body plethysmography as an indicator of AHR. As shown in 
Fig. 6K, the starting Penh values (i.e., baseline) of the various groups 
were almost the same and increased with raising concentration of Mch. 
The Penh values for the mice treated with PBS or Pep-LNPs-siNC 
increased to a much greater extent than those of the Control group. In 
contrast, the increase in the Penh values of the mice treated with Pep- 
LNPs-siTSLP as a function of Mch concentration remained comparable 
to that in the Control group. This indicated that Pep-LNPs-siTSLP 
treatment was able to protect the asthmatic airway from the stimula
tion by Mch and alleviate AHR. The outcomes could be supported by the 
H&E and PAS staining images (Fig. 6L and M). Pep-LNPs-siTSLP treat
ment resulted in less inflammatory cell infiltration both in the peri
bronchial and alveolar areas of asthmatic lungs than PBS or Pep-LNPs- 
siNC treatment (Fig. 6L). In addition, Pep-LNPs-siTSLP treatment pre
vented the hyperplasia of PAS positive cells, which was obvious in the 
groups treated with PBS and Pep-LNPs-siNC (Fig. 6M). These results 
suggested that Pep-LNPs-siTSLP could be a promising therapy to alle
viate epithelium-mediated inflammatory responses and attenuate AHR 
in the asthmatic conditions. 

3.7. Pep-LNPs are well tolerated by mice after pulmonary administration 

The safety profiles of the LNPs-siRNA after pulmonary administra
tion to healthy mice were assessed and compared with lipopolysaccha
ride (LPS) (i.e., positive control) by quantifying the proinflammatory 
cytokines in the BALF, counting the infiltrated inflammatory cells, and 
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H&E staining. LPS is outer membrane component of Gram-negative 
bacteria and known as a strong stimulator of innate or natural immu
nity [76]. As illustrated in Fig. 7A~C, the levels of IL-1β, IL-6, and TNF-α 
in the mice treated with the LNPs were comparable with those in the PBS 
group, whereas the mice treated with LPS demonstrated significantly 
higher levels of these proinflammatory cytokines. The high levels of 
these proinflammatory cytokines could initiate the production of in
flammatory mediators, trigger the immune response, and induce 

epithelial cell injury [77–79]. 
There were no significant differences in the total cell counts between 

PBS group and the LNP groups. In contrast, the total cell counts for the 
mice treated with LPS increased dramatically compared to the PBS 
group (Fig. 7D). Generally, macrophages account for most of the cells in 
BALF, and other immune cells make up a small proportion in normal 
mice [80]. As depicted in Fig. 7E, the percentages of neutrophils in the 
BALF of the mice treated with the LNP formulations were comparable to 

Fig. 6. Illustration of the asthma model development and treatment protocol (A). Total cell counts and the percentages of lymphocytes, eosinophils, and macro
phages in the BALF (B-E). TSLP (F), IL-4 (G), IL-13 (H) and MUC5AC (I) levels in the BALF determined by ELISA. MUC5AC expression in the lung tissue determined by 
Western blot (J). Airway responsiveness in response to increasing doses of Mch (n = 6) (K). Representative images of H&E staining (L) demonstrating inflammatory 
cell infiltration. PAS staining of the lung sections after various treatments (M) demonstrating mucus-producing PAS-positive cells (dark purple). Scale bar: 100 μm for 
200×, 50 μm for 400×. (mean ± SD, n = 6, * p < 0.05, ** p < 0.01, *** p < 0.001, ns, no significance). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 7. Safety assessment of LNPs-siRNA (siNC) and LPS after intratracheal administration. Inflammatory cytokines in BALF determined by ELISA (A-C), total cell 
counts (D) and the percentages of neutrophils (E) and macrophages (F) in BALF (mean ± SD, n = 3). Representative histology images of the lung tissue by H&E 
staining (G). Scale bar: 100 μm (200×), 50 μm (400×). 
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those treated with PBS, whereas a notable increase in the percentage of 
neutrophils was observed in the mice treated with LPS. The proportion 
of macrophages in the BALF was lower in the LPS group than in the PBS 
and LNPs treated groups (Fig. 7F). Thus, LPS treatment could induce 
neutrophil infiltration and relatively reduce the proportion of macro
phages [61]. These results suggest that LPS treatment, but not the LNP 
formulations, resulted in significant inflammatory cell infiltration in the 
airway. 

To further understand the histopathological changes in lung tissues, 
H&E staining was performed and analyzed using a light microscope. The 
H&E staining images of lungs from PBS-treated mice displayed clear 
alveoli spaces and normal bronchial walls, without inflammatory cell 
infiltration (Fig. 7 G). In contrast, noticeable inflammatory cell infil
tration in the interstitial and alveolar spaces and thickened airway 
cavity walls were observed in the mice treated with LPS. The histological 
features of the LNPs treated groups were similar to those of the mice 
treated with PBS, no obvious inflammatory lesions were observed in 
both airway and alveolar region. These results suggested that the LNPs 
could be well tolerated in mice without obvious lung inflammation or 
toxicity under the dosage regimen in this work. 

4. Conclusion 

In summary, cyclic peptide-decorated lipid nanoparticles (Pep-LNPs) 
were successfully accomplished, which could efficiently deliver siRNA 
into cultured human epithelial cells and mouse AECs and markedly 
reduce the expression of TSLP, a proinflammatory cytokine that sits at 
the top of the inflammatory cascade. The inhibition of TSLP by the Pep- 
LNPs regulated multiple signaling pathways (i.e., IL-4 and IL-13) 
involved in the progression of asthma, which subsequently reduced 
stimulated MUC5AC secretion and alleviated the inflammatory response 
and AHR. In addition, the Pep-LNPs showed a very low rate of immu
nogenicity when administered intratracheally, so this is unlikely to be a 
limitation of chronic therapy. Pep-LNPs might therefore serve as a 
promising therapy in controlling acute exacerbation of asthma and 
could also be used to treat patients suffering from poor control of mucus 
hypersecretion by modulating upstream inflammatory mediators. Alto
gether, this study demonstrates that the inhaled ionizable lipid nano
particles are an effective and safe delivery platform against 
proinflammatory genes overexpressed in AECs. In view of the complex 
pathogenesis of asthma, our research may also pave the way for the 
delivery of cocktail siRNAs targeting various genes overexpressed in 
AECs to develop therapeutics with synergistic pharmacological effects. 
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