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A B S T R A C T   

Asthma is a serious global public health concern. Airway neutrophilic inflammation is closely related to severe 
asthma, for which effective and safe therapies remain to be developed. Here we report nanotherapies capable of 
simultaneously regulating multiple target cells relevant to the pathogenesis of neutrophilic asthma. A nano
therapy LaCD NP based on a cyclic oligosaccharide-derived bioactive material was engineered. LaCD NP effec
tively accumulated in the injured lungs of asthmatic mice and mainly distributed in neutrophils, macrophages, 
and airway epithelial cells after intravenous or inhalation delivery, thereby ameliorating asthmatic symptoms 
and attenuating pulmonary neutrophilic inflammation as well as reducing airway hyperresponsiveness, 
remodeling, and mucus production. Surface engineering via neutrophil cell membrane further enhanced tar
geting and therapeutic effects of LaCD NP. Mechanistically, LaCD NP can inhibit the recruitment and activation 
of neutrophils, especially reducing the neutrophil extracellular traps formation and NLRP3 inflammasome 
activation in neutrophils. Also, LaCD NP can suppress macrophage-mediated pro-inflammatory responses and 
prevent airway epithelial cell death and smooth muscle cell proliferation, by mitigating neutrophilic inflam
mation and its direct effects on relevant cells. Importantly, LaCD NP showed good safety performance. Conse
quently, LaCD-derived multi-bioactive nanotherapies are promising for effective treatment of neutrophilic 
asthma and other neutrophil-associated diseases.   

1. Introduction 

Asthma is a serious global public health concern, which occurs in 
both children and adults, affecting approximately 339 million people 
worldwide [1]. Asthma, a heterogeneous chronic inflammatory disease 
in the airways, is featured by infiltration of inflammatory cells, airway 
hyperresponsiveness (AHR), airway remodeling, and mucus production. 
In the pathogenesis of asthma, many cells are involved, including eo
sinophils, neutrophils, macrophages, mast cells, T lymphocytes, airway 
epithelial cells, and smooth muscle cells (SMCs) [2]. Generally, it has 
been considered that asthma (in particular, allergic asthma) is mainly 
associated with eosinophilic inflammation that can be effectively treated 

with inhaled corticosteroids [2,3]. However, increasing evidence has 
shown strong associations of airway neutrophilic inflammation with 
severe asthma that is resistant to corticosteroid therapy [4,5]. More than 
50% of asthma is resulting from non-eosinophilic inflammation, in 
which neutrophilic inflammation is predominant [6,7]. Neutrophilic 
asthma (NA) is closely related to persistent, severe, and fatal asthma 
phenotypes [4,8]. Whereas the standard pharmacological treatment 
with corticosteroids represents the best therapeutic option for most 
asthmatic patients, NA remains poorly controlled by available therapies 
[2,4,9]. 

Compared to patients with mild asthma, more neutrophils were 
detected in the airways of severe asthmatics [7,8], suggesting that 
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neutrophils most likely play an important role in the pathophysiology of 
NA [4]. Under normal conditions, neutrophils are first recruited to in
flammatory sites and defense against pathogens by phagocytosis, 
degranulation, and releasing neutrophil extracellular traps (NETs) that 
are complexes of extracellular DNA fibers, histones, and granular pro
teins [10]. Also, neutrophils have been implicated in the pathogenesis of 
many acute/chronic inflammatory disorders [11], in which recruitment 
and subsequent activation of neutrophils are crucial for the development 
of a diverse array of diseases [10]. Interleukin (IL)-8, a critical chemo
kine for neutrophils, was found to be notably increased in NA patients, 
which can be released by epithelial cells and infiltrated neutrophils in 
the lungs to participate in airway inflammation [12]. Additionally, NETs 
generated from activated neutrophils can cause airway injury due to 
direct cytotoxicity to pulmonary epithelial cells, thus promoting severe 
inflammation in NA [13,14]. Importantly, NETs were found in the air
ways of a subset of patients with more severe asthma [15]. Reversible 
airway obstruction is one of the hallmarks of asthma pathology. NETs 

may also stimulate airway SMCs proliferation and contribute to AHR 
and airway remodeling [16]. In addition, increasing evidence has indi
cated that nucleotide-binding oligomerization domain-like receptor 
family pyrin domain containing 3 (NLRP3) inflammasome activation 
plays a pivotal role in the pathogenesis of NA [15,17]. Assembly and 
activation of the NLRP3 inflammasome result in caspase-1-dependent 
release of IL-1β, thus leading to excessive inflammation and tissue 
damage [18]. Increased levels of NLRP3, caspase-1, and IL-1β were 
observed in the airways of NA [19]. Moreover, previous studies have 
demonstrated a link between the NLRP3 inflammasome and NETosis in 
severe asthma, and NETs can enhance IL-1β release by the activated 
NLRP3 inflammasome in neutrophils [15,20,21]. Consequently, neu
trophils and neutrophil-derived NETs are involved in the initiation and 
propagation of NA, thus may serve as new therapeutic targets for NA. 

Recently, various drugs have been evaluated in clinical trials for the 
treatment of asthma by targeting neutrophilic inflammation [22], such 
as macrolides and antibodies. Of note, macrolides can reduce the 

Fig. 1. Schematic illustration of engineering of multifunctional bioactive nanoparticles derived from a luminol-conjugated α-cyclodextrin (LaCD) material. (A) 
Chemical structure of LaCD as well as engineering of LaCD nanoparticles (LaCD NP) and neutrophil membrane-coated LaCD NP (NM-LaCD NP). (B) A sketch showing 
accumulation of NM-LaCD NP in the injured lungs and targeted treatment of neutrophilic asthma by regulating multiple pathologically relevant cells. 
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recruitment and activation of neutrophils, thereby attenuating neutro
philic inflammation-mediated airway injury [23,24]. However, 
increased resistance after long-term treatment and adverse reactions 
relevant to systemic distribution are still crucial concerns for this type of 
therapies [25]. For biological therapeutics like anti-IL-17R and 
anti-tumor necrosis factor (TNF)-α, whereas they are effective in treating 
NA by interfering pro-inflammatory signaling pathways [26], nonre
sponse in some patients and considerable side effects (such as serious 
infections and malignancies) have limited their clinical applications [27, 
28]. Therefore, both new therapies and innovative delivery strategies 
are necessary for safe and effective treatment of NA. Furthermore, in 
view of the direct contribution of abnormal airway epithelial cells and 
SMCs as well as their close relationship with neutrophilic inflammation, 
we reasonably hypothesize that agents capable of simultaneously 
regulating multiple target cells can serve as high potent drugs for NA. 

Herein we proposed a multifunctional nanotherapy paradigm for the 
treatment of NA by regulating multiple pathologically relevant cells. As 
a proof of concept, nanoparticles (NPs) with multiple pharmacological 
activities were engineered using an intrinsically bioactive material LaCD 
(Fig. 1A). Both targeting and therapeutic effects of the engineered 
nanotherapy LaCD NP were examined in mice with induced NA after 
either intravenous or inhalation administration. To further enhance the 
targeting efficiency and efficacy of LaCD NP, a neutrophil cell 
membrane-based biomimetic strategy was applied. Moreover, multiple- 
cell-regulating mechanisms underpinning anti-asthmatic effects of LaCD 
NP were explored (Fig. 1B). 

2. Experimental section 

2.1. Synthesis and characterization of an α-cyclodextrin-derived material 

A bioactive material, i.e., luminol-conjugated α-cyclodextrin (α-CD) 
(defined as LaCD) was synthetized as previously described [29,30]. 
Specifically, α-CD (0.68 g, 0.7 mmol) dried at 60 ◦C in vacuum overnight 
and 1,1′-carbonyldiimidazole (CDI) (0.68 g, 4.2 mmol) were 
co-dissolved in 6 mL of anhydrous DMF. The solution was magnetically 
stirred at 20–25 ◦C for 1.5 h, followed by precipitation in cold diethyl 
ether. The resulting CDI-activated α-CD (CDI-α-CD, 1.01 g) was dis
solved in anhydrous DMF (8 mL), into which luminol (0.37 g, 2.1 mmol) 
and 0.1 mL of triethylamine were added, followed by reaction at 
20–25 ◦C for additional 15 h under nitrogen. After precipitation from 
deionized water, the final product LaCD was collected by centrifugation 
and lyophilization. For materials characterization, 1H NMR spectra were 
acquired on a spectrometer operating at 600 MHz (DD2, Agilent). 
Fourier-transform infrared (FT-IR) spectra were recorded on a Perki
nElmer FT-IR spectrometer (100S, USA). UV–Vis spectroscopy was 
conducted on an ultraviolet spectrophotometer (TU-1901, Beijing Pur
kinje General instrument, China). 

2.2. Fabrication of NPs based on LaCD 

NPs based on LaCD (i.e., LaCD NP) were prepared by a nano
precipitation method. In brief, 50 mg LaCD was dissolved in 2 mL of 
DMF, into which 10 mL of deionized water was slowly added. Then, the 
obtained mixture was incubated at room temperature for 2 h. Finally, 
LaCD NP was collected by centrifugation at 21000g and obtained by 
washing with deionized water 3 times. Through similar procedures, 
LaCD NPs containing Cy5 or Cy7.5 were fabricated. 

2.3. Animals 

All the animal care and experimental protocols were performed in 
agreement with the rules of the Animal Ethical and Experimental 
Committee of the Third Military Medical University (Army Medical 
University, Chongqing, China). BALB/c mice (18–22 g) were purchased 
from the Animal Center of the Third Military Medical University. All the 

animals were acclimatized to the laboratory for at least 7 days before 
experiments. 

2.4. In vivo targeting of LaCD NP to the pulmonary tissue in mice with 
neutrophilic asthma 

Neutrophilic asthma (NA) was established in mice as previously 
described [31]. In brief, on days 1 and 7, BALB/c mice were sensitized 
by intraperitoneal (i.p.) injection with 50 μg ovalbumin (OVA) in 50 μL 
of 0.01 M PBS (pH 7.4) mixed with 50 μL of 0.01 M PBS containing 2 mg 
Al(OH)3 or the same volume of PBS. Immediately, each mouse was 
intranasally instilled with 100 μg OVA together with 10 μg lipopoly
saccharide (LPS) in 50 μL of 0.01 M PBS or the same volume of PBS. 
Additionally, on days 14–18, all mice were challenged by exposure to an 
aerosolized 1% OVA solution (or 0.01 M PBS for the control mice) for 1 
h. At 24 h after the final challenge, Cy7.5-labeled LaCD NP (Cy7.5/LaCD 
NP) was intravenously administered through the tail vein at 20 μg of 
Cy7.5 in each mouse. At 15 min post injection, mice were euthanized 
and perfused with PBS. Similarly, Cy5-labeled LaCD NP (Cy5/LaCD NP) 
at 60 μg of Cy5 was given to each mouse by aerosol inhalation. Mean
while, saline was injected for control mice. Mice were euthanized and 
perfused with PBS at 6 h after aerosol inhalation. Then whole lungs were 
excised for ex vivo fluorescence imaging with an IVIS Spectrum system. 

2.5. Cellular distribution of LaCD NP in lung tissues of asthmatic mice 
after intravenous (i.v.) injection or aerosol inhalation 

Asthmatic mice were i.v. injected with Cy5/LaCD NP at 60 μg of Cy5 
in each animal. Control mice were given with saline. At 1 h after 
administration, mice were euthanized. Whole lungs were isolated, 
minceded, and passed through a 40-μm nylon cell filter after red blood 
cells were depleted by incubation with ACK lysis buffer. The obtained 
cells were stained with APC/cyanine7-conjugated anti-mouse/human 
CD11b, PE-conjugated rat anti-mouse CD90, PE-conjugated rat anti- 
mouse Ly6G, FITC-conjugated anti-mouse F4/80, and BV421- 
conjugated rat anti-mouse CD326 for analysis by flow cytometry. In a 
separate study, lung sections were prepared and incubated with anti
bodies to Ly6G, EpCAM, CD90, and CD68 for 24 h, followed by incu
bation with the secondary antibody. After nuclei were stained with 
DAPI, confocal laser scanning microscopy (CLSM) images were ac
quired. Similarly, cellular distribution analysis of Cy5/LaCD NP was 
performed for lung tissues collected at 6 h after inhalation. 

2.6. Efficacy of LaCD NP for the treatment of NA in mice after i.v. 
administration 

NA in BALB/c mice was induced according to the aforementioned 
method. Mice were randomly assigned into four groups. On days 1 and 
7, mice were sensitized with OVA and LPS. On days 14–18, all mice were 
challenged with 1% OVA for 1 h. For evaluation of therapeutic effects of 
LaCD NP, saline or LaCD NP (25 or 100 mg/kg) was given by i.v. 
administration at 1 h before the OVA challenge on days 14, 16, and 18. 
Meanwhile, in the normal control group, healthy mice were treated with 
saline. On day 19, mice were euthanized. Then 1 mL of PBS was injected 
into the lungs, and bronchoalveolar lavage fluid (BALF) was collected 
immediately. Subsequently, BALF was centrifuged at 450g and the ob
tained cells were labeled with APC-conjugated rat anti-mouse CD11b 
and PE-conjugated rat anti-mouse Ly6G antibodies for analysis by flow 
cytometry. In addition, 200 μL of Triton X-100 (0.3 wt%) was added into 
1 mL of collected BALF and homogenized, followed by centrifugation at 
16000g for 10 min at 4 ◦C. The levels of IL-17, myeloperoxidase (MPO), 
H2O2, tumor necrosis factor (TNF)-α, and IL-1β in the supernatant were 
quantified by ELISA. Also, blood samples were collected and the su
pernatant was obtained by centrifugation at 3000 rpm for 15 min at 
25 ◦C. Serum levels of immunoglobulin E (IgE) were determined by 
ELISA. Furthermore, histological sections were prepared and stained 
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with hematoxylin and eosin (H&E), periodic acid-Schiff (PAS), Masson, 
or α-smooth muscle actin (α-SMA) antibody. 

For evaluation of lung function, AHR was assessed as previously 
described [32]. In brief, mice were anesthetized by i.p. injection of 2% 
pentobarbital sodium, and then tracheostomized and intubated. Subse
quently, mice were laid in a body plethysmograph chamber and the 
inserted tracheal tube was connected to the ventilator. Immediately, 
mice were challenged with methacholine at concentrations varying from 
0, 3.125, 6.25, 12.5, to 25 mg/mL. The individual peak response value of 
resistance (R) was recorded. The results are represented as fold increases 
of R above baseline (RL) and calculated as follows: (R-RL)/RL. 

In addition, neutrophil counts and MPO levels in lungs were 
analyzed by immunofluorescence. In brief, lung sections were prepared 
and incubated with antibodies to Cy3-labeled Ly6G and FITC-labeled 
MPO. After nuclei were stained with DAPI, the sections were imaged 
by CLSM. Similarly, the formation of NETs in pulmonary tissues was 
analyzed by immunofluorescence after lung sections were incubated 
with antibodies to Cy3-labeled Ly6G and FITC-labeled citrullinated 
histone H3 (CitH3). 

Also, the NLRP3 inflammasome activation in the lungs was evalu
ated. Specifically, lung tissues were grounded and cracked on ice for 30 
min with RIPA containing PMSF. The supernatant was collected by 
centrifugation at 16000g for 10 min at 4 ◦C. Finally, RIPA lysate, sample 
loading buffer, and mercaptoethanol were used to adjust the protein 
concentration to 8 mg/mL, and the samples were boiled at 95 ◦C for 10 
min to denaturate proteins. The expression of NLRP3, ASC, and pro- 
caspase-1 were detected by Western blotting (WB). 

2.7. Therapeutic effects of LaCD NP in asthmatic mice by aerosol 
inhalation 

Mice were randomly assigned into four groups. On days 1 and 7, mice 
were sensitized with OVA and LPS. LaCD NP at 1 or 5 mg/kg was given 
by aerosol inhalation. After 1 h, all mice were challenged with 1% OVA 
for 1 h on days 14–18. Asthmatic mice treated with saline served as the 
positive control. On day 19, BALF was collected for quantification of IL- 
17, neutrophils, MPO, H2O2, TNF-α, and IL-1β. Blood samples were 
collected for quantification of serum levels of IgE. Histological sections 
were also prepared and stained with H&E, PAS, Masson, or α-SMA 
antibody. For evaluation of lung function, AHR was assessed according 
to the aforementioned method. In addition, neutrophil counts and MPO 
levels in lungs were analyzed by immunofluorescence. 

2.8. Preparation of neutrophil cell membrane-coated LaCD NP 

Neutrophil cell membranes (NMs) were isolated according to the 
previously reported method [33]. In brief, peritoneal neutrophils were 
sonicated at 42 kHz for 5 min and then frozen at − 80 ◦C for 30 min, 
followed by thawing at room temperature for another 30 min. After 
centrifugation at 700g for 10 min at 4 ◦C, the supernatant was collected 
and then centrifuged at 14,000g for another 30 min. NMs were finally 
obtained from the bottom of solution. Subsequently, NMs were washed 
with 0.5 mM EDTA and collected by centrifugation at 14000g for 30 min 
at 4 ◦C. The membrane content was quantified using a BCA kit. To 
prepare neutrophil membrane vesicles (NMVs), NMs were sonicated at 
42 kHz for 5 min and physically extruded through a mini-extruder with a 
400-nm polycarbonate membrane for 10 passes. Neutrophil 
membrane-functionalized LaCD NP (NM-LaCD NP) was produced using 
a sonication-extrusion method [33]. For membrane coating, NMVs were 
mixed with LaCD NP at a membrane protein-to-LaCD weight ratio of 1:1. 
The mixture was then sonicated with a bath sonicator for 5 min and 
physically extruded with a 200-nm polycarbonate membrane. 

2.9. In vivo targeting effects and biodistribution profiles of NM-LaCD NP 
in asthmatic mice 

NA in BALB/c mice was induced according to the aforementioned 
method. At 24 h after the final challenge, Cy5/LaCD NP or Cy5-labeled 
NM-LaCD NP (Cy5/NM-LaCD NP) was i.v. administered through the tail 
vein at 1.6 μg of Cy5 in each mouse. Meanwhile, saline was injected in 
the control mice. At 1 h post injection, mice were euthanized and 
perfused with PBS. Then whole lungs were excised for ex vivo fluores
cence imaging with an IVIS Spectrum system. Also, other major organs 
including the heart, liver, spleen, and kidneys were excised for ex vivo 
imaging and quantitative analysis of the fluorescence intensities. 

2.10. Therapeutic effects of NM-LaCD NP in asthmatic mice 

Mice were randomly assigned into four groups. On days 1 and 7, mice 
were sensitized with OVA and LPS. On days 14–18, all mice were 
challenged with 1% OVA for 1 h. Either LaCD NP or NM-LaCD NP at 5 
mg/kg was given by i.v. administration at 1 h before OVA challenge on 
days 14, 16, and 18. In the normal control group, healthy mice were 
treated with saline. On day 19, mice were euthanized and BALF was 
collected for quantification of neutrophils, IL-17, MPO, TNF-α, and IL- 
1β. Blood samples were collected for quantification of serum levels of 
IgE. In addition, histological sections were prepared and stained with 
H&E, PAS, Masson, or α-SMA antibody. 

2.11. Statistical analysis 

Statistical analysis was performed with the software of SPSS12 using 
one-way ANOVA with a multiple comparison method for experiments 
containing more than two groups. The one-way ANOVA with a two- 
tailed, unpaired t-test was performed for experiments with two 
groups. The p < 0.05 is considered to be statistically significant. 

3. Results 

3.1. Design, engineering, and characterization of bioactive cyclodextrin- 
derived NPs 

As well documented, severe asthma is insensitive to corticosteroids 
that are generally used for asthma treatment [2,4,9]. Increasing evi
dence has indicated that neutrophils and neutrophil-derived NETs can 
directly contribute to the initiation, progression, and exacerbation of 
severe asthma [2,4–8,34]. Moreover, neutrophilic inflammation is 
closely associated with abnormal changes of macrophages, airway 
epithelial cells, and SMCs in the lungs, which are all responsible for the 
pathogenesis of asthma [2,3]. Consequently, we attempted to develop 
bioactive NPs for the treatment of severe asthma by regulating 
neutrophil-mediated inflammation and other target cells. To this end, a 
bioactive material LaCD was synthesized by conjugating luminol onto 
α-CD (Fig. 1A and Fig. S1A). α-CD, a cyclic oligosaccharide, was chosen 
as a scaffold compound, due to its multiple advantages, such as the 
excellent biosafety, well-defined chemical structure and composition, 
and abundant hydroxyl groups that can be easily functionalized by so
phisticated chemistries [35–37]. FT-IR, 1H NMR, and UV–Vis spec
trometry revealed successful synthesis of LaCD (Figs. S1B–D). According 
to 1H NMR and UV–Vis absorption spectra, approximately 1–2 luminol 
and 2–3 imidazole units were conjugated onto each LaCD molecule. 
Notably, the presence of relatively hydrophobic imidazole units afforded 
amphiphilicity to LaCD, thereby enabling self-assembly of LaCD in the 
absence of surfactants or stabilizers. 

LaCD NP was prepared by direct nanoprecipitation of LaCD dissolved 
in DMF using deionized water as a poor solvent (Fig. 1A). Thus produced 
LaCD NP displayed well-defined spherical morphology, as illustrated by 
transmission electron microscopy (TEM), scanning electron microscopy 
(SEM), and atomic force microscopy (AFM) images (Fig. 2A–D). 

J. Cai et al.                                                                                                                                                                                                                                       



Bioactive Materials 28 (2023) 12–26

16

Fig. 2. Characterization of LaCD NP as well as lung targeting effects and cellular distribution patterns of LaCD NP after i.v. administration in NA mice. (A–E) TEM 
(A), SEM (B), and AFM (C–D) images as well as the size distribution profile (E) of LaCD NP. Scale bars, 300 nm. (F) Schematic illustration of experimental protocols. 
(G) Ex vivo fluorescence images (left) and quantitative data (right) indicate the lung accumulation of Cy7.5/LaCD NP at 15 min after i.v. injection at 20 μg of Cy7.5 in 
each NA mouse. (H–K) Immunofluorescence analysis of the distribution of Cy5/LaCD NP in different pulmonary cells. Cy5/LaCD NP at 60 μg of Cy5 was administered 
by i.v. injection in each mouse. The lung tissue sections were stained with Ly6G, CD68, CD90, and EpCAM antibodies for observation of neutrophils (H), macrophages 
(I), lymphocytes (J), and epithelial cells (K), respectively. Nuclei were stained with DAPI. Scale bars, 20 μm. (L–M) Cellular distribution of LaCD NP in lung tissues of 
NA mice after i.v. injection of Cy5/LaCD NP. (L) The gating strategy used for flow cytometry analysis of different lung cells. (M) Typical flow cytometric dot plots 
show Cy5 distribution in pulmonary cells of mice treated with saline or Cy5/LaCD NP. (N–Q) Quantified Cy5+ cell populations in neutrophils (N), macrophages (O), 
pulmonary epithelial cells (P), and lymphocytes (Q). Biomarkers for neutrophils (CD90/Ly6GhighCD11bhigh), macrophages (CD90/Ly6GlowF4/80highCD11bhigh), lung 
epithelial cells (CD90/Ly6GlowEpCAMhighCD11blow), and lymphocytes (CD90/Ly6GhighCD11blow) were separately used to distinguish different types of cells. Data are 
presented as mean ± SD (G, n = 3; N-Q, n = 6). *P < 0.05, **P < 0.01, ***P < 0.001. 
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Calculation based on AFM imaging showed that surface roughness of 
LaCD NP was approximately 0.31 ± 0.01, indicating low roughness. 
Surface roughness significantly affects the properties and functions of 
colloidal particles, and it also has considerable effects on interactions 
with different biomolecules [38]. According to previous findings, sur
face roughness can promote binding of biomolecules on NPs and 
enhance their cellular uptake [39]. Also, rough particles display large 
specific surface area, thereby showing increased absorption of proteins 
and other biomolecules [40]. Measurement by dynamic light scattering 
(DLS) revealed a relatively narrow size distribution profile for LaCD NP, 
with the mean diameter of about 226 ± 4 nm and ζ-potential of − 11 ± 3 
mV (Fig. 2E). LaCD NP displayed good colloidal stability in deionized 
water and a typical cell culture medium during 48 h of incubation, as 
implicated by slight variations in the mean diameter and ζ-potential 
(Figs. S2A–B). In addition, LaCD NP could be gradually hydrolyzed upon 
incubation with H2O2, one of reactive oxygen species (ROS) that are 
overproduced under inflammatory conditions, exhibiting a 
dose-dependent profile (Fig. S2C). In the presence of ROS, the luminol 
unit of LaCD will be first hydrolyzed into an aminophthalic acid struc
ture (Fig. S3A). Subsequently, intermediate α-CD derivatives containing 
two different N-substituted carbamates will be further cleaved to give 
rise to α-CD, 3-aminophthalic acid, and imidazole [29]. The hydrolyzed 
products were confirmed by 1H NMR spectroscopy (Fig. S3B). 

3.2. In vivo targeting capability of LaCD NP in NA mice after i.v. 
administration 

We then examined the distribution profiles of LaCD NP in the injured 
lung after i.v. administration. NA in mice was established by sequen
tially sensitizing and challenging with OVA and LPS (Fig. 2F) [31,41]. At 
15 min post i.v. injection of Cy7.5/LaCD NP, considerable fluorescence 
signals in the lung of asthmatic mice were observed (Fig. 2G). Of note, 
the highest average fluorescence intensity was detected in the lung, as 
compared to those in other typical major organs (Figs. S4A–B). Esti
mation based on total fluorescent signals in different organs indicated 
that the lung targeting efficiency of i.v. administered LaCD NP was 
approximately 38.4 ± 6.8% (Fig. S4C), which was only lower than that 
in the liver (i.e., 57.9 ± 6.7%). This result indicated that LaCD NP can be 
effectively accumulated in the injured lung, largely resulting from a 
passive targeting effect via abundant alveolar capillaries in the lungs 
[30,37,42]. In addition, inflammation and oxidative stress can cause 
endothelial dysfunction and enhance the vascular permeability in the 
lungs, thereby further increasing the accumulation of LaCD NP in 
injured lung tissues of asthmatic mice [37]. Moreover, LaCD NP could be 
transported to the lung tissue by neutrophils and monocytes via their 
recruitment to the inflammatory site. 

Furthermore, the distribution patterns of i.v. delivered LaCD NP in 
pulmonary cells were investigated. Immunofluorescence analysis 
revealed the localization of Cy5/LaCD NP in Ly6G+ neutrophils, CD68+

macrophages, CD90+ lymphocytes, and EpCAM+ epithelial cells in the 
lungs of asthmatic mice (Fig. 2H–K). In particular, a relative high dis
tribution of Cy5/LaCD NP in neutrophils, macrophages, and epithelial 
cells was observed. Cellular localization profiles of Cy5/LaCD NP in the 
lung tissue were further quantified by flow cytometry (Fig. 2L-M). It was 
found that the Cy5/LaCD NP-positive cell proportion was 98.3 ± 0.9%, 
65.8 ± 8.1%, 52.0 ± 5.6%, and 4.4 ± 2.6% for neutrophils, macro
phages, lung epithelial cells, and lymphocytes, respectively (Fig. 2N-Q). 
Among all Cy5-positive lung cell populations, 63.5 ± 13.1% of them 
were neutrophils. These results demonstrated that i.v. delivered LaCD 
NP can efficiently target pulmonary inflammatory cells and epithelial 
cells that are all relevant to the pathogenesis of asthma [3], showing 
particularly high distribution in neutrophils. 

3.3. Therapeutic effects of LaCD NP in NA mice after i.v. administration 

Then we examined therapeutic benefits of LaCD NP in asthmatic 

mice. NA in mice was induced according to the aforementioned method, 
LaCD NP at 25 or 100 mg/kg was administered by i.v. injection at 1 h 
before the OVA challenge at days 14, 16, and 18 (Fig. 3A). At 24 h after 
different treatments, the serum level of IgE, a representative biomarker 
of asthma, significantly increased in saline-treated NA mice (Fig. 3B). By 
contrast, IgE levels markedly decreased after treatment with LaCD NP at 
either 25 or 100 mg/kg. Also, LaCD NP therapy significantly reduced the 
infiltration of neutrophils in the lung (Fig. 3C–D), in a dose-response 
manner. In addition, increased levels of MPO and H2O2, which are 
related to the neutrophil activation, were found in the pulmonary tissue 
of saline-treated asthmatic mice (Fig. 3E–F), while treatment with LaCD 
NP effectively decreased both MPO and ROS levels. Decreased neutro
phil infiltration and MPO expression were confirmed by immunofluo
rescence analysis (Fig. S5). Furthermore, typical pro-inflammatory 
cytokines, including TNF-α, IL-1β, and IL-17 were also significantly 
reduced after treatment with LaCD NP (Fig. 3G–I). Of note, IL-17 
released from Th17 cells is closely associated with neutrophilic 
inflammation in asthma [43]. The increased airway resistance is one of 
the hallmarks of asthma, which is also responsible for many symptoms 
during asthma exacerbations [3]. Whereas mice in the model group 
showed significantly higher AHR upon challenging with various doses of 
methacholine, both LaCD NP groups displayed notably attenuated 
airway resistance (Fig. 3J). 

Moreover, examination on H&E-stained histological sections of lung 
tissues revealed notably reduced inflammatory cell infiltration and 
bronchial wall thicknesses in NA mice treated with LaCD NP (Fig. 3K). 
PAS staining of lung tissue sections indicated that both mucus secretion 
and goblet cell metaplasia were considerably inhibited by LaCD NP 
(Fig. 3L). Further inspection of lung sections stained with Masson or 
α-SMA showed airway remodeling in the model group, while this 
pathological change was effectively alleviated after treatment with 
LaCD NP (Fig. 3M − N). Collectively, these results demonstrated that 
treatment with LaCD NP via i.v. injection can efficaciously inhibit 
neutrophil-mediated inflammatory responses in the lung and alleviate 
the asthma severity. 

3.4. Precision therapy of asthma in mice by inhaled LaCD NP 

Inhalation has been considered as the most preferred drug delivery 
route for the treatment of pulmonary diseases [44], owing to its multiple 
advantages such as the large lung surface area, rapid absorption, high 
bioavailability, and lack of first-pass metabolism. Consequently, we 
further investigated targeting capability and therapeutic effects of 
inhaled LaCD NP in asthmatic mice. NA mice were established as 
aforementioned. At 24 h after the final challenge with OVA, Cy5/LaCD 
NP was delivered via aerosol inhalation (Fig. S6A). Ex vivo imaging of 
isolated lung tissues revealed strong fluorescence at 6 h after inhalation 
of Cy5/LaCD NP in asthmatic mice (Fig. S6B). Among the examined 
various major organs, we observed the strongest average fluorescence 
signal in the lungs (Figs. S6C–D), while extremely weak fluorescence 
was detected in other organs. According to total fluorescence intensities 
in different organs, the calculated lung targeting efficiency was 87.1 ±
2.8% (Fig. S6E), while the accumulation efficiency was 0.3 ± 0.1%, 7.6 
± 1.9%, 1.2 ± 0.3%, and 3.7 ± 1.8% for the heart, liver, spleen, and 
kidney, respectively. Consequently, inhalation of LaCD NP can afford a 
high selective accumulation in the lungs, mainly due to the large surface 
area and high permeability to deposited therapeutics [44–46]. Immu
nofluorescence analysis of lung sections showed co-localization of 
Cy5/LaCD NP with neutrophils, macrophages, lymphocytes, and 
epithelial cells (Figs. S7A–D), to varied degrees. Cellular distribution 
profiles of Cy5/LaCD NP in the lung tissue were further analyzed by flow 
cytometry (Figs. S7E–F). We found that 68.5 ± 12.2% neutrophils and 
75.6 ± 23.6% macrophages were Cy5-positive (Figs. S7G–H). For 
epithelial cells and lymphocytes, the corresponding Cy5-positive cell 
proportion was 41.4 ± 24.3% and 2.1 ± 0.9%, respectively 
(Figs. S7I–J). In addition, we found that 63.3 ± 25.1% Cy5-positive cells 
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were neutrophils among all examined cell populations. Collectively, 
these results substantiated that inhaled LaCD NP can selectively accu
mulate in the lung and mainly distribute in neutrophils, macrophages, 
and epithelial cells, similar to the distribution patterns of i.v. delivered 
LaCD NP. 

Subsequently, we examined therapeutic effects of inhaled LaCD NP 
in asthmatic mice. In this aspect, LaCD NP was administered at two 
theoretical doses 1 and 5 mg/kg by aerosol inhalation (Fig. 4A). After 
treatment with inhaled LaCD NP at 5 mg/kg, the serum level of IgE was 
significantly reduced (Fig. 4B). Also, inhalation treatment with LaCD NP 
dose-dependently and remarkably reduced the infiltration and activa
tion of neutrophils in the lungs (Fig. 4C–F and Fig. S8), as implicated by 
significantly reduced MPO and ROS in BALF. Likewise, inhaled LaCD 
NP, particularly at 5 mg/kg, notably attenuated inflammatory responses 

and hyperresponsiveness in the lung airways (Fig. 4G–J). Further ex
amination of pulmonary tissue sections stained with H&E or PAS indi
cated that airway inflammation, lung tissue damage, and airway mucus 
hypersecretion were effectively alleviated by inhalation treatment with 
LaCD NP, especially at 5 mg/kg (Fig. 4K-L). Moreover, airway remod
eling was notably mitigated by inhaled LaCD NP, as implied by Masson 
and α-SMA staining of lung sections (Fig. 4M–N). These findings 
unambiguously evidenced the desirable therapeutic benefits of inhaled 
LaCD NP in NA mice. Compared to i.v. administration, inhalation 
therapy showed rapid onset of action. Importantly, inhaled LaCD NP was 
efficacious in the examined mouse model of asthma even at an extremely 
low theoretical dose of 1 mg/kg. 

Fig. 3. Therapeutic effects of LaCD NP in asthmatic mice after i.v. injection. (A) Schematic illustration of experimental protocols. LaCD NP at 25 or 100 mg/kg was 
administered via i.v. injection at 1 h before the OVA challenge on days 14, 16, and 18. On day 19, mice were euthanized for therapeutic evaluations. (B) Serum levels 
of IgE. (C–D) Representative flow cytometric profiles (C) and quantitative analysis (D) of neutrophil counts in BALF. (E–F) Levels of MPO (E) and H2O2 (F) in BALF. 
(G–I) The expression levels of IL-17 (G), TNF-α (H), and IL-1β (I) in the BALF. (J) Changes in airway resistance. Mice were challenged with various doses of 
methacholine and treated with different formulations. (K–N) Histological sections of lung tissues stained with H&E (K), PAS (L), α-SMA antibody (M), or Masson (N). 
Scale bars: 100 μm (upper panels), 50 μm (lower panels). Data are presented as mean ± SD (B-J, n = 3–6). *P < 0.05, **P < 0.01, ***P < 0.001. 
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3.5. Amplified targeting and therapeutic effects of neutrophil membrane- 
decorated LaCD NP in NA mice 

Based on the above promising findings, we explored whether ther
apeutic effects of LaCD NP can be further improved by enhancing its 
targeting capability. Previously, both neutrophil-derived nanovehicles 
and neutrophil membrane (NM)-coated nanoparticles have been inves
tigated for targeted delivery of therapeutic agents against different acute 
and chronic inflammatory diseases [47–49], showing desirable effi
cacies in preclinical studies. As a conceptual proof study, decoration via 
NM was performed for LaCD NP, to take advantage of the inflammatory 
site infiltration capability of neutrophils. Peritoneal neutrophils were 
first isolated from mice, showing a purity of approximately 90% and 
typical polymorphonuclear morphology (Fig. S9). NM was then 

prepared and coated onto LaCD NP by sonication and extrusion (Fig. 5A) 
[33]. Thus obtained NM-coated LaCD NP (i.e., NM-LaCD NP) had a 
uniform spherical core-shell structure, and a single neutrophil mem
brane layer was observed by TEM (Fig. 5B–C). Compared with uncoated 
LaCD NP, the mean diameter of NM-LaCD NP increased by approxi
mately 20 nm (Fig. 5D). After NM coating, the ζ-potential value of 
NM-LaCD NP was reduced, which was comparable to that of NM 
(Fig. 5E). Moreover, Coomassie blue staining indicated the presence of 
NM-associated proteins on NM-LaCD NP (Fig. 5F). These data collec
tively suggested that NM was successfully coated onto the surface of 
LaCD NP. 

Then in vivo targeting capability of NM-LaCD NP was evaluated 
using Cy5/NM-LaCD NP. Compared with the control Cy5/LaCD NP, ex 
vivo imaging showed significantly higher fluorescent signals for Cy5/ 

Fig. 4. Inhaled LaCD NP mitigates NA in mice. (A) A workflow shows regimens for the establishment of NA in mice and treatment regimens by inhalation of LaCD 
NP. For evaluation of therapeutic effects, LaCD NP was inhaled at theoretical doses of 1 or 5 mg/kg at 1 h before the OVA challenge on days 14–18. On day 19, mice 
were euthanized for analyses. (B) Serum levels of IgE. (C–D) Representative flow cytometric profiles (C) and quantitative analysis (D) of neutrophil counts in BALF. 
(E–F) Levels of MPO (E) and H2O2 (F) in BALF. (G–I) The expression levels of IL-17 (G), TNF-α (H), and IL-1β (I) in BALF. (J) Changes in airway resistance. Mice were 
treated with different formulations and challenged with various does of methacholine. (K–N) Histological sections of lung tissues stained with H&E (K), PAS (L), 
α-SMA antibody (M), or Masson (N). Scale bars: 100 μm (upper panels), 50 μm (lower panels). Data are presented as mean ± SD (B–I, n = 6; J, n = 5). *P < 0.05, **P 
< 0.01, ***P < 0.001. 
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NM-LaCD NP in the lung at 1 h after i.v. injection (Fig. 5G), which 
should be attributed to tropism of NM for inflammatory sites in the lung. 
As demonstrated by previous studies, cell membrane-coated NPs own 
some functions similar to the source cells, thus possessing the disease- 
relevant targeting capacity [33,47–50]. Correspondingly, 
Cy5/NM-LaCD NP displayed notably low accumulation in other major 
organs such as the heart, liver, spleen, and kidney, in comparison to 
Cy5/LaCD NP (Fig. S10). Consequently, the lung targeting performance 
of LaCD NP in NA mice can be effectively increased by surface engi
neering with the neutrophil-derived cell membrane. 

Subsequently, in vivo therapeutic effects of NM-LaCD NP were 

examined in asthmatic mice. After i.v. administration at 5 mg/kg, NM- 
LaCD NP more effectively reduced the levels of serum IgE and IL-17 in 
BALF as well as more significantly attenuated neutrophil infiltration and 
neutrophil-mediated inflammatory responses in lung airways, as 
compared to LaCD NP (Fig. 5H-M and Fig. S11). In addition, histological 
analyses of lung sections revealed more desirable therapeutic outcomes 
of NM-LaCD NP, as implicated by notably suppressed airway inflam
mation, mucus secretion, lung tissue damage, and airway remodeling 
(Fig. 5N-Q and Fig. S12). Therefore, in vivo efficacies of the nanotherapy 
LaCD NP can be further potentiated by surface functionalization with 
the cell membrane. 

Fig. 5. Targeting therapy of NA by neutrophil membrane-functionalized LaCD NP (NM-LaCD NP) in mice. (A) Schematic illustration of engineering of NM-LaCD NP. 
(B) TEM images of neutrophil membrane (NM) and NM-LaCD NP. (C) The size distribution profile of NM-LaCD NP. (D–E) The mean diameter (D) and ζ-potential 
value (E) of LaCD NP and NM-LaCD NP. (F) Analysis of neutrophil membrane-associated proteins on NM and NM-LaCD NP by electrophoresis. (G) Ex vivo images 
(left) and quantified fluorescence intensities (right) showing the enhanced accumulation of Cy5/NM-LaCD NP in lung tissues after i.v. administration in NA mice. 
(H–I) Serum levels of IgE (H) and the expression levels of IL-17 in BALF (I) after different treatments. (J) Quantitative analysis of neutrophil counts in BALF. (K–M) 
Levels of MPO (K), TNF-α (L), and IL-1β (M) in BALF. (N–Q) Histological sections of lung tissues stained with H&E (N), PAS (O), α-SMA antibody (P), or Masson (Q). 
Scale bars, 50 μm. Data are presented as mean ± SD (D, E, G, n = 3; H–N, n = 4). *P < 0.05, **P < 0.01, ***P < 0.001. 
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Fig. 6. Inhibition of the NETs formation by LaCD NP. (A) Heatmap shows clustered differential gene expression based on transcriptomic analysis of lung tissues from 
healthy or NA mice with or without treatment with LaCD NP by i.v. administration at 100 mg/kg. (B) KEGG enrichment bubble diagrams. (C) Immunofluorescence 
analysis of neutrophils and NETs in lung tissues from asthmatic mice after treatment with LaCD NP at 25 or 100 mg/kg. The lung tissue sections were stained with 
Cy3-Ly6G antibody (red) and FITC-CitH3 antibody (green) for detection of neutrophils and NETs, respectively. Nuclei were counterstained with DAPI. (D) Typical 
fluorescence images show the NETs formation by neutrophils after separate treatment with free medium (normal), PMA alone (model), or the combination of PMA 
and LaCD NP. dsDNA was stained with Sytox Green (green), while CitH3 was stained with Cy3 (red). Scale bars, 20 μm. (E–H) Quantitative analysis of the NETosis 
degree (E) and CitH3 area (F) as well as levels of dsDNA (G) and NE (H) in PMA-activated neutrophils after different treatments. Data are presented as means ± SD 
(E-H, n = 4). ***P < 0.001. 
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3.6. Mechanistic studies on anti-asthmatic effects of LaCD NP 

3.6.1. In vitro cellular uptake and anti-inflammatory effects of LaCD NP in 
neutrophils 

Further in vitro and in vivo studies were performed to examine 
mechanisms underlying anti-asthmatic effects of LaCD NP. First, CLSM 
observation and flow cytometric quantification revealed efficient 
endocytosis of Cy5/LaCD NP by mouse peritoneal neutrophils, in both 
time and dose dependent manners (Figs. S13–14). Even after 5 min of 
incubation, considerable cellular uptake of Cy5/LaCD NP by neutrophils 
was observed. We then investigated anti-inflammatory effects of LaCD 
NP in neutrophils. Mouse peritoneal neutrophils stimulated with phor
bol 12-myristate 13-acetate (PMA) expressed a high level of MPO 
(Fig. S15A), indicating the activation of neutrophils. Also, typical pro- 
inflammatory cytokines, such as TNF-α and IL-1β were significantly 
increased in PMA-activated neutrophils (Figs. S15B–C). By contrast, 
treatment with LaCD NP dose-dependently inhibited the expression of 
these pro-inflammatory mediators in PMA-stimulated neutrophils. 
These results suggested that LaCD NP can effectively attenuate neutro
philic inflammation. 

3.6.2. LaCD NP attenuates NETosis in vivo and in vitro 
To further explore molecular mechanisms dominating pharmaco

logical activities of LaCD NP, RNA-sequencing analysis was performed 
for lung tissues isolated from mice subjected to different treatments. 
Compared with the control group (i.e., healthy mice), the model group 
of saline-treated NA mice showed 125 up-regulated genes and 14 down- 
regulated genes, which were considerably reversed after treatment with 
i.v. delivered LaCD NP (Fig. 6A). Of note, among these differentially 
expressed genes (DEGs), the Mpo gene is one of most significantly varied 
genes before and after treatment with LaCD NP. As well documented, 
MPO is one of the most abundant proteins in neutrophils, and its 
expression is intimately associated with the neutrophil activation and 
subsequent formation of NETs [51], while NETs may positively 
contribute to the initiation and progression of NA [13]. Further KEGG 
enrichment analysis revealed the considerable contribution of the NETs 
signaling pathway to therapeutic effects of LaCD NP in asthmatic mice 
(Fig. 6B). Accordingly, we reasonably speculate that LaCD NP mainly 
alleviates NA by attenuating NETosis. 

In support of this hypothesis, immunofluorescence analysis of lung 
tissues clearly revealed the presence and notable co-expression of Ly6G 
and CitH3 in the model group, indicating the NETs formation (Fig. 6C). 
After LaCD NP therapy, NETs in the lung tissues were notably reduced. 
In line with this finding, in vitro treatment with LaCD NP effectively 
inhibited PMA-mediated NETosis in neutrophils (Fig. 6D–F), as indi
cated by the remarkably decreased CitH3 expression and NETosis de
gree. This result was further confirmed by quantitative analysis of the 
contents of dsDNA and neutrophil elastase (NE) (both dsDNA and NE are 
major components of NETs) in PMA-stimulated neutrophils with or 
without treatment with LaCD NP (Fig. 6G–H). Together, these results 
demonstrated that LaCD NP can effectively inhibit NETosis, mainly by 
attenuating neutrophil recruitment and suppressing the expression of 
MPO by activated neutrophils. 

3.6.3. Effects of LaCD NP on the NLRP3 inflammasome activation 
Previous studies indicated that NETs can mediate the inflammasome 

activation and IL-1β release [15]. In addition, inflammasome-mediated, 
IL-1β-dependent responses are closely associated with the initiation and 
amplification of airway inflammatory processes and severe, 
steroid-resistant asthma [15,17]. Our results showed that LaCD NP 
effectively inhibited the expression of IL-1β by activated neutrophils 
(Fig. S15C). In view of the anti-NETosis activity of LaCD NP, we further 
examined whether LaCD NP can attenuate the NETs-mediated inflam
masome activation. WB analyses revealed significantly increased ex
pressions of NLRP3, ASC (an adapter protein), and pro-caspase-1 by 
NETs-induced neutrophils (Figs. S16A–D), indicating the formation of 

the NLRP3 inflammasome. Correspondingly, we also detected signifi
cantly increased IL-1β production by NETs-stimulated neutrophils 
(Fig. S16E), resulting from NLRP3 inflammasome-mediated activation 
of caspase-1 and promoted maturation of an inactive precursor of IL-1β 
(i.e., pro-IL-1β) [52]. By contrast, treatment with LaCD NP 
dose-dependently attenuated the formation and activation of the NLRP3 
inflammasome in NETs-stimulated neutrophils, as implicated by signif
icantly decreased NLRP3, ASC, pro-caspase-1, and IL-1β. Moreover, 
LaCD NP directly inhibited the formation and activation of the NLRP3 
inflammasome in neutrophils induced with LPS and ATP (Figs. S16F–J). 
Agreeing with these in vitro findings, we also found the NLRP3 
inflammasome activation in lung tissues from asthmatic mice (Fig. S17), 
which was notably inhibited after therapy with LaCD NP. Taken 
together, these results suggested that LaCD NP can effectively attenuate 
the formation and activation of the NLRP3 inflammasome in pulmonary 
neutrophils by its direct and indirect effects, thus alleviating NA. 

3.6.4. In vitro anti-migration and anti-inflammatory effects of LaCD NP in 
macrophages 

Previous studies demonstrated that neutrophils can induce adhesion 
and recruitment of monocytes/macrophages to the inflammatory site 
[53]. In addition, the production of pro-inflammatory cytokine IL-1β by 
activated macrophages can promote the development of NA [54]. Flow 
cytometric analysis revealed efficient internalization of LaCD NP by 
mouse peritoneal macrophages (Fig. S18). Transwell assay indicated 
that LaCD NP significantly suppressed migration of macrophages 
induced by either activated neutrophils or monocyte chemoattractant 
protein (MCP)-1 (Fig. 7A and Fig. S19), at all examined doses. Moreover, 
the expression level of IL-1β in activated macrophages could be signif
icantly decreased after treatment with LaCD NP (Fig. 7B). These data 
suggested that LaCD NP can inhibit the recruitment and activation of 
macrophages mediated by activated neutrophils and other inflammatory 
mediators. 

On the other hand, alveolar macrophages are the major lung-resident 
macrophages. In addition to maintaining tolerance and tissue homeo
stasis, they can initiate strong inflammatory responses [55]. CXC che
mokines such as CXCL1 and CXCL2 (functional homologues of IL-8) 
produced by alveolar macrophages also induce the neutrophil migration 
[56]. We found significantly higher expression of CXCL1 by 
LPS-stimulated macrophages, as compared to normal macrophages 
(Fig. S20). Furthermore, CXCL1 released by macrophages could notably 
induce the migration of neutrophils (Fig. S21), while treatment with 
LaCD NP significantly reduced CXCL1 levels and suppressed the 
migration of neutrophils. Accordingly, LaCD NP can serve as an effective 
nanotherapy to attenuate neutrophil-mediated pro-inflammatory re
sponses of macrophages. Moreover, cellularly internalized LaCD NP was 
able to directly inhibit pro-inflammatory effects of macrophages. 

3.6.5. LaCD NP regulates pulmonary epithelial cells 
Pulmonary epithelial cells also play an important role in the patho

physiology of asthma [57]. The normal airway epithelium is critical for 
defense, antigen presentation, and effective and quick innate responses 
to different allergens. In addition, airway epithelial cells can serve as an 
inflammatory initiator by producing pro-inflammatory mediators, in the 
presence of both exogenous and endogenous stimulators. IL-8, a potent 
neutrophil chemoattractant produced by epithelial cells, can facilitate 
the recruitment of neutrophils to the inflammatory site [12], while 
neutrophil adherence to lung epithelial cells further induces IL-8 release 
[58]. We found that LaCD NP can be effectively internalized by A549 
lung epithelial cells (Fig. S22), well agreeing with in vivo cellular dis
tribution profiles of LaCD NP in the lungs after either i.v. or inhalation 
administration (Fig. 2K and Fig. S7D). Consistently, LaCD NP effectively 
reduced the expression of IL-8 by LPS-stimulated pulmonary epithelial 
cells (Fig. S23). Correspondingly, LaCD NP was able to significantly 
suppress the migration of neutrophils induced by LPS-activated epithe
lial cells (Fig. S24). 
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On the other hand, NETs can directly induce epithelial cell death, 
thereby promoting airway injury [13,14]. Also, NETs-derived NE may 
stimulate migration and proliferation of human bronchial SMCs, thus 
contributing to AHR and remodeling [16]. We found that LaCD NP 
effectively protected pulmonary epithelial cells from NETs-induced 
death (Fig. 7C–D). Also, LaCD NP significantly inhibited migration 
and proliferation of bronchial SMCs (Fig. 7E–F). 

Taken together, the above results demonstrated that LaCD NP can 
inhibit the migration of neutrophils induced by activated airway 
epithelial cells, reduce neutrophil-mediated inflammatory responses, 
and attenuate the NETs formation and NLRP3 inflammasome activation 
in neutrophils. In addition, LaCD NP was able to mitigate neutrophil- 
induced pro-inflammatory responses of macrophages and prevent 
airway epithelial cell death and SMCs proliferation, thereby suppressing 
mucus production, airway remodeling, and hyperresponsiveness 
(Fig. 7G). 

3.7. Safety evaluations of LaCD NP 

Finally, safety profiles of LaCD NP were preliminarily tested. First, 
possible cytotoxicity of LaCD NP was assessed using neutrophils, A549 
pulmonary epithelial cells, and human bronchial SMCs. Regardless of 
different cell types, high cell viability was found after incubation with 
various doses of LaCD NP, even at 1000 μg/mL (Fig. S25), indicating that 
LaCD NP exhibited low cytotoxicity for different pulmonary cells. 

Further, acute toxicity of LaCD NP was evaluated after either i.v. or 
inhalation delivery. At days 1 and 3 after i.v. injection of LaCD NP at 1 g/ 
kg, all treated mice showed normal behaviors and displayed similar 
body weight changes, when compared with saline-treated control mice 
(Fig. S26A). At day 14 after i.v. treatment, comparable organ index 
values were found for typical major organs (Fig. S26B). Quantification of 
representative hematological parameters showed no significant changes 
for LaCD NP-treated mice (Figs. S26C–F). Additionally, serum levels of 

Fig. 7. LaCD NP suppressed neutrophil-mediated pro-inflammatory responses as well as inhibited airway epithelial cell death and SMCs proliferation. (A) In vitro 
suppression of neutrophil-mediated macrophage migration by LaCD NP. In the negative control group, RAW264.7 macrophages were treated with fresh medium, 
while the migration of macrophages was induced by activated neutrophils in the positive control group. Macrophages in other groups were simultaneously treated 
with neutrophils and various doses of LaCD NP. Scale bars, 100 μm. (B) The levels of IL-1β in peritoneal macrophages after separate treatment with fresh medium 
(normal), LPS/ATP alone (model), or the combination of LPS/ATP and various doses of LaCD NP. (C–D) LaCD NP reduced NET-induced apoptosis of epithelial cells. 
(E–F) LaCD NP inhibited the migration (E) and proliferation (F) of bronchial SMCs induced by NETs. In both cases, cells in the normal group were treated with free 
medium, while cells in the model group were incubated with NETs alone. LaCD NP groups were simultaneously treated with NETs and different concentrations of 
LaCD NP. Scale bars, 50 μm. (G) A sketch shows anti-asthmatic mechanisms of LaCD NP. Data are presented as means ± SD (A-B, E-F, n = 6; C, n = 5; D, n = 3). *P <
0.05, **P < 0.01, ***P < 0.001. 
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biomarkers related to liver and kidney functions were comparable for 
the saline and LaCD NP groups (Figs. S26G–J). Examination on H&E- 
stained histological sections of major organs revealed no distinguishable 
injuries and pathological variations for mice treated with LaCD NP 
(Fig. S27). 

Similarly, we found no significant toxicity in mice after inhalation of 
LaCD NP at a theoretical dose of 50 mg/kg, as indicated by normal body 
weight changes and organ indices, insignificantly changed serum levels 
of hematological parameters and biomarkers relevant to liver/kidney 
functions, and histological analyses of sections of major organs 
(Figs. S28–29). After inhalation delivery, we also interrogated whether 
LaCD NP can cause inflammatory responses in the lung. In this case, we 
found no infiltration of inflammatory cells such as neutrophils and 
macrophages in BALF (Figs. S30A–D). Correspondingly, the levels of 
pro-inflammatory cytokines including TNF-α and IL-1β showed no sig
nificant changes, compared to saline-treated mice (Figs. S30E–F). 
Together, these preliminary results suggested that LaCD NP did not 
cause obvious systemic toxicity and pulmonary inflammation after i.v. 
or inhalation delivery at doses at least 10-fold higher than those used in 
therapeutic studies. This is in accordance with our finding that LaCD can 
be hydrolyzed into water-soluble compounds, including α-CD, 3-amino
phthalic acid, and imidazole (Fig. S3), which can be easily excreted via 
the kidneys. 

4. Discussion 

NA, a severe, persistent, and fatal phenotype of asthma, is a major 
global health issue. Increasing evidence has suggested that the patho
logical role of neutrophilic inflammation in severe asthma is associated 
with un-resolving neutrophilia [4,8]. In particular, severe asthma is 
resistant to corticosteroid-based therapy, which is the standard treat
ment for asthma [2,4,8,9]. Also, other types of currently available drugs 
remain unsatisfied in the treatment of neutrophilic asthma, largely due 
to their limited pharmacological activities and considerable side effects 
resulting from nonspecific distribution after either systemic or local 
delivery (Table S1). Therefore both new therapies and site-specific de
livery strategies need to be developed for efficient treatment of NA. 

Herein we found that a bioactive material-derived nanotherapy 
LaCD NP can efficiently accumulate in the pulmonary tissue of NA mice 
after either i.v. injection or inhalation, largely by both passive targeting 
and inflammatory cell-mediated translocation effects. In both cases, the 
highest distribution of LaCD NP was found in the injured lungs, among 
all examined major organs. LaCD NP accumulated in the lungs mainly 
localized in neutrophils, macrophages, and epithelial cells, which are all 
intimately related to the pathogenesis of asthma [3]. Of note, LaCD NP 
displayed the highest distribution in neutrophils. For many nano
therapies, their efficient entry into cells is an important step toward 
desirable efficacies. Generally, NPs are internalized by cells via endo
cytosis [59], which occurs primarily in professional phagocytes, such as 
neutrophils and monocytes/macrophages. Also, other types of cells (e.g., 
endothelial cells and SMCs) have phagocytic activity [60]. Moreover, 
phagocytosis of NPs in the bloodstream can be initiated by adsorbing 
opsonins. Opsonized NPs are subsequently identified by specific re
ceptors on phagocytic cells and internalized [61]. Similar to other NPs, 
LaCD NP in the bloodstream may be opsonized by immunoglobulins, 
complement proteins, or other plasma proteins. Then opsonized LaCD 
NP can be recognized by relevant receptors on the cell surface of neu
trophils, macrophages, and epithelial cells, thereby leading to efficient 
cellular internalization. 

In line with the desirable lung targeting efficiency, i.v. treatment of 
asthmatic mice with LaCD NP at either 25 or 100 mg/kg effectively 
reduced the serum level of IgE, pulmonary neutrophil infiltration, and 
BALF levels of pro-inflammatory cytokines relevant to neutrophilic 
inflammation and asthma. AHR of asthmatic mice was also significantly 
attenuated by LaCD NP. Consistently, therapy with i.v. delivered LaCD 
NP notably improved histological changes in the lungs of NA mice. 

Similar to i.v. administration, treatment of NA mice with LaCD NP via 
inhalation also afforded desirable therapeutic benefits. In this case, 
significant efficacies were even achieved at a theoretical inhalation dose 
of 1 mg/kg. Moreover, both targeting and therapeutic effects of LaCD NP 
can be significantly improved by decoration with neutrophil membrane. 
Consequently, LaCD NP was effective for NA after either i.v. or inhala
tion administration. 

Mechanistically, LaCD NP effectively inhibited the neutrophil 
migration as well as infiltration and activation of neutrophils in the 
lungs, thereby notably attenuating neutrophil-mediated oxidative and 
inflammatory responses in asthmatic mice. As well demonstrated, both 
NETosis and inflammasome activation positively contribute to the 
initiation, progression, and exacerbation of asthma [19]. Further ana
lyses showed that LaCD NP can remarkably prevent NETosis in vitro and 
in vivo. In addition, LaCD NP inhibited the formation and activation of 
the NLRP3 inflammasome in neutrophils either by reducing the NETs 
formation or via its direct effect. Accordingly, multiple pharmacological 
effects of LaCD NP on neutrophilic inflammation are responsible for its 
anti-asthmatic efficacy. Also, it has been reported that neutrophils can 
mediate the recruitment of macrophages to participate in the patho
logical process of NA [53]. We found that LaCD NP was able to inhibit 
the migration of macrophages induced by activated neutrophils and 
reduce the pro-inflammatory cytokine production in stimulated mac
rophages. Therefore, besides inhibition of neutrophil-mediated inflam
matory responses of macrophages, LaCD NP can directly attenuate 
pro-inflammatory effects of macrophages, well agreeing with its 
cellular distribution in macrophages of the lungs. 

As one of chemokines for neutrophils, IL-8 can promote the migra
tion of neutrophils to the inflammatory site and play an important role in 
inflammation-associated airway diseases [12,62]. Importantly, elevated 
levels of IL-8 were detected in asthmatic patients [63]. We observed that 
LaCD NP can inhibit the secretion of IL-8 by pulmonary epithelial cells. 
LaCD NP also protected epithelial cells from NETs-induced death. In 
addition, LaCD NP effectively prevented the migration and proliferation 
of SMCs mediated by NETs. Notably, epithelial damage is a pathological 
feature of all asthma phenotypes [64], while migration and proliferation 
of SMCs mainly account for airway remodeling [65]. These data indi
cated that LaCD NP reduced airway obstruction and hyper
responsiveness largely by suppressing NETs-mediated pulmonary 
epithelial cell death and airway SMCs proliferation. Collectively, the 
potent anti-asthmatic activity of LaCD NP is attributed to its multiple 
pharmacological effects on pathologically relevant cells, including 
neutrophils, macrophages, epithelial cells, and SMCs. 

Recently, small-molecule drugs or nucleic acids were loaded in NPs 
based on different materials (such as lipids and polymers) for targeted 
treatment of asthma (Table S2), demonstrating the effectiveness and 
advantages of NP-mediated targeting strategies. Nevertheless, the 
available nanocarriers can only target specific pulmonary cells other 
than all pathologically relevant cells, thereby resulting in limited 
cellular regulation effects. In addition, anti-asthmatic activity of these 
nanotherapies is mainly dominated by loaded therapeutic drugs that 
enable regulation of specific molecular or cellular targets, while the 
development and exacerbation of asthma are intimately associated with 
multiple cellular and molecular mediators. Moreover, complicated 
formulation procedures are generally involved in the development of 
these drug-loaded nanotherapies, which also negatively affect their 
further translation. Importantly, their efficacies for NA remain to be 
elucidated. Comparatively, our drug-free LaCD NP nanotherapies 
derived from an intrinsically bioactive material capable of simulta
neously regulating multiple pathological cells can be facilely engineered 
with good quality control and low cost, thus holding great translation 
potential for precision therapy of NA. 

5. Conclusion 

In summary, we developed multi-bioactive nanotherapies for 
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targeted treatment of NA based on a cyclic oligosaccharide-derived 
bioactive material LaCD. After efficient accumulation in the injured 
lungs and distribution in pathologically relevant cells, LaCD NP showed 
desirable anti-asthmatic effects in mice, mainly by inhibiting the 
migration/infiltration of neutrophils as well as attenuating the NETs 
formation and NLRP3 inflammasome activation in neutrophils. More
over, LaCD NP could suppress macrophage-mediated pro-inflammatory 
responses as well as mitigate airway epithelial cell death and SMCs 
proliferation, by preventing neutrophilic inflammation and its direct 
effects. Importantly, LaCD NP exhibited good in vivo safety performance 
after either i.v. administration or inhalation at doses at least 10-fold 
higher than that used for therapeutic studies. As a result, LaCD NP- 
based nanotherapies capable of simultaneously regulating multiple 
pathological cells are promising for precision treatment of NA, while the 
underlying design principle enables rational engineering of effective 
nanotherapies for other diseases associated with neutrophilic 
inflammation. 
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