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Article history: Elimination of airway inflammatory cells is essential for asthma control. As Bcl-2 protein is highly
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199, which can inhibit airway inflammation and airway hyperresponsiveness by inducing inflammatory
cell apoptosis. Herein, we synthesized a pH-sensitive nanoformulated Bcl-2 inhibitor (Nf-ABT-199) that
could specifically deliver ABT-199 to the mitochondria of bronchial inflammatory cells. The proof-of-
concept study of an inflammatory cell mitochondria-targeted therapy using Nf-ABT-199 was validated
in a mouse model of allergic asthma. Nf-ABT-199 was proven to significantly alleviate airway inflam-
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Ag.’l.‘iv]oggs mation by effectively inducing eosinophil apoptosis and inhibiting both inflammatory cell infiltration and
Bcl-2 mucus hypersecretion. In addition, the nanocarrier or Nf-ABT-199 showed no obvious influence on cell
Nanotechnology viability, airway epithelial barrier and liver function, implying excellent biocompatibility and with non-

Targeted drug delivery
Mitochondria
Allergic airway inflammation

toxic effect. The nanoformulated Bcl-2 inhibitor Nf-ABT-199 accumulates in the mitochondria of in-
flammatory cells and efficiently alleviates allergic asthma.
© 2018 Published by Elsevier Ltd.

1. Introduction increase [1,2]. The global prevalence rates of doctor-diagnosed
asthma and clinically treated asthma in adults are 4.3% and 4.5%,
Asthma is a serious disease that affects millions of people respectively and these rates continue increasing [3,4]. The majority

worldwide, and the number of affected individuals continues to of asthmatics respond well to inhaled corticosteroids. These
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treatment are occasionally combined with long- or short-acting f-
agonist (LABA or SABA) bronchodilators and leukotriene antago-
nists (LTRAs), which are regarded as the first-line strategy for
controlling asthma [5]. However, some asthmatics still exhibit
poorly controlled asthma, even with the maximal dose of oral
corticosteroids [5]. Importantly, this group of patients accounts for
more than 60% of asthma-related healthcare expenses [6]. In
addition to inhaled corticosteroids, humanized neutralizing
monoclonal antibodies and antagonists against specific cytokines/
chemokines are utilized to treat moderate to severe refractory
asthma. However, these strategies can only achieve limited success
due to the heterogeneity of asthma [2,7,8].

Recently, nanotechnologies have been applied to develop the
personalized medicines [9—12]. And they have also been used in
the diagnosis and treatment of asthma [13—15]. For instance,
thiolated chitosan nanoparticles [16], chitosan interferon-y (IFN-
v)-plasmid DNA (pDNA) nanoparticles [17], and heparin-loaded
chitosan-cyclodextrin nanoparticles [16], have been used as pul-
monary drug delivery systems to prolong the residence time of
drugs in airways for enhanced anti-inflammatory effects. However,
most of drug delivery systems for asthma only improve the
microscopic biodistribution of the drugs in airways but do not
target hypersensitive intracellular organelles. Consequently, such
treatments do not show significantly high therapeutic outcomes.
Considering the serious adverse effects and limited therapeutic
range of oral/systemic corticosteroids, a general and highly efficient
asthma treatment is urgently needed.

To date, 25 members of the Bcl-2 protein family have been found
to localize on the mitochondrial outer membrane, smooth endo-
plasmic reticulum and perinuclear membranes in hematopoietic
cells [18,19]. Bcl-2 has been widely studied in tumor pathophysi-
ology and which also confer chemoresistance in acute lympho-
blastic leukemia [20]. ABT-199, a Bcl-2 protein inhibitor, binds to
these proteins and induces the release of cytochrome C following
mitochondrial fragmentation [21]. Cytochrome C then activates
caspase-9 and caspase-3, which leads to inflammatory cell
apoptosis [22]. Indeed, the increased expression of the anti-
apoptotic protein Bcl-2 (B cell lymphoma 2) has been observed in
inflammatory cell types [23]. We therefore hypothesized that the
Bcl-2 inhibitors might have therapeutic effect for a broad range of
asthma severities by inducing inflammatory cell apoptosis in the
context of airway inflammation. In this study, we present evidence
that a nanoformulated Bcl-2 inhibitor ABT-199 (Nf-ABT-199) ac-
cumulates in the mitochondria of inflammatory cells and efficiently
alleviates airway inflammation by inducing eosinophil apoptosis,
inhibiting inflammatory cell infiltration and mucus hypersecretion
(Fig. 1A and B).

2. Materials and methods
2.1. Materials

As described in the Supplementary materials.

2.2. PEGsk-p (API-Asp)s synthesis

As described in the Supplementary materials.

2.3. Synthesis of fluorescent, rhodamine B isothiocyanate (RITC)-
labeled PEGsg-p(API-Asp)s

As described in the Supplementary materials.

2.4. Preparation of Nf-ABT-199

ABT-199 (5 mg) and PEGsk-p(API-Asp)s (10 mg) were dissolved
in a mixture of DMSO (3 mL) and methanol (1 mL). After stirring for
10 min, the methanol was removed via rotary evaporation under a
vacuum. Then, the DMSO was completely substituted with deion-
ized water by dialysis (USA; MWCO: 3500 Da) for 2 days. Excess
ligands were removed via centrifugation or washed 3 times with a
spin filter (Millipore, MWCO: 100,000 Da, 10,000xg, for 10 min).
The resulting nanoparticles were re-dispersed in water for subse-
quent studies. RITC-labeled Nf-ABT-199 was prepared using the
same process but with RITC labeled PEGsk-p(API-Asp)s rather than
PEGSK-p(AP]—ASp)s.

2.5. Preparation of pH-insensitive is-Nf-ABT-199

ABT-199 (5 mg) and PEGskg-PBLA (10 mg) were dissolved in a
mixture of DMSO (3 mL) and methanol (1 mL). After stirring for
10 min, the methanol was removed via rotary evaporation under a
vacuum. Then, the DMSO was completely substituted with deion-
ized water by dialysis (USA; MWCO: 3500 Da) for 2 days. Excess
ligands were removed via centrifugation or washed 3 times with a
spin filter (Millipore, MWCO: 100,000 Da, 10,000xg, for 10 min).
The resulting nanoparticles were re-dispersed in water for use in
the subsequent studies.

2.6. Experimental animals

As described in the Supplementary materials.

2.7. Induction of allergic airway inflammation

The mice were intraperitoneally (i.p.) immunized with 20 pg (in
100 pL) of chicken ovalbumin (OVA) (Sigma-Aldrich, St. Louis, MO,
USA) emulsified in alum [2.25mg of AI(OH)3/2 mgMg(OH),]
(Thermo Fisher Scientific, Waltham, MA, USA) on days 0 and 14
(OVA/Alum model group). On days 24, 25, and 26, the OVA/Alum
mice were challenged with an aerosol of 1% OVA in saline for
40 min via ultrasonic nebulization (DeVilbiss, Somerset, PA, USA).
The mice in the OVA/Alum-ABT-199 or OVA/Alum-Nf-ABT-199
groups were intratracheally (i.t.) administered different doses of
ABT-199 (Selleck, Houston, TX, USA) or Nf-ABT-199 in 50 uL of
vehicle 2 h after each OVA challenge. ABT-199 was formulated in
60% phosal 50 propylene glycol, 30% polyethylene glycol 400, and
10% ethanol [24,25]. The naive mice were sensitized and challenged
with saline alone at the same time. After the last allergen challenge
for 24h, all mice were sacrificed for analysis. Bronchoalveolar
lavage (BAL) fluid and lungs were collected. The OVA/Alum model
was established using the eosinophilic airway inflammatory model,
as previously reported [26].

2.8. BAL fluid and differential cell counts

As described in the Supplementary materials.

2.9. BAL inflammatory cells culture

As described in the Supplementary materials.

2.10. MitoTracker and immunofluorescence staining

As described in the Supplementary materials.
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Fig. 1. A schematic representation of mitochondria-targeted nanoformulated ABT-199 (Nf-ABT-199) for asthma therapy, as well as its synthesis and characterization (A) The
production of Nf-ABT-199 through self-assembly and administration of Nf-ABT-199 into an asthma model mouse. (B) The administration of Nf-ABT-199 leads to effective targeting of
the mitochondria in inflammatory cells and subsequently induces a significant alleviation of inflammatory cell recruitment, mucus production and airway hyperresponsiveness. (C)
DLS measurement of Nf-ABT-199 size after 10-fold dilution and TEM imaging of Nf-ABT-199. (D) Zeta-potentials of Nf-ABT-199 at pH 7.4 and pH 5.5 (n=3).

2.11. Flow cytometry analysis of BAL cells

The BAL fluid cell suspensions were obtained from either mice
or in vitro cell culture medium (RPMI 1640 with 10% FBS, Thermo
Fisher Scientific) at specific time points. The expression of cell
surface markers was assessed by incubating the samples with
fluorescent dye-conjugated mouse antibodies against Gr-1 (Pe-
Cy7) and SiglecF (PE) (eBioscience, San Diego, CA, USA) for
30 min at 4 °C. Based on the surface marker staining, the suspen-
sions were incubated with Annexin V (FITC) and propidium iodide
(PI) (MultiSciences, Hangzhou, Zhejiang, China) to assess BAL fluid
cell apoptosis. The data were acquired using a FACSCalibur flow
cytometer (FC500) (BD Biosciences, Sparks, MD, USA) and analyzed
using Flow]Jo software ver. 7.6 (Tree Star, San Carlos, CA, USA).

2.12. Evaluation of mitochondrial targeting of ABT-199

The EOL-1 cells were seeded in culture flasks for 48 hat 37 °C.
Nf-ABT-199, nanocarrier or ABT-199 was added at 0.01 mM per
flask. After 12 h, the cells were washed twice with PBS and collected
by centrifugation at 600xg for 5 min. The cells were then resus-
pended in mitochondria isolation buffer using a mitochondria
isolation kit (Beyotime, Shanghai China). The cells were subjected
to 10 strokes in a cell homogenizer. The cells were centrifuged at
600xg for 5 min, and the mitochondria was separated at 11000xg
for 10 min. Last, the amount of ABT-199 was evaluated by High
Performance Liquid Chromatography (HPLC, Agilent Technology,
1200 Series, Diamonsil C18(2), USA).
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2.13. HBE cell viability assay

HBE cells were cultured in medium (RPMI 1640 with 10% FBS) in
96-well cell plates (2 x 10 cell/well) and treated with nanocarrier
or Nf-ABT-199 for 12, 24, 48 h. Cell viability was analyzed by a Cell
Counting Kit-8 (CCK-8, Beyotime, Shanghai, China) under 450 nm
(Infinite® F50 microplate reader, Minnedorf, Switzerland).

2.14. Flow cytometry analysis of HBE apoptosis

To clarify whether nanocarrier or Nf-ABT-199 has apoptotic ef-
fect on epithelial cells, we conducted a FACS analysis with Annexin
V (FITC) and propidium iodide (PI) staining (MultiSciences, Hang-
zhou, Zhejiang, China). Briefly, HBE cells were cultured and treated
with various concentrations of nanocarrier or Nf-ABT-199 for 12,
24, 48 in 6-well cell plates (1 x 10° celljwell), the results were
acquired using a FACSCalibur flow cytometer (FC500) and analyzed
using FlowJo software ver. 7.6.

2.15. Statistical analysis

The results are presented as the means =+ standard errors of the
means (SEMs). The data were analyzed with either Student's t-test
(two-tailed) or one-way ANOVA followed by Tukey's post hoc test
using GraphPad Prism 6 software (GraphPad Software, La Jolla, CA,
USA). Differences were considered statistically significant at
P <0.05. The reported values are from = 3 separate experiments.

3. Results

3.1. Development and characterization of nanoformulated ABT-199
(Nf-ABT-199)

Nf-ABT-199 is composed of ABT-199 and a pH-sensitive polymer
synthesized from generally recognized as safe (GRAS) materials.
The pH-sensitive polymer (PEGsyk-p(API-Asp)s) was synthesized
using the following two-step reaction (Fig. S1): (i) ring opening
polymerization of a-amino acid N-carboxyanhydrides (NCAs) using
PEGsk-NH; as an initiator and (ii) introduction of pH-responsive
ionizable groups (imidazole groups) through an aminolysis reac-
tion. PEGsy-p (API-Asp)s assembles spontaneously into micelles in
water with loading of ABT-199 into the hydrophobic core during
the dialysis process. The amphiphilic polymer-based nano-
formulation increases the dissolution rate and prolongs the resi-
dence time of drugs in the lungs [27]. The hydrodynamic diameter
of the resulting Nf-ABT-199 at a physiological pH was ~220 nm
(Fig. 1C), as measured by dynamic light scattering (DLS). The par-
ticle size of Nf-ABT-199 in the transmission electron microscopy
(TEM) image (Fig. 1C) was slightly smaller than that measured by
DLS due to the hydration shell. The zeta potential of the micelle
was +17 mV (Fig. 1D), suggesting that Nf-ABT-199 exhibits a greater
possibility of interacting with the negatively charged cell surface.
Moreover, the potential of the micelle increased to +48 mV (Fig. 1D)
when the pH decreased to 5.5 (intracellular lysosomal pH) due to
the further protonation of imidazole group in Nf-ABT-199.

3.2. Mitochondria-targeted delivery of Nf-ABT-199

Human eosinophilic leukemia (EOL-1) cells were treated with
rhodamine B isothiocyanate (RITC)-labeled Nf-ABT-199 (Nf-ABT-
199-RITC) (10 uM) for 0, 15, 30 and 60 min. The cells were then
stained with 100 nM Mito-Tracker® Green FM and subsequently
analyzed by fluorescence microscopy. As shown in Fig. 2A, the RITC-
labeled Nf-ABT-199 (Nf-ABT-199-RITC) co-localized with mito-
chondrial proteins in the cells. By contrast, the pH-insensitive

nanoformulation (is-Nf-ABT-199; see Methods for the preparation
process and Fig. S2 for the characterization of the polymer) did not
exhibit obvious mitochondrial targeting effects (Fig. 2B). The
excellent mitochondria-targeting effect might be attributed to the
pH-sensitive imidazole groups of Nf-ABT-199, which underwent a
charge switch in the acidic environment of endo/lysosomes and
induced a proton sponge effect, leading to endosomal escape of Nf-
ABT-199. The quantitative results (Fig. 2C) show that the uptake of
Nf-ABT-199 was superior to that of the is-Nf-ABT-199. As observed
via confocal laser scanning microscopy (CLSM), Nf-ABT-199-RITC
was tracked to the endolysosomes 10 min post-administration,
and endolysosomal escape was observed 15min post-
administration (Fig. S3). To further verify the enhanced
mitochondria-targeting ability of Nf-ABT-199, the ABT-199 content
in the mitochondrial fraction was quantified with HPLC (Fig. S4).

3.3. Nf-ABT-199 reduced the number of inflammatory cells and
inflammatory cytokine levels in the airway

Mice were treated with Nf-ABT-199-RITC via intratracheally (i.t.)
administration to study the distribution of Nf-ABT-199 in vivo.
Notably, the fluorescent signals of the Nf-ABT-199-RITC spread
throughout the lungs immediately after i.t. administration (Fig. 5SA
and B), likely reflecting the diffusion of nanoparticles into the lower
respiratory tract and pulmonary alveoli. We also noted that the Nf-
ABT-199 did not diffuse into other organs, such as these heart,
spleen, liver, kidney or brain (Fig. S5C and D). We hypothesized that
nanoformulated ABT-199 would exhibit significantly higher ther-
apeutic effect than free ABT-199 due to its ability to specifically
target the mitochondria. The sensitized/challenged mice were
treated with various doses of either ABT-199 or Nf-ABT-199 after
each allergen challenge (Fig. 3A). As expected, the numbers of total
cells, eosinophils and neutrophils were significantly increased in
the bronchoalveolar lavage (BAL), and the levels of Th2-cell-related
cytokines, such as IL-4 and IL-5, were elevated in the lung tissues of
allergen-exposed mice compared with those in the saline- or
vehicle-treated control mice (Fig. 3B—F). Nf-ABT-199 (25 pnug)
significantly reduced the number of inflammatory cells and cyto-
kines levels, with only " dosage of free ABT-199 having a similar
effect as 100 pg free ABT-199 (Fig. 3B—F). The non-targeted is-Nf-
ABT-199 had no effect on inflammatory cells and cytokines levels
(Fig. 3B—F). With respect to other immune cells, Nf-ABT-199
decreased lymphocyte counts instead of macrophages in the
airway (Fig. S6).

3.4. Nf-ABT-199 inhibited peribronchial inflammatory cell
recruitment, mucus production and airway hyperresponsiveness

As expected, OVA-sensitized and challenged mice (OVA/Alum)
displayed extensive inflammatory infiltrates in both the peribron-
chial and perivascular areas of the lungs. The cellular infiltrates
were decreased in the mice challenged with OVA and treated with
different doses of either ABT-199 or Nf-ABT-199. However, ac-
cording to the HE scoring, only % of that dose was required for Nf-
ABT-199 to achieve similar effects (Fig. 4A and C). Similarly,
increased goblet cell hyperplasia and excess mucus production
were observed in OVA-challenged mice, and treatment with either
ABT-199 (100 pg) or Nf-ABT-199 (25 pg) significantly reduced these
changes (Fig. 4B and D). Based on these data, Nf-ABT-199 has
stronger protective effects on airway inflammation than free ABT-
199. Moreover, we found that Nf-ABT-199 improved inflamma-
tory cell recruitment more efficiently than free ABT-199, particu-
larly in the small airways (Fig. S7). This effect in the small airways is
due to the nanoscale diameter of Nf-ABT-199, which enables a
prolonged residence time and highly efficient deposition of Nf-ABT-
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Fig. 2. Visualization of mitochondrial proteins after treatment with RITC-labeled Nf-ABT-199. The mitochondria were stained with Mito-Tracker® Green FM, which is shown in
green. (A) The co-localization (yellow) of RITC-labeled Nf-ABT-199 (red) and mitochondria in human eosinophilic leukemia (EOL-1) cells at 0, 15, 30 and 60 min, as observed by
Olympus fluorescence microscopy (magnification 10 x 100). (B) The control, RITC-labeled is-Nf-ABT-199 group shows no mitochondrial targeting. The quantitative results of mean
fluorescence intensity show as the (C). (Nf, nanoformulation).

199 in these airways. For this reason, Nf-ABT-199 has a higher 3.5. Nf-ABT-199 promoted inflammatory cell apoptosis in vivo and
therapeutic efficiency compared with free ABT-199. Here, we also ex vivo

demonstrated a much lower dose of Nf-ABT-199 than of free ABT-

199 was required to reduce AHR in asthma, indicating the supe- Inflammatory cell apoptosis is considerably reduced in asth-
rior efficacy of the mitochondria-specific targeted therapy; more- matics, which significantly contributes to the persistence of
over, Nf-ABT-199 did not interfere with airway resistance (Fig. S8). inflammation. We assessed the level of inflammatory cell apoptosis
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n = 6—8 mice/group; *P < 0.05, **P < 0.01, n.s., not significant).

using different strategies to determine whether Nf-ABT-199
induced inflammatory cell apoptosis. Inflammatory cells in the
BAL fluid and the peribronchial airways were analyzed using
fluorescence-activated cell sorting (FACS) as well as immunofluo-
rescence and immunohistochemical staining for cleaved-caspase-3.
Nf-ABT-199 (25 ug) induced cleaved caspase-3 expression in in-
flammatory cells, indicating that Nf-ABT-199 was very efficient in
inducing inflammatory cell apoptosis (Fig. 5A—D). In addition, as
shown in a FACS analysis, Nf-ABT-199 (25 pg) markedly increased
eosinophil apoptosis, primarily during the early stage (AnnexinV™/
PI™ in Gr-1"*™-+/SjglecF") (Fig. 5E and F). As a high-affinity Bcl-2-
selective BH3 mimetic, ABT-199 induced inflammatory cell
apoptosis via Bcl-2 overexpression, and Nf-ABT-199 improved this
pro-apoptotic effect. Based on FACS analysis, NF-ABT-199 induced
eosinophil apoptosis as efficiently as ABT-199 after 12 h of treat-
ment. The pro-apoptotic effects of ABT-199 and Nf-ABT-199 did not
significantly differ (Fig. S9). We cautiously speculate that the
nanoformulated ABT-199 did not have any enhanced pro-apoptotic
effects ex vivo. Moreover, the vehicle treatment did not affect cell
viability compared with the saline treatment.

3.6. Nanocarrier or Nf-ABT-199 treatment showed biocompatibility
in vivo and in vitro

To verify whether nanocarrier or Nf-ABT-199 treatment leads to
harmful effect, we assessed the toxicity in vivo and in vitro. Cell
counting kit (CCK-8) assay is routinely used to detect cell viability
and thus investigate the safety or toxicity of pharmaceutical agents.
Hence, HBE cells were incubated with various concentrations of the
final product Nf-ABT-199 (ABT-199: 1nM (0.868 mg/L),
10 nM(8.68 mg/L), 100 nM(86.8 mg/L), 1000nM (868 mg/L) and
corresponding nanocarriers (14.23 mg/L, 142.3 mg/L, 1423 mg/L,
1423 mg/L) which were set according to the drug-to-carrier ratio of
~6.1% (w/w) for different time (12, 24, 48 h). No obvious influence of
Nf-ABT-199 or nanocarrier on cell viability was found (Fig. 6A and
B). We screened the apoptotic level by performing AnnexinV/PI
assay with FACS, and consistently, no anti-apoptotic and pro-
apoptotic effect of Nf-ABT-199(1000 nM, 868 mg/L) or nanocarrier
(1423 mg/L) was detected in HBE cells (Fig. 6C and D). As shown in
animal experiments, Nf-ABT-199 or nanocarrier suggested no in-
fluence on mice body weight (Fig. 6E), and no damage to the airway
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epithelium was detected in terms of E-Cadherin, which represents
epithelial barrier function (Fig. 6F and G), and no obvious liver
injury was observed via detection of serum alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST) and actate dehy-
drogenase (LDH) levels (Fig. 6H—]). These data suggest Nf-ABT-199
and nanocarrier have no obvious toxic reactions in vivo and in vitro.

4. Discussion

The Bcl-2 protein family is enriched in the mitochondria, and
free ABT-199 cannot specifically accumulate in this organelle. For
these reasons, as a proof-of-concept study, we prepared a pH-
sensitive nanoformulated Bcl-2 inhibitor (Nf-ABT-199) for the

mitochondria-targeted treatment of asthma. The transmembrane
electrical potential of intracellular mitochondria is known to be
approximately 130—150 mV (negative inside) [28]. Nanoparticles
with positive charges efficiently bind to mitochondria, as demon-
strated in many previous studies [29—32]. Nanocarriers have been
widely used for highly efficient drug delivery. Amphiphilic polymer
materials are considered as outstanding drug carriers due to the
excellent biocompatibility, superior drug-loading capacity and the
enhanced biodistribution [33]. Here PEG and polyamino acid
conjugation was chosen in our research. As well known, PEG is FDA-
approved biomaterials with great safety and biocompatibility [34],
and polyamino acid-based material has been widely applied as
biodegradable polymers which is safe for drug and gene delivery
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[35,36].0ur rationally designed Nf-ABT-199 is highly sensitive to
the intracellular pH, where the acidic environment of endosomes
and lysosomes increase the surface charge of Nf-ABT-199 and thus
lead to efficient endosomal and lysosomal escape of the nano-
particles [37]. Nf-ABT-199 efficiently accumulates in the

mitochondria of inflammatory cells, targeting overexpressed Bcl-2
proteins, and induces inflammatory cell apoptosis, directly leaing
to the decreased infiltration of activated inflammatory cells. And it
is likely that nanocarrier or nanoformulated ABT-199 does not
make any difference to cell viability, apoptotic level, or barrier of
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airway epithelium, as well as without liver injury.

In this study, Nf-ABT-199 also reduced the levels of IL-4 and IL-5,
which contribute to the pathophysiology of asthma. As demon-
strated by previous studies [38], cytokines from inflammatory cells
in the airway can contribute to bronchial hyper-reactivity and
epithelial mucous metaplasia, which represent the primary path-
ological changes in asthma. Clinical trials also suggest that mono-
clonal antibodies targeting specific cytokines, such as IL-4
(Dupilumab) and IL-5 (Ligelizumab, Mepolizumab, Reslizumab,
Benralizumab), can improve asthma symptoms [39]. In addition,
the suppression of type 2 cytokines is important for asthma control
[40]. AHR has long been considered a cardinal feature of asthma
and seems to be correlated with airway inflammation and
remodeling [41]. AHR is postulated to be regulated by genetics,
airway inflammation, smooth muscles of the airway, cytokines,
among other factors. The measurement of AHR provides an objec-
tive index for this disease, which is defined as an exaggerated
obstructive response of the airways in response to various phar-
macological, chemical and physical stimuli [ 13]. The response to Nf-
ABT-199 indicates that the inhibitory effect on cytokines and airway
inflammation may partially contribute to its protective role against
AHR.

Nanoparticles have the potential for highly efficient deposition
in the smaller airways and are retained in the lungs for longer
periods of time [42]. Moreover, nanoparticles larger than ~34 nm
remain in the lungs for more than 30 min [43]. Therefore, due to the
proper size and positive surface charge of Nf-ABT-199, it can quickly
disperse, exhibit enhanced retention in the lungs, and efficiently
target the mitochondria of inflammatory cells. More specifically,
the uptake of the positively charged Nf-ABT-199 by inflammatory
cells is increased via electrostatic adsorption with the negatively
charged cell membrane. After it is endocytosed into the endo/
lysosome, the surface charge of Nf-ABT-199 is further increased
following protonation of the polymeric carrier due to lower pH in
endo/lysosome [44]. This change in charge induces endosomal and
lysosomal escape of Nf-ABT-199. Subsequently, the positively
charged Nf-ABT-199 accumulates in the mitochondria due to
electrostatic interactions. However, free ABT-199 is not selective for
targeting cells or hypersensitive intracellular organelles, and its
poor solubility in water hinders its practical application in asthma
treatment.

In conclusion, our study presents evidence showing for the first
time that the nanoformulated Bcl-2 inhibitor ABT-199 accumulates
in the mitochondria of inflammatory cells, and efficiently alleviates
allergic asthma much more effectively than free ABT-199 and in-
dicates no obvious toxic effect. This effect is induced by inflam-
matory cell apoptosis, the down-regulation of cytokines levels, and
subsequent reductions in inflammatory cell infiltration, mucus
hypersecretion, and airway hyperresponsiveness. The pH sensi-
tivity and positive surface charge of Nf-ABT-199 are critical for
endosomal escape of Nf-ABT-199 in inflammatory cells for mito-
chondria targeting. To the best of our knowledge, this study is firstly
combining nanotechnology and Bcl-2 inhibition for the treatment
of airway disease. The proof of concept described in this study
warrants further investigation of Bcl-2 inhibitors combined with
rationally designed nanotechnology for the treatment of other
inflammation-related diseases.
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Materials: All reagents and solvents were obtained commercially and used
without further purification. 3-Benzyl-l-aspartate (BLA), 1-(3-aminopropyl) im-
idazole (API), bis-(trichloromethyl)-carbonate (triphosgene), rhodamine B
isothiocyanate (RITC), N,N-dimethylformamide (DMF), tetrahydrofuran (THF),
and dimethyl sulfoxide (DMSO) were purchased from Aladdin Industrial Inc.
(Shanghai, China). PEGsk-NH; was obtained from Zigibio Co., Ltd. (Shanghai, Chi-

na). ABT-199 was purchased from Selleck (Houston, TX, USA).

PEGsk-p(API-Asp)s synthesis: PEGsk-PBLA and 3-Benzyl-L-aspartate N-carboxy
anhydride (BLA-NCA) (2 g, 8 mmol) were polymerized in 20 mL of DMF at 35 °C
via initiation from the terminal primary amino group of a-methoxy-w-amino-
poly (ethylene glycol) (molecular weight (MW) = 5,000 Da, 0.2 g, 120 pmol).
PEGsk-PBLA was purified via precipitation in ether (3 L) three times. The pH-
responsive PEGsk-p(API-Asp)o was synthesized via aminolysis of the PEGsk-PBLA
with 1-(3-aminopropyl)imidazole (API). PEGsk-p(API-Asp)s (0.2g, 74.8 umol)
was dissolved in DMSO (5 mL), followed by a reaction with API (1 g, 7.9 mmol)
under nitrogen at 25 °C with stirring for 12 h. The reaction mixture was added
dropwise to a cooled aqueous solution of 0.1 N HCI (20 mL) and dialyzed against
a 0.01 N HCI solution three times (Spectra/Por; Sangon Biotech, Shanghai, China;
molecular weight cut-off (MWCO): 3,500 Da). The final solution was lyophilized

to produce PEGsk-p(API-Asp)s as a white solid.

Synthesis of fluorescently (RITC) labeled PEGsk-p(API-Asp)s: PEGsk-p(API-

Asp)s (100 mg) in DMSO (20 mL) was reacted with RITC (30 mg) for 12 h at



room temperature in the dark. The reaction mixture was dialyzed (MWCO: 3,500

Da) against distilled water for 2 days to remove the unlabeled RITC and DMSO.

Experimental animals: Male C57BL/6 mice (wild-type, 6-8 weeks) were pur-
chased from the Animal Center of Zhejiang University and housed in a conven-
tional animal facility. All protocols in this study were approved by the Ethics

Committee for Animal Studies at Zhejiang University, China.

BALF and differential cell counts: Twenty-four hours after the final OVA chal-
lenge, the mice were sacrificed, and the BAL cells were collected via slow injec-
tion of ice-cold PBS into the trachea through a 22-inch intravenous catheter,
which was repeated 3 times. The total number of cells in the BALF was counted
using a Neubauer chamber. In addition, after the cytospin, the numbers of eosin-
ophils and neutrophils in a total of 400 cells were counted and classified under a
microscope using Wright-Giemsa staining. The results were expressed as the
number of cells per milliliter of BALF.

BAL cell culture: Cells were obtained from the BALF as described above and
then cultured for 12 h in 6-well plates at a density of 1 x 106/mL with RPMI 1640
(10% FBS) (Thermo Fisher Scientific, Waltham, MA, USA) and the indicated con-
centrations of either ABT-199 or Nf-ABT-199. The cells were then collected for
further analysis.

Measurement of airway hyperresponsiveness (AHR): Airway responsiveness
was determined invasively by measuring lung resistance after challenge with
aerosolized methacholine (Sigma-Aldrich), according to previously described
methods (Tian, B. P.; et al. AM. J. Resp. Cell Mol. 2015, 52, 459-470). Briefly, the

mice were challenged with increasing concentrations of methacholine aerosol (0,



1.5625, 3.125, 6.25, 12.5, 25 mg/mL in saline) 24 h after the final OVA challenge
using the Buxco FinePoint device (Buxco Electronics, Troy, NY, USA). Lung re-
sistance data were continuously collected. The mean values were selected to ex-
press changes in airway function and were regarded as one form of inflamma-
tion.

Immunofluorescence analysis of cleaved-caspase-3 in BAL cells: The BAL
cells were collected to prepare cytospin slides and then fixed and stained as pre-
viously reported (Ying, S.; et al. Nat. Cell Biol. 2013, 15, 1001-1007). The speci-
mens were washed 3 times with PBS, fixed in 4% paraformaldehyde for 30 min,
permeabilized with PBS containing 0.2% Triton X-100 for 5 min, blocked in 5%
bovine serum albumin (BSA) in PBS for 30 min, and washed 3 times with PBS.
Then, the samples were exposed to the appropriate primary antibody against
cleaved-caspase-3 (Cell Signaling Technology, Danvers, MA, USA) diluted in PBS
containing 5% BSA (1: 1,000) and incubated in a humidified chamber overnight
at 4 °C. The sections were washed briefly with PBS 3 times and stained with a
secondary antibody (Thermo Fisher Scientific) diluted in PBS containing 5% BSA
for 30 min at room temperature. The slides were then mounted with anti-fade
DAPI fluoromount (Thermo Fisher Scientific) and finally coverslipped and
viewed under a fluorescence microscope.

Immunohistochemical analysis of cleaved-caspase-3 in lung tissue: The left
lung was fixed in formalin, embedded in paraffin and cut into 4-pum sections. Im-
munohistochemistry was performed using a previously described method (Co-
hen, L.; et al. AM. J. Resp. Crit. Care. 2007, 176, 138-145). The sections were ex-
posed to 3% H202 in methanol for 10 min to quench the endogenous peroxidase

activity and washed. Nonspecific binding was blocked by incubating the sections



in PBS containing 5% BSA for 30 min. The lung tissue sections were incubated
with a 1:500 dilution of an anti-cleaved-caspase-3 antibody (Cell Signaling Tech-
nology, Danvers, MA, USA) overnight at 4 °C. After washing, the sections were in-
cubated with the secondary antibody (Thermo Fisher Scientific) for 1 h and ex-
posed to a substrate chromogen mixture for 10 min. Finally, the sections were
counterstained with hematoxylin, examined under an Olympus microscope and
analyzed with Image-Pro Plus software 6.0.

MitoTracker and immunofluorescence staining: EOL-1 cells were grown on
coverslips in 24-well plates and incubated overnight. The cells were treated with
RITC-labeled Nf-ABT-199 (10 puM) for 0, 15, 30 or 60 min and then stained with
100 nM Mito-Tracker® Green FM (Life Technologies) for 30 min at 37 °C. The
cells were then fixed with 4% cold paraformaldehyde for 20 min at 4 °C and
permeabilized with 0.1% Triton X-100 for 1 min at room temperature. The cells
were subsequently blocked with 1% BSA for 30 min at room temperature and
incubated with anti-fade DAPI fluoromount (Thermo Fisher Scientific) as a nu-
clear counterstain. The coverslips were mounted onto microscopy slides and
visualized under a fluorescence microscope.

Endo-lysosomal escape by confocal laser scanning microscopy (CLSM): En-
do-lysosomal escape was confirmed by CLSM. The endolysosomes were labeled
with Lysotracker Green. The EOL-1 cells were seeded in six-well plates for 24 h
at 37 °C. After culturing the cells with 0.01 mM RITC-labeled Nf-ABT-199 for 4 h
or 24 h, the cells were washed twice with 4 °C PBS, and the lysosomes were
stained for 45 min. The cells were then fixed with 4% paraformaldehyde, and the

nuclei were stained with DAPI. The cells were observed by CLSM.



Serum ALT, AST and LDH detection: Mice were treated intratracheally (i.t.)
with nanocarrier or Nf-ABT -199 on days 1, 2, and 3. Samples were collected 24
hours after the last administration and levels of ALT, AST (Beyotime, Shanghai
China) and LDH (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) in

serum were measured with specific assay Kkits as described in protocols.
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Fig. S1. Synthesis and 1H-NMR analysis of PEGsk-p(API-Asp)s. The detailed

processes are described in the Supplementary materials and methods.

Supplementary Figure 2

(o]
H
o, e a d N
l-%«c% \/}\ﬁ }:H
0.
C
& | b
e
NDMS0)
b |
TMS
a ; d ’

Jl\ .'J'L A JL . _lAJ_r-JJ I

T T T T T - T - T . T v t . T - T - T ' -
AN 75 10 65 a0 55 50 45 40 is n 25 20 15

— —
10 ns on
Chemical Shift (ppm)

Fig. S2. Structure and 1H-NMR analysis of PEGsk-PBLA. The detailed process is

described in the Supplementary materials and methods.



Supplementary Figure 3
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Fig. S3. The intracellular delivery of Nf-ABT-199-RITC to EOL-1 cells at dif-

ferent times as observed by CLSM. The endosomes and lysosomes are stained
with Lysotracker Green and show green fluorescence. The rhodamine B isothio-
cyanate-labeled Nf-ABT-199 (Nf-ABT-199-RITC) shows red fluorescence. The
yellow color results from the overlay of Nf-ABT-199-RITC and endolysosomes.
The white arrows indicated the separation and escape of Nf-ABT-199-RITC. Scale

bars are 20 pm.



Supplementary Figure 4
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Fig. S4. The mitochondrial ABT-199 contents of different compound formu-
lations. EOL-1 cells were incubated with three different formulations: Nf-ABT-
199, is-Nf-ABT-199, and ABT-199. After 12 h, mitochondria were isolated, and
their ABT-199 levels were compared. (Nf, nanoformulation; n = 3 group; **P <

0.01).
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Fig. S5. Nf-ABT-199 distribution in the lungs and other organs. Mice were
treated with Nf-ABT-199-RITC (25 pg/mouse) via intratracheal administration,
and the lung, heart, spleen, liver, kidney and brain were harvested at the indicat-
ed time points. The fluorescent RITC signal was recorded using an in vivo imag-

ing system (A, C), and the total radiant efficiency was analyzed (B, D).

Supplementary Figure 6
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Fig. S6. Effect of Nf-ABT-199 on airway immune cells. OVA/Alum-sensitized
mice were challenged with OVA and treated with ABT-199 (i.t.), is-Nf-ABT-199
or Nf-ABT-199 2 h after the OVA challenge. The number of macrophages (B) and
lymphocytes (A) in the BALF were counted 24 h after the last challenge. The re-
sults show that Nf-ABT-199 decreased the number of lymphocytes but not mac-
rophages in airway. (Nf, nanoformulation; n = 6-8 mice/group; *P < 0.05, **P <

0.01, n.s., not significant).
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Fig. S7. Inflammatory cell infiltration in the large and small airways. The
mice were sensitized and challenged with OVA/Alum and then treated with ABT-
199 or Nf-ABT-199 (25 pg/mouse) via intratracheal administration, as described
in the METHODS. (A, C) Representative inflammatory cell recruitment around

the large (A) and small(C) airways in the lungs. The HE-stained cells were count-



ed under an Olympus microscope (magnification 200x). The number of inflam-
matory cells in the large and small airways after the ABT-199 and Nf-ABT-199

treatments was analyzed (B, D). (n = 6-8 mice/group; *P < 0.05).
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Fig. $S8. Representative AHR response after treatment. Asthmatic mice were
treated with either Nf-ABT-199 (25 pg/mouse) or the vehicle. The mean AHR re-
sponse to methacholine was determined 24 h after the last allergen challenge.
The results show that a much lower dose of Nf-ABT-199 reduced AHR in asthma.
The data are expressed as the means + SEM of individual groups of mice from 3
independent experiments (n = 6-8 mice/group; *P < 0.05 for OVA/Alum vs.

OVA/Alum-Nf-ABT-199 at the 25 mg/mL point).



Supplementary Figure 9
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Fig. S9. Nf-ABT-199 promotes inflammatory cell apoptosis ex vivo. OVA/Alum-
induced airway inflammation was established in mice. BALF cells were harvest-
ed from OVA-challenged/Alum-sensitized mice and cultured with different con-
centrations of either ABT-199 or Nf-ABT-199 for 12 h ex vivo. The number of
apoptotic eosinophils (Annexin V/Pl-positive Gr-linterm.+/SiglecF+ cells) were
determined by FACS, as described above. A detailed description of the methods is
provided in the Supplementary materials and methods. The data are expressed
as the means + SEM of individual groups of mice from 3 independent experi-

ments (n = 6-8 mice/group; *P < 0.05).
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