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Therapeutic potential of a phospholipase
D1 inhibitory peptide fused with a cell-
penetrating peptide as a novel anti-
asthmatic drug in a Der f 2-induced airway
inflammation model
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Abstract

Asthma is a chronic lung disease that causes airflow obstruction due to airway inflammation. However, its therapeutics
remain inadequate. We previously reported that phospholipase D1 (PLD1) is a key enzyme involved in the production
of pro-inflammatory cytokines in airway inflammation induced by the house dust mite allergen Dermatophagoides
farinae 2 (Der f 2). We also revealed that PLD1 is specifically inactivated by AP180 (assembly protein, 180 kDa) and
identified the PLD1-specific binding motif (TVTSP) of AP180. Therefore, the aims of this study were to develop a novel
anti-asthmatic agent that could suppress airway inflammation by inhibiting PLD1 and examine its acute and chronic
toxicity. We designed TAT-TVTSP, a PLD1-inhibitory peptide fused with a cell-penetrating peptide (CPP) delivery
system. TAT-TVTSP was efficiently delivered to bronchial epithelial cells and significantly reduced Der f 2-induced PLD
activation and Interleukin 13 (IL-13) production. Intranasally administered TAT-TVTSP was also efficiently transferred to
airway tissues and ameliorated airway inflammation in a Der f 2-induced allergic asthma mouse model. Moreover, we
investigated the safety of TAT-TVTSP as a therapeutic agent through single- and repeated-dose toxicity studies in a
mouse model. Taken together, these results indicated that a PLD1-inhibitory peptide fused with a cell-penetrating
peptide may be useful for treating allergic inflammatory asthma induced by house dust mites (HDMs).

Introduction infection, irritants, and allergens in dust, animal fur, and

Allergic asthma is a heterogeneous inflammatory lung
disease that affects ~334 million people worldwide'. The
disease is caused by individual genetic factors and is
aggravated by environmental insults such as viral
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pollen'. In most cases, patients with asthma are pre-
scribed inhaled corticosteroids with or without long-
lasting 8 agonists, theophyllines, or leukotriene-receptor
antagonists, according to their symptoms®. However,
these anti-asthmatic therapies are limited to symptomatic
treatment and may incur severe side effects. Furthermore,
despite receiving multiple therapies, ~40% of patients with
asthma remain symptomatic, and up to 5% have difficult-
to-control asthma®*. In this context, many researchers
have focused on improving disease control by studying
methods to reduce the administration of corticosteroids
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to patients with severe allergic asthma. Nevertheless, the
number of patients with asthma has not fallen much.

House dust mites (HDMs) are the most prevalent trig-
gers of asthma, and ~85% of asthmatics are allergic to
HDMs®. In particular, Dermatophagoides pteronyssinus
(Der p) and D. farinae (Der f) stimulate the production of
Th2 pro-inflammatory cytokines, including Interleukin 4
(IL-4) and Interleukin 13 (IL-13)>°. We have reported
that phospholipase D1 (PLD1) is a key enzyme in the
production of IL-13 in response to Der f 2 and have
suggested that it is a potential therapeutic target in
allergic disorders”®. PLD1 is a membrane-associated
enzyme that catalyzes the hydrolysis of phosphatidylcho-
line to yield the lipid second messenger phosphatidic acid
and free polar head group choline’. However, targeting of
PLD1 can incur systemic adverse effects because it is a
ubiquitous enzyme involved in membrane trafficking'®,
cytoskeletal rearrangement'’, differentiation'*'?, survi-
val'*!®, and autophagy'®. Although small-molecule PLD1
inhibitors showed significant therapeutic effects in can-
cer!”18, autoimmunitylg, and kidney disease?®, their use is
limited because of side effects, selectivity, and toxicity. We
previously reported that PLD1 is specifically inactivated
by binding to AP180 (assembly protein, 180kDa), an
important factor in clathrin-mediated endocytosis of
synaptic vesicles*"*>, Moreover, we identified the PLD1-
specific binding motif of AP180 and demonstrated that
the pentapeptide (TVTSP) in this motif was effective as an
anticancer adjuvant, Thereafter, based on these reports,
we registered two domestic patents®**°, However, it is not
known whether this peptide has any therapeutic potency
in allergic diseases, including asthma.

Efficient delivery of therapeutic biomolecules to target
tissues is a challenging problem because they poorly
penetrate the cellular membrane. Cell-penetrating pep-
tides (CPPs), small cationic peptides derived from pro-
teins that can cross phospholipid bilayers, offer one
possible solution®®. CPPs, as a helpful tool for the intra-
cellular delivery of various molecules, such as peptides,
proteins, siRNAs, and therapeutic agents, have been stu-
died in various fields*’. In particular, TAT (trans-activator
of transcription) is internalized via clathrin-mediated
endocytosis and micropinocytosis and is assumed to be
biologically inert*®. It has been used in preclinical models
to study pain®’, ischemia®, cancer®', and inflammation®?,
and there have been over 20 phase I and phase II clinical
trials involving more than 2000 patients treated with CPP-
fused therapeutics®. These results imply that CPPs can be
used as an efficient drug delivery system.

Here, we aimed to develop a novel agent that sup-
pressed airway inflammation by targeting PLD1 and to
assess its in vivo toxicity. We designed TAT-TVTSP, a
PLD1-specific inhibitory peptide fused with TAT, as the
delivery vehicle. TAT-TVTSP effectively penetrated
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bronchial epithelial cells and airway tissues and sig-
nificantly reduced Der f 2-induced PLD activation and
airway inflammation in vitro as well as in vivo. Further-
more, TAT-TVTSP was found to be relatively safe in
single- and repeated-dose toxicity studies of a mouse
model. These findings indicate that therapy using a PLD1-
inhibitory peptide fused with a CPP delivery system can
be an efficient and promising strategy to prevent allergic
asthma induced by HDMs.

Materials and methods
Cell culture

BEAS-2B, a human bronchial epithelial cell, was pur-
chased from the American Type Culture Collection
(ATCC; Manassas, VA, USA). BEAS-2B cells were cul-
tured in DMEM/F-12 with 10 % (v/v) heat-inactivated
FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin
(Wisent INC, St.-Bruno, QC, Canada) at 37°C in a
humidified 5% CO,-controlled incubator.

Materials

The house dust mite allergen Der f 2 was provided by
the Arthropods of Medical Importance Resource Bank,
Yonsei University, College of Medicine (Seoul, Korea), as
described previously®. Peptides were synthesized by Cos-
moGenetech (Seoul, Korea) and were validated by HPLC
and mass spectrometry (data not shown). PLD inhibitors
(FIPI and VU0155069) were supplied by Tocris (Oxford,
UK).

Determination of PLD activity

PLD activity was determined in [*H]-palmitic acid-
labeled cells by measuring the amount of [*H]-phospha-
tidylbutanol (PBt) produced by PLD-catalyzed transpho-
sphatidylation in the presence of 1-butanol, as described
previously®*. BEAS-2B cells were labeled with 2 pCi/ml
[*H]-palmitic acid (DuPont-New England Nuclear, Bos-
ton, MA, USA) in serum-free medium for 18 h. They were
then pretreated with 0.3% (v/v) 1l-butanol for 15 min
before stimulation with Der f 2. Cells were pre-incubated
with TAT, TAT-TVTSP, FIPI, or VU0155069 for 2 h after
labeling with [BH]-palmitiC acid. After treatment with Der
f 2 for 30 min, the cells were washed with ice-cold PBS
and suspended in ice-cold methanol. Lipids were extrac-
ted, and PBt was separated by thin layer chromatography
using an  ethylacetate/isooctane/acetic ~ acid/water
(26:4:6:20, v/v) solvent system. Authentic PBt bands (R;=
0.76) were identified with 0.002% (w/v) primulin dissolved
in 80% (v/v) acetone, scraped, and counted in a liquid
scintillation counter (PerkinElmer, Norwalk, CT, USA).

Real-time PCR and reverse transcription (RT)-PCR
Total cellular RNA was isolated using RNAiso Plus
(Takara Bio, Ohtsu, Japan). Next, 2 ug of isolated total
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RNA was mixed with the Reverse Transcription Master
premix kit (Elpis Bio, Daejeon, Korea), and the mixture
was incubated for 60 min at 37 °C. The transcribed pro-
ducts were mixed with each primer set and GoTaqg DNA
polymerase (Promega, Madison, WI, USA) and were
amplified in a PCR machine (Takara Bio). The primer
sequences were as follows: IL-13 sense (5'-GAGTGTG
TTTGTCACCGTTG-3’) and antisense (5'-TACTCGTT
GGTCGAGAGCTG-3'); GAPDH sense (5'-CATGAGAA
GTATGACAACAGCCT-3’) and antisense (5'-AGTCC
TTCCACGATACCAAAGT-3’). The PCR conditions for
IL-13 and GAPDH were as follows: denaturation at 95 °C
for 30 s, annealing at 56 °C for 30 s, and extension at 72 °C
for 40s (35 cycles and 26 cycles). PCR products were
analyzed on a 1.5% agarose gel. For real-time PCR, an
aliquot of 1 pl of cDNA was amplified in duplicate in a
final volume of 20 pl using the SensiFAST™ SYBR® NO-
ROX Kit (Bioline, London, UK). The thermocycling
conditions were 95 °C for 10 min, followed by 40 cycles of
95°C for 15 s and 56 °C for 1 min. The primer sequences
for real-time PCR were the same as those for RT-PCR.

ELISA

Cell supernatants were collected after Der f2 treatment,
and the concentrations of IL-13 were measured using a
commercial ELISA kit (Bender Medsystems, Vienna,
Austria) following the manufacturer’s instructions. The
concentrations of samples were determined from a stan-
dard curve ranging from 3.13 to 200 pg/ml. For mouse
experiments, lung tissues were homogenized in 20 ml/g
tissue protein extraction reagent (ThermoFisher, Rock-
ford, IL, USA) using a tissue homogenizer (Biospec Pro-
ducts, Bartlesville, OK, USA). Homogenates were
incubated at 4 °C for 30 min and centrifuged at 1000xg for
10 min. The supernatants were collected and passed
through a 0.45-micron filter (Gelman Sciences, Ann
Arbor, MI, USA) for the measurement of cytokine levels.

Cell viability

Cells were incubated with MTT (3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium  bromide; = Duchefa,
Haarlem, Netherlands) solution at 37°C for 4 h. Dark
brown formazan crystals formed after the reduction of
tetrazolium by the mitochondria of living cells dissolved
in DMSO, and the optical densities were read at 570 nm
with a microplate reader (BioRad, Hercules, CA, USA).

Measurement of delivery efficiency

Cells were plated onto coverslips in 24-well plates, and
TAT-TVTSP-FAM (Supplementary Figure 2) was added
for the indicated times. After removal of the medium, the
cells were fixed with 4% PFA (Sigma-Aldrich, St. Louis,
MO, USA) for 15 min. The medium was replaced by 0.1%
BSA in PBS, and the cells were mounted on slides with
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Vectashield (DAKO, Glostrup, Denmark). FAM signals
were photographed using a fluorescence microscope
(Leica Microsystems, Wetzlar, Germany). The tissue
permeability of TAT-TVTSP was also examined in a
mouse model. Five-week-old female mice habituated for
1 week were intranasally administered TAT-TVTSP-FAM
or saline. The tracheas and bronchioles were excised 2 h
later and were immediately frozen in optimal cutting
temperature (OCT) compound (Sakura Finetek, Tor-
rance, CA, USA) and sectioned at a thickness of 10 pm.
The sections were fixed with 4% PFA for 15 min, washed
with 0.1% BSA in PBS, and mounted with Vectashield.
Intracellular fluorescence signals were observed using a
fluorescence microscope.

Animals

Female 6-week-old BALB/c mice (Orient, Gyeonggi-do,
Korea) were used to generate the mouse model of allergic
airway inflammation. For the in vivo toxicity studies, male
and female 5-week-old ICR mice (Koathech, Gyeonggi-do,
Korea) were used. They were maintained under specific
pathogen-free conditions, fulfilling the standards of
facilities approved by the American Association for the
Accreditation of Laboratory Animal Care. All animal
experiments were performed in accordance with the
Korean Food and Drug Administration guidelines.

Mouse model of allergic airway inflammation

The protocols were reviewed and approved by the
Institutional Animal Care and Use Committee of
Hanyang Laboratory Animal Research Center (2015-
0197A). The mice were assigned to the saline, Der f2, Der
f2+TAT or Der f2 4+ TAT-TVTSP groups. As shown in
Fig. 2a, TAT or TAT-TVTSP was administered intrana-
sally 2 h prior to the intranasal injection of Der f2 (1.2
mg/kg), and this was repeated 7 times over 2 weeks.

Histology

Lung tissues were fixed in 10% formalin, embedded in
paraffin, and sectioned. Sections were counterstained with
H&E or PAS for histological examination using standard
techniques. After staining, the slides were rinsed in dis-
tilled water, mounted with Vectashield, and photographed
using an optical microscope (Olympus, Tokyo, Japan).

AHR measurement

Airway hyperresponsiveness (AHR) was measured using
a whole-body plethysmographic chamber (OCP-3000;
Allmedicus, Gyeonggi-do, Korea). The mice were exposed
to the indicated concentrations of methacholine (Sigma-
Aldrich) using an ultrasonic nebulizer (Omron Health-
care, Kyoto, Japan). After placing the mouse in the
chamber, airway responsiveness was measured by evalu-
ating enhanced pause (Penh). Penh, as an index of airway
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Fig. 1 TAT-TVTSP effectively reduces Der f 2-induced PLD activation and IL-13 production in BEAS-2B cells. a PLD1-specific inhibitory peptide
(TVTSP) was fused with the cell-penetrating peptide delivery system (TAT). b BEAS-2B cells were labeled with 2 uCi/ml [*Hl-palmitic acid and then
pretreated with TAT or TAT-TVTSP at the indicated concentrations for 2 h, followed by stimulation with 20 ug/ml Der f 2 for 30 min. PLD activities
were determined by estimating [*H]-PBt in the presence of 1-butanol. The results are expressed as the means + SD of three independent
experiments. **P < 0.01 compared with TAT-TVTSP (10 uM) + Der f 2/TAT + Der f 2 or TAT-TVTSP (20 uM) + Der f 2/TAT + Der f 2. ¢ BEAS-2B cells were
treated with TAT-TVTSP-FAM and examined over time. FAM fluorescent signals were examined with a fluorescence microscope. Scale bar, 20 um. d, e
Total RNA was isolated using Trizol reagent, and the mRNA levels of /L-13 and GAPDH were determined by RT-PCR (d) and real-time RT-PCR (e). The
results are expressed as the means + SD of three independent experiments. *P < 0.05 compared with TAT-TVTSP (10 uM) + Der f 2/TAT + Der f 2.
**P <0.01 compared with TAT-TVTSP (20 uM) + Der f 2/TAT + Der f 2. f Cell supernatants were collected after Der f 2 treatment for 30 min, and the
concentrations of IL-13 were measured with ELISA. The results are expressed as the means + SD of three independent experiments. *P < 0.05
compared with TAT-TVTSP (10 uM) + Der f 2/TAT + Der f 2 or TAT-TVTSP (20 uM) + Der f 2/TAT + Der f 2. g An MTT assay was performed after 30 min
of treatment with Der f 2. The results are expressed as the means + SD of three independent experiments. All differences were assessed by Student's

t-test
hyperresponsiveness, was calculated as previously Darmstadt, Germany), counted and classified as neu-
described®”. trophils, eosinophils, lymphocytes, or macrophages.
BALF assay Single-dose toxicity study

Bronchoalveolar lavage fluid (BALF) was obtained as
previously described®®. Lungs were lavaged with 1 ml of
Hank’s balanced salt solution via a tracheostomy tube.
The total cell numbers were counted using a hemocyt-
ometer (Sigma-Aldrich). BALF was then centrifuged at
1500xg for 3 min at 4 °C, and smears of BAL cells were
prepared by cytocentrifugation (Cytospin3; Thermo,
Billerica, MA, USA) at 1000 rpm for 3 min. BAL cells were
stained using a Hemacolor Staining Kit (Merck,
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Protocols were reviewed and approved by the Institu-
tional Animal Care and Use Committee of Hanyang
Laboratory Animal Research Center (2016-0038A). Forty
animals aged 5 weeks were randomly assigned to four
different dose groups (Supplementary Table 1), and each
concentration of TAT-TVTSP was injected intranasally.
Changes in the clinical signs, body weight, and blood
analysis indices were evaluated. All the animals were
euthanized on day 14, except for four mice that had to be
sacrificed earlier. Mortality was recorded, and tissues from
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the heart, kidney, liver, stomach, spleen, lung, intestine,
and brain were collected for immediate necropsy. After
fixation, organs sampled for histology were stained with
H&E according to the standard procedures. In addition,
blood samples were freshly drawn from each heart and
were analyzed at the Korea Conformity Laboratories
(Incheon, Korea). The following standard hematology
markers were analyzed: red blood cell count, hemoglobin,
hematocrit, mean corpuscle volume, mean corpuscle
hemoglobin concentration, platelet count, and white
blood cell count. Additionally, blood samples were cen-
trifuged twice at 3000 rpm for 10 min to separate sera.
Liver function was evaluated from the serum levels of
total bilirubin (T-BIL) and alkaline phosphatase (ALP).
Albumin (ALB) was assayed as a measure of tissue
damage or inflammation. Gamma glutamyl transferase
(GGT) and total protein (TP) were also quantified. These
parameters were determined using a Biochemical Auto-
analyzer (Type 7170; Hitachi, Japan).

Repeated-dose toxicity study

Protocols were reviewed and approved by the Institu-
tion Animal Care and Use Committee of the Hanyang
Laboratory Animal Research Center (2016-0038A). Forty
animals (20 males and 20 females) were randomly allo-
cated to four different dose groups (Supplementary
Table 1). TAT-TVTSP (or saline) was administered
intranasally every day for 4 weeks. Other procedures were
similar to those in the “Single-dose toxicity study” section.

Statistics

Statistical analysis for a complex sampling design was
performed using SPSS software, version 18.0 (SPSS Inc.,
Chicago, IL, USA). The data are expressed as the means +
SD of at least three independent experiments; P < 0.05 was
considered statistically significant. Comparisons between
groups were made using unpaired Student’s ¢-tests, and
multi-group comparisons of means were carried out by

one-way repeated-measures analysis of variance
(ANOVA).

Results
TAT-TVTSP is efficiently delivered into BEAS-2B cells and
reduces Der f 2-induced PLD activation and IL-13
production

We investigated whether a peptide in the PLD1-specific
binding motif of AP180 was applicable as an inhibitor of
airway inflammation induced by the house dust mite
allergen Der f2. As shown in Fig. 1a, we designed a PLD1-
inhibitory peptide (TVTSP) coupled with TAT as a
delivery vehicle. To verify whether this peptide (TAT-
TVTSP) regulated PLD activity, human bronchial epi-
thelial cells (BEAS-2B) were exposed to Der 2 (20 pg/ml)
for 30 min after pretreatment with TAT-TVTSP (10 or 20
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uM) or TAT (10 uM) for 2 h. Der f 2-induced PLD acti-
vation was repressed by TAT-TVTSP in a dose-
dependent manner (Fig. 1b). Moreover, as shown in
Supplementary Figure 1, TAT-TVTSP efficiently
decreased Der f2-induced PLD activation compared with
excess treatment (50puM) or Lipofectamine-mediated
transfection of TVTSP, indicating that TAT powerfully
acted as a transcellular delivery cargo. To further examine
the efficiency of delivery of TAT-TVTSP, we labeled its C-
terminus with the fluorescent dye FAM (Supplementary
Figure 2) and measured the intracellular fluorescence over
a time course. Green fluorescence was detected in almost
all cells 1 h after exposure to TAT-TVTSP-FAM, and the
signals were strongest after 2 h (Fig. 1c). Next, we found
that Der f 2-induced IL-13 mRNA expression was sig-
nificantly reduced by TAT-TVTSP (Fig. 1d, e), and the
same was true for IL-13 production itself (Fig. 1f).
Moreover, exposure to TAT-TVTSP had no effect on cell
viability (Fig. 1g). Interestingly, the inhibitory effect of
TAT-TVTSP on IL-13 expression was similar to that of
other PLD inhibitors, FIPI and VU0155069 (Supplemen-
tary Figure 3). In summary, TAT-TVTSP was efficiently
delivered into bronchial epithelial cells and reduced Der f
2-induced PLD activation and IL-13 production without
any cytotoxicity.

Intranasally administered TAT-TVTSP is efficiently
transferred into airway tissues and blocks airway
inflammation in a mouse model of Der f 2-induced acute
allergic asthma

To confirm whether TAT-TVTSP was also effective
in vivo, we made a HDM-induced airway inflammation
mouse model of acute allergic asthma®. Female 6-week-
old mice were intranasally injected with TAT or TAT-
TVTSP (10 mg/kg) for 2 h prior to the administration of
Der f2 (1.2 mg/kg), and this was repeated 7 times over
2 weeks (Fig. 2a). We first assessed the delivery efficiency
of TAT-TVTSP to target tissues by analyzing in vivo FAM
fluorescence 2h after intranasal injection of TAT-
TVTSP-FAM. Considerable accumulation of green
fluorescence was observed in both bronchioles and tra-
cheas (Fig. 2b). Next, we investigated whether TAT-
TVTSP affected airway inflammation in vivo. Lung his-
tology was examined to evaluate the extent of inflam-
mation, epithelial hyperplasia, and mucus secretion by
goblet cells in airway tissues. As shown in Fig. 2c, after the
injection of TAT (or saline), the intranasal administration
of Der f 2 stimulated the infiltration of peribronchial
inflammatory cells, resulting in thickening of the airway
tissues as well as increased secretion of mucus around the
bronchial airways. Remarkably, these effects were pre-
vented by intranasal challenge with TAT-TVTSP. More-
over, compared with pretreatment with TAT (or saline),
TAT-TVTSP almost completely blocked Der f 2-induced
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Fig. 2 Intranasally administered TAT-TVTSP efficiently blocks airway inflammation in a Der f 2-induced acute allergic asthma model. a
Schedule for the allergic airway inflammation model. b Saline or TAT-TVTSP-FAM (10 mg/kg) was intranasally administered in Der f 2-induced allergic
asthma mouse models. After 2 h, tracheas and bronchioles were prepared for fluorescence microscopy. Scale bar, 50 um. ¢ Lung tissues were
sectioned and stained with hematoxylin and eosin (H&E) and periodic acid Schiff (PAS) for histological examination. Scale bar, 100 um. d IL-13 levels
in homogenates of the right lung of each mouse were measured by ELISA. The results are expressed as the means + SD of 15 mice in each group.
***P < 0.001 compared with TAT-TVTSP + Der f 2/TAT + Der f 2. e The Penh value was determined by airway resistance to methacholine. The results
are the means £ SD of 15 mice in each group. *P < 0.05 compared with TAT-TVTSP + Der f 2/TAT + Der f 2 at 12.5 mg/kg or at 25 mg/kg
methacholine. **P < 0.01 compared with TAT-TVTSP + Der f 2/TAT + Der f 2 at 50 mg/kg methacholine. f Numbers of immune cells in BAL fluid. The
data are presented as the means + SD of 15 mice in each group. *P < 0.05 compared with TAT-TVTSP + Der f 2/TAT + Der f 2 in total cells or in
macrophages. **P < 0.01 compared with TAT-TVTSP + Der f 2/TAT + Der f 2 in eosinophils, neutrophils, or lymphocytes. All differences were assessed
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IL-13 production (Fig. 2d). We also evaluated airway
hyperresponsiveness (AHR) by analyzing lung resistance
to methacholine (Fig. 2e). Intranasal administration of
TAT-TVTSP substantially attenuated Der f 2-developed
AHR to nebulized methacholine, implying that it blocked
allergic inflammation and AHR. The number of immune
cells in BALFs was also significantly decreased by TAT-
TVTSP (Fig. 2f). Taken together, we conclude that tar-
geting of PLD1 with TAT-TVTSP has powerful anti-
inflammatory effects on the Der f 2-induced allergic air-
way inflammation model and may be an effective ther-
apeutic for allergic diseases, including asthma.

Single-dose toxicity study

We next investigated whether TAT-TVTSP is clinically
applicable as a novel anti-asthmatic agent. In the dose-
probing pilot study for the toxicity test, 3 mice in the 250
mg/kg group, 5 in the 500 mg/kg group, and 7 in the 1000
mg/kg group died, indicating that the median lethal dose
(LDsp) of TAT-TVTSP was 453.8 mg/kg, when calculated
by the Behrens—Kérber method (Supplementary Figure 4
and Fig. 3a). In addition, 6 mice (3 male and 3 female
animals) were challenged with TAT (1000 mg/kg). Two of
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these (1 male and 1 female) died on day 0. At full
necropsy, we found that they had suffocated to death,
indicating that intranasal administration caused serious
stress. However, the 4 remaining mice showed no any
abnormal behavior, and all survived to day 14, implying
that TAT is not harmful per se (data not shown).

Based on this pilot study, a single-dose toxicity study
was conducted (Fig. 3b). At 14 days after exposure, there
was less body-weight gain in the TAT-TVTSP-treated
groups than in the control group (Supplementary
Table 2). In the low-dose groups, 2 of the 5 female mice
had several symptoms such as loss of appetite, no stool,
crouching and lacrimation, while the 5 males displayed no
abnormal behavior, and all survived. Of two females in
this group, one showed symptoms, including alopecia,
crouching, edema, and gasping behavior on day 4 and was
dead by day 6. Another mouse also had the same symp-
toms on days 8-11 and died on day 12. In the medium-
dose groups, none of the animals had abnormal behavior,
and all survived to day 14. In the high-dose groups, 5 (2
male and 3 female) of the 10 mice showed appetite loss
and gasping on day 1. Two of them (1 male and 1 female)
had serious symptoms, including lacrimation, edema, and



Lee et al. Experimental & Molecular Medicine (2018) 50:55

Page 7 of 11

Survival Rate (%)

—8— 0 ny/ne
40
=0—250n3/n2 -
20 =®=500ng/nl
° =0 1000 ng/nl

012 3 456 7 8 91011121314
Days after Administation (day)

100 mg/kg

[

2 4 6 8 10 12 14 day
1 L L
t +—+

200 mg/kg

Period

0
1
T
Adaptive T

Drug Administration I
Sacrifice

Sampled Tissues:
‘Heart Kidney -Liver Stomach
‘Lung -Spleen ‘Brain Intestine

500 mg/kg

\

Fig. 3 Single-dose toxicity study. a Preliminary study for dose selection. b Schedule for the single-dose toxicity test. ¢ After 14 days, fixed organ
samples were dehydrated, paraffinized, and embedded. Sections of 4 um were stained with H&E and examined by microscopy. Scale bar, 100 um
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Table 1 Biochemical analysis of sera of male and female mice in the single dose toxicity test
Test item  Male Female
Control Low Medium High Control Low Medium High
0mg/kg 100 mg/kg 200 mg/kg 500 mg/kg 0 mg/kg 100 mg/kg 200 mg/kg 500 mg/kg
ALB (IU/1) 1.78 £0.02 1.80+0.03 1.78 £0.06 1.70+£0.06 1.32+0.16 1.57+023 143 +0.01 1.35+0.09
ALP (U/1) 26200+5645 22140+2283  23320+£2495 24950+1299 22900+£3195 30700+43.02 27500+2323 25800+ 31.65
GGT (U/)  0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00 +£0.00 0.00+0.00 0.00+0.00
TP (U/1) 538+0.04 538+0.09 530+02 500+0.2 4.00+049 477 £0.74 4.25+0.09 380+0.30
T-BIL (IU/1)  0.10+£0.02 0.09 £0.01 0.11+£0.02 0.11+£0.02 0.01£0.01 0.06 £ 0.06 0.03 £0.01 0.01£0.01

Data are expressed as means +SD (n =5 per each group). Differences were assessed by one-way ANOVA
ALB albumin, ALP alanine aminotransferase, GGT gamma (y)-glutamyl transferase, TP total protein, T-BIL total bilirubin

gasping; the female died on day 5, and the male died on
day 13 (Supplementary Table 3). Next, blood samples
obtained from each mouse were analyzed in detail for
serum chemistry and hematology parameters. As shown
in Table 1, the serum levels of measured factors were
within normal ranges and showed no significant differ-
ence. Moreover, the hematological parameters did not
change significantly, although the platelet (PLT) levels
appeared to rise slightly in female mice, and white blood
cell (WBC) and eosinophil (EOS) levels tended to fall with
increasing dose (Table 2). Finally, histopathological ana-
lysis was conducted by microscopic observation of each
tissue in detail. As shown in Fig. 3¢, the lungs, as well as
other observed organs, did not undergo any change in
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appearance and micro-morphology in any of the TAT-
TVTSP groups.

Repeated-dose toxicity study

Based on the single-dose toxicology study and exam-
ination of in vivo airway inflammation, we investigated the
toxicity of repeated intranasal administration of TAT-
TVTSP (Fig. 4a). All the TAT-TVTSP-treated female
groups showed a tendency to gain a little less weight than
the control group, whereas all the male groups gained
weight similar to the saline group (Supplementary
Table 4). None of the animals showed any clinical mani-
festations, and all survived to day 28 (Supplementary
Table 5). Moreover, the weights of the liver, lung, spleen,
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Table 2 Hematological analysis for male and female mice in single dose toxicity study

Test item Male Female

Control Low Medium High Control Low Medium High

0mg/kg 100 mg/kg 200 mg/kg 500 mg/kg 0mg/kg 100mg/kg  200mg/kg 500 mg/kg
WBC (x10° cell/ul) 555+£3.76 334+£132 3.70£1.53 369+ 1.20 425+1.39 283+052 337+£098 2.18+£1.20
RBC (x10° cell/ul) 9.25+0.21 935+0.73 9.19+£0.27 9.10+£0.58 795+0.83 836+0.23 827 +£047 7.84+0.80
HGB (g/1) 15320+0.03 15000+£006 14920+004 14550+007 13400+£0.13 13700+£001 13730+£005 12480+0.14
HCT (%) 5032+1.19 49.86+3.06 49.16+093 48.18+1.81 4345+332  4510+014  4393+220 40.30+450
MCV (fl) 5445 +0.88 5336+ 1.63 5348 +1.27 53.08 + 1.64 5475+149  5415£1.63 5315+ 1.03 514+0.77
MCH (pg) 16.62 +0.31 16.04 +0.63 1624 +£0.52 15.98 £0.39 16.85+0.07 16.4+0.28 16.6 £0.62 159+0.54
MCHC (g/1) 30460+£043 30060+1.02 30380+061 301.50+042 30750+064 30250£035 31230+088 309.50+087
RDW (%) 11.38£0.54 11.56+0.30 11.30+0.51 1110+ 047 12.20+0.10 1220+ 042 12.08 + 045 12.18 £ 055
PLT (x10° cell/l) 1140+ 16270 1402 £26860 1391£30720 1588+ 17460 788+67.88 788£13580 769+26630 619.5+378.10
MPV (f) 498+0.25 4.74+035 4.66 £0.37 448+0.13 560+ 0.70 6.25+0.50 565+ 049 6.53+159
NEUT (%) 1636+4.70 23.02+6.07 2161697 184 +547 1705+ 361 1275+149  1050£280  2020+869
LYM (%) 7288+£10.15  67.94+645 69281030 7448+6.17 66.80 £ 4.67 56.25+3.75 72301052 56.03+827
MONO (%) 0.84£0.38 0.80+0.22 0.82+£0.36 0.68 £0.24 0.70£0.14 0.80+0.28 043 £0.25 1.10£042
EOS (%) 8.76 £5.89 7.34+283 7.64 £556 533+332 142+ 849 29.05+545 1588+1222 1765+778
LUC (%) 0.88+£0.77 0.74+£0.29 062 +0.26 0.88 £0.21 0.80+0.14 0.75+0.21 0.65£0.54 4.85+7.80
BASO (%) 0.28 £0.38 0.20£0.19 0.24+£0.18 0.28 £0.31 045+0.21 040+0.14 025+0.31 043+£043
NEUT (x10° cell/ul) 0.77£0.20 0.72+£0.26 0.72+£0.13 067 £0.27 0.75+040 037+0.11 035+0.10 044 +£0.28
LYM (x10° cell/ul) 430+3.56 232+104 268+149 2.79+1.07 287+1.13 1.61+040 2.50+0.96 121+£0.74
MONO (x10° cell/ul)  0.04+0.03 0.03+£0.01 0.03 £0.02 0.03+£0.01 0.03+£0.01 0.03£0.01 0.02£0.01 0.02 £0.01
EOS (x10° cell/ul) 036+0.18 024 £0.15 0.23 £0.08 0.17£0.03 055+£0.16 0.81+0.00 048 £0.26 041 +£0.31
LUC (x10° cell/ul) 0.07 £0.11 0.03+£0.01 0.02 £0.02 0.04 £0.01 0.03 £0.00 0.02 +0.00 0.02 £0.02 0.07 £0.11
BASO (x107 cell/ul)  0.01+0.01 0.01+0.01 0.01+0.00 0.01+0.00 0.02+0.01 0.02+001 0.01+001 0.01+0.01
Retic (%) 3.28+083 230+0.51 263+051 2.54+£043 362+252 217+033 3.19£065 3.02+£063

Data are expressed as means +SD (n =5 per each group). Differences were assessed by one-way ANOVA

WBC white blood cell, RBC red blood cell, HGB hemoglobin, HCT hematocrit, MCV mean corpuscular volume, MCH mean corpuscular hemoglobin, MCHC mean
corpuscular hemoglobin concentration, RDW red blood cell distribution width, PLT platelet, MPV mean platelet volume, NEUT neutrophil, LYM lymphocyte, MONO
monocyte, EOS eosinophil, LUC large unstained cell, BASO basophil, Retic reticulocyte

kidney, stomach, and heart were not affected in any of the
TAT-TVTSP-treated groups (Fig. 4b and Supplementary
Table 6). However, the brain weight in the high-dose
group was significantly reduced compared with that in the
control group (Fig. 4b). Intranasal injection is frequently
used for the delivery of drugs into brain tissues, and PLD1
was previously reported as an important mediator of
neurogenesis in brain tissues such as the hippocampus
and cortex'>*. Therefore, it might be anticipated that
repeated intranasal injection of TAT-TVTSP would have
some effect on brain development by suppressing PLD1.
Finally, histological analysis was conducted by micro-
scopic observation of each tissue, and no organs were
affected in the TAT-TVTSP-treated groups (Fig. 4c).
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Discussion

Asthma is a chronic lung disease characterized by air-
way inflammation, airflow obstruction, and airway
hyperresponsiveness'. Allergic diseases, including asthma,
are generally caused by individual genetic factors and are
aggravated by environmental insults’. House dust mites
are the major inhalant allergens of chronic allergic dis-
eases, including childhood asthma®®®, HDMs induce air-
way inflammation by stimulating the production of Th2
pro-inflammatory cytokines®*”. We previously demon-
strated that PLD1 is activated in T lymphocytes of Der-
matophagoides  farinae-specific  allergic  patients™.
Furthermore, we showed that Der f 2 stimulated IL-13
production by activating PLD1 in human bronchial epi-
thelial cells”®, indicating that targeting PLDI1 might
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Fig. 4 Repeated-dose toxicity study. a Schedule for repeated-dose toxicity test of TAT-TVTSP. b The organs were weighed, and the values were
expressed as the organ weight/body weight and presented as the means + SD of 10 mice per group. Differences were assessed by one-way ANOVA.
*P < 0.05 compared with the brain weight of the untreated control. ¢ Fixed organ samples were dehydrated, paraffinized, and embedded. Sections of
4 um were stained with H&E and observed under a microscope. Scale bar, 100 um

suppress airway inflammation by inhibiting IL-13
expression. However, targeting of PLD1 can result in
systemic adverse effects because PLD1 is involved in
various biological processes. Therefore, topical targeting
of PLD1 is extremely important to avoid the side effects.

PLD1 is an important enzyme responsible for the pro-
duction of the lipid second messenger phosphatidic acid
by catalyzing the hydrolysis of phospholipids’. Primary
alcohols (for example, n-butanol) act as competitive
nucleophiles to water, resulting in a transpho-
sphatidylation to produce phosphatidylalcohols (for
example, phosphatidylbutanol), instead of phosphatidic
acid"®. Based on this principle, z-butanol has been used as
a PLD inhibitor in various studies™, but it has several
problems, such as indirect targeting, intracellular com-
plementary systems, low efficiency, and side effects.
Consequently, new specific PLD inhibitors need to be
developed'®. Several small-molecule PLD inhibitors have
been shown to be effective in various diseases, but they
also have limitations in terms of selectivity, side effects,
and toxicity. In these circumstances, we recently devel-
oped a small peptide consisting of five amino acids that
binds to and inactivates PLD1%%, However, the peptide
may be quickly degraded by intracellular functions,
including peptidase effects or autophagy®, and the
delivery into cells or tissues can be limited by the low-
penetrating efficiency in crossing the cellular membrane.

Official journal of the Korean Society for Biochemistry and Molecular Biology

These issues evoked the necessity for the appropriate
topical targeting of PLD1 and application of efficient drug
delivery systems. Therefore, we considered the utilization
of a CPP as a delivery cargo and constructed TAT-
TVTSP, a PLD1-specific inhibitory peptide fused with
TAT. As expected, TAT-TVTSP was efficiently trans-
ferred into airway tissues and strongly suppressed Der f2-
induced airway inflammation indices, indicating that it
has powerful possibilities as an anti-asthma agent.

Although TAT was first regarded as a biologically inert
vehicle, recent studies have reported that it can affect
various cellular processes*. In HeLa cells, a TAT-derived
peptide inhibited tumor necrosis factor-mediated signal
transduction®™, and a microarray study revealed altered
gene expression patterns after the application of HIV-1
TAT*. Moreover, in human lung epithelial cells, TAT
modulated inflammatory responses by inhibiting the
production of multiple cytokines and induced apoptosis™.
However, despite these reports, TAT appeared to only act
as a delivery vehicle in the present study. It was not
cytotoxic, and the previously reported Der f2 effects, such
as PLD activation and IL-13 upregulation in vitro, as well
as bronchial inflammation stimulation in vivo, were
faithfully reproduced (Figs. 1 and 2).

Toxicological analysis of a pro-drug is critical in eval-
uating its clinical potential. The general toxicity of drugs
needs to be appraised through single- and repeated-dose
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experiments because toxicants may induce acute and
chronic effects depending on the dose and duration of
drug exposure. Therefore, we investigated the safety of
TAT-TVTSP as a therapeutic agent through single- and
repeated-dose toxicity test in a mouse model. The median
lethal dose (LDsq) of TAT-TVTSP was calculated to be
~450 mg/kg. In the single-dose toxicology study,
TAT-TVTSP induced acute toxicity, including the loss of
body weight and several clinical signs (crouching and
lacrimation). Nevertheless, we observed no statistically
significant effects on hematology, serum biochemistry,
and histopathology. In the repeated-dose toxicology
study, TAT-TVTSP also did not display strong toxicity.
However, the brain weight was significantly reduced in
the high-dose group, suggesting that repeated intranasal
injection of TAT-TVTSP might cause the suppression of
brain functions via unexpected targeting. Further studies
of the pharmacokinetics of TAT-TVTSP are required to
address its unexpected brain targeting. Nonetheless, we
may conclude that TAT-TVTSP as a novel and effective
PLD1 inhibitor suppresses HDM-induced airway inflam-
mation in vitro as well as in vivo. Furthermore, topical
application of TAT-TVTSP as a novel inhaled anti-
asthmatic drug is expected to reduce the adverse effects
that can be caused by the systemic inhibition of PLD.
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