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ARTICLE INFO ABSTRACT

Keywords: Aims: Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS), characterized by overwhelming
CRTH2 antagonist lung inflammation, are associated with high mortality. Cigarette smoke (CS) is one of the major causes of ALI/
PGD, ARDS. Since high expression of prostaglandin (PG) D, has been observed in CS-induced lung injury. Currently,
Cigarette smoke . no effective pharmacological therapies are available to treat ALI, and supportive therapies remain the mainstay
Pro-inflammatory mediators of treatment. Therefore, we investigated the protective effect of CT-133, a newly discovered selective CRTH2
RAW 264.7 macrophages . . . .
antagonist, on CS-induced ALI in vivo and in vitro.
Main methods: CT-133 (10 and 30 mg/kg), dexamethasone (1 mg/kg) and normal saline were intratracheally
administrated 1 hr prior to whole-body CS-exposure for seven consecutive days to study the key characteristics of
ALL Subsequently, CSE (4%)- and PGD,-stimulated RAW 264.7 macrophages were used to evaluate the pro-
tective effect of CT-133.
Key findings: CT-133 remarkably attenuated infiltration of inflammatory cells, neutrophils, and macrophages in
the BALF, albumin contents, expression of IL-1f3, IL-6, TNF-a and KC, lung myeloperoxidase (MPO) activity and
lung histopathological alterations caused by CS exposure in mice. Moreover, CT-133 not only reversed the
uncontrolled secretion of IL-1f, IL-6, TNF-a and KC from CSE- and PGD,-stimulated RAW 264.7 macrophages
but also augmented IL-10 production in both in vivo and in vitro studies. Additionally, CT-133 alleviated in vitro
neutrophil migration chemoattracted by PGD,.
Significance: Our results provide the first evidence that targeting CRTH2 could be a new potential therapeutic
option to treat CS-induced ALL

1. Introduction in intensive care units (ICU) and 40-46% mortality [2], and no definite

pharmacological agent is available yet [3]. However, scarce pharma-

Acute lung injury (ALI) and its severe demonstration, acute re-
spiratory distress syndrome (ARDS), are life-threatening clinical syn-
dromes. The most characteristic pathological features of ALI/ARDS
include increased pulmonary vascular permeability and edema, in-
appropriate recruitment of alveolar macrophages and pulmonary neu-
trophils, uncontrolled secretion of pro-inflammatory mediators, sur-
factant dysfunction, impaired gas exchange, and subsequent respiratory
failure owing to progressive and refractory hypoxemia [1]. Despite
decades of extensive research, ALI/ARDS remain a major cause of
morbidity and mortality in critically ill patients, with 10% prevalence

cological options for ALI present an unrelenting challenge in the field of
drug development. Therefore, new therapeutic approaches are needed
to improve the drug development for ALIL

Injurious effects of cigarette smoke (CS) on human health are pro-
gressively being acknowledged both in animal and human studies. CS is
a highly complex mixture that contains substantive amounts of toxic
oxidants, nitric oxide, organic compounds, free radicals and microbial
cell components including bacterial lipopolysaccharide (LPS) [4]. CS
increases susceptibility to the development of ALI/ARDS in critically ill
patients [5-7]. CS exposure modifies the trafficking and function of
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alveolar macrophages and pulmonary neutrophils [8,9], augments both
lung epithelial and endothelial permeability [10,11], and encourages
the production of pro-inflammatory cytokines and chemokine [12];
pathways central to the pathogenesis of ALI/ARDS. Nevertheless, CS
exposure induces the pulmonary inflammation in animals that are ap-
propriate for the pharmacological evaluation of novel therapeutics for
ALL

Prostaglandin (PG) D, primarily released from mast cells and to a
lesser extent from antigen presenting cells and Th2 lymphocytes, ex-
hibits a critical role in mediating airway inflammation, and exerts its
assorted biological actions via D-type prostanoid receptor (DPs),
namely DP, and DP,; later known as chemoattractant receptor-homo-
logous molecule expressed on Th2 cells (CRTH2) [13]. Particularly, CS
increases the absolute number of mast cells in smokers [14,15], and
PGD, is one of the predominant product released from CS-activated
mast cells [16,17]. Elevated levels of PGD, [18,19] and CRTH2 [20]
have been observed in CS-exposed in vivo studies, and a correlation has
been noticed between PGD, concentrations in BALF and CS-induced
disease severity [21]. Moreover, activated PGD,/CRTH2 receptors on
macrophages promoted the neutrophils recruitment and augmented the
disease severity through excessive production of pro-inflammatory cy-
tokines and consequent neutrophil activation [22] while CRTH2 an-
tagonism inhibited the CS-induced inflammation [23,24]. The similar
protective effect was shown after genetic deletion of CRTH2 [25].
However, these evidence prompted us to investigate the protective ef-
fect of a newly discovered CRTH2 antagonist, CT-133, against ALI using
CS-induced ALI murine models and CSE-stimulated RAW 264.7 mac-
rophages.CT-133 shows potential response against allergic asthma and
rhinitis [26] but to our knowledge, no one has evaluated its protective
effect against CS-induced ALI.

In this study we reported for the first time that specific inhibition of
CRTH2 by CT-133 efficiently reduced the CS-induced lung injury most
probably through attenuation of inappropriate infiltration of macro-
phages and neutrophils into alveolar spaces, pulmonary vascular per-
meability, and pro-inflammatory mediators production; suggesting that
CRTH2 could be a new potential therapeutic target for appropriate
therapy of CS-induced ALI

2. Materials and methods
2.1. Compound

CT-133 (Cy0H;oFN3Na0,S) is a newly developed, well tolerated,
selective and potent CRTH2 receptor antagonist with 99.6% purity

/A,

Fig. 1. Structure of CT-133.
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Table 1
Inhibition rate (%) of CT-133 for CRTH2 receptor compared with other pros-
tanoid receptors.

Receptors CRTH, DpP; TP EP, EP, EP; EP, FP IP

Inhibition rate (%) 100 -3 -1 -1 -6 11 -1 9 3

Abbreviations: TP, Thromboxane Receptor; EP, Prostaglandin E, receptor 1;
EP, Prostaglandin E, receptor 2; EP3; Prostaglandin E, receptor 3; EP,
Prostaglandin E, receptor 4; FP, Prostaglandin F receptor; IP, Prostacyclin re-
ceptor.

(Fig. 1). Detailed in-vivo profile of CT-133 has been described [26].
Briefly, CT-133 demonstrated potent human CRTH2 inhibition with
inhibitory constant (Ki) of 2.2 nM whereas inhibitory constant (Ki) for
Human DP; was > 3800 nM. The average ICsq value for antagonism of
PGD,-induced eosinophil shape change in human was 1.0 nM. CT-133
antagonized PGD,-mediated calcium mobilization in a concentration-
dependent manner (ICso = 17.1 nM). The average ICso value for an-
tagonism of PGD,-induced cAMP accumulation in human was 22.9 nM.
Moreover, inhibition rate (%) of CT-133 to CRTH2 and other pros-
taglandin receptors is depicted in Table 1. In addition, a single oral dose
administration showed 89.6%, 85.4%, and 71.6% bioavailability in
mice, dog, and rat respectively. Oral repeated administration in rats
displayed no significant difference in AUCinf, T;,,, Cmax, and Cmin
between day one and day seven. The drug did not show any inducing
effect on metabolic enzymes and established outstanding safety profile
in preclinical studies. Single oral administration assay demonstrated no
toxic effects in rat (300, 1000, 2000 mg/kg/day) and dog (100, 300,
1000 mg/kg/day; 100 mg/kg/day for seven-day).

2.2. Chemicals and reagents

All chemicals were of research grade. CT-133 was obtained from
CSPC Pharmaceutical Group (Shijiazhuang City, China). Phosphate
buffered saline (PBS), dexamethasone (Dex), and fetal bovine serum
(FBS) were obtained from Sigma Chemical Co. (St. Louis, MO, USA).
Penicillin/streptomycin was purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Myeloperoxidase (MPO) and albumin determi-
nation kits were taken from Jiancheng Bioengineering Institute of
Nanjing (Nanjing, Jiangsu Province, China). ELISA kits of IL-f (batch #
2201B70832), IL-6 (batch # 220680333), TNF-a (batch #A28280643),
and IL-10 (batch #A21080834) were procured from Multi-sciences
(LIANKE) Biotech Ltd. (Hangzhou, China) while keratinocyte che-
moattractant (KC; mouse homologue of IL-8) ELISA kit (batch #
20180717) was obtained from 4A Biotech Co. Ltd. (Beijing, China).
Prostaglandin D, (PGD,) and PGD ELISA kit (batch # 0492341) were
purchased from Cayman chemical (Michigan, USA). PCR primers for
IL-B, IL-6, TNF-a, KC, IL-10, and [(-actin were bought from Shanghai
Bioengineering Ltd. (Shanghai, China). RNAiso plus was obtained from
Takara Bio Inc. (Otsu, Shiga, Japan). HiScript 5 x Q RT Super Mix,
including dNTP, buffer, HiScript reverse transcriptase, random pri-
mers/Oligo dT primer mix and RNase inhibitor, and SYBR-Green master
mix were bought from Vazyme Biotech, Ltd. Nanjing, China. Boyden
chamber assay kits were purchased from Cell Biolabs, Inc. (San Diego,
CA, USA). RPMI-1640 medium were purchased from GE Healthcare Life
Sciences (HyClone Laboratories, Utah, USA).

2.3. Mice handling

Specific pathogen-free (SPF) female Balb/c mice (22-28 g; 8 weeks
old) were purchased from Shanghai SIPPR-BK Laboratory Animals Co.
Ltd. Shanghai, China (certificate No. SCK (hu) 2013-0016 and
2008001648391). Mice were kept in isolated ventilated cages (4-5
mice/cage) under controlled environmental condition (40-60% hu-
midity; 24 = 2°C) with 12h/12h dark-light cycle and had free access
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CT-133 (10 or 30 mg/kg), NS, and Dex (1 mg/kg)
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Fig. 2. A schematic sketch of the experimental procedure. The mice were
whole-body exposed to fresh air or the mainstream cigarette smoke (CS) gen-
erated from 3R4F research grade; 10 cigarettes a day (one cigarette after every
6 min) for seven consecutive days. One hour prior to cigarette smoke, mice were
subjected to intratracheal instillation of normal saline, Dex (1 mg/kg) and
CT-133 (10 or 30 mg/kg). On day 8 (24 h after the last CS-exposure), mice were
sacrificed to collect BALF and lung tissues for other analyses.

to regular rodent chow and distilled water. Ethical Committee of
Zhejiang University, School of Medicine (Permit No. ZJU20170013)
approved all of the mice handlings, procedures and experiments con-
ducted in this study.

2.4. Cigarette smoke (CS)-induced lung injury models preparation and
measurement of partial pressure of oxygen

CS-induced lung injury models were generated by following the
previously described procedure [27]. Mice were randomly divided in
five groups (12 in each): control/fresh air exposed, vehicle (NS) + CS-
exposed, Dex (1 mg/kg) + CS-exposed, and CT-133 (10 and 30 mg/
kg) + CS-exposed respectively, and were subjected to intratracheal in-
stillation of normal saline, Dex (1 mg/kg) and CT-133 (10 or 30 mg/kg)
for 1h. After that, mice were exposed to mainstream cigarette smoke
generated from 3R4F research grade cigarettes (containing approxi-
mately 600 mg TPM/m® and 29.9 mg nicotine/m?) in a square plastic
box (65 x 50 x 45 cm) once a day (10 cigarettes a day; one cigarette
after every 6 min) for 7 consecutive days (Fig. 2). Mice were checked
daily for their body weight and general condition. Twenty-four hours
after last CS exposure, moor VMS-OXY™ monitor (Moor Instruments,
United Kingdom) was used to measure the partial pressure of oxygen
(PO,) of all mice that measures oxygenated/deoxygenated hemoglobin
concentration and oxygen saturation (percentage) in the microcircula-
tion at the wavelength range of 500 to 650 nm. Afterward, all mice
were euthanized to collect the broncho-alveolar lavage fluid (BALF) in
order to measure inflammatory cells count, cytokines levels and al-
bumin concentration, and lungs were harvested for determination of
lung weight coefficient, histological examination and MPO activity.

2.5. Inflammatory cells counting

Mice were killed to surgically expose the trachea, and then right
lungs were lavaged with 0.4 ml/time of sterilized normal saline con-
taining 1% FBS and 5000 IU/L heparin three times to collect the BALF
via tracheal tube. After measuring the total number of cells in BALF
with a hemocytometer, remainder BALF was centrifuged immediately
at 1000 xg at 4°C for 10 min. The supernatant was aliquoted and
stored at —80°C until measurement of cytokines or albumin con-
centration. Obtained cell pellets were smeared on slides. Afterward,
Wright-Giemsa staining of prepared smears was performed to count 200
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cells under a light microscope according to the morphological criteria
of neutrophil, macrophage, and lymphocyte.

2.6. Lung weight ratio

As an index of pulmonary edema, lung weight ratio was measured
by dividing the individual lung weight of each mouse, after aspirating
the surface blood lung tissues, by its total body weight.

2.7. Albumin assay

Albumin determination kits were used to assess the albumin con-
centration in BALF supernatants with a spectrophotometer at 628 nm.
Albumin concentrations ratio assessed from BALF represent not only
the effused albumin level but also the pulmonary microvascular per-
meability.

2.8. In vivo cytokines assay via ELISA

Expression levels of pro-inflammatory cytokines (TNF-a, IL-§, IL-6),
chemokine (KC) and anti-inflammatory cytokine (IL-10) in the super-
natants of BALF were determined using respective ELISA determination
kits according to the manufacturer's instructions. After measuring the
optical density at 450 nm, expression of cytokines was calculated via
standard curves.

2.9. Pulmonary histopathology

For histopathological examination, lower lobe of the left lung of
each mouse was preserved in 10% neutral formalin. Preserved lobes
were embedded in paraffin and then sectioned (4 um) to expose the
maximum longitudinal view of the main intrapulmonary bronchus.
Hematoxylin and eosin (H&E) staining was performed using a standard
protocol. Afterward, the 5-point scoring system was used to access the
lung edema, severity of inflammation, and infiltration of inflammatory
cells [28]. Briefly, the scoring system was, 0 = normal; 1 = very mild;
2 =mild; 3 = moderate; 4 = marked; 5 = severe inflammation.
Scoring was performed in at least three different fields for each lung
section. Mean scores were derived from 12 animals.

2.10. MPO assay

For the assessment of MPO activity, 50 mg strips of left lung tissue
were washed and then homogenized with normal saline. Afterward,
MPO activity was determined by measuring the changes in absorbance
at 460 nm using MPO determination kits in accordance with the man-
ufacturer's protocol.

2.11. Isolation of neutrophils and assessment of the effect of CT-133 on
PGD2-induced neutrophils migration

Glycogen (1.5%) at the dose range of 20 ml/kg of body weight was
injected intragastrically to mice. Four hours later mice were euthanized
to isolate the neutrophils from peritoneal lavage [29]. The effect of
CT-133 on neutrophils migration was assessed by using Boyden
chamber assay kit (3 um pore size), and PGD, was used as chemoat-
tractant because activated PGD,/CRTH2 receptors promote neutrophils
migration [22,31]. Initially, isolated neutrophils (4 x 10°) diluted in
100 pl HBSS were allowed to migrate toward PGD, (0.1, 1 and 10 uM)
for 4h in order to find out the suitable PGD, concentration. Later,
isolated neutrophils (4 X 10°) were pretreated with CT-133 (1 and
10uM) and their migration toward PGD, (1 M) was evaluated by
counting the migrated neutrophils. Moreover, we also used another
potent CRTH2 inhibitor, OC459, to countercheck the outcomes of
CT-133.
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Table 2

Primers used for quantitative RT-PCR.
Genes (Accession no.) Primer sequences (5’ - 3’) (bp) Product Length Amplification profile (temp. (°C)/time (sec.)) Cycles (n)

Denaturation Annealing Elongation

IL-6 F: TGCCTTCTTGGGACTGAT 183 95/10 58/30 72/30 40
(NM_031168) R: TTGCCATTGCACAACTCTTT
TNF-a F: CCAGACCCTCACACTCAGAT 187 95/10 58/30 72/30 40
(NM_013693) R: GACAAGGTACAACCCATCG
IL-18 F: GTTCCCATTAGACAACTGC 199 95/10 58/30 72/30 40
(NM_008361) R: GATTCTTTCCTTTGAGGC
KC F:CAATGAGCTGCGCTGTCAGTG 203 95/10 58/30 72/30 40
(NM_011339) R: CTTGGGGACACCTTTTAGCATC
IL-10 F: TCAAGGCGCATGTGAACTCC 176 95/10 58/30 72/30 40
(NM_010548.2) R: GATGTCAAACTCACTCATGGCT
B-actin F: CACGATGGAGGGGCCGGACTCATC 214 95/10 58/30 72/30 40

(NM_007393) R:TAAAGACCTCTATGCCAACACAGT

2.12. Preparations of cigarette smoke extract (CSE)

CSE was prepared by following the previously described method
[32]. In brief, mainstream smoke, generated from 3R4F research grade
cigarettes, was passed through 50 ml of PBS by a vacuum pump. Five
cigarettes were used for 50 ml of PBS, and each cigarette was lit for
5 min. A similar procedure was adopted for control solution preparation
in the absence of cigarettes. After extraction, CSE was stored at —80 °C.

2.13. Isolation of primary macrophages and assessment of CSE-induced
secretion of PGD, from primary macrophages

Primary macrophages were isolated from the peritoneal cavity by
slightly modifying the previously described procedure [33]. In brief,
thioglycollate (4%) at the dose range of 20 ml/kg of body weight was
injected into the peritoneal cavity of mice for three consecutive days.
On the 5th day (48h after last thioglycollate injection), mice were
euthanized to isolate the primary macrophages from peritoneal lavage.
Isolate primary macrophages (4 x 10°/well) were added to 12-well
plates and allowed to culture at 37 °C. Afterward, the culture medium of
12-well plates was replaced with a serum-free RPMI-1640 medium for
10-12h and then exposed to different concentrations of CSE (2%, 4%,
and 8%) for 24. After treatment, the supernatants of the primary
macrophages were harvested to measure the protein level of PGD, se-
creted extracellular using ELISA kit according to the manufacturer's
instructions.

2.14. Cell viability assay

RAW 264.7 macrophage, mouse leukemic monocyte macrophage,
cell line was purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA). RAW 264.7 macrophage was cultured in RPMI-
1640 medium containing 10% FBS in the presence of penicillin (100 U/
ml) and streptomycin (100pg/ml). The -cytotoxicity of CT-133
(0-100 uM) alone and in a combination of PGD, (0-100 uM) and CSE
(1-10%) on RAW 264.7 macrophage was assessed using a methyl-
thiazol-tetrazolium (MTT) assay in accordance with the manufacturer's
protocol. Briefly, RAW 264.7 macrophages were plated at a con-
centration of 4 x 10° cells/ml in 96-well plates for 24 h and subse-
quently exposed to CT-133 (0-100uM) for 1h at 37 °C. Next, RAW
264.7 macrophages were further exposed to CSE (4%) and PGD,
(10uM) for 24 h, followed by treatment with MTT (5mg/ml) for an
additional 4 h at 37 °C. Then, the supernatant of each well was replaced
with DMSO (200 pl/well) and absorbance was measured at 570 nm.

2.15. Invitro cytokines assay via ELISA and Real-time polymerase chain
reaction (RT-PCR)

For ELISA and RT-PCR, RAW 264.7 macrophages were acclimated
to two 12-well plates. After that, the culture medium of 12-well plates
was replaced with a serum-free RPMI-1640 medium for 10-12h and
then exposed to CT-133 (10 and 100 uM) for 1 h. One hour later, one
12-well plate was treated with CSE (4%) and other with PGD, (10 uM)
for 24 h. After treatment, the supernatant of treated cells was harvested
to measure the protein levels of TNF-a, IL-1f, IL-6, KC, and IL-10 se-
creted extracellular using ELISA kits according to the manufacturer's
instructions. Subsequently, RNA samples from each treated plates were
extracted and reverse-transcripted into cDNA with HiScript 5 X Q RT
SuperMix, and then subjected to RT-PCR. RT-PCR was performed with
the BioRad CFX96 Touch™ Real-Time PCR Detection System (BioRad,
USA) using AceQ® qPCR SYBR Green Master Mix, and threshold cycle
numbers were obtained using BioRad CFX Manager Software. The pri-
mers used for RT-PCR reaction are depicted in Table 2. The house-
keeping gene, B-actin, was used as an internal control. RT-PCR reac-
tions were triplicated and the relative expression of the target mRNA
was normalized by the respective B-actin.

2.16. Statistics

+

Numerical data were expressed as means + SEM, and statistical
calculations were performed using SPSS (SPSS Inc., Chicago, IL). One-
way ANOVA was applied to compare the F values, if p > 0.05, Dunnett
multiple comparisons tests were used for calculating the difference of
parametric data; if p < 0.05, Mann-Whitney U non-parametric test was
used to compare the difference. p < 0.05 and p < 0.01 were con-
sidered to be statistically significant.

3. Results
3.1. Effect of CT-133 on CS-induced inflammatory cells count in BALF

Twenty-four hours after last CS-exposure, the effect of CT-133 on
the infiltration of total cells and differential cells, particularly neu-
trophils and macrophages, in BALF was analyzed via Wright-Giemsa
staining method. As shown in Fig. 3A and B, the number of total cells,
macrophages and neutrophils were prominently increased after CS-ex-
posure (p < 0.01). Meanwhile, pretreatment with CT-133 (10 and
30 mg/kg) and Dex (1 mg/kg) significantly decreased the total cells,
macrophages and neutrophils (p < 0.01). These significant effects de-
monstrate that CT-133 could considerably ameliorate CS-induced pul-
monary inflammation via CRTH2 antagonism.
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Fig. 3. Effect of CT-1330n inflammatory cells count in BALF, partial pressure of oxygen (PO,), lung weight coefficient and albumin contents in BALF. CT-133 (10 and
30 mg/kg), normal saline and Dex (1 mg/kg) were orally administrated 1 h prior to whole-body cigarette smoke-exposure for seven consecutive days. BALF was
collected 24 h after the last CS-exposure. (A) The image of neutrophils (black arrowheads) and macrophages (green arrowheads) in collected BALF. (B) Infiltration
profiles of the total cells, macrophages, neutrophils, and lymphocytes in the BALF. (C) The partial pressure of oxygen (PO,) of all mice was measured by using the
moor VMS-OXY™ monitor (Moor Instruments, United Kingdom) 24 h after CS-exposure. (D) After aspirating the surface blood from dissected lung tissues, lung weight
coefficient was measured by dividing the individual lung weight of each mouse by its total body weight. (E) Albumin concentration in BALF was measured using
albumin determination kits. **p < 0.01 versus control (Ctrl) group; *p < 0.05 and **p < 0.01versus model group. Values are expressed as mean + SEM;n = 12
(each group). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Effect of CT-133 on the expression of pro-inflammatory cytokines (TNF-a, IL-B, IL-6), chemokine (KC) and anti-inflammatory cytokine (IL-10) in the BALF of
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kits. **p < 0.01 versus control (Ctrl) group; *p < 0.05 and **p < 0.01versus model group. Values are expressed as mean + SEM; n = 12. (each group).

3.2. Effect of CT-133 on CS-induced hypoxemia, pulmonary edema, and
lung permeability

CS-induced hypoxemia, pulmonary edema, lung permeability were
assessed by measuring the partial pressure of oxygen (PO,), lung weight
coefficient, and BALF albumin contents respectively. In CS-treated
groups, PO, was evidently decreased (p < 0.01) while lung weight
coefficient and BALF albumin contents were strikingly augmented
(p < 0.01) as compared to control group, telling that CS-induced an-
imal models were successful. However, CT-133 (10 and 30 mg/kg)
significantly elevated the PO, (p < 0.01) (Fig. 3C), partially decreased
lung weight coefficient (p < 0.05) (Fig. 3D), and remarkably atte-
nuated the BALF albumin contents (p < 0.01) (Fig. 3E). These ex-
cellent outcomes demonstrate that CRTH2 antagonism with CT-133

could effectively protect mice from CS-induced lung injury via miti-
gating the hypoxemia, pulmonary permeability, and edema.

3.3. Effect of CT-133 on CS-induced cytokines secretion in BALF

To determine whether CT-133 could affect the secretion of cyto-
kines in BALF, expression levels of pro-inflammatory cytokines (TNF-a,
IL-B, IL-6), chemokine (KC) and anti-inflammatory cytokine (IL-10)
were detected using respective ELISA kits. As shown in Fig. 4 A, B, C
and D, expression levels of TNF-a, IL-1f, IL-6, and KC were remarkably
augmented in the CS-exposed group compared with the control group
(p < 0.01). Meanwhile, CS-induced overexpression of TNF-a, IL-13, IL-
6, and KC were effectively reduced by CT-133 treatment (10 and
30mg/kg) (p < 0.01). In contrast, the expression level of IL-10 was
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lung sections. *

strikingly decreased in the CS-exposed group (p < 0.01) while CT-133
treatment reversed the CS-induced inhibition of IL-10 (p < 0.01)
(Fig. 4E). These results indicate that blockade of CRTH2 receptors by
CT-133 protects the CS-induced ALI mice from further pulmonary in-
flammation by inhibiting the production of pro-inflammatory cytokines
and neutrophils chemokine and stimulating the production of an anti-
inflammatory cytokine (IL-10).

3.4. Effect of CT-133 on CS-induced pulmonary histopathologic alterations

To evaluate the protective effect of CT-133 on CS-induced pul-
monary histopathologic changes, H&E staining was performed. As
shown in Fig. 5A, lung tissues of the control group showed normal
pulmonary histology whereas CS-exposed lung tissues showed marked
histopathologic changes, such as infiltration of inflammatory cells,
macrophage, and neutrophils into alveolar spaces, and interstitial
edema. Conversely, these changes were strikingly improved by pre-
treatment with CT-133 (10 and 30 mg/kg) or Dex (1 mg/kg). Ad-
ditionally, pathological scores were also assessed to find out the se-
verity of inflammation, infiltration of inflammatory cells and lung

#p < 0.01 versus control (Ctrl) group; *p < 0.05 and **p < 0.01versus model group. Values are expressed as mean
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+

SEM; n = 12 (each group).

edema. The results of pulmonary inflammatory scores showed that CS-
exposure significantly increased mean pathological score (p < 0.01)
while CT-133 (10 and 30 mg/kg) and Dex (1 mg/kg) considerably re-
duced the mean pathological scores in a dose-dependent manner
(p < 0.01) (Fig. 5B). Compiled results imply that CT-133 markedly
reduces the severity of CS-induced lung injuries by blockage of the
CRTH2 receptor.

3.5. Effect of CT-133 on CS-induced MPO activity

Owing to promising protective outcomes, we further assessed the
MPO activity of lung tissues. MPO, produced by activated neutrophils,
acts as an important marker of neutrophils infiltration and lung tissue
damage. We find that MPO activity of CS-exposed lung tissues was
significantly increased as compared to fresh air-exposed (p < 0.01)
(Fig. 6A). Noteworthy, CT-133 (10 and 30 mg/kg) and Dex (1 mg/kg)
diminished the MPO activity (p < 0.01), demonstrating that CRTH2
receptor blockade efficiently inhibits the neutrophils infiltration into
the alveolar and interstitial spaces.
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Fig. 6. Effect of CT-1330on lung MPO activity
and PGDs-induced neutrophils migration in
vitro, and assessment of CSE-induced secretion
of PGD, from primary macrophages. (A) MPO
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3.6. Effect of CT-133 on PGD2-induced neutrophils migration in vitro

Prompted by significant MPO outcomes, we further assessed the
direct effect of CT-133 on PGD,-induced neutrophils migration using
Boyden chamber assay kit because activated PGD,/CRTH2 receptors
promote the neutrophils migration and its functioning [22,31]. More-
over, deleterious inflammatory mediators released by neutrophils
mostly worse the lung injury. Neutrophils were isolated from mice
abdominal cavities after challenge with 1.5% glycogen and then sub-
jected to Wright-Giemsa staining and cell viability assay to inspect the
characteristics of neutrophils (data not shown). Four hours of incuba-
tion showed significant neutrophils migration (p < 0.01) toward PGD,
(1 and 10 uM) (Fig. 6B). Meanwhile, pretreatment with CT-133 (1 and
10puM) significantly attenuated PGD»-induced neutrophil migration
(p < 0.01) (Fig. 6C). Likewise, 0C459, another CRTH2 antagonist, also
suppressed the PGD,-induced neutrophils migration (Fig. 6C). Taken
together, these data clearly imply that CRTH2 antagonists appreciably
reduce the PGDy-induced neutrophils migration.

3.7. CSE promotes the secretion of PGD from primary macrophages

To access whether CSE exhibit impact on PGD, secretion, we treated
the isolated primary macrophages with different concentration of CSE
(2%, 4%, and 8%) for 24 h, and then evaluated the protein levels of
extracellular secreted PGD, via PGD, ELISA kit. We found that CSE
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(4%) treatment significantly promoted the secretion of PGD, from
primary macrophages as compared to control (p < 0.01) (Fig. 6D).

3.8. Effect of CT-133 on CSE- and PGD-induced cytokines secretion from
RAW 264.7 macrophages

Based on remarkable in vivo outcomes, we further considered
whether CT-133 treatment could inhibit the secretion of cytokines from
CSE- and PGD,-stimulated RAW 264.7 macrophages because activated
PGD,/CRTH2 receptors on macrophages markedly augment disease
activity via increased expression of pro-inflammatory cytokines [22].
MTT assay revealed that PGD5 (10 uM) plus CT-133 up to100 uM, and
CSE 4% plus CT-133 up to100 pM were not toxic to RAW 264.7 mac-
rophages (data not shown). Moreover, ELISA (Fig. 7) and RT-PCR
(Fig. 8) results demonstrated that CT-133 (10 and 100 pM) treatment
not only suppressed the protein and mRNA levels of IL-1f, IL-6, TNF-a,
and KC produced from CSE- and PGD,-stimulated RAW 264.7 macro-
phages (p < 0.01) but also reversed the CSE- and PGD, induced in-
hibition of IL-10 (p < 0.01) in a dose-dependent manner. Hence, ob-
tained in vitro (Figs. 7 and 8) results were similar to in vivo (Fig. 4)
results. Collectively these data suggest that CRTH2 antagonism effec-
tively ameliorates the pro-inflammatory cytokines and chemokines
production and promotes the anti-inflammatory cytokine production
from CSE- and PGD,-activated RAW 264.7 macrophages.
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4. Discussion

Cigarette smoke is the major leading cause of morbidity and mor-
tality in the world, and has been reported as a single greatest pre-
ventable cause of death in developed countries. In this study, we ex-
plored the protective effect of CT-133, a newly discovered potent
CRTH2 antagonist, on acute lung injury using CS-induced ALI murine
models, and CSE-stimulated RAW 264.7 macrophages.
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Fig. 7. Effect of CT-133 on CSE (4%)-
and PGD,-induced protein levels of pro-
inflammatory cytokines (TNF-a, IL-f,
IL-6), chemokine (KC) and anti-in-
flammatory cytokine (IL-10) from RAW
264.7 macrophages. Supernatants col-
lected from RAW 264.7 macrophages,
pretreated with CT-133 for 1h and
CSE/PGD, for 24 h, were harvested to
measure the protein levels of IL-f (A
and F), TNF-a (B and G), IL-6 (C and H),
KC (D and I) and IL-10 (E and J) se-
creted extracellular using ELISA Kkits
according to the manufacturer's in-
structions. ##p < 0.01 versus control
(Ctrl) group; *p < 0.05, and
**p < 0.01versus PGD,. All experi-
ments were performed in triplicate
wells for each condition and repeated at
least thrice. Values are expressed as
mean + SEM.

Accumulated epidemiological evidence has revealed that both ac-
tive and passive CS exposure enhance vulnerability to ALI/ARDS de-
velopment [5,7]. Excessive influx of inflammatory cells, particularly
macrophages and neutrophils, is an important pathological hallmark of
CS-induced ALI [8,12,34,35]. Under physiological conditions, quick
and appropriate macrophage and neutrophil infiltration are imperative
for clearance of alveolar debris and pathogens, while CS hinders the
phagocytic abilities of macrophage [36,37] and neutrophils [38] as well
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as disrupts the pulmonary vascular permeability [11,39,40]. Im-
portantly, PGD,, released from CS-activated mast cells [16,17], was
found to be involved in arbitrating macrophage migration in CS-in-
duced lung injury models [23] and activated PGD,/CRTH2 receptors on
macrophages orchestrate neutrophils recruitment into the lung [22].
Furthermore, CRTH2 exhibits an important role in neutrophil migration
[31] because CRTH2 agonist elicits the neutrophil migration [41],
while CRTH2 antagonism [42] or genetic deletion of the CRTH2 re-
ceptor [31] improved the impaired neutrophil trafficking into the lung.
Importantly, neutrophil infiltration and its activation in lung led to
structural changes and bronchial inflammation [43,44]. Hence, many
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C Fig. 8. Effect of CT-133 on CSE (4%)-
and PGD,-induced mRNA expression of
16T pro-inflammatory cytokines (TNF-a,
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studies have been focused on controlling neutrophilic inflammation in
CS-induced lung injury [23,45,46]. Consistent with previous studies,
our results demonstrated that CT-133 dose-dependently and sig-
nificantly attenuated CS-induced inflammatory cells, macrophage and
neutrophils count in BALF and ameliorated lung MPO activity. In ad-
dition, lung histological examination and lung injury score also proved
that CT-133 evidently attenuated the severity of inflammation and in-
filtration of inflammatory cells. Collected outcomes suggest that pro-
tective effects of CT-133 might be due to attenuation of pulmonary
vascular permeability and inhibition of neutrophils migration because
our further investigations revealed that CT-133 strikingly minimized
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CS-induced BALF albumin contents and lung weight coefficient, and
blocked PGD,-induced in vitro neutrophils migration.

Of note, CS-associated lung injury is closely linked with augmented
influx of macrophages that subsequently intensify the lung injury
[34,47] while macrophage depletion alleviates CS-induced pulmonary
inflammation via reducing cytokines and chemokine production in
BALF [48]. Similar effect has been observed from PGD,/CRTH2 acti-
vated macrophages in LPS-induced ALI models [22] while the genetic
deletion of CRTH2 reduced the production of TNF-a in sepsis, a
common cause of ALI [31]. Nevertheless, macrophage-derived TNF-a
[49,50] and IL-1f [51], early response cytokines to lung injury, sti-
mulate the production of IL-6 [52] and IL-8 [53]. Released pro-in-
flammatory cytokine (TNF-a, IL-1f3, IL-6) [54,55] particularly IL-8
[56,57] triggers the inappropriate neutrophils migration across the
endothelial barrier, that eventually exaggerates the lung injury, while
genetic ablation of CXCR2, IL-8 receptor beta, showed protective re-
sponse against CS-induced lung injury [58]. Notably, elevated expres-
sion levels of TNF-a, IL-1f, IL-6, and IL-8 have been observed in various
CS-induced in vivo and in vitro lung injury models [59-63] while in-
hibition of pro-inflammatory cytokines and chemokines production
proved effective in CS-induced lung injury [64,65]. Moreover, IL-10 has
been reported as a potent immunomodulatory cytokine in counter-
balancing the pro-inflammatory response. Decreased IL-10 level has
been observed in ALI mice [66] while IL-10 treatment attenuated the
severity of ALI [67]. Consistent with previous studies, we observed
augmented infiltration of macrophages in BALF, overexpression of pro-
inflammatory cytokines and chemokines and decreased expression of
IL-10 while CRTH2 antagonism with CT-133 altered the inappropriate
recruitment of alveolar macrophages, alleviated the uncontrolled
overexpression of pro-inflammatory cytokines and chemokines and
enhanced the IL-10 production in vivo and in vitro.

5. Conclusion

CRTH2 antagonism with CT-133 strikingly alleviated CS-induced
acute lung injury through inhibition of inappropriate pulmonary traf-
ficking of macrophages and neutrophils, reduction of pulmonary vas-
cular permeability, amelioration of pro-inflammatory cytokines and
chemokine production, and augmentation of IL-10 production. We
found for the first time that CRTH2 receptor could be a new potential
therapeutic target for appropriate therapy of CS-induced lung injury.
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