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Abstract
BACKGROUND: Although �ne airborne particulate matter (PM) has been known to play a role in many
human diseases, there is no direct evidence that therapeutic drugs or proteins can diminish PM-induced
diseases. Nevertheless, studies examining the negative control mechanisms of PM-induced diseases are
critical to develop novel therapeutic medications.

RESULTS: We found that CLB2.0, a surrogate for PM, induced production of multiple cytokines that alter
airway in�ammation. Interestingly, deletion of each PDZ domain in the ZO-1 protein dramatically
decreased F-actin formation and increased the expression of genes for pro-in�ammatory cytokines. We
also found that the consensus PDZ peptide in ZO-1 downregulates the expression of pro-in�ammatory
cytokine genes and F-actin formation; in contrast, the GG24,25AA mutant PDZ peptide upregulates them.
Moreover, CLB2.0-induced F-actin formation in 2D and 3D matrix cultures was signi�cantly inhibited by
PDZ peptide, but not by the mutant peptide. Induction of IL-8 secretion by CLB2.0 activates CXCR2
signaling, while increased RGS12 controlled by the PDZ peptide inhibits IL-8/CXCR2 signaling. The
consensus PDZ peptide also inhibited CLB2.0-induced in�ammatory cell in�ltration, pro-in�ammatory
cytokine gene expression, and TEER in bronchoalveolar lavage (BAL) �uid and AM cells.

CONCLUSIONS: Our data indicated that the PDZ domain in ZO-1 is critical for regulation of the CLB2.0-
induced in�ammatory microenvironment. Therefore, we suggest that the PDZ peptide may be a potential
therapeutic candidate during PM-induced respiratory diseases.

Background
Air pollution is a global concern and is becoming increasingly severe in Korea. The annual average
airborne 2.5 µm particulate matter (PM2.5) concentration in Korea was 24.0 µg/m3 in 2018, but was only
12.0 µg/m3 in Japan, 9.0 µg/m3 in USA, and 7.9 µg/m3 in Canada. The PM2.5 concentration in Korea is
2.4-fold greater than the 10 µg/m3 annual guideline for PM2.5 recommended by the World Health
Organization, and approaches the recommended 25 µg/m3 24-hour mean [20]. The reduction in air
quality in Korea is due to industrialization, population growth, thermal power plants, and automobile
exhaust. Airborne PM comprises particles of many sizes, but �ne particulates less the 2.5 µm in diameter
are able to enter the alveolar spaces of lungs and in�ltrate human skin [32]. Epidemiological and clinical
studies have suggested exposure to PM2.5 is a risk factor for may conditions, including death due to lung
cancer and cardiovascular disease, and brain damage; however, there are currently no speci�c therapeutic
options to address PM2.5-related illness [11, 22]. To date, at least 40 different proteins have been
identi�ed or components of tight junctions [17]. Of these, transmembrane proteins, such as claudin and
occludin, form intercellular homophilic and heterophilic adhesions, and intracellular plaque proteins, such
as Zonula occludens (ZO)-1, -2, and − 3, form scaffold proteins between transmembrane proteins and the
actin cytoskeleton on the intracellular side of plasma membrane [30]. ZO-1 has been identi�ed as a
junctional adaptor protein that binds to many other junctional proteins, including the transmembrane
proteins of the claudin and JAM families [39]. Coyne et al. reported that co-treatment of cystic �brosis
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(CF) cells or non-CF cells with TNF-α and IFN-γ inhibited tight junction protein production and its own
function [8], ZO-1 was likewise affected by pro-in�ammatory cytokines and the tight junctional barrier of
the upper and lower respiratory tract, as assessed by TEER testing, was reduced. The ZO-1 protein is
composed of three PSD95/dlg/ZO-1 (PDZ) domains, an SH3 domain, and a region of homology to
guanylate kinase (GUK) [13]; however, there have been few studies of the effects of PDZ of ZO-1 on PM-
induced airway in�ammation.

Regulator of G protein signaling (RGS) proteins are known to act as critical negative modulators of G-
protein-coupled receptor (GPCR) signaling. Many genetic studies suggest RGS proteins are found in many
organ systems, and are potential drug targets in many human diseases [34]. The GTPase activity (GAP
function) of RGS proteins plays a major role in terminating GPCR signaling. The family of RGS proteins
comprises more than 30 members, characterized by the presence of the canonical RGS homology (RH)
domain, and has been divided into several sub-families [34]. Of these, RGS12 is highly expressed in lung
cancer (non-small cell lung carcinoma) [9]. RGS12 has a PDZ domain that is a putative CXCR2-binding
site [35]. Although many studies have suggested that RGS12 acts as a scaffold protein, organizes a
signal transduction complex, and promotes cell proliferation and differentiation [41, 46], studies
addressing the effects of RGS12 on PM-induced airway in�ammation are lacking.

Because controlled ZO-1 expression during CLB2.0-induced airway in�ammation plays an important role
in the pathogenesis of airway diseases, we examined whether ZO-1 down-regulates F-actin formation and
pro-in�ammatory cytokine gene expression by activating speci�c signal transduction pathways. We
found the PDS domain of ZO-1 was able to reduce in�ammation caused by CLB2.0 more effectively than
ZO-1 protein itself. In addition, the consensus PDZ peptide dramatically inhibited CLB-induced airway
in�ammation in vitro and in vivo. We also showed that CXCR2 activation secondary to CLB2.0-induced IL-
8 secretion was signi�cantly abolished by RGS12 protein.

Methods

Cell Cultures
The human alveolar basal epithelial cell line (A549) was purchased from the American Type Culture
Collection (CCL-185; Manassas, VA) and cultured in DMEM (Invitrogen) supplemented with 10% fetal
bovine serum (FBS) in the presence of penicillin/streptomycin at 37 ℃ in a humidi�ed chamber with 5%
CO2. For serum deprivation, con�uent cells were washed twice with phosphate-buffered saline and re-
cultured in DMEM with 0.2% FBS.

Materials
Carboxyl latex beads (CLB; 2 um) were purchased from Thermo Fisher Scienti�c (# C37278). PDZ
peptides were synthesized by Peptron (Daejeon, Korea).
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Real-time Quantitative Pcr
Real-time PCR was performed using a BioRad iQ iCycler Detection System (BioRad Laboratories;
Hercules, CA) with iQ SYBR Green Supermix. Reactions were performed in a total volume of 20 ul.
including 10 ul of 2 × SYBR Green PCR Master Mix, 300 nM of each primer, and 1 ul of the previously
reverse-transcribed cDNA template.

F-actin Staining
F-actin staining was performed using ActinRed™ 555 ReadyProbes reagent (R37112, Molecular Probes)
following the manufacturer’s instructions. Brie�y, the cells were rinsed with PBS, and the ActinGreen™ 488
ReadyProbe reagent added. The cells were incubated for 30 min, the stain solution removed, and the cells
rinsed with PBS. Images were obtained using a Nikon Eclipse 80i microscope (Eclipse 80i) with a 488 nm
excitation �lter and a 532 nm emission �lter.

Actin Polymerization Assay
The effects of PDZ peptides on actin polymerization were examined using an Actin Polymerization
Biochmem Kit™ (BK003, Cytoskeleton, Denver, CO) following the manufacturer’s instructions. Brie�y, cells
were treated with CLB2.0 for 4 hours, and cell lysate was collected and centrifuged at 150,000 x g for 1
hour at 4 °C to obtain the supernatant. Cell lysates containing equal amounts of protein were treated with
the �nal reaction mix containing ATP and pyrene-conjugated actin (�nal concentration = 0.4 mg/mL) in
actin polymerization buffer. The kinetics of actin polymerization were visualized according to
�uorescence intensity using a microplate reader with a 355 nm excitation �lter and a 405 nm emission
�lter. All analyses were performed using Microsoft Excel.

Transepithelial Electrical Resistance (teer) Testing
Before evaluation, the electrodes were sterilized and corrected according to the manufacturer’s
instructions (Millicell ERS-2; MERCK). The shorter tip was placed in the culture plate insert and the longer
tip was placed in the outer well. The unit area resistance (Ω x cm2) was calculated by multiplying the
sample resistance (Ω) by the effective area of the membrane (4.2 cm2 for 6-well Millicell inserts) [27].

F-actin staining on 2D/3D collagen-coated coverslips,
Tracheotomy, Collection of BAL �uid, measurement of cell
populations, ELISA, and Alveolar Macrophage (AM) cell
culture
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The methods used in this study have been described previously [6, 37].

Statistical Analyses
The data are presented as the mean ± S.D. of at least three independent experiments. Where appropriate,
statistical differences were assessed by the Wilcoxon Mann-Whitney test. P-values less than 0.05 were
considered statistically signi�cant.

Results

CLB2.0 increased F-actin formation and decreased
transepithelial electrical resistance in human airway
epithelial cells cultured under pro-in�ammatory conditions
The A549 cell line has been long utilized in airway research as a suitable substitute for primary cells of
the alveolar epithelium [15]. We used the A549 line as it imitates all the major characteristics of primary
alveolar type II (ATII) cells, allowing collection of consistent and reproducible data without the technical or
ethical issues involved in using primary or stem cells [7]. Although we attempted collection of PM2.5
samples from the top of several buildings at Dong-A university (Busan, Korea), the composition of PM2.5
is heavily dependent upon weather, sampling technique, and other factors. In addition, the concentrations
of heavy metals in PM, which may vary from sample to sample, may in�uence PM-induced in�ammation.
Therefore, we used carboxyl charge-stabilized hydrophobic polystyrene microspheres [carboxyl latex
beads (CLB), 2 µm diameter; CLB2.0] as a surrogate for airborne particulate matter [21, 45]. We
investigated the concentration dependence of the cytotoxic effects of CLB2.0 in A549 cells for 24 hours
using a cell viability assay kit. CLB2.0 at 40 ~ 80 µg/ml did not have any cytotoxic effects on A549 cells
(Fig. 1a). Therefore, a concentration of CLB2.0 within this range was utilized in this study. To determine
whether CLB2.0 could induce airway in�ammation in the airway cells, we assessed in�ammatory
cytokines in the cell cultures using qPCR. CLB2.0 induced IL-6, IL-1α, IL-1β, and TNFα gene expression
(Fig. 1b). 160 µg/ml of CLB2.0 could not affect the expression of in�ammatory cytokines, but cytotoxicity
did. Chirono et al. reported that PM10 induced cytoskeleton remodeling in A549 cells [5]. Thus, we
hypothesized that CLB2.0 could also produce similar effects. In our study, CLB2.0 induced enriched F-
actin formation in cell-to-cell contacts and in cell membranes, indicating increased cytoskeleton
networking in CLB2.0-treated cells (Fig. 1c). In addition, actin formation was increased in a CLB2.0-
concentration-dependent manner, but not at 160 µg/ml of CLB2.0 (Fig. 1d). Next, we assessed
transepithelial electrical resistance (TEER), because increased TEER due to increased F-actin formation
may be associated with the invasive features of cancer cells. Interestingly, TEER was reduced in a dose-
dependent manner (Fig. 1e). These results show that CLB2.0 can increase both the expression of
in�ammatory cytokines and F-actin formation and decrease the transepithelial resistance in human
airway epithelial cells.
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The PDZ domain of ZO-1 protein critically reduces F-actin
formation and airway in�ammation
To examine whether ZO-1 overexpression can affect F-actin formation induced by CLB2.0, F-actin
staining was carried out (Fig. 2a). While ZO-1 overexpression increased the density of CLB2.0-induced F-
actin formation, siRNA-ZO-1 did not. Because several studies suggest ZO-1 can bind to ZO-2, occludin,
and F-actin to form epithelial tight junctions [13, 14, 31], this �nding was not unexpected. Interestingly,
ZO-1 overexpression increased pro-in�ammatory cytokines (IL-6, IL-1α, IL-1β, and TNFα) gene expression,
but si-RNA-ZO-1 signi�cantly reduced their expression (Fig. 2b). Tight junction proteins such as ZO-1 were
reported to be disrupted in epithelial cultures from asthmatic subjects [42]. In addition, the same group
reported that the allergenic fungus Alternaria alternate increased IL-8 and TNFα secretion with an
accompanying reduction in TEER [24]. There several possible reasons why overexpression of ZO-1
increased pro-in�ammatory cytokine gene expression: First, because CLB2.0 releases/produces
in�ammatory cytokines to induce airway in�ammation, ZO-1 expression increased in proportion to the
degree of in�ammation in the acute phase, and then ZO-1 negatively regulated pro-in�ammatory cytokine
gene expression during later stages of in�ammation (24 hours; data not shown). Increased ZO-1
expression increased pro-in�ammatory cytokine production; however, siRNA-ZO-1 expression reduced
these cytokines. We postulated that ZO-1 protein activity/expression might be closely related to CLB2.0-
induced in�ammation. Although it appeared that ZO-1 played a role as an inducer of cytokine production,
cell-cycle arrest was also increased by deletion of ZO-1 (see Discussion, below). Next, to examine which
domain of ZO-1 was critical for F-actin polymerization and cytokine production during CLB2.0 exposure,
several deletion mutants were generated (Fig. 2c) [13]. After transfection with each deletion mutant
construct, F-actin staining was performed. Interestingly, PDZ deletion mutants abolished F-actin
formation, but an SH3 deletion mutant construct did not. In addition, pro-in�ammatory cytokines gene
expression was signi�cantly increased in the cells transfected with PDZ deletion mutants (M1-3; Fig. 2d).
These results show that PDZ may be critical for PM-induced airway in�ammation during acute phase
in�ammation. Indeed, we synthesized permeable PDZ-containing speci�c peptide and mutant peptide
(Fig. 2e). Interestingly, the consensus PDZ peptide signi�cantly reduced pro-in�ammatory cytokines gene
expression and F-actin polymerization, but the mutant PDZ peptide did not (Fig.s 2e and 2f). Next, we
investigated the effects of PDZ peptide on CLB2.0-induced F-actin polymerization in the A549 cells
(Fig. 2g). On either 2D (upper panel) or 3D (lower panel) collagen-coated coverslips, the formation of F-
actin was enhanced by CLB2.0. While the consensus PDZ peptide signi�cantly reduced F-actin
polymerization, the mutant peptide increased polymerization. These results suggest the consensus PDZ
peptide reduces CLB2.0-mediated F-actin polymerization, consistent with the observation that the PDZ
peptide negatively regulates chemokine-induced movement to control in�ammation at the in�amed site;
however, the mutant peptide did not affect F-actin polymerization or pro-in�ammatory cytokine gene
expression. In this context, PDZ peptide has an anti-in�ammatory role in the in�amed microenvironment.
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CLB2.0 induces intracellular IL-8secretion and RGS12
inhibits CXCR2-induced signaling activated by CLB2.0
Next, we investigated the physiological mechanism by which CLB2.0 activates pro-in�ammatory cytokine
gene expression. CLB2.0 may increase C-X-C motif chemokine receptor (CXCR) 2 and regulator of G-
protein signaling 12 (RGS12) gene expression in a time-dependent manner (Fig. 3a). CXCR2, a G-protein-
coupled receptor, and its ligand IL-8 are the most signi�cantly upregulated chemokine and receptor in
cancer and in�ammation [10, 18, 23], and ZO-1/CXCL8 (IL-8) signaling also has important functions in
tumor angiogenesis [26]. In addition, Longhin et al. reported recently that PM2.5 and 10 increased IL-6
and IL-8 gene expression and secretion for up to 48 hours [28]. Thus, to �rstly determine whether CLB2.0
could induce intracellular secretion of IL-8, the medium from cells incubated with CLB2.0 was assayed
using an IL-8-speci�c ELISA (Fig. 3b). Intracellular IL-8 was secreted from the cells into the medium.
Interestingly, the consensus PDZ peptide inhibited IL-8 secretion, but the mutant peptide did not (Fig. 3c).
In addition, CXCR2 gene expression was reduced by the consensus PDZ peptide, whereas it was
dramatically increased by the mutant PDZ peptide. The PDZ domain was localized at the N-terminal
region of RGS12 and RGS12 bound to CXCR2 [35]. The presence of a spliced PDZ domain in RGS12
indicates a physiological mechanism by which RGS12 may target speci�c CXCR2 receptor systems for
receptor desensitization. Interestingly, the consensus PDZ peptide increased RGS12 gene expression,
rather than reducing CXCR2 (Fig. 3d), suggesting that the consensus PDZ peptide may control RGS12
gene expression in a reciprocal fashion proportional to CXCR2 expression. Next, we assessed cAMP
concentrations because CXCR2 is a Gαi-coupled receptor, cAMP concentrations were strongly restored by
consensus PDZ peptide, but not by the mutant PDZ peptide (Fig. 3e), indicating the consensus PDZ
peptide both inhibited IL-8 secretion and abolished signaling from the interaction of CXCR2 and IL-8. We
examined whether RGS12 could also regulate CLB2.0-induced cAMP inhibition. RGS12 also restored
cAMP concentrations (Fig. 3f). These results indicate that the consensus PDZ peptide acts as a primary
negative regulator to maintain homeostasis during CLB2.0-induced airway in�ammation and RGS12 acts
as a secondary negative regulator protein.

Consensus PDZ peptide diminishes in�ammatory cell
populations, and decreases in�ammatory cytokine
production in the mouse lung
Next, to investigate whether the consensus PDZ peptide regulates the in�ammatory cell populations in
BAL �uid, we measured various in�ammatory cell populations after intranasal instillation of the two PDZ
peptides but prior to CLB2.0 instillation (Fig. 4a). Mice instilled with consensus PDZ peptide had lower
levels of lymphocytes, neutrophils, alveolar macrophages, and total protein in BAL �uid. In contrast,
in�ammatory cell populations in the BAL �uid of mice administered the mutant PDZ peptide had
dramatically increased levels of these markers compared with those in mice administered the
CLB2.0/consensus PDZ peptide. To determine whether the consensus PDZ peptide controls the
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production of in�ammatory cytokines after instillation of CLB2.0, in�ammatory cytokines in BAL �uid
were measured using speci�c ELISAs three days after CLB2.0 instillation (Fig. 4b). Treatment with the
consensus PDZ peptide dramatically reduced CLB2.0-induced IL-6, IL-1α, IL-1β, and TNFα production,
whereas mutant PDZ peptide increased the production of these cytokines. We also investigated whether
the PDZ peptides altered the production of pro-in�ammatory cytokines in the mouse lung. We found the
consensus PDZ peptide also reduced IL-6, IL-1α, IL-1β, and TNFα gene expression in the lung, whereas the
mutant peptide increased their expression (Fig. 4c). Lastly, TEER was also restored by consensus PDZ
peptide, but not by the mutant peptide (Fig. 4d). Our results indicate that the consensus PDZ peptide
abolishes changes in in�ammatory cell populations, and pro-in�ammatory cytokine production in both
BAL �uid and the lung after CLB2.0 treatment.

Discussion
Air pollution and airborne particulate matter are major public health hazards. Ambient air pollution in both
urban and suburban areas was estimated to cause 4.2 million premature deaths worldwide per year in
2016; this mortality is due to exposure to airborne particulates 2.5 µm or less in diameter (PM2.5), which
cause respiratory and cardiovascular disease, and cancers [20]. Many epidemiological reports have linked
exposure to air pollution and increased morbidity and mortality associated with cardiovascular and
respiratory diseases, such as chronic obstructive pulmonary disease (COPD) and asthma [3, 4, 47].
Interestingly, although PM has been known to be a critical risk factor for COPD, evidence supporting the
relationship between the incidence of COPD and PM2.5 is currently very limited and insu�cient. Given
PM causes many diseases in the human body, clari�cation of the physiological mechanisms underlying
the negative regulation of PM-induced airway in�ammation may provide a greater understanding of
airway in�ammation.

ZO-1 is a scaffolding protein that connects transmembrane tight junctions with cytoplasmic proteins and
the actin cytoskeleton [13, 16]. The ZO-1 protein has several domains, including PDZ, SH3, and GUK. The
PDZ domain forms dimers or binds to intracellular proteins and PDZ-containing proteins. The PDZ
domain is involved in intracellular signaling, cell adhesion, ion transport, and formation of the
paracellular barriers. The roles of the SH3 domain include regulation of enzymes by intramolecular
interactions, altering the subcellular localization of components of signaling pathways, and mediating
the assembly of large multi-protein complexes [29]. The GUK domain is involved in protein-protein
interactions. Unlike the PDZ domain, SH3 and GUK domains did not affect F-actin polymerization and
pro-in�ammatory cytokine gene expression in our system. The functionality of each PDZ domain did not
vary and deletion of each domain abolished F-actin polymerization and pro-in�ammatory cytokine gene
expression (Fig. 2). Interestingly, the classical PDZ domain at the N-terminus of RGS12 bound selectively
to C-terminal (A/S)-T-X-(L/V) motifs as found within both the CXCR2 IL-8 receptor, and the alternative 3'
exon form of RGS12, suggesting that this interaction between the PDZ domain in RGS12 and CXCR2
shows a speci�c mechanism by which RGS12 acts as a desensitization protein that shuts down GPCR
signaling (Fig. 3) [2].
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Because ZO-1 overexpression increased the expression of pro-in�ammatory cytokine genes, whereas
siRNA-ZO-1 abolished their expression (Fig. 2b), it was not clear whether ZO-1 acted as an inducer of
in�ammation. ZO-1 expression increased in proportion to the degree of in�ammation in the acute phase,
but ZO-1 negatively regulated pro-in�ammatory cytokine gene expression at later stages of in�ammation
(24 hours; data not shown). The reason for the late-stage inhibition of pro-in�ammatory cytokines by
siRNA-ZO-1 was probably because of induction of cell-cycle arrest and inhibition of both cell proliferation
and adhesion in vitro [1, 33, 38]. We postulated that the cells were damaged by siRNA-ZO-1. Thus, we
were unable to use siRNA-ZO1 to further knock-down ZO-1 expression, and instead used several deletion
mutants of each domain of ZO-1 to investigate the function of the ZO-1 protein during CBL2.0-induced
airway in�ammation.

Recently, it was reported that although PM2.5 did not affect cellular survival or proliferation, PM2.5
activated the stress response mediated by p38 MAPK which, along with RhoA GTPase and HSP27,
induced morphological changes, including actin cytoskeletal rearrangements and paracellular gap
formation, in BEAS-2B cells [12]. Moreover, PM2.5 activated TGF-β1/SMAD3 signaling and α-SMA and
COL1 upregulation in a human pulmonary �broblast cell line (HFL-1), and triggered pulmonary �brosis by
targeting pulmonary epithelium, macrophages and �broblasts [43]; however, no physiological mechanism
by which PM affects F-actin polymerization, stress-�ber formation, and cytoskeletal rearrangements in
airway epithelial cells has been reported. In addition, PM2.5 and PM10 increased the gene expression of
IL-6 and IL-8, and increased their secretion from BEAS-2B human bronchial epithelial cells [28]. We
hypothesized that CLB2.0 may interact with CXCR2, the IL-8 receptor of the CXR chemokine receptor
family [40]. In addition, administration of a dual CXCR1/2 inhibitor reduced allergen-induced neutrophilic
in�ammation and allergic airway in�ammation in mice [19]. Based on these reports, we investigated the
effect of PDZ peptides on CLB2.0-induced F-actin formation in A549 cells. Visualization of F-actin in cells
treated with the consensus PDZ peptide or the mutant peptide showed outstanding morphological
differences (Fig. 2g). The consensus PDZ peptide signi�cantly reduced F-actin polymerization in 2D and
3D cultures; in contrast, the mutant peptide dramatically increased polymerization. These differences
suggest that PDZ peptide-induced downregulation of pro-in�ammatory cytokines abolishes airway
in�ammation in the lung, chemokine-induced migration is not necessary to regulate airway in�ammation,
and the PDZ peptide controls airway in�ammation to maintain homeostasis. Based on our in vitro results
and our 2D and 3D culture experiments, the consensus PDZ peptide appears to prevent PM-induced
airway in�ammation. This information provides new knowledge for the development of novel therapeutic
drugs in PM-induced respiratory diseases.

As noted previously, incubation of A549 cells with CLB2.0 induced CXCR2 and RGS12 gene expression
(Fig. 3a). Secreted IL-8 activated the CXCR4 receptor, reduced intracellular cAMP concentrations, and up-
regulated Gαi signaling to induce pro-in�ammatory cytokine gene expression. However, we suggest that
RGS12 acted as a secondary negative regulator in the present study. This report is the �rst to investigate
the CLB2.0-ZO-1-CXCR2-RGS12 axis. In our previous study, we found that RGS4 protein suppressed LPS-
induced airway in�ammation [36]. This study provides additional insights into the molecular mechanism
of negative regulation of LPS-induced mucus hyperproduction and hypersecretion in airway mucosal
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in�ammation. Taken together, the function of RGS proteins may be critical for GPCR desensitization to
down-regulate the signaling. The most interesting �nding was that there is a speci�c PDZ domain in the
RGS12 protein. Recently, expression of the PDZ-adaptor protein PDZK1 (NHERF3) was found to be
reduced in the in�amed intestine of ulcerative colitis patients and murine models of colitis [25, 44]. As a
result, we postulated that PDZ-adaptor protein and PDZ-containing protein suppressed in�ammation in
several tissue microenvironments. We are investigating the physiological mechanism of RGS12 in PM-
induced airway in�ammation in a follow-up study. Taken together, our current �nding indicate induction
of IL-8 secretion by CLB2.0 activated CXCR2 signaling, but PDZ-containing RGS12 protein controlled the
physiological functions of IL-8/CXCR2 signaling through GTPase activity during PM exposure.

More interestingly, the consensus PDZ peptide acted as a negative regulator in vivo in the BAL �uid from
CLB2.0-instilled mice. CLB2.0-induced lymphocytes, neutrophils, alveolar macrophages (AMs), total
protein, and pro-in�ammatory cytokines production were signi�cantly reduced by the consensus PDZ
peptide, whereas all these were increased in response to the mutant PDZ peptide, suggesting that PDZ
acts as a negative regulator to maintain homeostasis by shutting down CLB-induced effects in vivo. The
PDZ peptide produced similar effects in AMs to those noted in vitro. Even though such a result provides
insight into the negative regulatory mechanism of CLB2.0-induced airway in�ammation, it is still unclear
how the PDZ peptide can control the in�ammatory cell populations in BAL �uid. In addition, if PDZ
functions similarly in vivo and in BAL �uid, PDZ may mediate apoptotic cell clearance in acute lung injury
[27].

Conclusions
We found the PDZ peptide of the ZO-1 protein had an inhibitory effect on CLB2.0-induced airway
in�ammation and TEER. In addition, IL-8 secretion induced by incubation with CLB2.0 activated CXCR2,
while RGS12 negatively regulated CXCR2/IL-8-altered cAMP concentrations by activating GTPase activity.
The consensus PDZ peptide increased RGS12 production. PDZ induced reductions of the number of AMs
and in�ammatory cells in BAL (Fig. 4e). Thus, these results suggest that the PDZ peptide may be a
potential therapeutic candidate during PM-induced respiratory diseases.
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Figures

Figure 1

Effect of CLB2.0 on F-actin formation and transepithelial resistance in the A549 human airway epithelial
cell line (a) 5,000 transfected cells were incubated for 24 h with CLB2.0. Cell proliferation was measured
using a Cell-Counting Kit-8 according to the manufacturer’s instructions (Dojindo, Rockville, MD) (n=4).
(b) Con�uent and quiescent A549 cells were incubated for four hours with various concentrations of
CLB2.0, and then lysates were harvested and analyzed by real-time quantitative RT-PCR. * p < 0.05
compared to the control. β2M, beta-2-microglobulin, was used as a loading control. (c) After treatment
with various concentrations of CLB2.0 for 10 hours, the cells were rinsed with PBS, and ActinGreenTM
488 ReadyProbe reagent added. The images were taken using a Nikon Eclipse 80i microscope (Eclipse



Page 17/22

80i) with a 488 nm excitation �lter and a 532 nm emission �lter. (d) The cells were treated with CLB2.0
for four hours, and cell lysates were collected, centrifuged, and then supernatant recovered. Cell lysates
with equal amounts of protein were treated with the �nal reaction mix containing ATP and pyrene-
conjugated actin (�nal concentration = 0.4 mg/mL) in actin polymerization buffer. Actin polymerization
was visualized by �uorescence intensity using a microplate reader with a 355 nm excitation �lter and a
405 nm emission �lter, and the analyses were performed using Microsoft Excel. (e) The cells were treated
with CLB2.0 for four hours, and the TEER was measured. Error bars represent the SEM of at least three
independent experiments. All f data shown are representative of three independent experiments
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Figure 2

Effect of the ZO-1 protein PDZ domain on CLB2.0-induced airway in�ammation. (a) A549 cells were
transfected with either a construct driving the expression of wild-type ZO-1 or ZO-1-speci�c siRNA. Cells
were then incubated with CLB2.0 for 10 hours. The cells were stained with ActinGreenTM 488
ReadyProbe reagent. (b) Cells were transfected, and were then incubated with CLB2.0 for four hours prior
to the generation of total cell lysates, and then qRT-PCR for pro-in�ammatory cytokines transcript was
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performed. * 𝑝 < 0.05 compared to the control, **𝑝 < 0.05 compared to CLB2.0 only, and *** 𝑝 < 0.05
compared to ZO-1-transfected cells. (c) Constructs were designed according to the amino acids deleted
(e.q. M1: 2-156). Black lines represent the magnitude of the sequences encoded by each construct. The
cells were transfected with either a ZO-1 overexpression construct or deletion constructs, and were
incubated with CLB2.0 for 10 hours. F-actin was stained with a speci�c reagent. (d) Cells were
transfected with deletion constructs, and were then incubated with CLB2.0 for four hours, after which qRT-
PCR for pro-in�ammatory cytokine transcripts was performed. * p < 0.05 compared with the control, ** p <
0.05 compared withCLB2.0 only, and *** p < 0.05 compared with ZO-1-transfected cells. (e) Peptides were
synthesized with Tat region (italic amino acids) based on the �rst PDZ domain sequence (upper panel).
Cells were treated with consensus PDZ or GG25,26AA mutant PDZ peptide for 24 hours and then
incubated with CLB2.0 for either 4 or 10 hours (f), after which we performed qRT-PCR and F-actin
staining. * p < 0.05 compared with the control; ** p < 0.05 compared with CLB2.0 alone; *** p < 0.05
compared with consensus PDZ peptide treatment. (g) Cells were seeded on coverslips and then treated
with either consensus PDZ peptide or the mutant PDZ peptide (both at 1.0 μg/ml) prior to treatment with
CLB2.0. After �xation, rhodamine-conjugated phalloidin was added for 30 min (1:100 dilution). Cells were
then stained with DAPI for 2 min (1:10,000 dilution) (2D culture; upper panels). After trypsinizing, collagen
was added to the cells (1.5 mg/ml; 2 × 104/matrix), and subsequently, media containing FBS and CLB2.0
was added and the preparations incubated for 10 hours. After blocking with 2% BSA, the cells were
incubated with rhodamine-conjugated phallodin (3D culture; lower panels). The scale bar is 20 μm. The F-
actin intensity was used to assess morphometric differences between cells. * p < 0.05 compared with the
control (GFP); ** p < 0.05 compared with CLB2.0 only; *** p < 0.05 compared with CLB2.0 and consensus
PDZ peptide treatment. All of data shown are representative of three independent experiments.
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Figure 3

IL-8 Secretion by CLB2.0 activates CXCR2 receptor and RGS12 inhibits CXCR2-induced signaling
activated by CLB2.0 in A549 cells. Con�uent and quiescent cells were incubated for various durations
with CLB2.0, the lysates and medium were harvested, and then analyzed by (a) real-time quantitative RT-
PCR and (b) IL-8-speci�c ELISA. * p < 0.05 compared with the control. (c) Cells were treated with
consensus PDZ or mutant PDZ peptide for 24 hours and then incubated with CLB2.0 for four hours. An
IL-8 was assayed in the medium using ELISA and qRT-PCR was carried out with cell lysates (d). * p < 0.05
compared with the control; ** p < 0.05 compared with CLB2.0 only; *** p < 0.05 compared with CLB2.0
and consensus PDZ peptide treatment. (e) The cells were treated with consensus PDZ or mutant PDZ
peptide. After 24 hours, the cells were re-trypsinized, and seeded at 7,000 cells/well into a 96-well plate.
The cells were incubated with CLB2.0 for four hours, and a cAMP assay was performed according to the
manufacturer’s instructions (cAMP-Glo assay; Promega; Madison, WI). * p < 0.05 compared with the
control; ** p < 0.05 compared with CLB2.0 only; *** p < 0.05 compared with CLB2.0 and consensus PDZ
peptide treatment. (f) The cells were transfected with an RGS12 overexpression construct or siRNA-
RGS12, the cells were re-trypsinized, and seeded at 7,000 cells/well into a 96-well plate. The cells were
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incubated with CLB2.0 for four hours, and a cAMP assay was performed. * p < 0.05 compared with the
control; ** p < 0.05 compared with CLB2.0 only; *** p < 0.05 compared with CLB2.0 and RGS12 treatment.
All of data shown are representative of three independent experiments.

Figure 4

Effect of PDZ peptide on CLB-induced lung in�ammatory responses in vivo. (a) Five days after CLB2.0
instillation (30 μl of 20 mg/kg) into the tracheal lumens of mice that had been injected with either the
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consensus PDZ peptide or the mutant peptide (2.0 mg/kg/30 μl) 24 hours previously. The lymphocytes,
neutrophils, alveolar macrophages (AMs), and total protein in the BAL �uid were then assessed. (b) The
IL-6, IL-1α, IL-1β, and TNFα concentrations in the BAL �uid were measured using speci�c ELISAs. (c) AMs
from the BAL �uid in healthy mice were treated with either the consensus PDZ peptide or the mutant
peptide prior to incubation with CLB2.0 for four hours, and then qRT-PCR was performed. (a-c) * p < 0.05
compared with saline-treated mice; ** p < 0.05 compared with CLB2.0-treated mice; *** p < 0.05 compared
with CLB2.0- and consensus PDZ peptide-treated mice. (d) The AMs from the BAL �uid in healthy mice
were treated with either the consensus PDZ peptide or the mutant peptide prior to incubation with CLB2.0
for various times, and then TEER testing was performed. Error bars represent the SEM of at least three
independent experiments. All of data shown are representative of three independent experiments.


