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Abstract

Chronic obstructive pulmonary disease (COPD) is characterized by persistent airflow limita-
tion and lung inflammation resulting in a progressive decline in lung function whose principle
cause is cigarette smoke. MAP3K19 is a novel kinase expressed predominantly by alveolar
and interstitial macrophages and bronchial epithelial cells in the lung. We found that
MAP3K19 mRNA was overexpressed in a limited sampling of lung tissue from COPD
patients, and a closer examination found it to be overexpressed in bronchoalveolar macro-
phages from COPD patients, as well as the bronchial epithelium and inflammatory cells in the
lamina propria. We further found MAP3K19 to be induced in various cell lines upon environ-
mental stress, such as cigarette smoke, oxidative and osmotic stress. Exogenous expression
of MAP3K19 in cells caused an upregulation of transcriptionally active NF-kB, and secretion
of the chemokines CXCL-8, CCL-20 and CCL-7. Inhibition of MAP3K19 activity by siRNA or
small molecular weight inhibitors caused a decrease in cigarette smoke-induced inflamma-
tion in various murine models, which included a decrease in pulmonary neutrophilia and KC
levels. In a chronic cigarette smoke model, inhibition of MAP3K19 significantly attenuated
emphysematous changes in airway parenchyma. Finally, in a viral exacerbation model, mice
exposed to cigarette smoke and influenza A virus showed a decrease in pulmonary neutro-
philia, pro-inflammatory cytokines and viral load upon inhibition of MAP3K19. Collectively,
these results suggest that inhibition of MAP3K19 may represent a novel strategy to target
COPD that promises to have a potential therapeutic benefit for patients.

Introduction

Tobacco smoke exposure is a chief contributor to the rapidly rising worldwide health burden,
and the most common smoking-related pulmonary manifestation is chronic obstructive
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pulmonary disease (COPD) [1]. Approximately 10% of the world’s population is suffering
from COPD, and it is currently the third leading cause of death [2, 3]. COPD is characterized
by progressive and irreversible airflow limitation [4]. The mechanism underlying COPD is
poorly understood, but the disease is thought to have multiple interactive components that
cause the chronic obstructive bronchiolitis and emphysema, which are the hallmarks of
COPD, and ultimately result in a progressive decline in lung function [5, 6]. The inflammatory
arm of COPD is characterized by increased number of neutrophils, alveolar macrophages and
T lymphocytes into the pulmonary environment [7-9]. Tissue remodeling is another compo-
nent of COPD, likely driven by the chronic inflammation, and is manifested by thickening of
the airway walls, destruction of the lung parenchyma and enlargement of the airspaces, the
loss of lung elasticity and closure of the small airways [10-13]. Patients with COPD often expe-
rience acute exacerbations, which are usually triggered by viral or bacterial infections, and
become increasingly frequent as disease progresses [14, 15].The main pharmacological therapy
for treatment of COPD is long acting bronchodilators, which provide only symptomatic relief,
as COPD progression is typically refractory to steroid treatment [13, 16]. As there are currently
no treatments that block COPD progression, a greater understanding of the disease process
providing new therapeutic approaches is necessary.

The major risk factor for the development and progression of COPD is chronic exposure to
cigarette smoke, air pollution or other noxious gases [17-19]. Irritants from tobacco smoke
can trigger innate immune mechanisms directly, resulting in NF-kB activation, presumably
from toll like receptor (TLR) activation [20]. Alternatively, cigarette smoke also places lung
cells under oxidative stress, which in turn can trigger inflammation, protease-anti-protease
imbalances and apoptosis [19, 21]. Thus, oxidative stress, or the dysregulation between oxidant
and antioxidant levels in a cellular microenvironment, via cigarette smoke, has become recog-
nized as a major predisposing factor of COPD [19, 22].

Cigarette smoke has also been shown to cause cytokine and chemokine secretion, leading
to the pulmonary recruitment of neutrophils; the increased numbers of which positively corre-
late with COPD progression [20, 23]. Typically, neutrophil infiltration is a defense mechanism
to remove pathogens and repair injured tissue [24]. However, in COPD, neutrophils migrate
into the lungs, particularly in response to CXCL-8 [25, 26], and the activated neutrophils can
release reactive oxygen species, creating a positive feedback loop for oxidative stress. Neutro-
phils can also release factors that attract more neutrophils out of the bloodstream, thereby per-
petuating the inflammation further [27]. Finally, activated neutrophils secrete enzymes which
may contribute to emphysema by degrading elastin and collagen and stimulating mucous
secretion [27].

MAP3K19 is an evolutionarily conserved, novel kinase whose expression in humans and
mice was shown to be highest in the lung and trachea, and more specifically, concentrated in
the bronchial epithelium, macrophages and neutrophils [28]. It was previously shown in rice
plants that MAP3K19 gene expression was increased upon exposure to high salt conditions
[29]. Together with our results, this raises the possibility that MAP3K19 is part of an evolution-
ary conserved pathway involved in a cellular response to various environmental stressors. Our
previous investigations have shown that MAP3K19 regulated the nuclear translocation of acti-
vated phospho-Smad2/3 following TGF-f stimulation of cells, as inhibition of the kinase
blocked the nuclear accumulation of the P-Smads. Furthermore, this resulted in decreased
TGF-B-mediated gene transcription and protein production. We have now extended these
findings to show that MAP3K19 is upregulated in various cells following oxidative stress. In
addition, in the present study we have demonstrated that MAP3K19 was over-expressed in
COPD lung tissue. An examination of the role of MAP3K19 in the COPD disease process
revealed that inhibition of MAP3K19 by either siRNA or small molecule inhibitors strongly
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decreased the cigarette smoke-induced pulmonary inflammation in an acute model. Inhibition
of MAP3K19 in a chronic model of cigarette smoke exposure resulted in markedly less airway
tissue destruction and emphysema-like changes. Finally, decreased inflammation and viral
load were observed when MAP3K19 was inhibited in a viral exacerbation model of COPD.

Materials and Methods
Materials

All reagents were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA) unless
otherwise stated. SB265610 was purchased from Selleckchem (Houston, TX, USA). TGF-1,
TNF-o, IL-4, IL-13 and IFN-y were purchased from R&D Systems (Minneapolis, MN, USA)
and reconstituted according to the instructions. The 8-iso-Prostaglandin F2a competitive
ELISA was obtained from Cell Biolabs, Inc. (San Diego, CA, USA) and used according to the
instructions. Healthy individual and COPD patient lung tissue utilized in Fig 1A was obtained
from Analytical Biological Services, Inc. (Wilmington, DE), and healthy human lung RNA was
obtained from Clontech Laboratories, Inc. (Mountain View, CA, USA) and Life Technologies
(Carlsbad, CA, USA). Cell supernatants or BAL fluid were assayed for CXCL-8, MIP-30,
MCP-3 or KC by ELISA purchased from R&D Systems and used according to their instruc-
tions. MAP3K19 inhibitors Compounds A, B, C, D & E are proprietary, highly potent and
selective MAP3K19 small molecular weight inhibitors that were developed as part of the Axi-
kin Pharmaceuticals, Inc. portfolio of compounds (US Patent number 60/096308).Inhibition
assays examining the activity of these Compounds on the kinase activity of MAP3K19 showed
the following ICs, values: Compound A -16 nM; Compound B- 5.2 nM; Compound C- 8.7
nM; Compound D -19.6 nM; and Compound E- 200 nM.

Gene Expression Analysis

RNA was isolated from cells and tissue sections as previously described [28]. The COPD

lung tissue analyzed in Fig 1B was ethically obtained from recently deceased patients from a
tissue network according to standard procedures (Biopta Ltd., Glasgow, UK). The trachea,
large airway (primary or secondary branches), and small airway (tertiary branches and below)
were dissected from the lungs and stored in RNAlater (Qiagen). The RNeasy kit (Qiagen,
Valencia, CA, USA) was used to isolate RNA, and total RNA was reverse transcribed using
SuperScript ITI (Life Technologies). Fifty nanograms of cDNA was assayed using the 7900HT
Fast Real-Time PCR system (Applied Biosystems, Inc., Foster City, CA, USA) using Power
SYBR Green PCR Master Mix (Applied Biosystems, Inc.) and performed by the CFAR Geno-
mics and Sequencing Core of UCSD/VMRF (San Diego, CA, USA). Each sample was run

in duplicate. The oligonucleotide primers (125 nM final concentration) for GAPDH were
designed and validated by Integrated DNA Technologies (San Diego, CA, USA), and the
MAP3K19 primers used were: sense primer: 5 aatggcacccacagtgacatgctt 3’; anti-sense primer:
5’ cccteggtgtgetecgatgtaaaa 3°. The amplification efficiencies were determined for each target
gene and normalized to human GAPDH, and the delta Ct was calculated using the compara-
tive analysis method.

Histological Analysis

Antibodies directed against MAP3K19 were produced by Pro-Sci Inc. (Poway, CA, USA) and
were used as previously described [28]. Histological analysis was performed by Reveal Biosci-
ences, Inc. (San Diego, CA, USA) and the MAP3K19 rabbit polyclonal antibody, RabK19, was
previously validated and titrated by Reveal Biosciences. For the images in Fig 2, normal adult
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Fig 1. MAP3K19 is overexpressed in COPD lung and bronchoalveolar lavage macrophages from COPD patients. (A) MAP3K19 RNA
expression in four normal human lung samples and two COPD lung samples was examined by RT-qPCR and normalized to GAPDH levels,
showing higher levels of expression in COPD diseased tissue compared to normal controls. The MAP3K19 expression in the Normal Lung #1
sample was arbitrarily assigned a value of one (denoted by the dotted line) and fold expression of MAP3K19 in all other tissues examined were
relative to that sample. The average fold expression is shown + SEM. (B) MAP3K19 expression was examined in either the trachea, large airways
(primary or secondary branches) or small airways (tertiary branches or below) from three COPD patients (P1, P2 & P3) by RT-gPCR analysis. The
levels of MAP3K19 was normalized to GAPDH levels, and the expression level of patient 1 trachea was arbitrarily assigned a value of one (denoted
by the dotted line). MAP3K19 levels in all other samples were relative to that sample. This experiment was repeated twice, each time in duplicate,
and the average fold expression is shown + SEM. (C) MAP3K19 is over-expressed in the bronchoalveolar lavage macrophages from COPD
patients. Heatmap showing MAP3K19 expression in BAL macrophages isolated from Gold Stage | & Il COPD patients (n = 6), normal controls
(n=5) and healthy smokers (n = 6) as determined by RT-qPCR analysis. The values are normalized to GAPDH expression levels and the fold
changes are depicted in the color scale. The RT-gPCR is representative of two experiments (biological replicates) performed in duplicate.
Statistical analysis (ANOVA followed by Tukey-Kramer pair-wise test) of MAP3K19 expression levels between the different patient groups revealed
that the difference in the mRNA levels between the COPD group, omitting the lowest expressing patient, and either the normal patients or healthy
smokers was significant, P<0.01. Significant differences between groups was determined by ANOVA analysis followed by the Tukey-Kramer pair-
wise tests, as detailed in the Materials and Methods. P<0.05 were considered significant. Patient demographics are shown in the S1-S3 Tables.

doi:10.1371/journal.pone.0167169.9001

lung sections were obtained from Bio Options (Brea, CA, USA), and the COPD sample biop-
sies were commercially obtained from Cureline Inc. (South San Francisco, CA, USA). Ten
biopsy samples were examined, and the COPD patients ranged from 52-85 years old, smoked
1-2 packs per day for 35-70 years, were all male patients and were diagnosed with COPD for
1-25 years. Nine of the patients were not receiving any therapy at the time of the biopsy and
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A

Fig 2. Immunohistochemical analysis showed that MAP3K19 expression appeared greater in COPD lung than normal human lung. (A) Normal
human lung was stained with the anti-MAP3K19 polyclonal rabbit antibody, RabK19, shown in brown, and counterstained with hematoxylin. Expression of
MAP3K19 is found in the ciliated bronchial epithelial cells, alveolar and interstitial macrophages, neutrophils, and some type Il pneumocytes. (B) COPD
biopsies are stained with anti-MAP3K19 (RabK19) antibody. In the left panels, the majority of the airway epithelial cells are stained (black arrows), and in the
lamina propria the macrophages (red arrow) and lymphocytes (green arrows) are positive for MAP3K19 expression. The middle panels show the submucosal
glands staining positive for MAP3K19. The right panels show the airway epithelial cells, particularly the nuclei, positive for MAP3K19 staining (black arrows),
and variable staining of the inflammatory cells in the lamina propria. Images are shown from three COPD patients, and are representative of ten patients from
whom biopsies were procured (diagnosed with COPD from 1-25 years). The lower panel is the negative control, an isotype control antibody. The patient
demographics are listed in the S4 Table.

doi:10.1371/journal.pone.0167169.g002

one patient started dexone 4 days prior to the lung biopsy. Signed informed consent was pro-
vided by all patients and Cureline’s procurement protocols were approved by local IRB and
Ethical Committees and that complied with international and local regulations and guidelines.
All sections used including the 10 COPD biopsy samples and the normal lung were processed
identically following fixation in 10% neutral buffered formalin. The sections were dewaxed
and antigen retrieval was performed using a 1X DIVA Decloaker (BioCare Medical (Concord,
CA, USA) for twenty minutes. Non-specific protein binding was blocked with 3% Normal
Donkey Serum in PBS + 0.1% Triton X-100 (Sigma-Aldrich Chemical Co.). Slides were stained
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with the primary antibody, RabK19, at a 1:100 dilution, and were detected by Bond Polymer
Refine Detection System (Novacastra Reagents, Leica Biosystems Inc.) with 3’3’-diaminobenzi-
dine (DAB, brown) as the substrate and a hematoxylin nuclear counterstain (blue).The negative
control slide was stained with an isotype matched control antibody. The immunohistochemical
analysis of was performed on a Leica Bond automated immunostainer (Leica Biosystems, Inc.,
Buffalo Grove, IL, USA). Slide imaging was performed in bright field using a Pannoramic Scan
from 3D Histech (Perkin Elmer, Waltham, MA, USA).

Isolation of Human Bronchoalveolar Lavage Macrophages

Bronchoalveolar lavage (BAL) from human patients was approved and performed at the Uni-
versita degli studi di Roma Tor Vergata under the supervision of Dr. Cesare Saltini as
described previously [28]. The protocol for the bronchoalveolar lavage of human subjects and
material obtained was part of a collaborative project between ReDD (Research for Drug Dis-
covery) Tor Vergata,the Cattedra Malattie Apparato Respiratorio & Centro Interdipartimen-
tale per lo Studio delle Malattie Rare del Polmone e della Fibrosi Polmonare, Facolta di
Medicina e Chirurgia of the University of Rome, and Axikin Pharmaceuticals, Inc. The
patients provided written consent for the study, and the consent procedure and investigational
protocol was approved by the Policlinico Universitario (University Hospital) Tor Vergata Eth-
ics Committee (SCS/REDD/08 n. 123/08). BAL macrophages were isolated from four healthy
patients, six healthy smokers and six patients with COPD, classified as Gold stage I or II. None
of the patients were on immunosuppressive therapy at the time of the study. The cells from the
BAL lysates were assayed for viability by trypan blue cell counts and cell purity was determined
by flow cytometric analysis or Diff Quick (Thermo Fisher Scientific, Waltham, MA, USA)
stained cytocentrifuged slide preparations. BAL samples that had greater than 5% ciliated epi-
thelial cells were discarded. Alveolar macrophages were adhered to plastic tissue culture dishes
(Corning, Thermo Fisher) for thirty minutes at 37°C for further purification. RNA was subse-
quently isolated from the purified BAL macrophages (>95% purity) using the RNA/DNA/Pro-
tein Purification kit from Norgen Biotek (Thorold, Ontario, Canada) and used for RT-qPCR
as described previously [28].

Cell Culture

A549 (Cat. # CCL-185), HeLa (Cat. # CCL-2), THP-1 (Cat. # TIB-202), Beas-2B (Cat. # CRL-
9609), HEK293 (Cat. # CRL-1573), U937 (Cat. # CRL-1593.2) and NIH3T3 (Cat. # CRL-1658)
cells were all purchased from the ATCC (Manassas, VA, USA) and cultured according to
ATCC instructions. Briefly, F12-K (A549) and DMEM (HeLa, HEK293, NIH3T3 and THP-1)
(both medias from ATCC) base medias were supplemented with 10% FCS (Life Technologies),
2 mM glutamine (Corning Life Sciences, Tewksbury, MA, USA), 10 mM HEPES (Corning
Life Sciences), 100 pM non-essential amino acids (Corning Life Sciences), sodium pyruvate
(Corning Life Sciences), penicillin and streptomycin (Corning Life Sciences). Beas-2B cells
were cultured in BEBM media (Lonza Inc., Allandale, NJ, USA) supplemented with a BEGM
kit (Lonza Inc.) without the gentamycin-amphotericin B mix. Cigarette smoke extract (CSE)
was made essentially by the method detailed in Eurlings et al. [30]. Filters were removed from
3R4F Research cigarettes (University of Kentucky, Lexington, KY) and CSE was made by bub-
bling the smoke of one cigarette into 10 mls of full media using a linear pump (2 mL/sec).
Cells were stimulated with a 10% CSE solution in the appropriate full media. Cells were trans-
fected with siRNA using the Lipofectamine RNAIMAX Reagent (Life Technologies) directed
against MAP3K19 or non-sense siRNA (all of the unmodified siRNAs used in this study were
purchased from Qiagen). The sequence of the human MAP3K19 siRNA was 5 CAUUGGUU
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GUACUGUGUUUTT 3’, and the non-sense siRNA sequence was 5> CAUAACGCGUAUAC
UCGACTT 3’ (Qiagen). The murine MAP3K19 siRNA sequence was 5> AGAGUGGUUGAG
CGAGAUUTT 3’ and the murine non-sense siRNA sequence was 5> ACUAAGUACGUCGU
AUUACTT 3’ (Qiagen). Cells were also transfected with a MAP3K19 expression plasmid
(cloned into pcDNA3.1), or a kinase dead mutant of MAP3K19 (K1089R mutation) generated
by using the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies, Santa
Clara, CA, USA) and Lipofectamine 2000 (Life Technologies). HEK293 and HeLa cells were
also transfected with an NF-«B luciferase reporter plasmid that contains five copies of a NF-
kB-binding element that drives transcription of luciferase reporter gene (pGL4.32, Promega
Corp., Madison, W1, USA). Luciferase activity was measured using the One Glo Luciferase
Assay System (Promega Corp.) according to the manufacturer’s instructions.

Western Blotting & Protein Analysis

HEK?293 cells were treated as described, and nuclear and cytoplasmic extracts were made
using the NE-PER Nuclear and Cytoplasmic Extraction Reagents (Pierce, Rockford, IL, USA)
in the presence of protease and phosphatase inhibitors (Halt Protease and Phosphatase Inhibi-
tor Cocktail, Pierce). The BCA Protein Assay Kit (Pierce) was used to determine total protein
concentration in each sample. Western analysis was essentially performed as previously
described [28]. Briefly, twenty micrograms of protein was electrophoresed through 10% poly-
acrylamide gels (Life Technologies) and transferred to nitrocellulose using the iBlot dry trans-
fer system and reagents (Life Technologies). Blots were incubated for one hour in 10% BSA
(fraction V, Sigma-Aldrich) and TBST buffer, and hybridized overnight. All antibodies were
purchased from Cell Signaling Technologies (Danvers, MA, USA), except the MAP3K19 rabbit
polyclonal antibody RabK19, which was used at 1:250. The Cell Signaling Technologies anti-
bodies were diluted (1:1000) and included anti-phospho-NF-kB p65subunit (Ser 536, Cat. #
3033), anti-NF-«xB p50 subunit (Cat. # 3035), and anti-HDAC-1 (Cat. # 2062). SuperSignal
West Femto Maximum Sensitivity Substrate (Pierce) was used to develop the Western blots
and they were visualized using a Kodak Gel Logic 440 Imaging System (Eastman Kodak, New
Haven, CT, USA).

Animal Models of Cigarette Smoke-Induced Inflammation

Acute Challenge Model. Eight-ten week old female BALB/c mice (Charles River Labs,
Wilmington, MA, USA) were used for the smoke studies unless otherwise noted. Animals were
housed and treated in accordance with guidelines outlined in Animal Care and Use Protocol
(Explora Biolabs, San Diego, CA, USA, IACUC Protocol # EB10-006, approved 5/3/2010, unless
documented otherwise). The procedure was based on the protocol used by Stebbins et al. [31].
The mice were place in a pexiglass chamber and exposed to the smoke of seven cigarettes each
day, each cigarette for a 15 minute period; thus mice got exposed to smoke for 105 minutes per
day (3R4F research cigarettes, filters removed, University of Kentucky; or Marlboro™ brand cig-
arettes). A peristaltic pump was used to deliver the smoke to the chamber at a delivery rate of 45
ml/min (Cole Parmer Masterflex, Vernon Hills, IL, USA). The smoke was diluted with medical
air prior to reaching the pexiglass chamber. Control mice received only medical air exposure.
Mice were exposed to smoke on days one and two, and treated with drugs, vehicle or siRNA on
days 1-3. Mice were dosed orally with either Compounds A-E (10 mg/kg unless otherwise
noted), the CXCR-2 inhibitor SB265610, or the vehicle (40% Solutol / 10% Ethanol / 50% H,0).
siRNA was dissolved in sterile PBS (2 mg/ml), and a 50 pl volume was administered intra-trache-
ally [32]. On day four of the study, approximately 48 hours after the last smoke exposure, mice
were sacrificed by isoflurane inhalation and a bronchoalveolar lavage (BAL) was performed by
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inserting a 20 gauge luer into the exposed trachea and infusing the lungs twice with 0.5 ml of ice
cold PBS. Total leukocyte counts were determined, and cytospin slides were prepared for differ-
ential cell counts. A minimum of 300 cells were differentiated by standard morphological fea-
tures. The collected BAL fluid, with the cell pellets removed, were stored at -80°C for ELISA
analysis. Following the extraction of BAL fluid, one lobe of lung was inflated with OCT (Thermo
Fisher Scientific), snap frozen in a dry ice/ethanol bath, and stored at -80°C until used for
histology.

Subchronic Challenge Model. The subchronic cigarette smoke exposure model was car-
ried out similarly to the acute model with the major exception being mice were exposed to
smoke (1.75 hours per day) on days 1, 2, 5-9, 12-14, and dosed in a therapeutic regimen on
days 6-14 with siRNA or PBS intra-tracheally [31]. Bronchoalveolar lavage was performed on
day 15 as outlined for the acute model.

Chronic Challenge Model. The chronic model was carried out similarly to the acute
model except that mice were exposed to cigarette smoke for five days per week for twenty-two
weeks. After day 78, the smoke-treated mice were randomized and treated daily for the dura-
tion of the study with vehicle, Compound D or E (10 mg/kg, administered orally) or dexa-
methasone (0.5 mg/kg diluted in PBS, delivered intraperitoneally). On day 156, the mice were
sacrificed, weighed, and the lungs were isolated en bloc, with no BAL fluid isolated to preserve
the lung structure. Serum was obtained from blood isolated by cardiac puncture, and stored at
-80°C until analysis. A metal cannula was secured onto the trachea, and in a fume hood the
lungs were carefully perfused with 10% phosphate buffered formalin (PBF) by tracheal instilla-
tion at a pressure of 20 cm H,O [33]. After inflating the lungs in this manner for 50 minutes,
the trachea was tied off and the lungs were removed from the apparatus. The lungs were
immersed in a container of PBF for 48 hours. The fixed lungs were then paraffin embedded
and 4 pm sections were collected and stained with Hematoxylin and Eosin (H & E) for analy-
sis. The mean linear intercept (L,,), an indicator of mean alveolar diameter, was calculated
essentially as previously described [33-35], counting the intercepts from 20 non-overlapping
fields of lung parenchyma per animal at 200X magnification. The L, was determined by
counting the number of times that lines of the reticulum intercepted the alveolar walls and cal-
culated using the equation: Ly, = Lot / NI. Liora represented the sum of all segments of the
reticulum, and NI is the average number of times the lines intersected the walls of the alveoli.
The Ly, values were expressed in microns (um). The number of alveolar spaces per mm” was
also calculated from 20 non-overlapping areas of lung tissue from each mouse using Pannor-
mic SCAN 150 (Perkin Elmer)(Results shown in the Supporting Information Section). The
results of these two analyses are very similar, although it should be noted that the MLI is
inversely correlated with the number of alveolar spaces / mm”.

Murine model of influenza infection following cigarette smoke exposure

This procedure was undertaken with prior approval for this specific study obtained from the
University of Melbourne’s Animal Ethics Committee (AEC, Melbourne, Australia) and experi-
ments were carried out at the University of Melbourne by experienced and appropriately trained
staff members. Throughout the study, mice were monitored daily and weighed at regular inter-
vals. At the termination of the study, mice were euthanized by intraperitoneal injection of
sodium pentobarbitone. Male BALB/c mice (sourced from Animal Resource Center, Canning
Vale, Western Australia; male mice were used in this study to eliminate any effect regarding the
estrous cycle, which may have an effect on viral exacerbations) received daily administrations of
either vehicle, Compound C (10 mg/kg) or dexamethasone (1 mg/kg) by oral gavage (days 1-8).
On days 2-5, mice were exposed to room air or cigarette smoke (3 x 45 minutes exposures per
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day). On day 6 of the study, mice were inoculated with 10*° pfu of influenza A via transnasal
administration. Naive mice or smoke control mice were not infected with flu, but instead
received diluent. On day 9, bronchoalveolar lavage was performed and the lung tissue was iso-
lated. Cytokines in the BAL fluid were determined using the BioPlex System (Bio-Rad Laborato-
ries, Inc., Irvine, CA, USA) as per the manufacturer’s instructions. Quantitation of infective
virus in the lungs of experimental mice was carried using an in vitro culture method. The right
lung lobe was weighed, homogenized in 1 ml of DMEM media and centrifuged (2000 rpm, 5
minutes, 4°C). The supernatant was added to cultures of MDCK canine kidney cells (ATCC)
seeded into 6-well plates, at 4 log dilutions. After an hour incubation at 37°C, the monolayers
were overlayed with a warm solution of agar/media to form a plug that covered the monolayer.
The cells were incubated at 37°C for two days and fixed for 24 hours in 2% paraformaldehyde.
The agar plugs were carefully removed, and the cell monolayers were stained with crystal violet
(0.5% w/v in methanol) and plaques were enumerated using a light box. Viral titer was expressed
as PFU/g of tissue.

Statistics

The data are presented as the mean values + SEM, unless otherwise noted. The statistical differ-
ence between data sets was determined by one-way analysis of variance (ANOVA) and either
the Tukey-Kramer pair-wise test or Bonferroni’s post-test was used to determine statistical dif-
ferences between groups (as noted in the Figure Legend). Statistical analysis was performed
using GraphPad Instat 3 software (GraphPad Software, San Diego, CA, USA). P values <0.05
were considered statistically significant.

Results
MAP3K19 is overexpressed in the lungs of COPD patients

In an effort to understand transcriptional changes that occur due to COPD, we initially com-
pared lung RNA samples from healthy individuals to samples obtained from COPD patients
and analyzed gene expression patterns by micro-array analysis. This study revealed that a
novel kinase, MAP3K19, was upregulated in the lungs of COPD patients. We confirmed these
initial findings by RT-qPCR analysis, which showed that MAP3K19 mRNA expression is 2.5-
7 fold greater in the lungs of COPD patients (Fig 1A). To determine if any region of the lung
had a greater expression of MAP3K19 in COPD patients, we assayed MAP3K19 mRNA
expression in the trachea, large airways and small airways from 3 patients. In two of the three
patients tested, the small airways showed the highest levels MAP3K19 expression, whereas the
trachea and large airways displayed significantly lower amounts (Fig 1B). However, in the
third patient (Patient 2 in Fig 1B), MAP3K19 expression was high in the trachea, significantly
higher in the large airways and lowest in the small airways, demonstrating patient-to-patient
variability. As macrophages are one of the main cell types that express MAP3K19 [28], we next
determined whether the gene is overexpressed in pulmonary macrophages of COPD patients.
Macrophages were purified from bronchoalveolar lavage of normal patients, healthy smokers
and Gold stage I & IT COPD patients, RNA was isolated and subjected to RT-qPCR analysis.
This analysis revealed that five of the six COPD patients examined had significantly higher lev-
els of MAP3K19 expression in BAL macrophages compared to non-diseased patients (Fig 1C),
consistent with the RT-qPCR results of whole lung.

To investigate this further, normal human lung and biopsies from COPD patients were
examined by IHC for MAP3K19 staining. As observed previously, MAP3K19 in normal
human lung was found in ciliated bronchial epithelial cells, alveolar and interstitial macro-
phages, some type II pneumocytes and neutrophils (Fig 2A) [28]. In contrast, most of the cells
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composing the thickened epithelial layer of the large airways from COPD patients expressed
MAP3K19, with the nuclear staining more intense than in the cytoplasm. Inflammatory cells,
such as macrophages and lymphocytes in the lamina propria, were also strongly positive for
MAP3K19 expression (Fig 2B, left and right panels). Finally, most of the cells composing the
submucosal glands from COPD patients were positive for MAP3K19 expression (Fig 2B, cen-
ter panel). Taken together, these results strongly suggest that COPD patients have elevated pul-
monary levels of MAP3K109.

MAP3K19 expression is induced by cell stress

MAP3K19 expression had previously been shown to be upregulated in rice plants subjected to
salt stress [29]. As COPD is thought to result from repeated insults to the lung primarily from
cigarette smoke, we investigated the ability of different cell stressors to induce MAP3K19 in
cells. Examining either primary CD14" peripheral blood monocytes or the pulmonary epithe-
lial cell lines Beas-2B and A549, we found increased expression of MAP3K19 mRNA in cells
cultured with 10% cigarette smoke extract (CSE), particularly in the epithelial cell lines (Fig 3B
and 3C). Further, osmotic stress in the form of 95 mM KCI or oxidative stress (1 mM H,0,)
strongly increased MAP3K19 transcription in all three cell types, while endoplasmic reticulum
(ER) stress induced by thapsigargin was not as potent. Similar results were also observed for
the THP-1 and U937 monocytic cell lines (dns). LPS had a negligible effect, whereas the TLR 3
ligand poly I:C caused a strong response in Beas-2B cells only. Interestingly, TGF-B1 treatment
also increased MAP3K19 levels in Beas-2B cells. Treating the cells with other cytokines, such
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Fig 3. MAP3K19 is induced by the environmental stressors cigarette smoke extract, osmotic stress and oxidative stress. Freshly isolated
CD14* peripheral blood monocytes, A549 and Beas-2B pulmonary epithelial cell lines were incubated with 10% cigarette smoke extract, 95 mM
KCI, 1 mM H,0,, 1 uM thapsigargin, 1 ng/ml TGF-B1, 1 ug/ml Poly I:C and 1 ug/ml LPS for 12 twelve hours. RNA was harvested, and the level of
MAP3K19 mRNA expression was measured by RT-gPCR. All samples were normalized to GAPDH, and the results are expressed as fold change
relative to the untreated (No Tx, denoted by the dotted line) sample. The RT-gPCR was run in duplicate, and the mean + SEM are shown. This
experiment was repeated two independent times and a representative experiment is shown. Similar results were obtained when either 3-actin or
18s ribosomal RNA genes were used as reference genes. Cell viability, as determined by an XTT assay, was not affected by the different noxious
stimuli over the course of the 12 hour experiment. THP-1 and U937 cells also yielded similar results to those shown for A549, Beas-2B and CD14”*
peripheral blood monocytes. Statistical significance was determined by ANOVA analysis followed by Tukey-Kramer pair-wise tests and P<0.05 was
considered significant.

doi:10.1371/journal.pone.0167169.9003
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as IFN-y, TNF-o or IL-4/IL-13 had a negligible effect on MAP3K19 gene expression levels
(S1 Fig). These results suggested that MAP3K19 is induced when cells experienced environ-
mental stress, and implicated this kinase in an evolutionarily conserved stress response
pathway.

Expression of MAP3K19 induced CXCL-8, CCL-7 and CCL-20
chemokine expression and activation of NF-kB

Although it was recently documented that MAP3K19 played a role in TGF-B-mediated
signal transduction [28], we searched for a more relevant function with respect to COPD
and cell stress. MAP3K19 was transfected into numerous cell types, such as THP-1 and
HEK293, and ELISA analysis of cell supernatants revealed that the transfected cells pro-
duced significant amounts of CXCL-8 (IL-8), CCL-7 (MCP-3) and CCL-20 (MIP-3a)
compared to empty vector transfected cells or cells transfected with a mutated kinase

dead construct, K1089R MAP3K19 (Fig 4A). This was a surprising but very relevant find-
ing, particularly as CXCL-8 is a powerful neutrophil chemoattractant linked to COPD
pathology [25, 26] and CCL-20 has been implicated in attracting dendritic cells to the epi-
thelium and adventitia of the small airways of COPD patients [36]. To further test whether
MAP3K19 was responsible for the chemokine production, MAP3K19 was co-transfected
with either non-sense siRNA or anti-MAP3K19 siRNA and as a read out CXCL-8 produc-
tion was measured. As shown in Fig 4B, co-transfection of the specific MAP3K19 siRNA
inhibited CXCL-8 production, whereas the non-sense siRNA had minimal effect. As H,O,
treatment induced MAP3K19 expression (Fig 3), we also noticed that H,0, treatment elic-
ited CXCL-8 production in both human HEK293 cells and murine NTH3T3 cells. We next
asked whether the induction of MAP3K19 in the H,O,-treated cells could be involved in
the pathway resulting in the production of either CXCL-8 in HEK293 cells or the mouse
homologue of CXCL-8, KC in NIH3TS3 cells, by transfecting the cells first with either non-
sense siRNA or anti-MAP3K19 siRNA. In both cell types examined, transfection of the
specific siRNA significantly reduced H,O,-induced chemokine levels, whereas the non-
sense siRNA had no effect (Fig 4C). As only one copy of MAP3K19 exists per genome

(G. Manning, pers. commun.), these findings demonstrated a critical role for this kinase
in coordinating stress stimuli with a pro-inflammatory response.

To understand the molecular basis of how MAP3K19 induces pro-inflammatory che-
mokines we examined the transcription factor NF-kB, because the promoter for CXCL-8
contains an NF-«B element that is required for activation in all cell types examined [37].
HEK293 or HeLa cells were co-transfected with either a MAP3K19 expression plasmid or
an empty vector together with a reporter construct containing an NF-xB binding element
linked to a luciferase gene. After 24 hours, the luciferase activity was determined, and this
analysis showed that MAP3K19 transfection resulted in NF-xB driven transcription and
this corresponded to CXCL-8 production (Fig 5). This was further examined by Western
analysis of nuclear lysates of MAP3K19 or K1089R MAP3K19 transfected HEK293 cells.
Transfection of only the kinase active MAP3K19 plasmid was able to promote the nuclear
translocation the phospho-(Ser536)-p65 NF-kB subunit and the p50 NF-xB subunit, but
the mock transfected or the K1089R kinase dead MAP3K19 transfected cells exhibited
only marginally increased levels of either NF-xB subunit (Fig 6). Consistent with the NF-
KB reporter experiments, serine 536 phosphorylation of p65 correlates with NF-kB tran-
scriptional activation [38]. In total, these data illustrated that MAP3K19 promoted NF-xB
activation, which resulted in transcriptional activation and the production of the pro-
inflammatory chemokines CXCL-8, CCL-20 and CCL-7.
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Fig 4. Transfection of HEK293 cells with MAP3K19 or treatment with H,O, induces production of CXCL-8, CCL-20 and CCL-7 viaa
MAP3K19-dependent mechanism. (A) HEK293 cells were transiently transfected with 5 pg of either MAP3K19, a kinase inactive version of
MAP3K19 containing a K1089R mutation, an empty vector or mock transfected. After 24 hours, the supernatants were assayed by ELISA for
CXCXL-8, CCL-7 and CCL-20. The results shown are the mean of triplicates + SEM. A representative experiment is shown, and the CXCL-8 was

repeated over 20 independent times, CCL-7 and CCL-20 experiments were repeated a minimum of three times. Similar results were observed with
Hela, A549, THP-1, U937 and NIH3T3 cells. (B) HEK293 cells were transfected with empty vector or 5 pg of MAP3K19 in the absence or presence
of 5 nM non-sense siRNA or MAP3K19 siRNA. The supernatants were assayed for CXCL-8 production by ELISA after 24 hours. A representative
of three independent experiments is shown, and the results depict the mean of triplicate samples + SEM. (C) HEK293 or NIH3T3 cells were
transfected with 5 nM of human or mouse anti-MAP3K19 siRNA or non-sense siRNA, or mock transfected. After 18 hours, the cells were treated
with 500 uM H,O, for an additional 24 hours. At that point, the supernatants were assayed for CXCL-8 production (HEK293 cells) or KC production
(NIH3T3 cells) by ELISA. The results of triplicate samples are shown as the mean + SEM. The statistical significance was determined by ANOVA
analysis followed by Tukey-Kramer pair-wise tests. Each arm of this experiment was repeated a minimum of two independent times, and a

representative experiment is shown.

doi:10.1371/journal.pone.0167169.9004

siRNA-mediated inhibition of MAP3K19 blocked cigarette smoke-
induced pulmonary inflammation

Because MAP3K19 is (1) overexpressed in COPD lungs, (2) expressed in pulmonary macro-
phages and bronchial epithelial cells, (3) induced by CSE and other environmental stressors,
and (4) drives the neutrophil chemoattractant CXCL-8 expression, we wanted to examine the
role of MAP3K19 in murine models of COPD. This was tested in an acute cigarette smoke
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Fig 5. MAP3K19 induces NF-kB-mediated transcription. HEK293 or HelLa cells were transiently transfected with either a MAP3K19 expression
plasmid or an empty vector plasmid and a plasmid containing an NF-kB binding element linked to a luciferase reporter gene. After 24 hours, the
cells were assayed for luciferase levels, indicative of NF-kB transcriptional activation. The amount of luciferase activity as measured by relative light
units (RLU) is shown + SEM, and representative experiments from a minimum of three independent experiments are shown.

doi:10.1371/journal.pone.0167169.9005

exposure model where mice were treated with intra-tracheally (i.t.) delivered siRNA. To
demonstrate that the siRNA was able to reach the lower airways, anti-MAP3K19 siRNA was
labeled with Cy3 dye and administered to mice intra-tracheally twice over a 24 hour period.
As observed by histological analysis, the i.t. administered siRNA was dispersed throughout
the lung lobe (S2 Fig) [39]. Next, mice were treated either intra-tracheally with phospho-
buffered saline (PBS, siRNA vehicle), non-sense siRNA or MAP3K19 siRNA, or an orally
delivered CXCR-2 antagonist compound SB265610, as a positive control, on days 1, 2 and 3,
and subjected to cigarette smoke on days 1 and 2. Western analysis of the lung tissue
showed that MAP3K19 siRNA effectively reduced protein levels of the kinase (S3 Fig). Anal-
ysis of the bronchoalveolar lavage fluid showed that the smoke treatment increased the
number of neutrophils approximately 15-fold and treatment with non-sense siRNA had a
negligible effect (Fig 7A). However, anti-MAP3K19 siRNA significantly reduced the pulmo-
nary neutrophilia to an even greater extent than the anti-CXCR-2 control compound.
ELISA analysis of the BAL fluid for KC levels showed that only the anti-MAP3K19 siRNA
significantly reduced the chemoattractant levels, as the CXCR-2 inhibitor had no effect, as
expected (Fig 7B). This reduction of KC chemokine levels is consistent with the decrease in
neutrophils observed.

To expand these observations even further, mice were subjected to a subchronic ciga-
rette smoke exposure protocol, in which they were exposed to cigarette smoke for 10 ses-
sions over a fourteen day period. They were treated with either PBS, non-sense siRNA or
MAP3K19 siRNA delivered intra-tracheally from day 6-14, in a therapeutic treatment dos-
ing regimen. As shown in Fig 7C, treatment with MAP3K19 siRNA decreased the amount
of pulmonary neutrophils in the BAL fluid by approximately 65%, the roughly the same
amount as observed in the acute model. Additionally, we noticed a concomitant decrease
in the KC levels in the BAL fluid that mirrored the effect on pulmonary neutrophils (Fig
7D). Collectively, these siRNA studies were the first evidence in an animal model that inhi-
bition of MAP3K19 could provide therapeutic benefit to cigarette smoke induced
inflammation.
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Fig 6. MAP3K19 promotes the nuclear translocation of NF-kB (phospho-p65/p50) in transfected HEK293 cells. HEK293 were transfected
with a MAP3K19 expression plasmid, a plasmid encoding a kinase inactive version of MAP3K19 due to a K1089R mutation, or an empty vector
plasmid (mock transfection), and after 24 hours nuclear extracts were isolated. Nuclear lysates were examined for phospho-NF-kB p65 (serine 536)
and NF-kB p50 subunit levels, and the blots were re-probed with HDAC-1 to show equal loading. Densitometry was performed comparing phospho-
p65/HDAC-1 levels or p50/HDAC-1 levels. This experiment was repeated three independent times and a representative experiment is shown.

doi:10.1371/journal.pone.0167169.g006

Inhibition of MAP3K19 attenuated pulmonary inflammation and airway
tissue destruction in murine models of COPD

We have identified several novel, small molecule inhibitors of MAP3K19 kinase activity that
are orally active, selective and have a range of potencies. We first tested three of these inhibi-
tors, Compounds A, B and C (dosed at 10 mg/kg, p.o.) in an acute cigarette smoke model of
COPD. Differential cell counts of the bronchoalveolar lavage fluid from animals treated with
air revealed that 1.54% of the cells recovered in the BAL fluid were neutrophils, with macro-
phages being the predominant cell type recovered and a small number of lymphocytes present.
In contrast, cigarette smoke exposed animals had 25% neutrophils in the BAL. When smoke-
exposed animals were treated, Compound A treated mice showed a 37.6% decrease in BAL
neutrophils (Compound A, 15.6% BAL neutrophils), Compound B had a 51% decrease (12.3%
neutrophils in BAL) and Compound C demonstrated a 60% decrease in BAL neutrophils
(10.2% neutrophils in BAL) (Fig 8A). Analysis of KC levels in the BAL fluid showed a
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Fig 7. MAP3K19 siRNA inhibits cigarette smoke-induced pulmonary inflammation. The acute model of cigarette smoke exposure subjected
mice to cigarette smoke (7 cigarettes over a 1.75 hour period) on days 1 & 2, and dosed with either PBS, non-sense siRNA (100 pg in 50 pl
volume), MAP3K19 siRNA or the CXCR-2 antagonist SB 265610 (10 mg/kg, p.o.) on days 1, 2 & 3 (n = 5 mice per treatment group). The
inflammatory response was quantitated by performing bronchoalveolar lavage on day 4, counting the total number cells in the BAL, and
enumerating the different cell types by morphological features. (A) MAP3K19 siRNA reduced the neutrophil influx compared to vehicle or non-
sense siRNA treated mice. (B) ELISA analysis of the BAL fluid showed a significant decrease in KC, the murine homologue of CXCL-8, in
MAP3K19 siRNA treated animals. This experiment was repeated three times and the average of 2 representative experiments is shown. (C & D)
Mice treated with MAP3K19 siRNA had decreased pulmonary inflammation in a subchronic cigarette smoke exposure model. Mice (5 per cohort)
were exposed to cigarette smoke on days 1, 2, 5-9, and 12—14, and dosed with PBS, non-sense siRNA or MAP3K19 siRNA on days 6-14. The
mice were examined for pulmonary inflammation of day 15, and the percent of neutrophils in the BAL fluid was calculated (C), and the BAL fluid KC
levels were determined by ELISA. This experiment was repeated two independent times with similar results, and a representative experiment is
shown. In both experiments, the numbers shown are the mean + SEM. Statistical differences between groups was determined by ANOVA analysis
followed by the Tukey-Kramer pair-wise tests, and P<0.05 was considered significant. In both the acute and subchronic experiments, a cohort of
mice were exposed to air instead of cigarette smoke, and treated with PBS deliveredi.t., as a control.

doi:10.1371/journal.pone.0167169.g007

significant reduction in all cohorts treated with compounds compared to vehicle treated ani-
mals, particularly with the Compound B and C treated groups (Fig 8B), and this correlated
with the neutrophil influx into the lung. (A table showing all the cell numbers examined in the
BAL fluid is displayed in S5 Table). Histological examination of lung sections showed
markedly reduced inflammation in the compound treated lung sections when compared to the
smoke and vehicle treated mice (dns). Dose response analysis of Compound C (administered
10, 1, and 0.1 mg/kg) showed a dose-dependent decrease in BAL neutrophils and KC levels

PLOS ONE | DOI:10.1371/journal.pone.0167169 December 9, 2016 15/26



o @
@ : PLOS | ONE MAP3K19 Is a Central Mediator of Cigarette Smoke-Induced Pulmonary Inflammation

A B

P<0.01
M |
P<0.001 P<0.05
D 309 T 1T | 600- PI<0.0(31l lP<0.0|01 '
"8:- L E 5004 T
5 2 2 4004
[ O 300
z = X
- 101 1 200+
<
5 @ 100
s

Air + Veh-
CS + Veh+
CS + Compound A
CS + Compound B+
CS + Compound C
CS + Veh+
CS + Compound A
+ Compound B4

cs

o
®
Air + VehI
2 CS + Compound C-|

D E P<0.05
P<0.01

I
r ) P<0.001 _ P<0.01
® 5. P<0.001 _P<0.05 iy | e '
— e B — 1 - T
£ 3 g 1504
o v S
O 2. g 1254
:15; 20- o 1001
Z 15‘ T ! 75‘ =
= 101 = 501
< <
m 54 m 254 i
- o"ﬁ T T 0- ) v
° § § © o o s s ¢ ¢ ©°
> > ° o o > > o o o
* + =% o o + + = = Q
= 12 £ £ £ = ) £ £ =
< o o O o < o o o o
- - =} ] = e
o + .= (=} + R
+ » ;‘, v 3 17)
8 o 3 8 (6] o

Fig 8. Small molecule inhibitors of MAP3K19 attenuate cigarette smoke-mediated pulmonary inflammation in an acute model of COPD.
Mice were dosed with vehicle or Compound A, B or C (10 mg/kg, p.o.) daily on days 1-3, and exposed to cigarette smoke on days 1 & 2 (n =5 mice
per treatment group). Inflammation was measured on day 4. (A) Inhibition of MAP3K19 reduced BAL neutrophils. (B) MAP3K19 inhibitors reduced
KC levels in the BAL fluid. (C) Dose response analysis of Compound C. Mice were treated in the acute model of cigarette smoke-induced
pulmonary inflammation with either 10, 1 or 0.1 mg/kg Compound C delivered orally on days 1-3. Results show a dose related decrease in
pulmonary neutrophils and KC levels. This experiment was repeated over 20 times with multiple small molecule inhibitors of MAP3K19 with similar
results, and at least 3 times with the compounds shown here. Results from a representative experiment are shown. The results shown are the
mean of each cohort + SEM, and significant differences between groups was determined by ANOVA analysis followed by the Tukey-Kramer pair-
wise tests.

doi:10.1371/journal.pone.0167169.g008

(Fig 8C and 8D) in the acute cigarette smoke model. Finally, we investigated whether there
was a difference in the pulmonary inflammation caused by the research cigarettes versus a
commercially available brand. These results demonstrated that the amount of neutrophils in
the BAL was very similar (research cigarette -21.8%, 3.5 x 10* neutrophils; commercial ciga-
rette— 23.2%, 3.0 x 10* neutrophils) and the ability for Compound C to impact the pulmonary
neutrophilia was also comparable (research cigarette + Compound C- 11.2%, 1.2 x 10* neutro-
phils; commercial cigarette + Compound C- 11.7%, 1.5 x 10* cells) (S4 Fig).
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Fig 9. Airway tissue destruction induced by chronic cigarette smoke exposure is blocked by MAP3K19 inhibitors administered in a
therapeutic dosing regimen. Mice were exposed to cigarette smoke or air 5 days per week from days 1-156, and dosed with either vehicle,
Compound D or E (10 mg/kg, p.o.), or dexamethasone (1 mg/kg, i.p.) daily from days 78—156 in a therapeutic dosing model (5 mice per group). At
the termination of the study, the mice were weighed, serum was obtained and the lungs were isolated and gently fixed in phosphate buffered
formalin to carefully preserve the lung structure, prior to histology. Panel (A) shows the final weight of each animal, (B) shows the level of
prostaglandin F2a in the serum samples, and (C) shows the mean linear intercept analysis, which is an indicator of mean alveolar diameter. The
mean linear intercept values, or L, values, were expressed in microns (um) (mean of 20 non-overlapping sections of lung parenchyma per animal
were measured, results are expressed as the mean + SEM, as detailed in the Materials & Methods). The greater the L, value is an indication of
greater alveolar space and correlates with airspace destruction, and is consistent with emphysematous changes. This can be observed on the
histological analysis in Fig 10.

doi:10.1371/journal.pone.0167169.g009

Having demonstrated that inhibition of MAP3K19 can impact the inflammation observed
in a four day acute cigarette smoke model, we next wanted to assess whether we could impact
the parenchymal changes in the lung following a five month chronic model of COPD with
therapeutic dosing of the animals. Animals received cigarette smoke for 5 days per week for
eleven weeks, and starting on day 78, the mice were randomized into 4 cohorts and treated
daily with (1) vehicle, (2) Compound D, (3) Compound E, or (4) dexamethasone. A fifth
cohort received air and vehicle. On day 156, the mice were sacrificed and the lungs harvested
en bloc. The animals exposed to cigarette smoke all had decreased body weights compared to
the air exposed mice, however the weight loss was less marked in the MAP3K19 inhibitor
treated mice, particularly those treated with the more potent Compound D (Fig 9A). Addition-
ally, all the smoke treated mice had elevated serum levels of 8-oxo prostaglandin F2c, which is
a marker of oxidative stress-induced lipid peroxidation caused by chronic cigarette smoke
exposure (Fig 9B). Lung histological sections, stained with CD45/B220 showed the presence of
lymphoid follicles in all cigarette smoke exposed cohorts, but not in air treated animals (S5
and S6 Figs). Lymphoid follicles, consisting of predominantly B lymphocytes, have been char-
acterized in the lungs of patients with severe COPD [40, 41], and independently demonstrated
that the chronic cigarette smoke exposure had a profound effect on the mice. Further examina-
tion of histological sections revealed airspace enlargement, as measured by mean linear inter-
cept analysis, was greatest in the CS + vehicle and dexamethasone treated mice compared to
the MAP3K19 inhibitor treated or air treated mice (Figs 9C and 10, S7 Fig). These results were
consistent with findings in human COPD patients in that glucocorticoid therapy does not
block the development of emphysema [13]. The lung structural alterations, consistent with the
development of emphysematous changes, were significantly ameliorated in mice receiving
Compound D, where the mean linear intercept value, an indicator of mean alveolar diameter,
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Fig 10. Histological analysis shows that cigarette smoke-induced airspace enlargement is abrogated by MAP3K19 inhibitors. Lung sections from
mice that underwent the chronic cigarette smoke exposure model were stained with a rabbit polyclonal anti-MAP3K19 antibody, RabK19, which is shown in
brown. No statistical difference was observed in the MAP3K19 staining between the different cohorts. In the animals exposed to cigarette smoke, lymphoid
follicles are clearly visible, and most of the cells composing the follicles express MAP3K19. The sections were counterstained with hematoxylin.

doi:10.1371/journal.pone.0167169.9010

was similar to the air + vehicle treated mice (Fig 9C). Similar results were observed measuring
the number of alveolar spaces per mm? (S7 Fig). Together with the increased body weight,
these results show that inhibition of MAP3K19 by a small molecule inhibitor via therapeutic
dosing regimen can provide clear clinical benefit over a twenty-two week period of chronic
cigarette smoke exposure.

Blockade of MAP3K19 activity reduced inflammation and viral load in an
acute viral exacerbation model of COPD

Respiratory viral infections are a common and dangerous co-morbidity of COPD [14, 15]. We
assessed the effect of MAP3K19 inhibition on various parameters in a murine model of influ-
enza infection following cigarette smoke exposure. Similar to the results observed with the
acute cigarette smoke model, mice that received only cigarette smoke had an increase in BAL
neutrophils. However, the amount of neutrophils increased almost 3.5 fold upon infection
with influenza virus (Fig 11A). Significantly, mice treated with either Compound C or dexa-
methasone had an approximate 32% decrease in the amount of BAL neutrophils. An examina-
tion of the viral titer showed that Compound C caused a 56.8% decrease in the viral titer,
which was more effective than dexamethasone treatment (38.8% decrease) (Fig 11B). This was
particularly surprising when considered in light of the decreased pulmonary neutrophils in
Compound C treated animals. Furthermore, there was not a significant difference in the num-
ber of BAL macrophages in the smoke + flu animals treated with vehicle, Compound C or
dexamethasone (dns). An examination of cytokines in the BAL fluid revealed that Compound
C treatment caused significant decreases in the amount of IL-1¢., IL-1f, IL-6 and RANTES,
and in all cases except RANTES, Compound C treatment resulted in a greater decrease than
dexamethasone (Fig 12). Collectively, these results demonstrate that MAP3K19 inhibition can
effectively block many of the inflammatory processes involved in the pathogenesis of COPD,
including those associated with a viral exacerbation.
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Fig 11. MAP3K19 inhibition blocks pulmonary neutrophilia and reduces viral load in an acute viral exacerbation model of COPD. Mice
were orally dosed with either vehicle, dexamethasone (1 mg/kg), Compound C (10 mg/kg) on days 1-8 of the study. The mice were exposed to
cigarette smoke (3 x 45 minute exposures per day) on days 2-5, and inoculated with 10*® pfu of influenza A virus via transnasal administration on
day 6. On day 9, bronchoalveolar lavage was performed and the total number of neutrophils in the BAL fluid was enumerated (A). The lung tissue
was isolated and the amount of infective virus in the lungs was quantitated (B). The viral titer was expressed as PFU/g of lung tissue. The number of
mice in each cohort was as follows: (1) control mice, treated with sham + diluent + vehicle (n = 5); (2) smoke control mice received smoke + diluent
+ vehicle (n = 5); (3) flu control mice were treated with sham + flu + vehicle (n = 5); (4) smoke + flu + vehicle (n = 8); (5) smoke + flu + Compound C
(n = 8); and (6) smoke + flu + dexamethasone (n = 8). ND—not detected. Statistically significant differences between groups was determined by
ANOVA analysis followed by Boniferroni’s post-test as detailed in the Materials and Methods.

doi:10.1371/journal.pone.0167169.9011

Discussion

Our results of a limited patient population demonstrated by either RNA expression analysis or
histological examination that MAP3K19 RNA levels or protein levels appeared to be overex-
pressed in COPD patients versus healthy patients. Although we are in the process of expanding
these findings in a larger patient population, these results are quite striking and consistent
with an important role of MAP3K19 in the pathogenesis of COPD.

MAP3K19 is an evolutionarily conserved kinase with homologues found in all multi-cellu-
lar animals and some protist species (G. Manning, pers. commun.). Our results here, coupled
with the observation of Schmid et al. [29] that show MAP3K19 is upregulated in rice plants
subjected to salt stress, suggest that this kinase is part of an evolutionarily conserved pathway
involved in the cellular response to environmental stress. The predominant cell types express-
ing MAP3K19 in human and mouse lung and trachea include bronchial epithelial cells and
macrophages, and these cell types are among the first sites of contact for environmental stimuli
with airway tissue. Both of these cell types express numerous innate immune receptors geared
toward recognizing and responding to microorganisms [42, 43]. However, the respiratory tis-
sue is also subjected to environmental stressors, such as oxidative stress from both exogenous
sources (eg. cigarette smoke, air pollution, ozone) and endogenous sources (eg. activated
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Fig 12. Inhibition of MAP3K19 decreases pro-inflammatory cytokines in the BAL fluid of mice subjected to an acute viral exacerbation
model of COPD. Mice were treated in the viral exacerbation model and on day 9 underwent bronchoalveolar lavage. The lavage fluid was assayed
for the cytokines IL-1a, IL-1, IL-6 and RANTES. Each sample from each mouse was examined in triplicate. The mean + SEM is shown. ND-not
detected. Differences between groups were determined to be significant by ANOVA analysis followed by Boniferroni’s post-test.

doi:10.1371/journal.pone.0167169.g012

neutrophils, macrophages, eosinophils and epithelial cells) [44]. This type of stress not only
leads to MAP3K19 upregulation (Fig 3), but also to MAP3K19-dependent NF-«B activation
and pro-inflammatory chemokine production (Figs 4, 5 and 6). These observations suggest
that MAP3K19 may be a key molecule in a conserved pathway governing pulmonary inflam-
mation in response to various noxious stimuli in the lung.
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In multiple murine models, we have demonstrated that the exposure of mice to cigarette
smoke leads to the main neutrophil chemoattractant being produced in the lung, KC, and a
concomitant increase in neutrophil recruitment [25, 26]. Using both siRNA and specific, orally
bioavailable small molecule inhibitors of MAP3K19, we demonstrated that inhibition of
MAP3K19 kinase activity resulted in decreased pulmonary neutrophilia and KC production
(Figs 7 and 8). These decreases in pro-inflammatory mediators and cell types are thought to
have a direct effect on obstructing the pathological process leading to airway tissue destruction
that occurs in the lung parenchyma upon prolonged exposure to cigarette smoke (Figs 9 and
10). Additionally, increased TGF-B1 has been found in COPD patients, and some patients
have been shown to have dysregulated TGF-f signaling [45, 46]. Furthermore, it has been
reported that angiotensin receptor blockade abrogates cigarette smoke-induced lung injury by
antagonism of TGF- signaling [47]. It has already been shown that MAP3K19 can regulate
TGF-P signaling and induced gene transcription by governing the nuclear translocation of the
activated phospho-Smads [28]. This represents another possible avenue by which inhibition of
MAP3K19 inhibition is acting to attenuate cigarette smoke-induced lung injury.

Another interesting observation is that mice treated with the MAP3K19 inhibitor also had
significantly decreased viral load in the cigarette smoke viral exacerbation model (Fig 11B).
This was surprising as the MAP3K19 inhibitor reduced the number of neutrophils in the lung
and there was no effect on the amount of macrophages compared to the other smoke and flu
treated cohorts (Fig 11A). Our preliminary results have demonstrated that inhibition of
MAP3K19 had no effect on the respiratory burst or phagocytosis of macrophages (data not
shown). However, recent results may help explain this finding, in which it was shown that
decreased TGF-p levels following respiratory viral infection allow IFN-p levels to rise quickly,
which leads to a decrease in virus production [48, C. Lloyd, pers. commun.]. It is plausible that
MAP3K19 inhibition, which results in decreased TGF-J signaling, released the TGF-B-medi-
ated constraint on IFN-B production. This could allow for more immediate and robust IFN-8
production and a subsequent decrease in viral load. This hypothesis is currently being tested.

In conclusion, our data provide evidence that MAP3K19 acts as a molecular sensor of envi-
ronmental stress, orchestrating a response coordinating the NF-xB pro-inflammatory pathway
leading to chemokine secretion and neutrophil recruitment and the TGF-B pathway that
impacts tissue remodeling and airspace enlargement. The restricted expression pattern and
pathways the kinase plays a critical role in regulating, strongly suggest that inhibition of
MAP3K19 may provide a multipronged therapeutic approach for the treatment of COPD.

Supporting Information

S1 Fig. The cytokines IFN-y, TNF-a and IL-4 / IL-13 do not cause an upregulation of
MAP3K19 expression in A549 cells. A549 cells were cultured with either IFN-y, TNF-a. or
IL4 / IL-13 for 12 hours, and the RNA was assayed by RT-qPCR for expression of MAP3K19
and normalized to GAPDH. Untreated (No Tx) cells were arbitrarily assigned a value of one,
and the MAP3K19 levels in all other samples were compared to that. Similar results were
observed with Beas-2B and THP-1 cells.

(TTF)

S2 Fig. siRNA delivered intra-tracheally was able to reach the lower airways of the lung.
BALB/c mice received two intra-tracheal doses of either PBS or Cy3-labeled MAP3K19 siRNA
(100 pg siRNA in 50 ul volume) 24 hours apart. One hour after the second dose, the mice were
sacrificed, and the lungs were sectioned, counterstained with DAPI and visualized. The
Cy3-labeled siRNA is visualized in gold staining.

(TTF)
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S3 Fig. MAP3K19 siRNA can knock down the pulmonary protein levels following intra-
tracheal administration. Nuclear protein from lungs of siRNA treated mice in one of the
experiments shown in Fig 7A & 7B was examined for MAP3K19 expression by Western analy-
sis. The top panel shows the Western results for MAP3K19 expression and HDAC-1 as a load-
ing control. The lower panel shows the results of densitometry. There is statistically significant
increase in MAP3K19 expression in animals receiving cigarette smoke in the acute smoking
model, most likely due to the influx of MAP3K19 expressing neutrophils and macrophages
into the lung. Treatment with MAP3K19 siRNA results in a significant decrease in MAP3K19
expression compared to non-sense siRNA treated animals.

(TIF)

S4 Fig. Research cigarettes and commercially available cigarettes show a similar amount of
pulmonary neutrophilia, and inhibition by Compound C. Mice were treated in the acute
cigarette smoke model using either research cigarettes (University of Kentucky) or a commer-
cially available brand and treated with Compound C (10 mg/kg, p.o.).

(TIF)

S§5 Fig. Chronic cigarette smoke exposure caused the formation of lymphoid follicles. Lung
sections from air treated and the different cigarette smoke treated cohorts were stained with
the B lymphocyte marker CD45/B220. This analysis showed that all cohorts exposed to ciga-
rette smoke over the five month period, but not air, developed lymphoid follicles in the lung
parenchyma, a hallmark also observed in severe COPD patients. S5 Fig shows the lung histol-
ogy from two mice in each of the following cohorts: (1) Air exposed + Vehicle treated, (2) CS
(cigarette smoke) exposed + Vehicle treated and (3) CS (cigarette smoke) exposed + Dexameth-
asone treated.

(TIF)

S6 Fig. Chronic cigarette smoke exposure caused the formation of lymphoid follicles. Lung
sections from air treated and the different cigarette smoke treated cohorts were stained with
the B lymphocyte marker CD45/B220. This analysis showed that all cohorts exposed to ciga-
rette smoke over the five month period, but not air, developed lymphoid follicles in the lung
parenchyma, a hallmark also observed in severe COPD patients. S6 Fig shows the lung histol-
ogy from two mice in each of the following cohorts: (1) CS (cigarette smoke) exposed + Com-
pound D treated and (2) CS (cigarette smoke) exposed + Compound E treated.

(TIF)

S7 Fig. MAP3K19 inhibitors attenuate emphysematous changes in a chronic model of ciga-
rette smoke exposure as measured by the number of alveolar spaces per mm”. This digitized
analysis was previously shown to be directly comparable to the mean linear intercept analysis
(Fig 9C), and quantitated the amount of airspace enlargement due to destruction of the lung
parenchyma by cigarette smoke exposure. The greater number of alveolar spaces / mm” is
inversely correlated with airspace enlargement while the lower number of alveolar airspaces /
mm? correlated with airspace destruction, consistent with emphysematous changes. This can
be observed on the histological analysis in Fig 10.

(TIF)

S1 Table. Patient demographics from patients in Fig 1A.
(TIF)

S2 Table. Patient demographics from patients in Fig 1B.
(TIF)
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S3 Table. Patient demographics from patients in Fig 1C.
(TIF)

$4 Table. Patient demographics from patients in Fig 2.
(TIF)

S5 Table. Cell counts showing a decrease in BAL neutrophil numbers and KC levels in
Compound A, B and C treated mice. The raw cell numbers extrapolated for the graphs
shown in Fig 8A and 8B.

(TIF)

Acknowledgments

We would like to acknowledge the original contributions to the cloning of MAP3K19 by Drs.
S. Watanabe, S. Kondo and J. Encinas (WO 2005/001083 A1l). We also thank Dr. Gerrard
Manning at the Salk Institute (presently at Genentech Inc.), Jon Athanacio for technical exper-
tise, Drs. Gary Anderson and Andrew Lilja at University of Melbourne, Karen Stebbins and
Dr. Dan Lorrain for help with the smoking model, and Pinyi Du at the Genomics and
Sequencing Core, UCSD for their outstanding contributions. We would also like to thank Drs.
Ruth McLaughlin, Emma Moss and Karen Bingham at Biopta for access to COPD lung tissue,
Dr. Claire Weston, Casey Laris and Jeff Hodson at Reveal Biosciences for their histology and
imaging work and Dr. Clifton Drew for interpreting the clinical pathology. We would also like
to thank Dr. Cesare Saltini (University of Rome and University of Florida) for his help in
obtaining patient samples and many insightful discussions. This work was performed with the
support of the Genomics and Sequencing Core at the UC San Diego Center for AIDS Research
(P30 AI036214), the VA San Diego Healthcare System, and the Veterans Medical Research
Foundation.

Author Contributions
Conceptualization: SAB KBB.

Data curation: SAB.

Formal analysis: SAB JL DDT KFB.
Funding acquisition: KBB.
Investigation: SAB KBB KFB JL DDT.
Methodology: SAB KBB JL DDT KFB.
Project administration: SAB KBB.
Resources: SAB TWL JL KFB.
Supervision: SAB KBB.

Validation: SAB KBB JL DDT KFB.
Visualization: SAB.

Writing - original draft: SAB.
Writing - review & editing: SAB KBB.

PLOS ONE | DOI:10.1371/journal.pone.0167169 December 9, 2016 23/26


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167169.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167169.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167169.s012

@° PLOS | ONE

MAP3K19 Is a Central Mediator of Cigarette Smoke-Induced Pulmonary Inflammation

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Tashkin DP, Murray RP. Smoking cessation in chronic obstructive pulmonary disease. Respir Med.
2009; 103: 963-974. doi: 10.1016/j.rmed.2009.02.013 PMID: 19285850

Murray CJ, Lopez AD. Alternative projections of mortality and disability by cause 1990-2020: Global
Burden of Disease Study. Lancet. 1997; 349: 1498—1504. doi: 10.1016/S0140-6736(96)07492-2
PMID: 9167458

Lozano R, Naghavi M, Foreman K, Lim S, Shibuya K, Aboyans V, et al. Global and regional mortality
from 235 causes of death for 20 age groups in 1990 and 2010: a systematic analysis for the Global Bur-
den of Disease Study. Lancet. 2012; 380: 2095-2128. doi: 10.1016/S0140-6736(12)61728-0 PMID:
23245604

Barnes PJ. Chronic obstructive pulmonary disease. N Eng J Med. 2000; 343: 269-280.

Barnes PJ, Burney PG, Silverman EK, Celli BR, Vestbo J, et al. Chronic obstructive pulmonary disease.
Nat Rev Dis Primers. 2015; 1:15076—15084. doi: 10.1038/nrdp.2015.76 PMID: 27189863

Angelis N, Porpodis K, Zarogoulidis P, Spyratos D, Kioumis I, Papaiwannou A, et al. Airway inflamma-
tion in chronic obstructive pulmonary disease. J Thorac Dis. 2014; 6: S167-S172. doi: 10.3978/j.issn.
2072-1439.2014.03.07 PMID: 24672691

Barnes PJ. Cellular and molecular mechanisms of chronic obstructive pulmonary disease. Clin. Chest
Med. 2014; 35: 71-86. doi: 10.1016/j.ccm.2013.10.004 PMID: 24507838

Cosio MG, Saetta M, Agusti A. Immunologic aspects of chronic obstructive pulmonary disease. N Eng J
Med. 2009; 360: 2445-2454.

Brusselle GG, Joos GF, Bracke KR. Immunology of asthma and chronic obstructive pulmonary disease.
2011; 378: 1015-1026.

McDonough JE, Yuan R, Suzuki M, Seyednejad N. Elliot WM, Sanchez PG, et al. Small-airway obstruc-
tion and emphysema in chronic obstructive pulmonary disease. N Eng J Med. 2011; 365: 1567-1575.

Shaykhiev R, Crystal RG. Early events in the pathogenesis of chronic obstructive pulmonary disease.
Smoking-induced reprogramming of airway epithelial basal progenitor cells. Ann Am Thor Soc. 2014;
11: S252-S258.

Sohal SS, Ward C, Danial W, Wood-Baker R, Walters EH. Recent advances in understanding inflam-
mation and remodeling in the airways in chronic obstructive pulmonary disease. Expert Rev Respir
Med. 2013; 7: 275-288. doi: 10.1586/ers.13.26 PMID: 23734649

Sethi S, Mahler DA, Marcus P, Owen CA, Yawn B, Rennard S. Inflammation in COPD: implications for
management. Am J Med. 2012; 125: 1162—-1170. doi: 10.1016/j.amjmed.2012.06.024 PMID:
23164484

Hurst JR, Wedzicha JA. Management and prevention of chronic obstructive pulmonary disease exacer-
bations: a state of the art review. BMC Med. 2009; 7: 40-46. doi: 10.1186/1741-7015-7-40 PMID:
19664218

Mackay AJ, Hurst JR. COPD exacerbations: causes, prevention and treatment. Imm Allergy Clin N Am.
2013; 33:95-115.

Delzell JE. Chronic lung conditions: chronic obstructive pulmonary disease. FP Essent. 2013; 409: 23—
31.

van der Vaart H, Postma DS, Timens W, Hylkema MN, Willemse BW, Boezen HM, et al. Acute effects
of cigarette smoking on inflammation in healthy intermittent smokers. Respir Res. 2005; 6: 22—-33. doi:
10.1186/1465-9921-6-22 PMID: 15740629

Patel RR, Ryu JH, Vassallo R. Cigarette smoking and diffuse lung disease. Drugs. 2008; 68: 1511—
1527. PMID: 18627208

Bernardo I, Bozinovski S, Vlahos R. Targeting oxidant-dependent mechanisms for the treatment of
COPD and its comorbidities. Pharm Thera. 2015; 155: 60-79.

Ellisen LW. Smoking and emphysema: the stress connection. Nat Med. 2010; 16: 754—755. doi: 10.
1038/nm0710-754 PMID: 20613751

Sundar IK, Yao H, Rahman |. Oxidative stress and chromatin remodeling in chronic obstructive pulmo-
nary disease and smoking-related diseases. Antioxid Redox Signal. 2013; 18: 1956—1971. doi: 10.
1089/ars.2012.4863 PMID: 22978694

Kirkham PA, Barnes PJ. Oxidative stress in COPD. Chest. 2013; 144:266-273. doi: 10.1378/chest.12-
2664 PMID: 23880677

Grootendorst DC, Gauw SA, Verhoosel RM, Sterk PJ, Hospers JJ, Bredenbroker D, et al. Reduction in
sputum neutrophil and eosinophil numbers by the PDE4 inhibitor roflumilast in patients with COPD.
Thorax. 2007; 62: 1081—1087. doi: 10.1136/thx.2006.075937 PMID: 17573446

PLOS ONE | DOI:10.1371/journal.pone.0167169 December 9, 2016 24/26


http://dx.doi.org/10.1016/j.rmed.2009.02.013
http://www.ncbi.nlm.nih.gov/pubmed/19285850
http://dx.doi.org/10.1016/S0140-6736(96)07492-2
http://www.ncbi.nlm.nih.gov/pubmed/9167458
http://dx.doi.org/10.1016/S0140-6736(12)61728-0
http://www.ncbi.nlm.nih.gov/pubmed/23245604
http://dx.doi.org/10.1038/nrdp.2015.76
http://www.ncbi.nlm.nih.gov/pubmed/27189863
http://dx.doi.org/10.3978/j.issn.2072-1439.2014.03.07
http://dx.doi.org/10.3978/j.issn.2072-1439.2014.03.07
http://www.ncbi.nlm.nih.gov/pubmed/24672691
http://dx.doi.org/10.1016/j.ccm.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24507838
http://dx.doi.org/10.1586/ers.13.26
http://www.ncbi.nlm.nih.gov/pubmed/23734649
http://dx.doi.org/10.1016/j.amjmed.2012.06.024
http://www.ncbi.nlm.nih.gov/pubmed/23164484
http://dx.doi.org/10.1186/1741-7015-7-40
http://www.ncbi.nlm.nih.gov/pubmed/19664218
http://dx.doi.org/10.1186/1465-9921-6-22
http://www.ncbi.nlm.nih.gov/pubmed/15740629
http://www.ncbi.nlm.nih.gov/pubmed/18627208
http://dx.doi.org/10.1038/nm0710-754
http://dx.doi.org/10.1038/nm0710-754
http://www.ncbi.nlm.nih.gov/pubmed/20613751
http://dx.doi.org/10.1089/ars.2012.4863
http://dx.doi.org/10.1089/ars.2012.4863
http://www.ncbi.nlm.nih.gov/pubmed/22978694
http://dx.doi.org/10.1378/chest.12-2664
http://dx.doi.org/10.1378/chest.12-2664
http://www.ncbi.nlm.nih.gov/pubmed/23880677
http://dx.doi.org/10.1136/thx.2006.075937
http://www.ncbi.nlm.nih.gov/pubmed/17573446

@° PLOS | ONE

MAP3K19 Is a Central Mediator of Cigarette Smoke-Induced Pulmonary Inflammation

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

Heijink IH, Pouwels SD, Leijendekker C, de Bruin HG, Zilstra GJ, van der Vaart H, et al. Cigarette
smoke-induced damage-associated molecular pattern release from necrotic neutrophils triggers proin-
flammatory mediator release. Am J Respir Cell Mol Biol. 2015; 52: 554-562. doi: 10.1165/rcmb.2013-
05050C PMID: 25192219

Kunkel SL, Standiford T, Kasahara K, Strieter RM. Interleukin-8: the major neutrophil chemotactic factor
in the lung. Exp Lung Res. 1991; 17: 17-23. PMID: 2013270

Masubuchi T, Koyama S, Sato E, Takamizawa A, Kubo K, Sekiguchi M, et al. Smoke extract stimulates
lung epithelial cells to release neutrophil and monocyte chemotactic activity. Am J Pathol. 1998; 153:
1903-1912. doi: 10.1016/S0002-9440(10)65704-5 PMID: 9846980

Barnes PJ. Neutrophils find smoke attractive. Science. 2010; 330: 40-41. doi: 10.1126/science.
1196017 PMID: 20929796

Boehme SA, Franz-Bacon K, DiTirro DN, Ly TW, Bacon KB. MAP3K19 is a novel regulator of TGF-8
signaling that impacts bleomycin-induced lung injury and pulmonary fibrosis. PLOS One. 2016; 11:
e€0154874. doi: 10.1371/journal.pone.0154874 PMID: 27144281

Schmidt R, Mieulet D, Hubberten HM, Obata T, Hoefgen R, Fernie AR, et al. SALT-RESPONSIVE
ERF-1 regulates reactive oxygen species-dependent signaling during the initial response to salt stress
inrice. Plant Cell. 2013; 25:2115-2131. doi: 10.1105/tpc.113.113068 PMID: 23800963

Eurlings IMJ, Reynaert NL, van den Beuken T, Gosker HR, de Theije CC, Verhamme FM, et al. Ciga-
rette smoke extract induces a phenotypic shift in epithelial cells; involvement of HIF1a in mesenchymal
transition. PLOS One. 2014; 9:e107757. doi: 10.1371/journal.pone.0107757 PMID: 25329389

Stebbins KJ, Broadhead AR, Baccei CS, Scott JM, Truong YP, Coate H, et al. Pharmacological block-
ade of the DP2 receptor inhibits cigarette smoke-induced inflammation, mucus cell metaplasia, and epi-
thelial hyperplasia in the mouse lung. J. Pharmacol Exp Ther. 2010; 332: 764—-775. doi: 10.1124/jpet.
109.161919 PMID: 19996299

Darcan-Nicolaisen Y, Meinicke H, Fels G, Hegend O, Haberland A, Kuhl A, et al. Small interfering RNA
against transcription factor STAT6 inhibits allergic airway inflammation and hyperreactivity in mice. J
Immunol. 2009; 182: 7501-7508. doi: 10.4049/jimmunol.0713433 PMID: 19494273

Tang K, Rossiter HB, Wagner PD, Breen EC. Lung-targeted VEGF inactivation leads to emphysema
phenotype in mice. J App Physiol. 2004; 97: 15559—-1566.

Knudsen L, Weibel ER, Gundersen HJG, Weinstein FV, Ochs M. Assessment of air space size charac-
teristics by intercept (chord) measurement: an accurate and efficient stereological approach. J App Phy-
siol. 2010; 108:412—421.

Awji EG, Seagrave JC, Tesfaigzi Y. Correlation of cigarette smoke-induced pulmonary inflammation
and emphysema in C3H and C57/BI/6 mice. Tox Sciences. 2015; 147:75-83.

Demedits IK, Bracke KR, Van Pottelberge G, Testelmans D, Verleden GM, Vermassen FE, et al. Accu-
mulation of dendritic cells and increased CCL20 levels in the airways of patients with chronic obstructive
pulmonary disease. Am J Respir Crit Care Med. 2007; 175: 998—1005. doi: 10.1164/rccm.200608-
11130C PMID: 17332482

Mukaida N, Okamoto S, Ishikawa Y, Matsushima K. Molecular mechanism of interleukin-8 gene expres-
sion. J Leuk Biol. 1994; 56: 554-558.

Chen LF, Greene WC. Shaping the nuclear action of NF-kappaB. Nat. Rev. Mol. Cell Biol. 2004; 5:
392—-401. doi: 10.1038/nrm1368 PMID: 15122352

Gutbier B, Kube SM, Reppe K, Santel A, Lange C, Kaufmann J, et al. RNAi-mediated suppression of
constitutive pulmonary gene expression by small interfering RNA in mice. Pulm Pharmacol Ther. 2010;
23: 334-344. doi: 10.1016/j.pupt.2010.03.007 PMID: 20362688

Brusselle GG, Demoor T, Bracke KR, Brandsma CA, Timens, W. Lymphoid follicles in very severe
COPD: beneficial or harmful? Eur Respir J. 2009; 34:219-230. doi: 10.1183/09031936.00150208
PMID: 19567605

Polverino F, Seys LJ, Bracke KR, Owen CA. B cells in chronic obstructive disease: moving to center
stage. Am J Lung Cell Mol Physiol. 2016; 311:L687—-L695.

Gao W, LiL, Wang Y, Zhang S, Adcock IM, Barnes PJ, et al. Bronchial epithelial cells: the key effector
cells in the pathogenesis of chronic obstructive pulmonary disease? Respir. 2015; 20: 722-729.

Vareille M, Kieninger E, Edwards MR, Regamey N. The airway epithelium: soldier in the fight against
respiratory viruses. Clin Microbiol Rev. 2011; 24:210-229. doi: 10.1128/CMR.00014-10 PMID:
21233513

Austin V, Crack PJ, Bozinovski S, Miller AA, Vlahos R. COPD and stroke: are systemic inflammation
and oxidative stress the missing links? Clin Sci. 2016; 130: 1039—-1050. doi: 10.1042/CS20160043
PMID: 27215677

PLOS ONE | DOI:10.1371/journal.pone.0167169 December 9, 2016 25/26


http://dx.doi.org/10.1165/rcmb.2013-0505OC
http://dx.doi.org/10.1165/rcmb.2013-0505OC
http://www.ncbi.nlm.nih.gov/pubmed/25192219
http://www.ncbi.nlm.nih.gov/pubmed/2013270
http://dx.doi.org/10.1016/S0002-9440(10)65704-5
http://www.ncbi.nlm.nih.gov/pubmed/9846980
http://dx.doi.org/10.1126/science.1196017
http://dx.doi.org/10.1126/science.1196017
http://www.ncbi.nlm.nih.gov/pubmed/20929796
http://dx.doi.org/10.1371/journal.pone.0154874
http://www.ncbi.nlm.nih.gov/pubmed/27144281
http://dx.doi.org/10.1105/tpc.113.113068
http://www.ncbi.nlm.nih.gov/pubmed/23800963
http://dx.doi.org/10.1371/journal.pone.0107757
http://www.ncbi.nlm.nih.gov/pubmed/25329389
http://dx.doi.org/10.1124/jpet.109.161919
http://dx.doi.org/10.1124/jpet.109.161919
http://www.ncbi.nlm.nih.gov/pubmed/19996299
http://dx.doi.org/10.4049/jimmunol.0713433
http://www.ncbi.nlm.nih.gov/pubmed/19494273
http://dx.doi.org/10.1164/rccm.200608-1113OC
http://dx.doi.org/10.1164/rccm.200608-1113OC
http://www.ncbi.nlm.nih.gov/pubmed/17332482
http://dx.doi.org/10.1038/nrm1368
http://www.ncbi.nlm.nih.gov/pubmed/15122352
http://dx.doi.org/10.1016/j.pupt.2010.03.007
http://www.ncbi.nlm.nih.gov/pubmed/20362688
http://dx.doi.org/10.1183/09031936.00150208
http://www.ncbi.nlm.nih.gov/pubmed/19567605
http://dx.doi.org/10.1128/CMR.00014-10
http://www.ncbi.nlm.nih.gov/pubmed/21233513
http://dx.doi.org/10.1042/CS20160043
http://www.ncbi.nlm.nih.gov/pubmed/27215677

@° PLOS | ONE

MAP3K19 Is a Central Mediator of Cigarette Smoke-Induced Pulmonary Inflammation

45.

46.

47.

48.

Takizawa H, Tanaka M, Takami K, Ohtoshi T, lto K, Satoh M, et al. Increased expression of transform-
ing growth factor-beta1 in small airway epithelium from tobacco smokers and patients with chronic
obstructive pulmonary disease. Am J Respir Crit Care Med. 2001; 163: 1476-1483. doi: 10.1164/
ajrccm.163.6.9908135 PMID: 11371421

Konigshoff M, Kneidinger N, Eickelberg O. TGF- signaling in COPD: deciphering genetic and cellular
susceptibilities for future therapeutic regimens. Swiss Med Wkly. 2009; 139: 554—-563. doi: smw-12528
PMID: 19838873

Podowski M, Calvi C, Metzger S, Misono K, Poonyagariyagorn H, Lopez-Mercado A, et al. Angiotensin
receptor blockade attenuates cigarette smoke-induced lung injury and rescues lung architecture in
mice. J Clin Invest. 2012; 122: 229-240. doi: 10.1172/JCI46215 PMID: 22182843

Denney L, Byrne AJ, Shea TJ, Buckley JS, Pease JE, Herleden GMF, et al. Pulmonary epithelial cell-
derived cytokine TGF-B1 is a critical cofactor for enhanced innate lymphoid cell function. Immun. 2015;
43: 945-958.

PLOS ONE | DOI:10.1371/journal.pone.0167169 December 9, 2016 26/26


http://dx.doi.org/10.1164/ajrccm.163.6.9908135
http://dx.doi.org/10.1164/ajrccm.163.6.9908135
http://www.ncbi.nlm.nih.gov/pubmed/11371421
http://dx.doi.org/smw-12528
http://www.ncbi.nlm.nih.gov/pubmed/19838873
http://dx.doi.org/10.1172/JCI46215
http://www.ncbi.nlm.nih.gov/pubmed/22182843

