1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

NATTG,

O

Published in final edited form as:
Shock. 2010 February ; 33(2): 197-204. doi:10.1097/SHK.0b013e3181ae8155.

RON RECEPTOR TYROSINE KINASE NEGATIVELY REGULATES
TNFa PRODUCTION IN ALVEOLAR MACROPHAGES BY
INHIBITING NF-xB ACTIVITY AND ADAM17 PRODUCTION

Nikolaos M. Nikolaidis®, Jerilyn K Gray!, Devikala Gurusamy?, William Fox!, William D
Stuart!, Nathan Huber?, and Susan E. Waltz13"

1Department of Cancer and Cell Biology, University of Cincinnati College of Medicine, Cincinnati,
OH 45267-0521

2Department of Surgery, University of Cincinnati College of Medicine, Cincinnati, OH 45267-0521
SDepartment of Research, Shriners Hospital for Children, Cincinnati, OH 45267-0521

Abstract

The Ron receptor tyrosine kinase plays a regulatory role in the inflammatory response to acute
lung injury induced by intranasal administration of bacterial lipopolysaccharide (LPS). Previously,
we have showen that mice with a targeted deletion of the tyrosine kinase (TK) signaling domain of
the Ron receptor exhibited more severe lung injury in response to intranasal LPS administration as
evidenced by increased leakage of albumin in the lungs and a greater thickening of the alveolar
septae compared to wild-type mice. In addition, lung injury in the Ron TK deficient (TK-/-) mice
was associated with increased activation of the transcription factor, nuclear factor kappaB (NF-
«B) and significantly increased intrapulmonary expression of tumor necrosis factor alpha (TNFa).
TNFa, a multifunctional pro-inflammatory cytokine, is a central mediator in several disease states
including rheumatoid arthritis and sepsis. Based on the observation that TNFa production is
increased in the Ron TK—/- mice and that macrophages are a major source of this cytokine, we
hypothesized that the alterations observed in Ron TK—/— mice may be due, in part, to Ron
signaling specifically in alveolar macrophages. To test this hypothesis, wild-type and Ron TK-/-
primary alveolar macrophages and the murine alveolar macrophage cell line, MH-S, were used to
examine the effects of Ron activation on LPS-induced TNFa production and NK-xB activity.
Here, we report that Ron is expressed on alveolar macrophages and MH-S cells. Activation of Ron
by its ligand, hepatocyte growth factor-like protein (HGFL), decreases TNFa production in
alveolar macrophages following LPS challenge. Decreased TNFa is associated with HGFL-
induced decreases in NF-xB activation and increases in the NF-xB inhibitory protein, IxB. We
also provide the first evidence for Ron as a negative regulator of Adam17, the metalloprotease
involved in TNFa processing. . These results indicate that Ron plays a critical role in regulation of
alveolar macrophage signaling, and validates this receptor as a target in TNFa-mediated
pulmonary pathologies.
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INTRODUCTION

The usage of animal models of acute lung injury (ALI) and acute respiratory distress
syndrome (ARDS) led to the discovery that macrophage activation triggered by the “early
response cytokines” TNFa and IL-1, initiates the inflammatory cascade, which may
perpetuate lung injury [1]. These cytokines initiate alterations in adhesion molecules and
chemokine production resulting in the activation of macrophages and an influx of
neutrophils, which are thought to contribute to lung injury through the generation of
oxidants and the release of proteases [2-4]. Given that ALI/ARDS results in such a high
degree of patient morbidity and may occur secondary to an initial systemic insult, the
identification and potential modulation of key regulatory components involved in this
inflammatory response is highly desirable [5, 6]. The identification of TNFa as a pro-
inflammatory host tissue damaging cytokine has been well established both experimentally
in animal models of disease and clinically, as a molecular therapeutic target in human
disease [7, 8]. Differential regulation of TNFa in various disease states has been attributed
to a wide assortment of control mechanisms including regulation resulting from promote—
specific polymorphisms and in response to increased levels of the TNFa ectodomain
shedding protease Adam17 [9]. The identification of a regulatory paradigm for TNFa in
acute lung injury, however, remains poorly understood.

Ron, a member of the Met family of receptor tyrosine kinases, is widely expressed in
epithelial cells and has been found in select macrophage populations [10-13]. The ligand for
Ron is hepatocyte growth factor-like protein, HGFL, which is secreted from hepatocytes
into the circulation as an inactive precursor . The active form of the ligand is generated
through cleavage by endogenous proteases that can be found at sites of tissue injury,
resulting in a disulfide linked heterodimeric ligand which can bind to and activate Ron [14].
We have previously demonstrated that the Ron receptor regulates TNFa production in the
lungs of mice during LPS-induced acute lung injury [15]. This study demonstrated that the
increased NF-kB activation and TNFa production in whole lung tissue following LPS
challenge in wild-type mice was further enhanced in Ron tyrosine kinase domain-deficient
animals and associated with worsened lung injury. Furthermore, these findings are
consistent with other animal models of inflammatory injury where Ron-deficient animals
exhibit an enhanced inflammatory response that results in increased tissue damage [15, 16].
The select cell populations, namely macrophages, and mechanisms by which Ron acts to
regulate inflammation during the lung injury process remain unclear. In this report, we focus
on the role of Ron specifically in alveolar macrophages. Through the use of MH-S cells, an
alveolar monocyte cell line, and primary alveolar macrophages isolated from mice deficient
in the Ron tyrosine kinase domain, Ron TK-/- mice, and wild-type control mice (TK+/+),
we examine the molecular consequences of Ron activation in alveolar monocytes following
LPS challenge.
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MATERIALS AND METHODS

Mice

All experiments were performed using adult male mice between 8 and 16 weeks of age.
Mice were age-matched within 2 weeks internally in each experiment. Ron tyrosine kinase
(TK) deficient mice (TK—/-) were generated as previously described and have been
backcrossed at least 10 generations into a purified C57BI/6 background [17]. C57BI/6 mice
containing wild-type Ron (TK+/+) were used as controls for all experiments. All mice were
maintained under specific pathogen-free conditions and were treated in accordance with
protocols approved by the Institutional Animal Care and Use Committee of the University of
Cincinnati.

Alveolar Macrophages and Macrophage Cell Lines

The mice were euthanized by intraperitoneal injections of 200 mg/kg body weight Nembutol
(pentobarbitol hydrochloride, Ovation Pharmaceuticals, Deerfield, IL). Immediately
thereafter a midline neck incision was made and the trachea was cannulated. The lungs were
lavaged twice with 0.7 ml sterile phospho-buffered saline (PBS). The recovered
Bronchoalveolar-lavage fluid (BALF) was centrifuged at 500 x g for 5 minutes at 4°C, and
resuspended in 200 pl sterile RPMI 1640 medium with 2 mM L-glutamine, 0.05 mM 2-
mercaptoethanol, and 10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA).
Cells were plated at 5x10* cells/well in 24 well plates. The mouse alveolar macrophage cell
line MH-S (American Type Culture Collection (ATCC); Manasas, VA) was used for in vitro
studies. Cells were routinely passed in RPMI 1640 medium with 2 mM L-glutamine, 0.05
mM 2-mercaptoethanol, and 10% fetal bovine serum (Thermo Fisher Scientific, Waltham,
MA\). Cells were seeded, at 0.5 x 106 cells/well, in 12 well plates for the analysis of cell
culture supernatants and RNA isolation. Cells were seeded at 1.0 x 108 cells/well in 6 well
plates and grown to approximately 75% confluence for NF-xB and western analyses. In
designated experiments, culture media was pretreated with a range of HGFL (R&D systems,
Minneapolis, MN) from 100 to 400ng/ml for 18 hours prior to stimulation with 1ug/ml LPS
(E. coli serotype 0111:B4; Sigma, St Louis, MO) and/or HGFL.

Lentiviral shRNA Constructs and Establishment of Ron Knockdown Cell Lines

Lentiviral expression vectors carrying ShRNAs (short hairpin RNASs) specific for Ron were
purchased from Open Biosystems, Inc. (Huntsville, AL), and lentiviral stocks were prepared
as recommended by the supplier. The Ron specific ShRNA used in this study had the
following sequence:
CCGGCGAGTCATTCACAGTCAAGGTCTCGAGACCTTGACTGTGAATGACTC
GTTTTTG. Scrambled control sShRNA constructs (referred to as nonsense control), which
did not target the endogenous Ron mMRNA for degradation, were also purchased. All
transcript-specific and control ShRNAs were expressed by viral infection of the pLKO1-puro
vector. The mouse alveolar macrophage cell line MH-S was utilized for the Ron knockdown
studies. For these experiments, cells were placed in 10cm plates at 50% confluency. Cells
were washed and infected with 4 ml of virus plus 8ug/ml polybrene for 6 hours. The virus
was removed and complete media was added to the cells. One day after infection with either
a Ron-specific ShRNA or a nonsense control, the cells were selected with Puromycin (3
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ug/ml) for 10 to 12 days. Independent drug-resistant clones were isolated and expanded.
Knockdown of the target gene was assessed by performing western analyses with Ron-
specific antibodies.

Protein Isolation and Assays

Cells were lysed in buffer (50 mM TrisHCI pH7.4, 150 mM NaCl, 2 mM EDTA, 1% NP-40,
0.1% SDS) containing protease inhibitor (Complete Mini, EDTA-free, Roche Diagnostics,
Indianapolis, IN) and 1 mmol/L NazVVOy. Proteins were separated by SDS-PAGE and
transferred to Immobilon-P membranes (Millipore, Billerica, MA). After transfer, the
membranes were probed with a rabbit polyclonal anti-Ron antibody (1:500; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA), or a rabbit polyclonal anti-TACE antibody (1:400;
Abcam, Cambridge, MA). Specific binding was detected using an anti-rabbit peroxidase
conjugated secondary antibody. The membrane was developed using ECL Plus Western
detection reagent (GE Health Care Life Sciences, Piscataway, NJ) and the images were
developed on film. Membranes were stripped and reprobed with anti-actin antibody C4 as a
loading control. As a positive control for both Ron and Adam17 expression, lysates from the
murine prostate cancer cell line, TRAMP-C1, were used [18, 19]. Ron and Adam17 have
been shown to be overexpressed in most human prostate cancers [18, 19] and our laboratory
has extended this finding to murine prostate cancer cell lines (TRAMP-C1) established from
the transgenic adenocarcinoma of the mouse prostate (TRAMP) model.

RNA Isolation and Quantitative Real Time PCR Analysis

For quantitative real-time transcript analysis, RNA was extracted from MH-S cells or
isolated alveolar monocytes using Trizol (Invitrogen, Carlsbad, CA) reagent as per the
manufacturer’s instructions. One microgram of total RNA from MH-S cells or 0.05ug of
total RNA from primary alveolar cells was reverse transcribed to cDNA using Applied
Biosystems high capacity cDNA reverse transcription kit, according to the manufacturer’s
instructions. Ron, TNFa, and Adam17 were quantified using real-time PCR with the ABI
7300 instrument using 4 pl of cDNA in 25l of Power SYBR green master mix (Applied
Biosystems, Foster City, CA). The cycling parameters for this reaction were: 50 degrees for
2 minutes, 95 degrees for 10 minutes and then 40 cycles of 95 degrees for 15 seconds and 60
degrees for 1 minute. This reaction was followed by a dissociation stage to examine probe
specificity. The following primers were used to amplify the cDNA: murine Ron (forward-
tcccattgcaggtctgtgtaga, reverse-cggaagctgtatcgttgatgtc), murine TNFa (forward-
catcttctcaaaattcgagtgacaa, reverse-tgggagtagacaaggtacaaccc), murine Adam17 (forward-
ggtgtgcagtgcagtgatagg, reverse-gcgecgtctcaaactgaca). Gene expression values were
normalized to 18S (forward-agtccctgcccttgtacaca; reverse-gatccgagggcectcactaaac) or
normalized to endogenous B-glucuronidase expression (forward-ttgagaactggtataagacgcatcag;
reverse-tctggtggtactcctcactgaacatgce) as internal controls. Relative gene expression results
are reported. Real-time analyses were repeated in duplicate with similar results using
samples from three independent experiments.

ELISA Measurements

Supernatant TNFa levels were measured by ELISA according to the manufacturer’s
instructions (R&D Systems, Minneapolis, MN).
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EMSA Analysis

Cells were lysed in buffer (50 mM TrisHCI pH7.4, 150 mM NaCl, 2 mM EDTA, 1% NP-40,
0.1% SDS) containing protease inhibitor and 1 mmol/L NagVOg4. Protein concentrations
were determined by bicinchoninic acid (BCA) assay as per the manufacturer’s instructions
(Pierce, Rockford, IL). Double stranded NF-xB consensus oligonucleotide (5’-
AGTGAGGGGACTTTCCCAGGC-3’; Promega, Madison, WI) was end-labeled with
v[32P] ATP. Binding reactions (total volume 15 pL) with equal amounts of whole cell
lysates (15 pg), oligonucleotide (35fmol), and binding buffer containing 20% glycerol (vol/
vol), 50 mM Tris - HCI, pH 7.9, 2.5 mM EDTA, 2.5 mM DTT, 5 mM MgCl,, 250 mM NaCl
and 0.25 pg/pl poly[d(1-C)] (USB Corp, Cleveland, OH) were incubated at room
temperature for 30 minutes. Samples were subjected to electrophoretic separation on a
nondenaturing 5% polyacrylamide gel. Gels were dried at 53°C for 3 h and analyzed by
autoradiography utilizing a Typhoon 9400 variable mode phosphorimager (GE Healthcare,
Piscataway, NJ).

NF-xB Luciferase Reporter Assay

2 x10° cells were plated in RPMI containing 10% FBS. The next day, cells were transfected
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) with either a NF-xB reporter (pNF-
kBluc) or empty vector (pTAL luc) construct and a control plasmid expressing Renilla
(pRL-TK). Fourteen hours after transfection, the cells were pretreated with or without
HGFL overnight, followed by stimulation in the presence or absence of LPS (1pg/ml) for 4
hours. The cells were lysed and subjected to a dual-luciferase assay according to
manufacturer’s protocol (Dual-Luciferase Reporter Assay System, Promega, Madison, WI).
Samples were read using the GloMax® 96 Microplate Luminometer with Dual Injectors
(Promega, Madison, WI). NF-xB luminescence in each sample was normalized to the extent
of Renilla expression and the results displayed are relative NF-kB activity.

Statistical Analysis

RESULTS

Data are expressed as Mean * Standard Error . Statistical significance comparing different
experimental groups was determined by Student’s t-test for pairwise comparisons, or
ANOVA for comparison of multiple groups using SigmaPlot 11.0 software (Systat
Software, Inc., San Jose, CA). Differences between groups were accepted as significant
when p<0.05.

The Ron Receptor Tyrosine Kinase is Expressed on Primary Alveolar Macrophages and
Negatively Regulates TNFa Production in Response to LPS Stimulation

Previous studies in our laboratory demonstrated that mice with a targeted ablation of the
tyrosine kinase signaling domain of Ron (TK-/-) mice exhibited an increase in the
intrapulmonary production of the cytokine TNFa in response to LPS treatment[15]. Given
that TNFa is predominately produced in macrophages, we postulated that Ron signaling
may be modulating TNFa production by regulating the activity of pulmonary alveolar
macrophages. Previous studies have shown Ron expression in murine peritoneal
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macrophages and Ron expression has been demonstrated in the lung epithelial cells by
immunohistochemical staining [20, 21]. However, the expression and activity of Ron in
primary pulmonary alveolar macrophages has not been characterized. To examine Ron
expression in this compartment, Ron receptor transcript levels were evaluated in both
isolated alveolar macrophages and in whole lung and by qRT-PCR. As illustrated in Figure
1A and 1B, Ron transcripts are readily detectable in both whole lung and in isolated primary
alveolar macrophages. In wild-type mice, whole lung tissue contained 34-fold more Ron
transcript expression than that observed in the alveolar macrophages supporting previously
published studies also documenting Ron expression in the lung epithelium [20, 22]. To
assess Ron function, primary wild-type alveolar macrophages were pretreated or
concurrently treated with the Ron ligand, HGFL, and challenged with LPS. Following LPS
stimulation of primary alveolar BAL cells, TNFa production is robust (Figure 1C).
However, HGFL pretreatment (ON HGFL) abolished LPS-induced TNFa production
(Figure 1C). Simultaneous treatment with HGFL and LPS (LPS+HGFL) reduced TNFa
production, although not to the extent observed with overnight HGFL pretreatment (ON
HGFL). These data suggest a delay in the onset of TNFa regulation following Ron
activation by HGFL. Of note, the circulating physiologic concentration of HGFL in the
serum is approximately 400ng/ml and this concentration was utilized in our analyses.
However, based on titration experiments, we observed similar results when using HGFL
concentrations between 100 and 400ng/ml. In similar experiments on TK—/- primary
alveolar macrophages, HGFL had no impact on LPS-induced TNFa production (Figure 1D)
attesting to the lack of ligand response in the Ron-deficient mice, which is consistent with
previous observations [17]. While final TNFa concentrations varied from experiment to
experiment based on the number of cells used in each assay with overall levels of TNFa
production were consistently higher in the Ron deficient cells compared to controls. Overall,
these data demonstrate that Ron activation in primary pulmonary macrophages is able to
negatively regulate LPS-induced TNFa production.

The Ron Receptor Tyrosine Kinase is Expressed in the Murine Alveolar Cell Line, MH-S,
and Activation of Ron Leads to Decreased TNFa Transcript and Protein Production

In order to examine the signaling mechanisms downstream of Ron that are important in the
generation of pulmonary cytokine production, we sought to examine Ron expression and
function in an alveolar macrophage cell line. MH-S cells are an SV40 transformed cell line
derived from murine alveolar monocytes, which have been shown to display many of the
same characteristics as wild-type derived alveolar macrophages including FC receptor
dependent phagocytosis and IL-1 production [23, 24]. To use this as a model cell line to
further examine Ron signaling, we examined Ron expression in MH-S cells by western
analysis (Figure 2A). Our data demonstrates increasing Ron protein expression with
increasing amounts of total protein lysate in MH-S cells. In addition, we compared the levels
of Ron in the MH-S cells to that of primary murine pulmonary alveolar macrophages
(Figure 2B). Ron transcript levels were very similar in the primary cells compared to the
MH-S cell line based on qRT-PCR analyses (Figure 2B). We examined RON expression in
broncho-alveolar lavage (BAL) cell lysates from pooled naive mice (n=12). Our data
provides evidence of Ron protein expression in primary alveolar cells (Figure 2C). To
examine the outcome of Ron activation on LPS-induced cytokine production, the MH-S
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cells were pretreated with HGFL followed by LPS stimulation. Overnight pretreatment with
HGFL followed by 4 hours of LPS stimulation led to a significant reduction in both TNFa
transcript and protein levels compared to LPS stimulation alone (Figures 2D and 2E). HGFL
treatment, in the absence of LPS stimulation, did not have an impact on TNFa levels
compared to untreated control cells. Simultaneous treatment with HGFL and LPS reduced
TNFa levels, but the extent of inhibition was variable and not significant in this cell line
(data not shown). These data indicate that activation of Ron signaling by HGFL leads to
repression of TNFa production following LPS-exposure at both the protein and transcript
levels. Moreover, these results are consistent with the expression and activity of Ron
observed in primary murine alveolar macrophages.

Ron Activation Regulates IxB Protein Levels and NF-xB Activity Following LPS Exposure

Previously we demonstrated that whole lung homogenates from Ron-deficient mice treated
with LPS exhibited augmented activation of the transcription factor NF-xB and decreased
expression IkBa and IxBp proteins. To extend upon these observations and to
mechanistically determine if Ron signaling specifically in macrophages contributes to this in
vivo effect, we generated cell lysates from MH-S cells that pretreated with or without HGFL
overnight followed stimulation in the presence or absence of LPS for 4 hours. Western
analyses of these lysates revealed that IxBa and I«B protein levels were increased
following Ron activation by HGFL treatment, compared to LPS treatment alone (Figure
3A). Consistent with the Western analyses, electrophoretic mobility shift analyses on whole
cell lysates from the MH-S cells showed reduced NF-xB DNA binding activity following
similar treatment with LPS and HGFL compared to LPS alone (Figure 3B). Specificity of
NF-xB binding was performed by competition analysis with an excess of unlabeled NF-xB
consensus sequence DNA, while the composition of the NF-xB complex was determined by
supershift analyses. The NF-xB complexes in the MH-S cells consisted largely of the p65
subunit of NF-xB (Figure 3B) and are consistent with the NF-kB composition found in our
prior report utilizing whole lung lysates from LPS treated mice [15]. A loss of the specific
protein/DNA complex was not observed with other antibodies to different NF-xB proteins
or with a nonspecific competitor (data not shown). To substantiate the NF-xB-DNA binding
studies, we also examined the ability of HGFL to the transcriptional activity of NF-xB in
response to LPS stimulation in MH-S cell utilizing reporter assays (Figure 3C). Pretreatment
with HGFL was able to significantly reduce the amount of NF-xB reporter activity in
response to LPS stimulation.

Adam17 is Expressed on Primary Alveolar Macrophages and in MH-S Cells

Given that TNFa levels are regulated both at the transcriptional level by NF-xB and at the
protein level by Adam17, an enzyme responsible for cleaving TNFa from the surface of the
cells, we sought to determine if Ron signaling might also regulate TNFa production by
impacting TNFa release through Adam17 modulation. To investigate this potential
mechanism, Adam17 levels were first evaluated in alveolar macrophages isolated from wild-
type and Ron tyrosine kinase-deficient mice (TK-/-). Strikingly, Adam17 levels were found
to be significantly increased in the alveolar macrophages from Ron TK-/- mice compared
to Ron TK+/+ primary cells when examined by qRT-PCR (Figure 4A). Western analyses
also demonstrate significant Adam17 levels in primary alveolar macrophages isolated from
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Ron TK-/- mice compared to Ron TK+/+ controls (Figure 4B). Furthermore, Adam17
expression in MH-S cells was confirmed by western analysis of whole cell lysates (Figure
4C). These studies suggest that Ron is an endogenous negative regulator of Adam17
production in the absence of any treatment.

Ron Expression and Activation Negatively Regulates Adam17 Levels in Alveolar
Macrophages

Given that we observed elevated levels of Adam17 in the primary alveolar macrophages
isolated from the mice with a de novo loss of Ron compared to Ron expressing macrophages
(Figure 4A), we next sought to determine if the levels of Adam17 might be modulated in
response to changes in Ron expression and/or activation. To investigate if Ron and Adam17
expression levels are coupled, we infected MH-S cells with a lentiviral construct carrying
either a ShRNA sequence to knockdown Ron expression or with a control (nonsense)
shRNA. Figure 5A demonstrates that Ron levels were significantly reduced on average by
about 60% following infection with a Ron shRNA construct compared to the control
nonsense sShRNA or uninfected MH-S cells. Multiple independent infections were performed
with results from two independent experiments shown. Next, Western analysis was
performed to examine Adam17 protein levels in the control and Ron knockdown MH-S
cells. Figure 5B clearly demonstrates that a Ron knockdown leads to increased Adam17
protein levels, consistent with our data presented in Figure 4B documenting increased levels
of Adam17 in primary alveolar macrophages isolated from Ron TK—/- mice compared to
wild-type alveolar macrophages. These data suggest that Ron levels are inversely correlated
with Adam17 levels.

We next sought to determine if HGFL treatment might also regulate Adam17 production and
ensuing TNFa secretion following LPS exposure. To test this, MH-S cells were pretreated in
the presence or absence of HGFL followed by stimulation with LPS. Following LPS
treatment, Figure 5C demonstrates that Adam17 levels are increased. Importantly,
pretreatment with HGFL significantly reduced Adam17 transcripts. Given the time frame
that pretreatment with HGFL prior to LPS stimulation we were interested in determining
whether HGFL stimulation directly affected Adam17 expression. To test this, a kinetic
analysis of MH-S cells treated with or without HGFL was undertaken. Following HGFL
treatment Figure 5D demonstrates that Adam17 expression is significantly decreased within
1 hour of HGFL treatment. These results suggest that HGFL-induced downregulation of
Adam17 during LPS exposure may also be an important factor in blocking TNFa
production. While we observed a significant decrease in Adam17 levels in the Ron
knockdown cells, we observed a trend toward increased levels of TNFa in these cells
following LPS stimulation (data not shown). However, this trend was not significant and is
likely due to the incomplete knockdown of Ron in these cells.

DISCUSSION

Mice challenged with intrapulmonary LPS develop experimental acute lung injury
characterized by increased levels of the pro-inflammatory cytokine TNFa which triggers an
inflammatory cascade resulting in pulmonary edema, tissue damage, and death [25] We
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have previously demonstrated that the Ron receptor tyrosine kinase plays a regulatory role in
down-modulating the inflammatory response as measured by TNFa release in response to
intrapulmonary LPS treatment [15]. Furthermore, we have identified a protective role for
Ron in a Nickel-mediated pulmonary model of acute lung injury [16, 26]. The data
presented in this manuscript identify an important regulatory role for Ron specifically in
primary alveolar macrophages. Our results have uncovered several principles concerning
Ron signaling and acute lung injury. First, the Ron receptor tyrosine kinase is expressed on
primary alveolar macrophages isolated from mouse lungs as well as the murine alveolar cell
line, MH-S. Interestingly, our findings suggest that Ron may be expressed in its slightly
larger pro-form in primary alveolar macrophages when compared to MH-S cells. Ron
expression was previously examined by immunohistochemistry in murine lungs whereby
Ron was detected in the lung epithelium surrounding the airways [16]. In humans, Ron
expression has also been identified in normal lung at the apical surface of ciliated epithelia
in the airways and oviduct, and in human alveolar macrophages [20, 22, 27, 28]. Second,
pretreatment of macrophages expressing Ron with its natural ligand HGFL, prior to
stimulation with LPS, is able to decrease TNFa production. This finding is consistent with
previous studies that described a regulatory role for Ron in primary macrophages isolated
from the peritoneum where loss of Ron receptor results in increased activation of
macrophages following LPS stimulation and that treatment with HGFL is able to down
regulate iNOS production and cell mediated immune responses [29-31]. Third, the reduction
in TNFa production following Ron activation correlates with decreased NF-xB activation
and increased 1xB levels following LPS challenge in alveolar macrophage cell lines. Fourth,
we demonstrate that partial knockdown of the Ron receptor in MH-S cells is sufficient to
increase Adam17 levels and that alveolar macrophages from Ron-deficient mice also exhibit
a dramatic increase in Adam17. Finally, we identify the downstream regulation of Adam17
by Ron as a further potential mechanism by which Ron regulates TNFa levels following
LPS challenge. Significantly, down regulation of Adam17 at the transcript level occurs
within 1 hour following Ron activation with HGFL. Our studies provide strong evidence
that the early regulation of acute lung injury in vivo by Ron is mediated primarily through
early activation events in the immune compartment of the lung.

We have previously shown that the loss of the Ron receptor tyrosine kinase domain results
in an augmented TNFa response to LPS in both liver and lung models of injury [15, 32]. In
this study, we were interested in determining whether activation of the Ron receptor de novo
would decrease TNFa production following LPS challenge. Our results indicate that Ron
activation by HGFL pretreatment prior to the LPS challenge is able to decrease TNFa
production in both primary alveolar macrophages and in MH-S cells in vitro. This finding
identifies that Ron levels in alveolar macrophages are sufficient for potential regulation of
the inflammatory response in vitro. This raises the possibility of Ron as an early therapeutic
target in the initiation cascade of the inflammatory response in acute lung injury in vivo.

To examine the impact of Ron activation on downstream signaling cascades, our data

demonstrate ligand induced Ron activation in MH-S cells leads to decreased levels of NF-
kB and increased 1xB levels. NF-«xB activation has been shown to be important for TNFa
production and our results show a corresponding decrease in TNFa [33]. The reduction in
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TNFa is expected to correlate to decreased inflammation in vivo and in decreased levels of
lung damage following intrapulmonary LPS challenge [34-36]. These data correlate with
previous results in our laboratory indicating that the loss of the Ron receptor tyrosine kinase
domain results in increased pro-inflammatory cytokine production in vivo [15, 16, 26].

In this study, we show that alveolar macrophages isolated from Ron-deficient mice exhibit
increased levels of Adam17 de novo at both the transcript and protein levels compared to
wild-type controls. Additionally, we demonstrate that MH-S cells express basal levels of
Adam17 which are upregulated in response to LPS treatment. Interestingly, HGFL treatment
of MH-S cells is able to attenuate induction of Adam17 by LPS. Furthermore, Adam17
levels are increased in MH-S cells following a partial knockdown of Ron in the absence of
LPS treatment. These data taken together identify Adam17 as a potential target of regulation
by Ron. Previous studies have linked increased levels of Adam17 to increases in TNFa
production in osteoarthritis [9, 37]. The role of Adam17 as the cause or consequence
remains a subject of continuing study. The direct upregulation of Adam17 levels by protein
kinase C (PKC) or by treatment with LPS and TNFa remains only partially understood .
Analysis of the Adam17 promoter has identified the region necessary for basal transcription
of Adam17 but identification of the regulatory regions of this promoter remains elusive [38].
Sequence analysis of the promoter region has been shown to contain canonical NF-xB
binding sequences which might suggest a direct role for NF-«xB activation in Adam17
upregulation, but this has yet to be demonstrated experimentally.

The results of this study indicate a regulatory role for Ron receptor tyrosine kinase in
alveolar monocytes following LPS challenge. Ligand-dependent activation of Ron results in
decreased NF-xB activation leading to decreased early cytokine production as measured by
TNFa production following LPS challenge. Furthermore we have identified a potential
regulatory role for Ron in Adam17 expression both without, and following LPS challenge,
although the direct mechanism by which Adam17 is regulated remains unclear. Further
studies examining the role of Adam17 in macrophage signaling are warranted to determine
if Adam17 is required for Ron regulation of the acute inflammatory response.
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Figure 1. The Ron receptor isexpressed and functional in primary alveolar macrophages
Ron transcript levels were examined from mRNA isolated from primary alveolar

macrophages (A) and from whole lungs (B) from wild-type (TK+/+) and Ron tyrosine
kinase-deficient (TK—/-) mice by gRT-PCR. Expression was normalized to an internal
control as described in the Materials and Methods section and the relative gene expression
changes are reported. Data is expressed as the mean + the standard deviation and is
representative of several independent experiments. (C) Alveolar macrophages were isolated
and treated with LPS (1pg/ml) with or without HGFL (400ng/ml), HGFL alone, or overnight

Shock. Author manuscript; available in PMC 2014 July 06.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nikolaidis et al.

Page 15

(ON) HGFL pretreatment followed by LPS. Cell culture supernatants were collected 24
hours after final stimulation and assayed for TNFa production. Results represent data from
two independent experiments with n=8 per group. *p<0.05 compared to vehicle or HGFL
treated groups. Tp<0.05 compared to LPS treated group. HGFL treatment was able to
significantly reduce the production of TNFa from wild-type alveolar macrophages
following LPS stimulation. (D) Primary alveolar macrophages were isolated from TK+/+
and TK-/- mice and pretreated in the presence or absence of HGFL overnight. The next day
the cells were stimulated in the presence or absence of LPS as indicated above. Culture
supernatant was isolated after 4 hours and examined for TNFa production by ELISA
analysis. Data is expressed as the mean + the standard error and is representative of
experiments from n=6-10 mice.
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Figure 2. The Ron receptor isexpressed in the murine MH-Scell line and negatively regulates
TNFa production following L PS challenge

(A) Western analysis of Ron protein levels from increasing amounts of MH-S cell lysates.
Lysates from the murine prostate cancer cell line, TRAMP-C1, was used as a positive
control. (B) Ron transcript levels were measured by gRT-PCR from RNA isolated from
primary alveolar macrophages and MH-S cells. Similar levels of Ron were observed in both
cell types. Expression was normalized to an internal control as described in the Materials
and Methods section. (C) Western analysis of Ron protein levels from primary broncho-
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alveolar lavage cells (BAL) and MH-S cell lysates (150ug). (D, E) MH-S cells were
pretreated with or without HGFL (400ng/ml) overnight followed by LPS (1pug/ml)
stimulation. Cells and culture supernatants were collected 4 hours after final stimulation and
assayed for TNFa transcript (D) and protein levels (E), respectively. Ligand-induced Ron
signaling blocks the production of TNFa transcripts (D) and protein TNFa (E). Data are
expressed as the mean + standard error performed in triplicate. The data is representative of
three independent experiments with similar results. *, p<0.05 compared to the corresponding
LPS alone treated group.
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Figure 3. HGFL treatment impacts |xB protein levelsand inhibits NF-kB activation in MH-S
cellsfollowing L PS stimulation
Cell lysates from the murine alveolar macrophage cell line, MH-S, were obtained after

overnight pretreatment in the presence or absence of HGFL (400ng/ml) followed by 4 hours
of treatment with or without LPS. (A) Western analysis was performed on the MH-S cell
lysates to examine IxBa and 1xBp protein expression levels. Actin served as a loading
control. Each lane represents an independent sample and is representative of at least two
independent experiments. (B) Electrophoretic mobility shift assays on whole cell extracts
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from MH-S cells were performed to examine NF-xB DNA binding activity in response to
LPS alone or LPS plus HGFL pretreatment. The specific NF-xB DNA complex is denoted
by the arrow with free probe also indicated. Competition and supershift analyses for NF-xB-
DNA binding proteins were also performed. The protein-DNA complexes were competed
with either 100-fold excess of cold probe or with antibodies directed against the p50 and p65
subunits of NF-xB. (C) MH-S cells were transfected with an NF-xB reporter plasmid along
with a control plasmid. After transfection, the cells were pretreated in the presence or
absence of HGFL overnight and the next day stimulated with or without LPS. Relative NF-
kB activity for each sample is depicted. Data are expressed as the mean * standard error.
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Figure4. Adam17 levelsin primary alveolar macrophagesand in MH-S cells
(A) Adam17 transcript levels were measured by gRT-PCR from RNA isolated from primary

alveolar macrophages of wild-type TK(+/+) and Ron TK(-/-) mice. Data is expressed as the
mean * the standard deviation and is representative of several independent experiments.
Expression was normalized to an internal control as described in the Materials and Methods
section. (B) Western analysis of Adam17 protein levels from alveolar macrophages isolated
from wild type TK(+/+) and Ron TK(~/-) mice. Five ug of total cell lysates were loaded per
lane with Actin serving as a loading control. (C) Western analysis of Adam17 protein levels
from MH-S cell lysates. The murine prostate cancer cell line, TRAMP-C1, was used as a
positive control for Adam17 expression and Actin expression is provided as a loading
control.
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Figure5. The Ron receptor negatively regulates Adam17 levelsin MH-Scells
(A) Ron protein levels were measured by western analysis of cell lysates from MH-S cells,

MH-S cells infected with an sShRNA construct to knockdown Ron expression (Ron shRNA)
or a control ShRNA construct (nonsense ShRNA). Each lane represents a separate
independent experimental sample. Actin expression is shown as a loading control. These
studies demonstrate knockdown of Ron expression in Ron shRNA infected cells. (B)
Adam17 protein levels were measured by Western analysis from MH-S cells following
infection with a Ron-specific ShRNA (Ron shRNA) or with a nonsense shRNA control
(nonsense ShRNA) construct. Actin expression is shown as a loading control. Of note,
following Ron knockdown in MH-S cells, the levels of Adam17 are increased. (C) Adam17
transcript levels were measured by qRT-PCR from RNA isolated from MH-S cells
pretreated with HGFL (400ng/ml) or media alone, followed by stimulation with (+) or
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without (-) LPS (1 pg/ml). (D) Adam17 transcript levels were measured by gRT-PCR from
RNA isolated from MH-S cells treated with HGFL (100ng/ml) or media alone. Expression
was normalized to an internal control as described in the Materials and Methods section. In
response to LPS, Adam17 RNA levels are increased and this induction can be significantly
blunted by HGFL pretreatment. Data is expressed as the mean + the standard error and is
representative of several independent experiments.

Shock. Author manuscript; available in PMC 2014 July 06.



