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

1duosnuely Joyny vd-HIN

> % NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

NATTG,

O

Published in final edited form as:
Shock. 2007 March ; 27(3): 274-280. d0i:10.1097/01.shk.0000239755.82711.89.

THE RON RECEPTOR TYROSINE KINASE REGULATES ACUTE
LUNG INJURY AND SUPPRESSES NUCLEAR FACTOR xB
ACTIVATION

Alex B. Lentsch”®, Peterson Pathrose”, Sarah Kader”, Satoshi Kuboki*, Margaret H. Collins™,
and Susan E. Waltz"

"Department of Surgery, University of Cincinnati College of Medicine, Cincinnati, Ohio, U.S.A

TDepartment of Pediatrics, University of Cincinnati College of Medicine, Cincinnati, Ohio, U.S.A

Abstract

Emerging information implies that the Ron receptor tyrosine kinase may play a role in the
inflammatory response. However, the manner in which this receptor contributes to the response is
not well understood. In the present studies, we investigated the role of the Ron receptor in the
acute lung inflammatory response. Wild-type and mutant mice lacking the tyrosine kinase domain
of Ron (Ron TK™~) were subjected to acute lung injury induced by intranasal administration of
bacterial lipopolysaccharide (LPS). Wild-type mice showed increased lung injury after LPS
administration, as determined by the leakage of albumin into the lung and by histopathological
changes. Ron TK™'~ mice had more than twice the amount of albumin leak and much greater
thickening of the alveolar septae. Lipopolysaccharide administration caused neutrophil
recruitment into the lungs, as measured by myeloperoxidase. However, Ron TK ™'~ mice had much
higher baseline levels of myeloperoxidase, which did not increase further after LPS. Lung injury
in wild-type mice occurred with activation of the transcription factor, nuclear factor xB (NF-xB),
and subsequent increases in intrapulmonary generation of tumor necrosis factor a. In TK™~ mice,
there was far less | xB-a and 1 xB-g protein and greater activation of NF-xB. This was associated
with substantially increased production of tumor necrosis factor a and the nitric oxide (NO) by-
product, nitrite. The data suggest that the Ron receptor tyrosine kinase plays an important
regulatory role in acute inflammatory lung injury by suppressing signals leading to activation of
NF-xB.
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INTRODUCTION

Multiple organ failure is the most common cause of death in critically ill patients, and acute
lung injury is a primary component of this clinical scenario. Development of acute lung
injury and/or acute respiratory distress syndrome typically occurs secondary to an initial
systemic insult, such as sepsis, trauma, or ischemia/reperfusion injury (1-3). Using
experimental animal models, much has been learned regarding the pathogenesis of acute
lung injury, including mediator pathways and cellular effector mechanisms (4-7). It is clear
that the inflammatory response induced by such insults triggers complement activation and
activation of tissue macrophages. Activated pulmonary macrophages generate the early-
response cytokines, tumor necrosis factor a (TNF-a) and interleukin 1 (IL-1), which
propagate the inflammatory response throughout the lung by stimulating the expression of
vascular cell adhesion molecules and chemokines (8-11). These secondary mediators
facilitate the pulmonary recruitment of neutrophils which, with activated macrophages,
contribute to lung injury through the release of oxidants and proteases (12, 13).

The regulation of early-response cytokines required for the acute lung inflammatory
response has also been well studied and found to be largely under the control of the
transcription factor, nuclear factor xB (NF-«B) (5). During lung injury, ligand binding and
activation of a number of receptor systems lead to activation of NF-xB in lung cells. These
include receptors for TNF-a, IL-1, and lipopolysaccharide (LPS), all of which are relevant
to inflammatory lung injury. However, other mechanisms may augment or suppress the
signaling of these receptors in ways which may fine tune the signaling response. With regard
to NF-xB activation, there is evidence to suggest that the Ron receptor tyrosine kinase may
regulate the response to inflammatory mediators.

Ron is a member of the Met family of receptor tyrosine kinases and is widely expressed in
epithelial cells, hematopoietic stem cells, and macrophages (14-17). The ligand for Ron is
hepatocyte growth factor—like protein, HGFL (also known as macrophage-stimulating
protein). The HGFL is primarily produced by hepatocytes and is secreted into the circulation
as an inactive precursor and at relatively high levels (~400 ng/mL) (18). At sites of injury,
endogenous proteases cleave the inactive pro-HGFL into an active, disulfide-linked
heterodimeric form that can bind to and activate Ron (18, 19). Mice with targeted deletions
in Ron have augmented responses in models of delayed-type hypersensitivity, endotoxin-
induced acute liver failure, and lung injury induced by metal exposure (20-24). In vitro,
HGFL binding to Ron suppresses peritoneal macrophage production of inflammatory
mediators induced by LPS and interferon ¥ (IFN-) (25-28). One of these studies suggests
that the inhibitory effects of Ron may occur through suppression of NF-xB (26). Although
this in vitro study suggests that Ron may suppress peritoneal macrophage activation via an
NF- xB—dependent mechanism, it is unknown whether this mechanism is operant in vivo or
whether it is a relevant regulatory pathway during fulminant inflammatory injury. Because
NF-«B activation is critical for the induction and propagation of acute inflammatory lung
injury, the present studies sought to determine whether Ron is an important regulatory
component of the inflammatory response culminating in acute lung injury.
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MATERIALS AND METHODS

Mice

The mice used in this experiment contained a targeted disruption of the tyrosine kinase
domain of the Ron receptor tyrosine kinase and have been described previously (23, 24).
Briefly, the experimental mice produce a truncated form of Ron which contains only the
extracellular and transmembrane domains of the protein plus five amino acids of the
cytoplasmic domain, thus abolishing Ron intracellular signaling. These mice are designated
Ron TK™~, whereas their controls, designated as Ron TK*/*, express the wild-type Ron
protein. Both genotypes are on a C57BL/6 background. Male mice (8-12 weeks of age)
were used in all experiments.

LPS-induced acute lung injury

Mice were anesthetized with isoflurane and were administered 200 pg Escherichia coli LPS
(serotype 0111:B4; Sigma-Aldrich, St. Louis, Mo) intra-nasally in 40 uL sterile saline. At
the times indicated, mice were Killed by carbon dioxide inhalation and either cannulated
through the trachea with a blunted 20-gauge needle for lavage or the lungs were isolated and
excised. This project was approved by the University of Cincinnati Animal Care and Use
Committee and conforms to the National Institutes of Health guidelines.

Bronchoalveolar lavage

Bronchoalveolar lavage (BAL) fluids were collected by instilling and withdrawing 1 mL of
sterile phosphate-buffered saline three times from the lungs via an intratracheal cannula. The
BAL fluids were centrifuged, and supernatants were assayed by enzyme-linked
immunosorbent assay (ELISA) for murine albumin (Bethyl Laboratories, Montgomery,
Tex), as an indicator of pulmonary vascular leak, and the cytokines/chemokines IFN-y,
IL-6, monocyte chemoattractant protein 1 (MCP-1), macrophage inflammatory protein 2
(MIP-2), and TNF-a (R&D Systems, Minneapolis, Minn).

Electrophoretic mobility shift assay

Nuclear extracts of whole lung tissues were prepared by the method of Deryckere and
Gannon (29). Protein concentrations were determined by bicinchoninic acid assay with
trichloroacetic acid precipitation using bovine serum albumin as a reference standard
(Pierce, Rockford, 1I). Double-stranded NF-xB consensus oligonucleotide (5'-
AGTGAGGGGACTTTCCCAGGC-3"; Promega Corp., Madison, Wis) was end labeled
with »{32P] adenosine triphosphate (3,000 Ci/mmol at 10 mCi/mL; Amersham, Arlington
Heights, 111). Binding reactions containing equal amounts of protein (20 pg for whole lung
extracts) and 35 fmol (~50,000 cpm, Cherenkov counting) of oligonucleotide were
performed for 30 min in binding buffer (4% glycerol, 1 mmol/L MgCl,, 0.5 mmol/L EDTA
[pH 8.0], 0.5 mmol/L dithiothreitol, 50 mmol/L sodium chloride [NaCl], 10 mmol/L Tris
[pH 7.6], 50 ug/mL poly(dl-dC); Pharmacia, Piscataway, NJ). Reaction volumes were held
constant to 15 pL. Reaction products were separated in a 4% polyacrylamide gel and
analyzed by autoradiography.
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Myeloperoxidase assay

Lung myeloperoxidase (MPO) content was assessed by methods similar to those of
Schierwagen et al (30). Lung tissue (100 mg) was homogenized in 2 mL of buffer A (3.4
mmol/L KH,HPO,4 and 16 mmol/L NayHPO,4 [pH 7.4]). After centrifugation for 20 min at
10,000g, the pellet was resuspended in 10 volumes of buffer B (43.2 mmol/L KHyHPQOy,, 6.5
mmol/L NayHPOy4, 10 mmol/L EDTA, and 0.5% hexadecyltrimethylammonium [pH 6.0])
and sonicated for 10 s. After heating for 2 h at 60° C, the supernatant was reacted with
3,3,5,5-tetramethylbenzidine (Sigma Chemical Co., St. Louis, Mo), and optical density was
determined at 655 nm.

Western blot analysis

Lungs were homogenized in lysis buffer (10 mmol/L HEPES [pH 7.9], 150 mmol/L NaCl, 1
mmol/L EDTA, 0.6% NP-40, 0.5 mmol/L phenylmethanesulfonyl fluoride, 1 pg/mL
leupeptin, 1 pg/mL aprotinin, 10 pg/mL soybean trypsin inhibitor, and 1 pg/mL pepstatin)
on ice. Homogenates were sonicated and centrifuged at 5,000 rpm to remove cellular debris.
Protein concentrations were determined as described for nuclear extracts. Samples were
separated in a denaturing 10% polyacrylamide gel and transferred to a 0.1-um-pore
nitrocellulose membrane. Nonspecific binding sites were blocked with Tris-buffered saline
(40 mmol/L Tris [pH 7.6], 300 mmol/L NaCl) containing 5% nonfat dry milk for 12 h at
4°C. Membranes were then incubated with anti—I xB-a or anti-I xB-g (Santa Cruz
Biotechnology, Santa Cruz, Calif) in Tris-buffered saline with 0.1% Tween 20. The
detection system used secondary antibodies conjugated to alkaline phosphatase (Vector
Laboratories, Burlingame, Calif) and the enhanced chemifluorescence reagent (GE
Healthcare Bio-Sciences Corp, Piscataway, NJ).

Nitrite assay

Nitrite, a stable by-product of NO, was measured from whole lung tissue homogenates.

Lung lysates (250 pg) were added to 100 pL Griess reagent (1% sulfanilamide and 0.1%
naphthylethylene diaminehydrochloride in 2.5% H3PO,4; Promega Corp.). The absorbance of
the resulting colorimetric reaction was measured at 540 nm. All samples were assayed in
triplicate.

Statistical and image analyses

All data are expressed as mean £ SEM. Data were analyzed with a one-way analysis of
variance with subsequent Student-Newman-Keuls test. Differences were considered
significant when P < 0.05. Quantitation of bands in Western analyses was performed with
AlphaEase FC software from Alpha Innotech Corporation (San Leandro, Calif).

RESULTS

Mice receiving intrapulmonary administration of LPS typically develop acute lung injury,
characterized by fluid and protein leakage into the alveolar space and inflammation of the
alveolar septae. Wild-type mice displayed significant protein leakage into the alveoli, as
determined by albumin ELISA of BAL fluids 4 h after LPS administration (Fig. 1A). At the
same time point, Ron TK ™'~ mice had greater than twofold more albumin in BAL fluids than
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those for wild-type mice (Fig. 1A). Similarly, inflammation and alveolar thickening
observed by lung histology in wild-type mice receiving LPS were much more severe in the
Ron TK™'~ mice (Fig. 1B). Inasmuch as the albumin levels were not significantly different
until 4 h after LPS exposure, we chose to analyze lung histology at a slightly later time
frame of 6 h. Wild-type mice receiving phosphate-buffered saline had normal lung
architecture (Fig. 1B, upper left panel). Ron TK™'~ mice also had normal lung architecture
(Fig. 1B, upper right panel) with the exception of the presence of inflammatory cell clusters
around areas of the vascular endothelium and airways, as described previously (22). At6 h
after LPS administration, wild-type mice displayed thickening of the alveolar septae and
noticeable neutrophilic infiltrates (Fig. 1B, lower left panel). Ron TK™/~ mice had more
marked changes (Fig. 1B, lower right panel), consistent with the albumin data, suggesting
more lung injury in Ron TK™~ mice.

A previous study from our laboratory reported that there are cellular clusters in the lungs of
untreated Ron TK ™/~ mice which are not observed in wild-type mice (22). These clusters
seem adjacent to large blood vessels and large airway epithelium in the TK™'~ lungs but are
not observed in the alveolar spaces or outside these clustered areas. In addition,
immunohistochemical analyses demonstrated that the cell clusters in the TK ™/~ lungs are
composed of neutrophils, macrophages, and lymphocytes. Consistent with these findings,
biochemical assessment of MPO, a surrogate marker of neutrophil accumulation, was
elevated in Ron TK™/~ mice receiving saline compared with their wild-type counterparts
(Fig. 2). At 4 h after LPS administration, lung MPO increased in wild-type mice (Fig. 2). In
Ron TK~'~ mice, LPS did not cause any further increase in MPO, but a large number of
inflammatory cells are then observed throughout the alveolar compartment in the TK ™/~
lungs compared with wild-type mice receiving LPS and untreated TK ™~ lungs (Figs. 1 and
2).

Inasmuch as inflammatory lung injury in this and similar models has been shown to be
heavily dependent on activation of the transcription factor, NF-xB (31, 32), we next sought
to determine whether Ron may regulate lung injury through effects on NF-xB. Lung extracts
were obtained from mice receiving saline or LPS during a time course of injury. In wild-
type mice, there was rapid activation of NF-xB induced by LPS (Fig. 3A). In Ron TK™/~
mice, there was rapid and sustained NF-xB activation, which was much greater than in wild-
type mice (Fig. 3A). Based on competition and antibody supershift analyses, binding to the
NF-xB consensus sequence was specific, as the protein complex was not competed by a
100-fold excess of a nonspecific sequence, and the NF-xB complexes consisted of p65/p50
NF-xB subunits, respectively (Fig. 3B). Consistent with these results were Western blot
analyses of lung lysates probed for the 1xB proteins, | xB-a, and 1xB-8. In the Ron TK™/~
mice, there was evidence of a significant loss of | xB-a and | xB-g proteins within 2 h of
LPS administration (Fig. 3C). Figure 3D provides the quantitation of bands from the
Western blot analyses in Figure 3C and confirms the loss of | kB proteins in the TK™'~ mice
compared with controls.

Increases in NF-xB activation corresponded to increases in TNF-a protein expression in
BAL fluids. In wild-type mice, there was a progressive increase in TNF-a production in the
lung after LPS administration (Fig. 4). However, whereas Ron TK™/~ mice expressed similar
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amounts of TNF-a as wild-type mice 1 h after LPS administration, at 2 or 4 h after LPS,
Ron TK~~ produced nearly twice as much TNF-a as wild-type mice (Fig. 4). We also
observed significantly less IL-6 and MCP-1 in BAL fluids from Ron TK™~ mice 2 h after
LPS administration (Table 1). No differences were observed between wild-type and Ron
TK™~ mice in BAL levels of IFN-y or MIP-2 at any time point (Table 1).

Previous studies have shown that inducible nitric oxide synthase (iNOS) is upregulated
during LPS-induced lung injury and that overproduction of NO via this enzyme is
detrimental to lung function (33-35). The iNOS gene is also regulated by NF-xB (36). To
determine if there was increased production of NO in Ron TK™/~ mice, we assessed lung
tissue levels of the stable by-product of NO, nitrite. In wild-type mice, lung nitrite levels did
not change significantly after LPS administration (Fig. 5). However, in Ron TK™/~ mice,
lung nitrite levels were 2.5- to 5-fold greater than wild-type mice at every time point
assessed (Fig. 5).

DISCUSSION

The data presented herein demonstrate an important regulatory role of the Ron receptor
tyrosine kinase in the acute inflammatory response to intrapulmonary LPS. Injury in this
model is thought to be primarily mediated by alveolar macrophage activation by LPS,
resulting in the release of proinflammatory mediators, such as TNF-a and IL-1 (37). Other
studies have shown that TNF-a propagates the inflammatory response throughout the lung
by activating the transcription factor, NF-xB, resulting in upregulation of proinflammatory
cytokines, chemokines, and adhesion molecules (5, 7). Our present data suggest that the Ron
receptor tyrosine kinase functions to suppress signals leading to activation of NF-xB in vivo.
We observed that degradation of | xB proteins and subsequent activation of NF-xB were far
greater in mice lacking the tyrosine kinase domain of Ron, indicating that Ron signaling is
an important regulatory control mechanism for inflammation in this setting. Our findings of
augmented NF-xB activation in Ron TK™/~ mice are consistent with in vitro studies of Ron
in peritoneal macrophages and engineered macrophage cell lines. The latter studies have
shown that ligand activation of Ron suppresses peritoneal macrophage production of
inflammatory mediators induced by LPS and IFN-y through suppression of NF-xB (25-28).
Other studies have shown that Ron cross talks with other cell surface receptors and regulates
their signal transduction pathways (38-40). It remains to be determined in the current setting
if Ron associates with other receptors, such as the toll-like receptor 4 or TNF receptors, to
elicit its regulatory effects. Our studies provide strong evidence that Ron-mediated
suppression of signals leading to activation of NF-xB occurs in a global fashion in the lung.

The increased activation of NF-xB we observed in Ron TK™/~ mice was associated with
increased amounts of TNF-a and the NO by-product, nitrite, in the lung. Increased TNF-a
expression in these mice would be expected to contribute to the increased lung injury by
promoting inflammation. Enhanced NO production has also been linked to acute lung injury.
The iINOS, like TNFq, is a proinflammatory gene that is controlled in part by NF-xB and
known to be upregulated in acute lung injury models (36, 41). Studies examining the role of
iNOS in acute lung injury have suggested that the NO generated from this enzyme
contributes significantly to lung injury (33, 35). Our finding of increased nitrite in the lungs
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of Ron TK™/~ mice is consistent with the notion that increased NF-xB activation in these
mice leads to increased iINOS expression and activation resulting in greater production of
NO, contributing to lung injury in these mice.

Another finding of this study was that Ron TK ™~ mice had lower levels of IL-6 in BAL
fluids after LPS administration than did wild-type controls. Differences in IL-6 and MCP-1
were found 2 h after LPS administration, at a time when the inflammatory response is in a
period of intense amplification. Based on studies in similar models of acute lung
inflammatory injury and the modest changes observed here, the changes may be important.
However, IL-6 has been shown to confer highly protective effects (42—44). The mechanism
by which IL-6 is thought to regulate acute lung injury is through the modulation of
proinflammatory cytokine expression. Animals in which IL-6 was neutralized had increased
pulmonary expression of TNF-a and greater inflammatory injury than control animals (43).
Thus, prevention of Ron signaling may reduce the release of this protective soluble mediator
at a time when inflammation is spreading throughout the lung parenchyma.

Similar to a previous report from our laboratory (22), we observed the presence of
inflammatory cell infiltrates in the lungs of unmanipulated TK ™~ mice. These infiltrates
seem to cluster around large blood vessels and airway epithelium. Our previous report
demonstrated that these infiltrates contained neutrophils, T cells, and macrophages (22).
Because much of the lung injury induced in the current model is caused by activated
macrophages and neutrophils, and given that our measurements of lung MPO content found
no changes in this parameter after administration of LPS in Ron TK™'~ mice, it seems that
these cell types are already present in the lungs of Ron TK ™~ mice. This suggests that Ron
signaling may regulate normal leukocyte trafficking through the lung and that defects in Ron
signaling, as occurs in Ron TK™~ mice, result in immune cell retention in otherwise normal
lung parenchyma.

The results of this study demonstrate a regulatory role for the Ron receptor tyrosine kinase
in acute lung injury induced by intrapulmonary administration of LPS. Removal of Ron
signaling, by deletion of the tyrosine kinase domain, results in increased activation of NF-
xB leading to greatly enhanced production of TNF-a and NO and substantially increased
lung injury. Further studies examining how Ron couples to other receptors and/or how it
integrates with other signal transduction pathways are warranted to determine the upstream
mechanism(s) by which Ron elicits its regulatory effects on the acute inflammatory
response.
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Fig. 1. Lung injury in wild-type (TK+’+) and Ron tyrosine kinase-deficient (TK‘/') mice after
intranasal administration of LPS
A, The levels of albumin were measured in BAL fluids as an index for vascular leakage.

Results are expressed as mean = SEM with n = 3 to 5 mice per group. *P < 0.05 compared
with TK*/* treated mice. B, Histological analysis of stained lung tissues obtained from
TK*"* and TK™/~ mice treated with saline (sham) or LPS. Sections from each lung of the
TK~"~ mice exhibited acute pneumonitis defined by inflammatory cells in the airspaces
compared with the TK** mice. Arrows point to inflammatory cells in the airspaces of the
TK™'~ lung section.
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Fig. 2. Lung neutrophil accumulation in wild-type (TK+/+) and Ron tyrosine kinase-deficient

(TK™") mice after LPS-induced lung injury

The MPO activity in whole lungs was measured in units (U) per gram weight as a marker for

neutrophil influx. Results are expressed as mean = SEM wi

th n =7 mice per group. *P <

0.05 compared with the 0-h TK*/* control, *P < 0.05 compared with the 4-h TK*/* mice.
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Fig. 3. Effects of Ron signaling on LPS-induced activation of NF-x B and degradation of | xB
proteins
Whole lung extracts were obtained at 0, 1, 2, or 4 h after intranasal administration of LPS

into wild-type (TK**) or TK™'~ mice. A, Analysis of whole lung nuclear extracts for NF-
xB-DNA binding by electrophoretic mobility shift assay. B, Competition and supershift
analyses for NF-xB—DNA binding by electrophoretic mobility shift assays. Lung lysates
from two independent treatments taken at O or 2 h after LPS exposure were used. The
protein/DNA complexes were competed with either a 100-fold excess of specific (S) or
nonspecific (N) competitor. In addition, antibodies against the p65 or p50 subunits of NF-
xB were used. A shift of the specific protein/DNA complexes was observed with antibody
addition. No shifts were observed with other antibodies to different NF-xB complexes (data
not shown). C, Analysis of | kB protein expression in whole lung lysates. Western blot
analysis of 1xB-a (top) and 1xB-8 (middle) protein in TK** and TK™~ lungs. The Western
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membranes were also reprobed with actin (bottom) to serve as a loading control. Data in A,
B, and C are representative of two separate and independent experiments from at least six
mice. D, Quantitation of the amount of 1xB proteins in C. Densitometry was used to
determine the amount of 1 xB protein. The values represent averages of the two independent
samples per time point normalized to the actin control. The values presented are with the 0-h
time point normalized to 1.
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Fig. 4. The TNF-a levels in BAL fluid of TK** and TK™~ mice after LPS-induced lung injury
The BAL fluids were collected at the indicated times after LPS administration and were

analyzed by ELISA. Results are expressed as mean + SEM with n = 6 mice per group. *P <
0.05 compared with TK*/* mice.
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Fig. 5. Ron signaling reduces the production of nitrite in lung tissue after LPS-induced lung
injury

Whole lung extracts were isolated at the indicated time points after LPS exposure and were
analyzed for nitrite, a stable metabolite of NO. Results are expressed as mean + SEM with n

= 4 to 6 mice per group. *P < 0.05 compared with TK*/* mice.
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