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Early inflammatory events include cytokine release, activation, and rapid accumulation of neutrophils, with subsequent recruit-
ment of mononuclear cells. The p38 mitogen-activated protein kinase (MAPK) intracellular signaling pathway plays a central role
in regulating a wide range of inflammatory responses in many different cells. A murine model of mild LPS-induced lung inflam-
mation was developed to investigate the role of the p38 MAPK pathway in the initiation of pulmonary inflammation. A novel p38
MAPK inhibitor, M39, was used to determine the functional consequences of p38 MAPK activation. In vitro exposure to M39
inhibited p38 MAPK activity in LPS-stimulated murine and human neutrophils and macrophages, blocked TNFee and macro-
phage inflammatory protein-2 (MIP-2) release, and eliminated migration of murine neutrophils toward the chemokines MIP-2 and
KC. In contrast, alveolar macrophages required a 1000-fold greater concentration of M39 to block release of TN&-and MIP-2.
Systemic inhibition of p38 MAPK resulted in significant decreases in the release of TNle-and neutrophil accumulation in the
airspaces following intratracheal administration of LPS. Recovery of MIP-2 and KC from the airspaces was not affected by
inhibition of p38 MAPK, and accumulation of mononuclear cells was not significantly reduced. When KC was instilled as a
proinflammatory stimulus, neutrophil accumulation was significantly decreased by p38 MAPK inhibition independent of TNFe

or LPS. Together, these results demonstrate a much greater dependence on the p38 MAPK cascade in the neutrophil when
compared with other leukocytes, and suggest a means of selectively studying and potentially modulating early inflammation in the
lung. The Journal of Immunology,2000, 164: 2151-2159.

sponse to a proinflammatory stimulus is one of the firsting an initial recruitment of neutrophils. In some animal models of
recognizable events in the pathogenesis of many pulmoacute inflammation, accumulation of monocytes in the lung was
nary diseases. The process by which neutrophils cross the pulmésund to be neutrophil dependent (6).
nary vasculature, migrate through the lung interstitium, and ulti- Of particular interest is the ability of LPS to induce lung in-
mately accumulate in the airways requires complex interactionglammation, as local or systemic endotoxin release is an important
between circulating leukocytes and the cells of the lung (1). Al-feature of many diseases, including focal pneumonias, cystic fi-
though many aspects of neutrophil accumulation are poorly unbrosis, and the acute respiratory distress syndrome. LPS is not an
derstood, a number of discrete events have been identified. laffective chemoattractant for neutrophils, but can trigger an in-
health, a significant proportion of the circulating neutrophils areflammatory cascade via the synthesis of cytokines and other proin-
passing through the lung capillary bed at any point in time, conflammatory mediators by resident alveolar macrophages (AM),
tributing to the marginating pool (2). In the setting of lung injury, local mast cells, fibroblasts, epithelia, and endothelial cells. The
effective migration and accumulation of neutrophils into the air-release of TNFx and neutrophil-directed chemokines such as IL-8
spaces requires coordinated responses including up-regulation afe essential to early LPS-mediated neutrophil recruitment.
adhesion molecules, cytoskeletal rearrangement, increases in cellThe combined effects of TN&R-and IL-8 on neutrophil recruit-
size and stiffness, and chemotaxis (2—4). To a large extent, cytanent are complex and incompletely understood. Known roles of
kines and other soluble proinflammatory stimuli orchestrate théTNF-« include activation of endothelial cells to express adherence
responses of the leukocytes. Synthesis of cytokines by the neutr@roteins, induction of an array of secondary inflammatory media-
phil itself may serve to amplify and perpetuate the recruitment oftors, and “priming” of neutrophils for enhanced phagocytic and
leukocytes to the airspaces in certain disease states (5). Monocytctericidal activity (7). Through studies with specific Abs and
genetically modified mice, the requirement for TNFin the
pathogenesis of LPS-induced shock and tissue injury has been con-
o o ) , firmed. However, these techniques do not allow for selective re-
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T he rapid accumulation of neutrophils to the lung in re- and macrophage accumulation in the lung typically occurs follow-
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identified in mice, but macrophage inflammatory protein-2 given commercial pellet food and water ad libitum. All experiments were
(MIP-2) and KC share the same ELRYCXC structure and act as performed in accordance with the Animal Welfare Act and the U.S. Public
functional homologue of human IL-8 (11, 12) Health Service Policy on Humane Care and Use of Laboratory Animals

. ’ S after review of the protocol by the Animal Care and Use Committee of the

Selective responses of cells to external stimuli may be undertional Jewish Medical and Research Center. Anesthesia was provided by

stood through differential activation of intracellular signaling a single i.p. injection of 333 mg/kg avertin. Avertin was prepared by mix-
mechanisms. The mitogen-activated protein kinase (MAPK) suing 10 g tribromoethyl alcohol (Aldrich, Milwaukee, WI) with 10 ml te-
perfamily are highly conserved signaling kinases that regulate ceffay amyI_ alcohol (Aldrich) and diluting this stock to a 2.5% solution in
growth, differentiation, and stress responses (13). At least threl?-terlle saline.

distinct families of MAPKSs exist in mammalian cells: the p42/44 Murine bronchial alveolar lavage (BAL)

extracellular signal-regulated kinase (ERK) MAPKSs, c-Jun,NH BAL was performed immediately following sacrifice of the animals by
terminal kinases (JNKs), and p38 MAPK (14-16). Both the coor-pentobarbital overdose or cervical dislocation. The procedure was per-
dinated release of cytokines by host defense cells and the fundermed with the lungs in situ but with the chest cavity opened by midline
tional response of neutrophils to cytokines and other proin_incision. The trachea was intubated orally or directly through a small cut-

. own of the skin overlying the trachea with a 20-g angiocath (Baxter Quik-
flammatory agents are to varying degrees regulated by p38 MAP ath, Baxter Health Care, Deerfield, IL). Two to four 0.8-ml aliquots of

In the neutrophil, p38 MAPK is activated in response to many sajine with 20 U/ml heparin were instilled and sequentially removed by
stimuli, including LPS and TNFe (17, 18). Once activated, pd8  gentle hand suction with a 1-ml syringe. The volume of BAL recovered
MAPK is capable of modulating functional responses throughwas quantified and cells recovered were counted in a hemocytometer. Cell

: ot At ;_types were determined by Wright staining of a spun sample. All slides were
phosphorylation of ranscription factors and activation of other ki counted twice by different observers blinded to the status of the animal.

nases. In LPS-stimulated neutrophils, p3APK regulates dis-  gamples for cytokine analysis were immediately frozen in a dry ice/ethanol
tinctly different functions, including adhesion, activation of NF- path and stored at70°C
kB, and the synthesis of TN&-and IL-8 (19-21). In neutrophils
stimulated with the chemoattractant FMLP, activation of @38
MAPK regulates both superoxide anion release and chemotaxiguman neutrophils were isolated by the plasma Percoll method (26) and

i e suspended in Krebs-Ringer phosphate buffer with 0.2% dextrose at pH 7.2
(19, 20). In the LPS-stimulated monocyte/macrophage, Inhlbltloncs)r in RPMI 1640 culture medium (BioWhittaker, Walkersville, MD). Ma-

of p3& MAPK blocks TNF« and IL-8 release (16, 22). In cells  re murine bone marrow neutrophils were isolated from mouse femurs and
other than leukocytes, p38 MAPK also regulates stress-responseshias. Animals were sacrificed by cervical dislocation, and the bones were
including release of IL-8 by bronchial epithelial cells in responsedissected. Both ends of each bone were removed, and a 25-gauge needle on
to TNF-a or other inflammatory stimuli (23). LPS stimulation also 2 5-ml syringe containing HBSS (without calcium, magnesium, bicarbon-

L . ) .. _ate, or phenol red) was employed to express marrow from the bones. Mar-
causes activation of p38 MAPK in endothelial cells, resulting in row cords were collected in a 50-ml polypropylene conical tube (Becton

up-regulation of the ICAM-1 adhesion molecule (24). Dickinson, Bedford, MA) and subsequently resuspended by gentle aspira-
Given this central role of p38 MAPK as a regulator of multiple tion of the suspension through a 19-gauge needle. The marrow cells were
inflammatory responses in many diverse cell types, we questione@e!leted by centrifugation at 112 g for 6 min, washed once with HBSS,

R it ; _and resuspended in HBSS to a final volume of 2 ml in preparation for
the effect of in vivo p38 MAPK inhibition on neutrophil accumu ensity gradient centrifugation. A stock solution of Percoll (100% fine

lation in the lung. For these studies, we employed a murine mode}age; Pharmacia Fine Chemicals, Piscataway, NJ) was prepareckin 10
of mild pulmonary inflammation in response to a single adminis-HBSS in a ratio of 9:1 (v/v) Percoll:20 HBSS. A 3 X 2-ml Percoll
tration of LPS in the airspace. Inhibition of p@@VMAPK was discontinuous density gradient (72, 64, and 52% withMBSS) was pre-
accomplished with the novel compound M39, which is the mostPared in a 15-ml polypropylene conical tube (Becton Dickinson). The mar-

) . N - row suspension was layered on top of the Percoll gradient and centrifuged
highly selective and potent inhibitor of p38 MAPK described to at 1060% g for 30 min. Morphologically mature appearing neutrophils at

date (25). We studied the effects of selective inhibition of p38a concentration of95% formed a band at the interface of the 64 and 72%
MAPK on several events critical in the pathogenesis of the earlyPercoll layers. This band was carefully aspirated and mixed with 12 ml of
inflammatory response of the murine lung. Herein we report that inbX HBSS in a 15-ml conical tube, centrifuged at 1%2g for 6 min,
vitro inhibition of p38 MAPK resulted in a significant decrease in ashed twice with X HBSS, and resuspended i HBSS fo a volume

; . . . - of 2 ml and counted by hemocytometer. Typical yields wefe-2 X 10
murine neutrophil function, but a limited effect on other inflam- 1,5,re hone marrow neutrophils per mouse. In separate studies, the mar-

matory responses. In vivo, this resulted in the loss of initial neu-row neutrophils were shown to have equivalent functional responses and
trophil recruitment to the airspaces, while later accumulation ofrecirculation patterns when co_mpared Wi_th peripheral murine neutroph_ils
mononuclear cells remained largely intact. Together, these datd-T-S., unpublished observations). Murine peripheral blood neutrophils

I . - P were isolated by modification of methods previously reported (27) for the
indicate the potential for relatively selective in vivo inhibition of purification of rabbit peripheral neutrophils. Mice were volume expanded

Isolation of cells

neutrophilic responses. and exsanguinated into a 3.8% citrate solution followed by centrifugation

at 300X g for 20 min. The cell pellet was resuspended in 6% dextran and
Materials and Methods 0.9% NaCl solution (in a ratio of 1:5.25, dextran:saline) to a final volume
Materials of 150% the original blood volume and sedimented at unity gravity for 30

min. The leukocyte-rich supernatant was aspirated, washed once in HBSS,
Endotoxin-free reagents and plastics were used in all experiments. Aprdayered over a Percoll gradient (78, 66, and 54%) and centrifuged at
tinin, leupeptin, Tris-HCI, Triton X-100, igepal, PMSF, EDTA, EGTA, 1060X gfor 30 min. Cytospun samples of the dense band reveai@po
Nonidet P-40, and protein A-Sepharose were purchased from Sigma (Steutrophils. Following lysis with hypotonic saline, typical yields wer2—
Louis, MO), and {-**P]JATP was purchased from Amersham (Arlington 4 X 10° peripheral blood neutrophils per mouse. Trypan blue dye exclusion
Heights, IL). M39 [©-5-[2-(1-phenylethylamino)pyrimidin-4-yl]-1-meth-  showed the cells to be-97% viable following purification. Murine AM
yl-4-(3-trifluoromethylphenyl)-2-(4-piperidinyl) imidazole] was provided were isolated by two sequential BALs. Typical yields wer2 X 10° cells
by Merck (Rahway, NJ) and stored in DMSO-aR0°C. LPS was purified  per mouse and were 97-99% AM as assessed by Wright staining of spun
from Escherichia coli0111:B4 (List Biological Laboratories, Campbell, samples.
CA). Recombinant KC and MIP-2 were purchased from R&D Systems . .
(Minneapolis, MN). Activated transcription factor (ATF)-2,,was pre Neutrophil functional assays

pared as previously described (17, 19). All experiments were done in the presence of 1% human or murine heat-
Animals inactivated platelet-poor plasma. Cytokine release assays were performed

with murine neutrophils isolated from peripheral blood or murine AM re-
Female C57BL/6 mice (Harlan Sprague Dawley, Indianapolis, IN), 6—-12suspended in RPMI 1640 containing 2% murine heat-inactivated platelet-
wk of age and weighing 16—20 g, were used in all experiments. They wergoor plasma at a concentration 06&10° cells/ml. One milliliter of cells
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FIGURE 1. M39 inhibits LPS-induced activation of pa8VAPK in the murine neutrophilA, Tyrosine phosphorylation of pa8MAPK. Murine and
human neutrophils (& 10° per condition) were exposed to M39 (@) for 60 min at 37°C or left untreated, then stimulated with LPS (100 ng/ml) for
20 min at 37°C (L) or left unstimulated (U). The cells were lysed, anchd@@PK was immunoprecipitated and separated by SDS-PAGE. Western blots
were probed with an anti-phosphotyrosine Ab capable of reacting with phosphorylated tyrosine residues MfAF38 A nonimmune 1gG control is
shown inlane 5for human neutrophils to confirm the specificity of our p38APK antiserum B, Equivalent immunoprecipitation of pa8VIAPK. Blots

from A were reprobed with an anti-p38 MAPK Ab to demonstrate an equal amount of p38 MAPK immunoprecipitated for each conditionGtudied.
Activation of p3& MAPK. p38x MAPK was immunoprecipitated from the lysates depictediandB and combined with ATF-2 ,,,in the presence of
[32P]ATP. The peptide was subjected to SDS-PAGE, and the amounrtrjf phosphorylation of ATF-2 ;,,was assessed by phosphor screen autora
diography. Under identical conditions, p381APK immunoprecipitated from murine AM was also analyzed for inhibition by M39. Immunoprecipitation
with the nonimmune 1gG control shown lane 50f A andB for human neutrophils confirmed a lack of nonspecific phosphorylation of ATER Plots
depict meanst SEM from three consecutive experiments expressed in arbitrary unfis< 0.01 by Student's test, compared with the LPS-stimulated
sample in the absence of M39 for each cell type.

suspension was added per well of a 12-well flat-bottom tissue culturejected into the mouse airways by passing a 22-gauge bent feeding needle
treated polystyrene plate (Costar, Corning, NY). Cells were allowed towith a 1.25-mm ball diameter (Popper & Sons, New Hyde Park, NY)
settle without agitation for 60 min at 37°C (in the presence or absence ofhrough the oropharynx into the trachea.

the p38 MAPK inhibitor), followed by addition of stimuli for the desig-

nated periods. At the end of the stimulation, the supernatant was removed

for quantification of KC, MIP-2, or TNFx by immunoassay (R&D Sys- In vivo inhibition of p38 MAPK

tems). In vitro inhibition of p38 MAPK was performed by incubation of . . . L .

neutrophils or macrophages with M39 over a range of concentrations for g@tnesthetized mice were administered M39 by gastric intubation of a 22-
min at 37°C. Collagen gel migration assays were performed as previousl§au9¢ straight feeding needle with a 2.25-mm ball diameter (Popper &
described (27) with minor modifications. Throughout all migration assays,>0ns). Fasting mice were placed in a semiupright position, and M39 sus-
Krebs-Ringer-phosphate dextrose with 0.25% human serum albumin wakended in 10Qul hydroxypropylmethylcellulose (Abbott Laboratories, Ab-
used as the buffer. Between 2 anck5L0° neutrophils were loaded per gel POtt Park, IL) was instilled at a dose of 3 mg/kg. The M39 was adminis-
for each condition studied. Gels were inverted onto mounting media contered 2 h before and 12 h following intratracheal instillation of KC or LPS,
taining 0.1%p-phenylenediamine and 70% glycerol with 1 drop of defined except for time points earlier than 12 h, in which a single dose of M39 was
diameter fluorescent beads (DNA-Check; Coulter, Hialeati, FL) to estabadministered.

lish the scale. All gels were examined withxa0 dry objective and nu-

merical aperture 0.55. Diagrams of cells in each gel section were made at . L L .

5-um intervals, and the number of cells at each depth were recorded. Alistological examination and quantification of neutrophil

minimum of three gel sections were examined for each condition, andaccumulation of murine lung tissue

averages were calculated for each depth. Values for cell distribution at each
depth were expressed as a percent of total cells observed in the enti
vertical section.

imals were treated with saline or LPS in the presence or absence of
39. At 24 h, the animals were sacrificed by pentobarbital overdose and a
midline incision was performed. A 20-g catheter (Baxter Health Care) was
P38 MAPK immunoprecipitation assays inserted into the trachea and secured by tying with 2—0 silk followed by
) . ) . careful dissection to remove the lungs from the thoracic cavity. After full
Kinase activity of p3& MAPK was assayed from immunoprecipitated sam- jnfiation with air to 25 cm water pressure, the trachea was tied and the
ples by the ability to phosphorylate ATF:2,0as previously described (19).  |yngs submerged in 1.5% glutaraldehyde solution in sodium cacodylate
Intratracheal instillation of proinflammatory stimuli buffer for 24 h. Sections (fum) taken across the entire lung were embed-
ded in paraffin. Sagittal sections were stained with hematoxylin-eosin and
Following anesthesia with avertin, a 300-ng aliquot of LPS qrglKC examined by light microscopy. Between two and four animals were studied
dissolved in 50ul saline containing 0.1% human serum albumin was in- for each condition, and representative sections of lungs were chosen by two
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:E stimulated murine neutrophils and AM, Murine neutrophils were treated
254 with M39 (0.001-10uM at 37°C) or left untreated and allowed to adhere
to plastic. The cells were then stimulated with LPS (100 ng/mijft at
37°C, and the quantity of TNE&-(®), MIP-2 (), or KC (A) released was
quantified. Each plot depicts mean cytokine release (pg perdlks) +
SEM for each concentration of M39 from three consecutive experiments.

surface  0-5 10-15 = 20-25  30-35  40-45  50-55 The M39 concentration-dependent inhibition of cytokine release is signif-
distance migration (um) to KC icant for TNF« and MIP-2 p < 0.001) by one-way ANOVA, but not for

FIGURE 2. Inhibition of p38 MAPK blocks neutrophil migration to- KC. B, Under identical conditions, murine AM were treated with M39 or
ward MIP-2 and KCA, Neutrophils (3X 10°) were treated with JuM left untreated and allowed to adhere to plastic. The cells were then stim-
M39 () or left untreated®) for 60 min at 37°C and then subjected to an ulated with LPS (100 ng/ml) fo4 h at37°C and the quantity of TNle-(®),
in vitro collagen gel migration assay (sbterials and Methodstoward MIP-2 (), or KC (A) released was quantified. Each plot depict mean
MIP-2 (10°7 M) for 75 min at 37°C. Each plot depicts distance of migra cytokine release (pg per 9@ells) + SEM for each concentration of M39
tion in 10.um intervals, expressed in mean percent of total cells counted from three consecutive experiments. The M39 concentration-dependent in-
SEM from three consecutive experiments, with three independent readingsibition of cytokine release is significant for TN&Fand MIP-2 p < 0.001)
at each depth. Cells that failed to penetrate the gel were quantified in thby one-way ANOVA, but not for KC.
interval labeled “surface.” The failure of neutrophils to migrate beyond the
gel surface following inhibition of p38 MAPK was significamt £ 0.0001)
by x? analysis when compared with untreated ceBs.Under identical ~ the effect of LPS-induced cytokine release and leukocyte accumulation
conditions, neutrophils were treated with M39)or left untreatedl) and over time (Figs. 3 and 4). Differences in in vivo cell accumulation and
then subjected to an in vitro collagen gel migration assay toward KC’(10 Ccytokine release over time in the presence and absence of p38 MAPK

M). The observed loss of migration following inhibition of p38 MAPK was inhibition (Figs. 5, 6, and 9) were analyzed by two-way ANOVA. When a
significant p < 0.0001) byy? analysis. significant interaction between inhibition and time existed, the effect of

inhibition was analyzed separately for each time point. For all tests,
0.01 was considered significant unless otherwise indicated.

independent observers blinded to the treatment status of the animals. PhRReSUlts

tomicrographs were taken at400 magnification. Quantification of neu- |nhibition of p3& MAPK activation in murine neutrophils
trophil accumulation in the whole lung excluding the airspaces was per-

formed by myeloperoxidase (MPO) assay as previously described (28previous reports have demonstrated phosphorylation and activa-
with minor modifications. Following BAL, isolated whole lungs were fro- tion of p38& MAPK in human neutrophils following stimulation
zen in liquid nitrogen, weighed, and then homogenized. Following centrif-\ith | pS (17, 18). To determine whether activation of p38

ugation at 20,000< g for 30 min, the insoluble pellet was resuspended in . . o
50 mM potassium phosphate buffer, pH 6.0, with 0.5% hexadecyltrimeth—MApK occurs in murine neutrophils in response to LPS, and as-

ylammonium bromide. Samples were sonicated, incubated at 60°C for 2 (€SS the ability of M39 to inhibit pa38 MAPK activity, murine

and assayed for activity in a hydrogen peroxadeianisidine buffer at 460  bone marrow neutrophils were stimulated with LPS in the presence

nm. Results are expressed as units of MPO activity per gram of lung tissugand absence of M39. Activity and phosphorylation of p38APK

Statistical analysis were assessed sim_ultaneously_ by immuqoprecipitation of the ki-
nase from neutrophil lysates stimulated with LPS or left unstimu-

Data were analyzed using JMP statistical software (SAS Institute, Caryjated. The p38 MAPK was resolved by SDS-PAGE, and the

NC). Student’s unpairetl test (two-tailed) was use to determine signifi- . . . -
cance of p38 MAPK inhibition (Fig. 1) and neutrophil accumulation and Western blot was stained with an Ab capable of detecting tyrosine

MPO content (Fig. 8) for a single time point. Differences in chemotaxis Phosphorylation of p38 MAPK (Fig. 1A). For comparison, an
(Fig. 2) were analyzed by gf test. One-way ANOVA was used to analyze equal number of human neutrophils were stimulated and analyzed
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FIGURE 4. Features of pulmonary inflammation induced by intratra-
cheal administration of LP&, Influx of leukocytes in the murine airspaces 100000 +——F—T—T T T T T——T——T—7 —
in response to intratracheal LPS. Mice were administered LPS (300 ng) at 0 6 12 18 24 30 36 42 48 54 60 66 72
time 0, and the difference in numbers of neutropHil§ &nd mononuclear Time (hrs)

cells @) recovered by BAL compared with baseline levels was plotted f|GURE 5. Effect of in vivo inhibition of p38 MAPK on leukocyte
over a series of time points. Each data point represents the mean change4acumulation in the airspaces, Neutrophil accumulation in the murine
number of cellst SEM from three to five animals. The effect of LPS on airspaces following intratracheal LPS. Mice pretreated with M3 \ere
leukocyte accumulation over time is significant by one-way ANOVA for agministered LPS (300 ng) at time 0, and cell analysis of BAL was com-
both neutrophilsg < 0.001) and monocytep (= 0.003).B, Cytokines in pared with untreated micé®) over a series of times (sédaterials and
the murine airspaces in response to LPS. BAL samples recovered foIIowinmethoc& Each point represents mean number of neutrophi@EM from
administration of LPS (300 ng) were analyzed for TNR®), MIP-2 (L)), three to five animals. The effect of M39 on LPS-induced neutrophil accu-
and KC (). Quantities of cytokine recovered per mouse were plotted y1ation over time is significanip(= 0.0005) by two-way ANOVA B,
against time (sedaterials and Methods Each data point represents the \ononuclear cells accumulation in the murine airspaces following LPS.
mean amount- SEM of cytokine recovered from the BAL of three to five  pononuclear cells from BAL samples depicted in Fig\ were analyzed
animals. The effect of LPS on cytokine release over time is significant byin mice administered M391) and compared with untreated mid®®)(over
one-way ANOVA 6 < 0.001). a series of times. Each point represents mean number of-c&8EM from
three to five animals. The effect of M39 on LPS-induced mononuclear cell
accumulation over time is not significaqt € 0.39) by two-way ANOVA.

in the identical manner (Fig.A). The blot was then reprobed with
a second Ab against p@8MAPK, confirming that equivalent
amounts of kinase were immunoprecipitated for each conditiorchemoattractants MIP-2 and KC. Neutrophil chemotaxis through a
(data not shown). Activity of p38 MAPK was determined by three-dimensional collagen matrix was quantified by counting the
combining immunoprecipitated pa8MAPK with ATF-2,_,,, @ number of cells within a series of pm intervals after 75 min of
known substrate (29), in the presence BPJATP (Fig. 1B). LPS exposure to the chemokines. In the presence of M39, neutrophil
stimulation resulted in robust tyrosine phosphorylation of 938 chemotaxis to MIP-2 (Fig. &) and KC (Fig. B) was blocked.
MAPK in both murine and human neutrophils. However, 38 o ]
MAPK isolated from LPS-stimulated cells treated with M39 had Efféct of p38 MAPK inhibition on cytokine release of
significantly reduced kinase activity. Inhibition of p38 MAPK by LPS-stimulated murine neutrophils and AM
M39 may result in varying degrees of decreased tyrosine phosan important role of AM is cytokines release in response to LPS,
phorylation between different cell types and species (our unpubthus triggering and coordinating early inflammation. Neutrophils
lished observations). These results demonstrate phosphorylaticiiso have the capability to synthesize and release a limited number
and activation of p38 MAPK in the murine neutrophil and the of cytokines (30) and under certain conditions may be important in
ability of M39 to inhibit LPS-induced activation of pa8VIAPK. perpetuating the inflammatory response. Activation of p38 MAPK
o o _has been associated with cytokine production by both monocytes/
Inhlbltlpn of p38 MAPK blocks chemokine-induced chemotaxis macrophages and neutrophils. We tested the effect of p38 MAPK
of murine neutrophils inhibition with M39 on LPS-induced release of TNE-MIP-2,
Chemotaxis is a complex response involving coordination of adand KC from adherent neutrophils and AM (skkaterials and
hesion and actin assembly. We have reported previously that inMethod$. An IC5, of M39 inhibition of TNF« and MIP-2 release
hibition of p38 MAPK results in loss of chemotaxis response byby LPS-stimulated neutrophils was achieved with a concentration
human neutrophils to FMLP (19). We tested the effect of p38of M39 <0.1 nM (Fig. 3). In contrast, the IG, of M39 for LPS-
MAPK inhibition on migration of murine neutrophils toward the activated AM to achieve inhibition of TNle-and MIP-2 release



2156 p38 MAPK IN MURINE PULMONARY INFLAMMATION

A 2500

TNE-o (pg/mouse)

P—— o I
0-7 T T T T T T —r— T T T
0 6 12 18 24 30 36 42 48 54 60 66 72
Time (hrs)
B 2000
9 1500
23
2
£
& 1000
o
g
= 500
oL — 0
I S e e e B L L
0 6 12 18 24 30 36 42 48 54 60 66 72
Time (hrs)
C 500
i
]
5]
£
&
&
Q
N
—% u]

Ofr—7T 77T T T T T T T T T 1
0 6 12 18 24 30 36 42 48 54 60 66 72

Time (hrs)

FIGURE 6. Effect of in vivo inhibition of p38 MAPK on cytokine re-
lease in the airspace&, TNF-« in the murine airspaces in response to LPS.
Untreated mice®) were administered LPS (300 ng) at time 0, and the
quantity of TNF« in the BAL were compared with mice pretreated with »

M39 () over a series of times (sédaterials and Methods Each point

represents the mean amount (pg/mousegEM of TNF« recovered from  FIGURE 7. Systemic inhibition of p38 MAPK results in diminished
the BAL from three to five animals:, p < 0.01, compared with M39  pulmonary inflammation.A, Pulmonary histology of a saline-treated
treated mice at the same time point. The effect of M39 on LPS-inducednouse. At 24 h following intratracheal instillation of saline, the murine
TNF-a release over time is significar & 0.0001) by two-way ANOVA.  |ungs were fixed and stained with hematoxylin and eosin [gaterials

B, MIP-2 in the murine airspaces in response to LPS. BAL samples fromand Method} Plate represents a representative field from one of two mice
Fig. 5A were reanalyzed for MIP-2 in untreated mid®) (compared with  at X400 magnificationB, Histologic changes associated with intratracheal
mice administered M39L(]) over a series of times. Each point represents administration of LPS. Murine lung 24 h following intratracheal adminis-
the mean amount (pg/mouse) SEM of MIP-2 recovered from the BAL  tration of LPS (300 ng/mouse). Plate depicts a representative field from one
from three to five animals. The effect of M39 on LPS-induced MIP-2 re- of four mice.C, Effect of in vivo p38 MAPK inhibition on LPS-induced
lease over time is not significar & 0.49) by two-way ANOVA.C, KC histological changes. Mice were administered M39 by gastric intubation
in the murine airspaces in response to LPS. BAL samples from ®ig. 5 (seeMaterials and Methodsand then exposed to LPS in an identical manner
were reanalyzed for KC in untreated mio®)(compared with mice ad-  as Fig. 8. Plate depicts a representative field from one of four mice.
ministered M39[(J) over a series of times. Each point represents the mean

amount (pg/mouser SEM of KC recovered from the BAL from three to

five animals. The effect of M39 on LPS-induced KC release over time is o ) ) o
not significant p = 0.73) by two-way ANOVA. Characterization of murine pulmonary inflammation in response

to intratracheal LPS

To study the role of p38 MAPK activation in the lungs, a model of
was >1000-fold higher (Fig. B). Neither LPS-stimulated neutro- mild pulmonary inflammation was developed. Following intratra-
phils nor AM were found to release significant quantities of KC cheal administration of LPS, leukocytes and selected cytokines
under the conditions studied (Fig. 8,and B). Viability of neu- were quantified from BAL samples over a series of time points. A
trophils and macrophages treated withdd M39 ranged from 97  dose of LPS was selected that would elicit an exuberant neutrophil
to 99%, equal to the viability of the untreated cells (data notinflux, followed by a secondary accumulation of mononuclear cells
shown). These results support the conclusion that in vitro inhibi{primarily macrophages and monocytes), with near complete res-
tion of p38 MAPK may result in a relatively greater loss of func- olution by 72 h (Fig. 4). The maximal neutrophil accumulation in
tional response by the neutrophil than by the AM. the airspaces occurred at 24 h following LPS installation (FAg. 4
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FIGURE 8. Systemic inhibition of p38 MAPK results in decreased ac-
cumulation of neutrophils in the airspaces independent of the whole lung.
A, Neutrophil accumulation in airspaces. Neutrophils recovered by BAL at
24 h following intratracheal instillation of saline or LPS (300 ng/mouse)
with and without administration of M39 by gastric intubation (identical
with the conditions depicted in Fig. 7). Each bar represents mean number
of neutrophils= SEM from three animals:, p < 0.01 by Student’s test Time (hrs)

comparing indicated conditiol, MPO content in lungs following BAL.  FIGURE 9. Effect of in vivo inhibition of p38 MAPK on KC-induced

To determine relative quantities of neutrophils present in the lungs excludfeykocyte accumulation and cytokine releageNeutrophil accumulation

ing the neutrophils accumulated in the airspaces, the isolated lungs fron the murine airspaces in response to intratracheal KC. Mice pretreated
the animals depicted iA were assayed for MPO following BAL. Each bar jth M39 () were administered KC (ig) at time 0, and cell analysis of
represents mearr SEM of MPO activity per gram of lung tissue from BAL was compared with untreated mic®) over a series of times (see
three animals, p < 0.01 by Student'st test comparing indicated Materials and Methods Each point represents mean number of neutro-
condition. phils = SEM from three to seven animals. Analysis of data by two-way
ANOVA indicated a significant interaction between M39-induced inhibi-
tion and time, therefore the effect at each time point was analyzed sepa-
rately. Significant inhibition, p < 0.01) was found at 4 h, with inhibition
approaching significancet & h (++, p = 0.028). No significant changes

] s . - were present at 24 tp(= 0.95).B, Leukocyte accumulation in the murine
MIP-2, and KC peaked within 4 , returning to baseline by 12 hairspaces in response to KC. The total white blood cell count in BAL

(F'Q- 4B). Cytok!ng recovery was negligible bY 24 h, the po.lnt at samples depicted in FigA8was counted in mice administered M39I(
which neutrophil influx was greatest, suggesting that cytokine re'compared with untreated mic@®) over a series of times. Each point rep-
lease by neutrophils is minimal in this model. resents mean number of celts SEM from three to seven animals. Anal-
ysis of data by two-way ANOVA indicated a significant interaction be-
Inhibition of p38 MAPK in vivo results in decreased leukocyte tween M39-induced inhibition and time, therefore the effect at each time
accumulation in the airspaces point was analyzed separately. Significant inhibitien § < 0.01) was

To quantify changes in inflammation observed in the setting of infound at4.and 8 h. No significant changes were present at @4-h(99).

vivo p38 MAPK inhibition, we conducted BAL studies over 72 h

following administration of LPS. Numbers of neutrophils and Inhibition of p38 MAPK in vivo results in diminished

mononuclear cells recovered by BAL in mice following intratra- histological evidence of pulmonary inflammation

cheal LPS were counted. Administration of M39 resulted in sig-The effect of in vivo p38 MAPK inhibition on the histological
nificant reduction of neutrophil accumulation from 4 to 24 h (Fig. changes of mild LPS-induced pulmonary inflammation were eval-
SA). By 48 h, neutrophils were nlonger present in the airways, yated. Animals were administered LPS intratracheally in the pres-
but were replaced by monocytes/macrophages. When totadnce and absence of M39and compared with saline-treated con-
mononuclear cells were evaluated, the effect of systemic p3§ol|s. After 24 h, LPS-treated mice (FigBY demonstrated a
MAPK inhibition was not statistically significant (Fig.B). significant interstitial and intraalveolar accumulation of leukocytes
Together, these plots support the conclusion that in vivo inhi-ang edema when compared with saline treated animals (Rjg. 7

bition of p38 MAPK result primarily in reduction of the early |n the presence of 38 MAPK inhibition, inflammatory changes
neutrophil accumulation, with little effect on the later recruit- were evident, but to a lesser extent (Fi§)7

ment of monocytes/macrophages.

total leukocytes per mouse

In association with administration of LPS, production of TNF-

Inhibition of p38 MAPK selectively blocks the accumulation of
Inhibition of p38 MAPK in vivo results in decreased TNF- neutrophils into the airspaces

release in the airspaces Decreased neutrophil accumulation in the airspaces in response to

BAL studies of mice 0—72 h following administration of LPS were LPS following inhibition of p38 MAPK could possibly be due to
analyzed for TNFe, MIP-2, and KC. Only TNFa was found to be  decreased retention of neutrophils in the pulmonary vasculature or
significantly reduced by in vivo inhibition of p38 MAPK with M39 lung interstitum, or by loss of the ability of the cells to migrate into
(Fig. 8A), with no detectable change in the release of MIP-2 (Fig.the alveoli. The MPO assay was used to quantify the neutrophil
5B) or KC (Fig. 5C). This data suggests that systemic inhibition of burden in the pulmonary vasculature and interstitium. Animals
p38 MAPK can have divergent effects on cytokine release, and thatiere administered LPS intratracheally in the presence and absence
release of the KC and MIP-2 chemokines by resident pulmonaryf M39 and compared with saline-treated controls at 24 h, identical
immune cells in the mouse is relatively less dependent on p38vith the conditions depicted in Fig. A—C. Neutrophil accumu-
MAPK signaling than TNFe under the conditions studied. lation in the airspaces was determined by BAL (Fig\),8and
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following BAL the isolated lungs were subjected to the MPO assaywas also observed in vivo. In response to intratracheal adminis-
(Fig. 8B). Although significant reduction in neutrophil accumula- tration of LPS, the influx of neutrophils, but not mononuclear cells,
tion is observed in the setting of in vivo p38 MAPK inhibition was significantly decreased in the setting of systemic p38 MAPK
(Fig. 84), the amount of neutrophils present in the isolated lungsinhibition. Quantification of the neutrophil accumulation in the
with or without p38 MAPK inhibition are equivalent (Fig.B3. whole lung demonstrated that under the conditions studied only the
These results support the conclusion that systemic inhibition ohirspaces have a reduction of the influx of neutrophils, supporting
p38 MAPK results in a loss of migration of neutrophils into the the in vitro analysis of the dependence of neutrophil chemotaxis on
airways, consistent with the effects of in vitro p38 MAPK inhibi- p38 MAPK activation. Recovery of TNE-in the airspaces was
tion on neutrophil chemotaxis (Fig. 2). reduced through p38 MAPK inhibition, but quantities of MIP-2
and KC were not affected. When KC was used as a primary neu-
Decreased neutrophil accumulation by inhibition of p38 MAPK  {rophil chemoattractant, secondary release of TN&ad MIP-2
in vivo occurs due to reduced neutrophil chemotaxic response \yas not evoked, but neutrophil influx was significantly blocked by
Observed decreases in pulmonary inflammation following syssystemic p38 MAPK inhibition.
temic inhibition of p38 MAPK might occur due to diminished  Although the MAPK cascades are highly conserved, it is now
response of neutrophils to LPS, as a result of decreasedd NF-understood that specific utilization of the MAPK cascades differs
release (Fig. B) or as a selective inhibition of neutrophil chemo- between neutrophils, macrophages, and other cells. In monocytes
taxis (Fig. B). To evaluate the effect of systemic p38 MAPK or macrophage cell lines, LPS has been reported to activate p42/44
inhibition on neutrophil chemotaxis independent of LPS and(ERK) MAPK and JNK as well as the p38 MAPK cascade (31—
TNF-«, @ model using KC-induced pulmonary inflammation was 33). Release of TN by monocytes or macrophage cell lines can
studied. KC is a potent and selective chemoattractant for murinée blocked through selective inhibition of either the INK (32), p38
neutrophils that triggers little of the inflammatory cascade. KC wasMAPK (16), or the p42/44 (ERK) MAPK cascade (34). Disruption
administered intratracheally in mice in the presence and absence of a component of the p38 MAPK cascade MKK3™/~ mice
M39, and BAL studies were performed from 0 to 48 h. Under thefailed to reduce TNFx release by peritoneal macrophages in re-
conditions studied, KC induced a rapid and self-limited migrationsponse to LPS (35). In T cells, inhibition of p38 MAPK has less of
of neutrophils that was significantly decreased by in vivo p38an effect on TNFe release than does inhibition of the p42/44
MAPK inhibition (Fig. 94). Unlike LPS, a substantial later accu- (ERK) cascade (36). In contrast, LPS stimulation of neutrophils
mulation of mononuclear cells did not occur in response to KCdoes not result in activation of the p42/44 (ERK) MAPKs or the
(Fig. 9B). BAL analysis demonstrated no measurable release 0jNKs (17, 18, 37). As a short-lived, terminally differentiated pri-
MIP-2 and TNFe and levels of KC within the airspaces decreasedmary cell, the neutrophil possesses a more limited synthetic capa-
rapidly following administration (data not shown). These resultspjlity and, in response to LPS, uses fewer of the available intra-
suggest that decreases in LPS-induced neutrophil accumulatiofellular signal transduction mechanisms. Thus, the selective loss of
following systemic inhibition of p38 MAPK can occur due to re- neuytrophil function in the setting of systemic p38 MAPK inhibi-

duced neutrophil response, independent of TdNproduction. tion suggests that neutrophils are relatively more dependent on
signal transduction via the p38 MAPK cascade than AM.
Discussion Although considerable recent interest has been focused on the

gctivation and function of p38 MAPK, there are few reports of in

The murine model of lung inflammation described above uses &~ """~ " ° o . S
single, low-dose intratracheal administration of LPS to induce an"VO inhibition of this signaling pathway. The pyridinyl imadazole

acute inflammatory response characterized by rapid but Self_”m(_:(.)mpounds., including SB,ZO:’,,S,SO and SK&F86002, are the most
iting release of cytokines, followed by the transient influx of neu-Widely St‘fd'ed P38 MAPK |nh|b_|tors_ and_have been shown to pos-
trophils and a secondary accumulation of mononuclear cells. ThiS€SS antiinflammatory properties in animal models. These early
model was designed to study the critical early stages of lung inP38 MAPK inhibitors were shown to reduce neutrophil influx in -
flammation in which neutrophil recruitment is a central feature. By €SPONse to monosodium urate- or carrageenan-induced peritonitis
limiting the extent of the initial insult, many of the features that (38) and collagen-induced arthritis (39, 40). In response to i.p.
contribute to the perpetuation of severe inflammation wergniection of LPS, administration of_ these compounds resulted in
avoided, including sustained release of cytokines, ongoing recruitdecreased recovery of TNé-by peritoneal washout (41) and de-

ment of leukocytes, significant damage of the parenchyma, anfreased serum TNE-and mortality in a murine model of endo-
ultimately a significant mortality rate. toxin shock (40, 42, 43). The antiinflammatory effects of these p38

p38 MAPK has been linked to a variety of inflammatory responsesSupression (40, 41, 44, 45). The effects of systemic p38 MAPK
With the recent development of potent and specific inhibitors, thénhibition on pulmonary inflammation has not been described. To
role of p38 MAPK in both in vitro systems and complex in vivo date, nearly all studies of the functional role of p38 MAPK have
models of inflammation can be studied. Murine neutrophils wereused the compound SB203580, which has ag, € 39 = 11 nM
found to have nearly identical activation of pB81APK in re- for p38 MAPK as well as considerable inhibitory effects toward
sponse to stimulation by LPS with what has previously been rec-Raf (IC;, = 330 = 155 nM) and JNK21 (ICs, = 290 = 110
ported in human neutrophils. Treatment of murine neutrophils withnM). In comparison, M39 has an ig= 0.11+ 0.046 nM for p38

the novel p38 MAPK inhibitor M39 resulted in significant inhibi- MAPK and is significantly less active toward c-Raf (=

tion of p38& MAPK activity. Important functional effects of p38 >1000 nM) or INK21 (IC5, = 675 nM) (25). As a more potent
MAPK inhibition in the murine neutrophil were the loss of che- and selective p38 MAPK inhibitor, M39 is better suited for in vivo
motaxis toward MIP-2 and KC and the loss of TMNFand MIP-2  studies than previously available compounds.

release in response to LPS. Unexpectedly, parallel studies of mu- In the murine model of mild LPS-induced pulmonary inflam-
rine AM demonstrated a 1000-fold greater concentration of M39 ismation, the predominant effect of in vivo p38 MAPK inhibition
required to block release of TN&; MIP-2, or KC. The greater was to reduce recruitment of neutrophils. Based on in vitro che-
sensitivity of neutrophils to inhibition of the p38 MAPK cascade motaxis assays to MIP-2 and KC, it would appear that this effect
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can occur as a result of decreased neutrophil response. BAL meaz
surement of chemokine levels support this conclusion, as neither

KC nor MIP-2 release was decreased in animals treated with M39,3.

In addition, in vivo inhibition of p38 MAPK blocked neutrophil
accumulation in response to intratracheal administration of KC,

independent of LPS or TNk Although decreased TN&+elease 54

following LPS stimulation was detected in animals treated with
M39, this effect appears to be of secondary importance under the

conditions studied. The apparently greater dependence of neutrgs.

phils on p38 MAPK signaling when compared with resident cells
of the lung suggests the potential for selective analysis and mod-
ulation of neutrophil influx in pulmonary inflammation. 26
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