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R

egulation of inflammatory processes involves the interaction between various cell types through direct cell contact or through soluble products, with the result being a
broad spectrum of responses. Inflammation involving the infiltration of particular cells into local tissue sites is thought to be largely
controlled by chemotactic factors including chemokines (reviewed
in Refs. 1–3) with relative specificity for certain cell types. Eotaxins 1, 2, and 3 are members of the CC chemokines, and are recognized to play an important role in the recruitment of eosinophils
to sites of inflammation (4 – 8). Eotaxin-1 binds to the CCR3 which
is expressed on eosinophils and basophils and T cells (9, 10).
Eotaxin-1 can be induced by cytokines important in inflammation
including TNF, IL-1, and IL-4 in human bronchial epithelial cells
(11–13), IL-4 in intestinal epithelial cells (14), TNF and IL-4 in
human nasal and dermal fibroblasts (15–17), and TNF and IL-4 in
human lung fibroblasts (18). Its expression can be supressed by
IFN-␥ or corticosteroids (19, 20). Although these mediators have
been identified as effective regulators of eotaxin, it is likely that
there are additional cytokines which participate in its induction in
vitro and in vivo. IL-6 can be found at elevated levels in various
inflammatory conditions, but regulation of eotaxin by IL-6 or its
related family members has not yet been extensively studied.
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The IL-6/LIF family of cytokines (also called gp130 cytokines)
can regulate a variety of activities in vitro (reviewed in Refs. 21–
23), and activate the Janus kinase (JAK)3/STAT and mitogen-activated protein (MAP) kinase signaling pathways (21, 23, 24). Previous studies have shown that one family member, oncostatin M
(OSM), is prominent in its ability to regulate responses of connective tissue cells in vitro. We have shown that human OSM regulates the expression of chemokines and cytokines by fibroblasts in
vitro, including induction of monocyte chemoattractant protein
(MCP)-1 and IL-6 and suppression of IL-8, RANTES, and GMCSF (25, 26). Human OSM binds the LIF-receptor complex (type
I OSM receptor) and can also bind an OSM-specific receptor that
is composed of gp130 and the OSM-specific ␤-receptor subunit
(type II OSM receptor) (27). OSM stimulates the JAK/STAT pathway such that JAK kinases cause phosphorylation of STAT molecules leading to their dimerization and subsequent translocation
into the nucleus to bind STAT-specific DNA-binding elements
(28 –30). Depending somewhat on cell types, OSM stimulation has
also been reported to activate MAP kinases, in particular extracellular-regulated kinase (ERK)-1 and -2 (p42/p44) (31–34).
Murine OSM (muOSM) has been cloned as an immediate early
gene whose expression is up-regulated in response to IL-2, IL-3,
and erythropoietin (35). It stimulates hemopoietic cell proliferation
and regulates gonadocyte and astrocyte differentiation (36 –38),
up-regulates liver acute phase protein synthesis by hepatocytes,
and can induce tissue inhibitor of metalloproteinase 1 (TIMP-1),
IL-6, and MCP-1 expression by mouse fibroblasts (39, 40). In contrast to the human cytokine, muOSM interacts with a specific
mouse OSM receptor complex and does not bind the murine (mu)
LIF receptor complex (41– 43). In this study, we identify strong
3
Abbreviations used in this paper: JAK, Janus kinase; OSM, oncostatin M; MAP,
mitogen-activated protein; MCP, monocyte chemoattractant protein; TIMP-1, tissue
inhibitor of metalloproteinase 1; ERK, extracellular-regulated kinase; muOSM, murine OSM; mu, mouse; Ct, threshold cycle; Ad, adenovirus; MLF, mouse lung fibroblast; BAL, bronchoalveolar lavage; ECM, extracellular matrix; CT-1, cardiotrophin-1; PD, PD98059; SB, SB203580.
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Oncostatin M (OSM) is a member of the IL-6/LIF (or gp130) cytokine family, and its potential role in inflammation is supported
by a number of activities identified in vitro. In this study, we investigate the action of murine OSM on expression of the CC
chemokine eotaxin by fibroblasts in vitro and on mouse lung tissue in vivo. Recombinant murine OSM stimulated eotaxin protein
production and mRNA levels in the NIH 3T3 fibroblast cell line. IL-6 could regulate a small induction of eotaxin in NIH 3T3 cells,
but other IL-6/LIF cytokines (LIF, cardiotrophin-1 (CT-1)) had no effect. Cell signaling studies showed that murine OSM, LIF,
IL-6, and CT-1 stimulated the tyrosine phosphorylation of STAT-3, suggesting STAT-3 activation is not sufficient for eotaxin
induction in NIH 3T3 cells. OSM induced ERK-1,2 and p38 mitogen-activated protein kinase phosphorylation in NIH 3T3 cells,
and inhibitors of ERK (PD98059) or p38 (SB203580) could partially reduce OSM-induced eotaxin production, suggesting partial
dependence on mitogen-activated protein kinase signaling. OSM (but not LIF, IL-6, or CT-1) also induced eotaxin release by
mouse lung fibroblast cultures derived from C57BL/6 mice. Overexpression of murine OSM in lungs of C57BL/6 mice using an
adenovirus vector encoding murine OSM resulted in a vigorous inflammatory response by day 7 after intranasal administration,
including marked extracellular matrix accumulation and eosinophil infiltration. Elevated levels of eotaxin mRNA in whole lung
were detected at days 4 and 5. These data strongly support a role of OSM in lung inflammatory responses that involve eosinophil
infiltration. The Journal of Immunology, 2003, 170: 548 –555.
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regulation of eotaxin-1 expression by muOSM in vitro, and show
marked induction of eosinophil infiltration upon overexpression of
muOSM in mouse lungs in vivo.

Materials and Methods
Unless otherwise noted, all reagents were purchased from Sigma-Aldrich
(St. Louis, MO).

Cell lines
NIH 3T3 cells were obtained from American Type Culture Collection (Manassas, VA) and were maintained in DMEM containing 10% calf serum
(Life Technologies, Gaithersburg, MD), 1% penicillin/streptomycin, and
1.5% Fungizone. Primary mouse lung fibroblasts (MLFs) were derived
from explants of finely minced lung tissue from C57BL/6 mice (10- to
12-wk-old; Charles River Breeding Laboratories, Wilmington, MA), and
were cultured in Earle’s modified MEM (F-15) medium supplemented with
10% FBS, 1% penicillin/streptomycin, 1.5% Fungizone, and 0.03%
L-glutamine.

Cytokines and pharmacologic inhibitors

ELISA
Subconfluent cultures (80 –90%) were stimulated for 24 h in normal supplemented medium, supernatants were collected and stored at ⫺20°C until
analysis by ELISA. Murine eotaxin ELISA kits were purchased from R&D
Systems, and used according to the manufacturer’s protocol to measure
eotaxin-1 levels in supernatants.

RNA purification and analysis by real-time RT-PCR (TaqMan)
Subconfluent fibroblast (80 –90%) cultures were stimulated with the indicated cytokines in medium supplemented with 2% serum and incubated for
18 –24 h. Total RNA was extracted from cultures or from tissues using
TRIzol (Life Technologies) according to manufacturer’s directions.
Genomic DNA was removed using the Ambion DNA-free kit (Ambion,
Austin, TX). RNA was reverse transcribed using the Ambion RETROscript
kit (Ambion) using random decamers as primers to obtain cDNA.
Expression of mRNA for eotaxin was analyzed using real-time quantitative PCR (TaqMan). The forward and reverse primers along with the
fluorescent probe were designed using PrimerExpress verson 1.5 software
(Applied Biosystems, Foster City, CA). Two sets of primers and probes
were used with similar results. For the first set the forward primer was
828-5⬘-TATCACCCTGACTGACCTGTAACTCA, the reverse was 912-5⬘CACTTAAAGGCAGAGGCAGGTAA, and the probe was 855-5⬘-FAMTGTAGACCAGGCTGACCTCAAACTCACAGA-TAMRA. For the second
set the forward primer was 380-5⬘-CTGCTTGATTCCTTCTCTTTCCTAA,
the reverse primer was 440-5⬘-GGAACTACATGAAGCCAAGTCCTT, and
the probe was 406-5⬘-FAM-ACTGGTGCTGATATTCCCTCAGAGCACGTTAMRA. The housekeeping gene was GAPDH. Primers and the VIClabeled probe for GAPDH were obtained as predeveloped assay reagents
from Applied Biosystems. TaqMan Universal PCR Master Mix (Applied
Biosystems), a mixture containing AmpliTaq Gold DNA polymerase, AmpErase UNG, dNTPs, a passive reference dye and optimized buffer components, was used as the source of the PCR reagents. The plated reaction
mixture was placed in the ABI Prism 6700 Sequence Detection System
(Applied Biosystems), which was operated by Sequence Detector version
1.7 software (Applied Biosystems).
Gene expression was quantitated relative to the expression of GAPDH.
Since, in an optimized PCR, the number of copies of the target DNA is
doubled with each cycle, the relative expression of the gene of interest vs
GAPDH was calculated as 2⫺⌬Ct, where ⌬CT is the difference between the
threshold cycle (Ct) for the gene of interest and the Ct for GAPDH. In each
experiment, the value of the relative expression of the control sample (untreated) was given a value of one and the expression of the other treatments
were plotted relative to this.

Western blot
NIH 3T3 cells were cultured and stimulated as above and lysed in RIPA
buffer containing 1% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1%
SDS, 100 g/ml PMSF, 0.003% aprotinin, and 1 mM sodium orthovana-

date. Lysates were passed through a 21-gauge needle, incubated on ice for
30 min, centrifuged at 12,000 ⫻ g for 10 min, and frozen at ⫺70°C. Protein
concentration was determined using the Bio-Rad Protein assay (Bio-Rad,
Hercules, CA), and equal amounts were loaded onto 8 or 10% SDS-PAGE
gels. Proteins were transferred to Immobilon-NC membrane (Millipore,
Bedford, MA). Western blots were blocked in PBS containing 5% low-fat
milk powder, probed with Abs to STAT-3 and tyrosine-phosphorylated
STAT-3, ERK1/2 and phosphorylated ERK1/2, p38 and phosphorylated
p38, all purchased from NEB (Beverly, MA). Blots were washed, incubated with HRP-conjugated secondary Abs (Santa Cruz Biotechnology,
Santa Cruz, CA), and visualized using an ECL detection system (Amersham Pharmacia Biotech, Piscataway, NJ).

Adenovirus administration in vivo
Female C57BL/6 mice (10 –12 wk old) were anesthetized by isofluorane
and treated with either adenovirus (Ad) muOSM (expressing muOSM as
previously characterized; Ref. 44) or Addl70 (control virus) via intranasal
administration. Animals were sacrificed by dissecting the abdominal aorta
and lungs were either stored in liquid nitrogen for RNA extraction, or were
lavaged with PBS, then inflated and perfused with 10% buffered formalin
for histological analysis. Lavage fluid was stored on ice, the cells were then
pelleted, resuspended in HBSS, and cytospins were prepared using a Shandon Cytospin 3 centrifuge (Shandon, Pittsburgh, PA). Hema 3 stain (Fisher
Scientific, Nepean, Ontario, Canada) was used to differentiate cell types.
All procedures were approved by the Animal Research Ethics Board of
McMaster University (Hamilton, Ontario, Canada).

Statistical analysis
Data were analyzed for statistical significance with one way analysis of
variance using SigmaStat (SPSS, Chicago, IL).

Results
We examined the expression of eotaxin in the NIH 3T3 fibroblast
cell line which has previously been shown to respond to muOSM
(39). Fig. 1 shows that muOSM elevated eotaxin levels in 24-h
conditioned medium in a dose-dependent fashion. Effective concentrations of OSM started at ⬃1 ng/ml and plateaued at 25–50
ng/ml. Levels at days 2 or 3 of stimulation were similar in trend
(data not shown). To test the ability of other IL-6/LIF cytokines to
regulate eotaxin production, NIH 3T3 cells were stimulated with
20 ng/ml of murine LIF, IL-6, or CT-1, 5 ng/ml IL-1␤, or 1 ng/ml
porcine TGF-␤. Fig. 2A shows that neither LIF, CT-1, nor TGF-␤
were able to regulate eotaxin levels in cell supernatants. IL-6 at 20
ng/ml was able to elevate eotaxin levels significantly as did IL-1␤,

FIGURE 1. Dose response induction of eotaxin by muOSM in NIH 3T3
cells. NIH 3T3 cells were plated in 24-well plates and stimulated with
increasing amounts of muOSM for 24 h in quadruplicate. Eotaxin in cell
culture supernatants was measured by ELISA. Statistically significant
(ⴱ, p ⬍ 0.001) elevation in levels of eotaxin were found at concentrations
of muOSM as low as 1.0 ng/ml. Consistent with previous findings examining the production of other cytokines and chemokines, the optimal concentration of muOSM was 25–50 ng/ml.
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muOSM was a generous gift from Dr. T. Hara (Institute of Molecular and
Cellular Biosciences, Toyko, Japan). muIL-6, muLIF, murine cardiotrophin-1 (muCT-1), muIL-1␤, and pTGF-␤ were all purchased from R&D
Systems (Minneapolis, MN). Murine epidermal growth factor (muEGF)
was purchased from Sigma-Aldrich. PD98059 (PD) and SB203580 (SB)
were purchased from Calbiochem (San Diego, CA).
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FIGURE 3. OSM induces MAP kinase
signaling in NIH 3T3 cells. A, NIH 3T3
cells were cultured in serum-free conditions
overnight, stimulated with 25 ng/ml of the
indicated cytokines for 15 min, and total
cell lysates were prepared (as in Materials
and Methods). Western blots of the extracts
were completed for STAT-3, ERK1/2, and
p38 MAP kinases, as well as their tyrosinephosphorylated forms (pY-STAT-3, pYERK1/2, and pT-pY p38), and visualized
using an ECL detection system (as in Materials and Methods). B, NIH 3T3 cells
were plated in 24-well plates and stimulated
with with 25 ng/ml OSM for 24 h in quadruplicate. Cells were also pretreated for 1 h
with vehicle (OSM), 20 M PD (OSM ⫹
PD), or 10 M SB (OSM ⫹ SB). Data are
the mean ⫾ SD.
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FIGURE 2. Regulation of eotaxin by gp130 cytokines in mouse fibroblasts. NIH 3T3 (A) or C57BL/6 MLF cells (B) were plated in 24-well
plates. Cytokines were added in quadruplicate at the following concentrations: muOSM, LIF, IL-6, and CT-1 20 ng/ml, porcine TGF-␤ 1 ng/ml,
murine IL-1␤ 5 ng/ml. After 24 h, supernatants were collected and assayed
for eotaxin by ELISA. In NIH 3T3 cells (A), the levels of eotaxin induced
by IL-6 and IL-1␤ were similar (ⴱ, p ⬍ 0.05), but muOSM produced a
more robust induction of eotaxin (ⴱⴱ, p ⬍ 0.001). In C57BL/6 cells (B),
only muOSM induced eotaxin (ⴱ, p ⬍ 0.001).

but levels were considerably lower than in muOSM-stimulated
NIH 3T3 cell culture supernatants. MLF cell lines were established
from C57BL/6 mice to examine responses to OSM, and Fig. 2B
shows that these cells also responded to muOSM with increased
eotaxin release. None of LIF, IL-6, CT-1 (20 ng/ml), TGF-␤ (1
ng/ml), or IL-␤ (5 ng/ml) were able to induce an eotaxin response
in these cells. These results in NIH 3T3 and C57BL/6 MLF were
consistent in at least three separate experiments.
OSM receptor cell signal transduction systems include the JAK/
STAT pathway and activation of MAP kinase pathways have also
been shown to be activated by OSM depending on the cell types
examined. To examine STAT activation in response to IL-6/LIF
cytokines in NIH 3T3 cells, Western blots of total cell lysates were
probed with an Ab specific for tyrosine-phosphorylated STAT3
and total STAT-3 protein. Previous studies have shown that 15 min
after stimulation, STAT phosphorylation can be readily detected in
responsive cells. As shown in Fig. 3A, markedly elevated levels of
activated STAT-3 were induced by OSM, LIF, IL-6, and CT-1
stimulation, all to a similar degree compared with unstimulated
cells. Probing of cell lysates at the same time point with specific
Abs showed that OSM can also induce the phosphorylation of both
ERK1/2 (p42/44) and p38 MAP kinases. Established pharmacological inhibitors were used to assess the effects of inhibiting these
kinases (Fig. 3B). Preincubation of NIH 3T3 cells with SB or PD
(to inhibit p38 MAP kinase or p42/44 MAP kinase, respectively)
showed a significant reduction ( p ⬍ 0.001) in the levels of eotaxin
detected in 24-h cell culture supernatants.
Analysis of RNA levels using real-time RT-PCR (TaqMan)
showed that, consistent with the results of protein assays, muOSM
was a potent regulator of eotaxin levels in both NIH 3T3 and MLF
cells when compared with the other cytokines tested (Fig. 4).
When corrected for the levels of the housekeeping gene, GAPDH,
muOSM induced a dramatic increase in the relative expression of
eotaxin mRNA when compared with unstimulated cells. Relative
fold induction was calculated using the ⌬⌬Ct formula (45). As was
the case at the protein level, IL-6 induced a significant increase in
eotaxin expression in NIH 3T3 but not MLF cells. However, the
relative fold increase for IL-6 stimulation was significantly lower
than that of muOSM. Similar to results for other cell types, IL-4
and IL-1␤ elevated eotaxin expression in NIH 3T3 cells (data not
shown). Preincubation of NIH 3T3 cells with the MAP kinase
inhibitors PD or SB significantly reduced the level of eotaxin
mRNA by ⬃15 and 72%, respectively (Fig. 4C).
Previous work characterizing the AdmuOSM adenovirus vector
and its effects in mouse lung tissue have shown that virus-encoded

The Journal of Immunology

551

Discussion
These results clearly demonstrate that muOSM can induce eotaxin
expression in mouse fibroblasts at the protein and mRNA level.

FIGURE 4. muOSM regulation of eotaxin mRNA. Cultures of NIH 3T3
(A) and C57BL/6 MLF cells (B) were stimulated with muOSM, LIF, IL-6,
and CT-1 at 25 ng/ml. cDNA was prepared as described in Materials and
Methods and analyzed for eotaxin expression using real-time quantitative
PCR (TaqMan). Relative expression of eotaxin following cytokine stimulation was compared with unstimulated cells. muOSM but not LIF or CT-1
could induce substantial increases in eotaxin expression (p ⬍ 0.001). IL-6

also produced significant increases in eotaxin expression in NIH 3T3 cells.
C, Cultures of NIH 3T3 cells were pretreated with vehicle (OSM), 20 M
PD (OSM/PD), or 10 M SB (OSM/SB) and then stimulated with 25 ng/ml
OSM. Relative expression of eotaxin following pretreatment was compared
with that from cells stimulated with OSM using TaqMan. Pretreatment
with either SB or PD was able to significantly inhibit eotaxin expression
induced by OSM, but the percentage of inhibition of eotaxin mRNA synthesis by SB was more potent than that produced by PD (ⴱⴱ, p ⬍ 0.001;
ⴱ, p ⬍ 0.05).
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muOSM mRNA (as assessed by Northern blot) is expressed at
days 1 and 3, and less consistently, is still sustained at day 7 after
administration (44). Major effects on lung histopathology were not
seen within the first 3 days after administration. However, preliminary results showed that at later time points after administration,
eosinophil numbers in lung tissues were markedly elevated in
C57BL/6 mice. The lungs of C57BL/6 mice were examined histologically after intranasal administration of increasing doses of
AdmuOSM or Addl70. At various times after administration, the
animals were sacrificed, bronchoalveolar lavage (BAL) was performed, and the lungs were fixed and stained with H&E or Masson’s trichrome stain (Fig. 5). Adenovirus produces focal infection
of bronchial and alveolar epithelial cells, and to a more limited
extent, infects alveolar macrophages, throughout the tracheobronchial tree (46). At the highest doses tested (AdmuOSM at 107
PFU/animal), profound effects were evident at day 7. Overexpression of muOSM produced an interstitial pneumonia characterized
by pronounced infiltration of mononuclear cells in the lung parenchyma and alveolar spaces and dense accumulations in the peribronchial and perivascular areas. The infiltrating cell population
included neutrophils, and most particularly, large numbers of eosinophils. Lungs showed obliteration of alveolar structure in some
areas, and evidence of fibroblast proliferation and increased collagen deposition. BAL fluid from these mice showed a mean level
of 35 pg/ml eotaxin in two separate experiments (data not shown).
At day 14, the extent of infiltration was declining, but mononuclear
cells and abundant eosinophils remained, as well as increased levels of extracellular matrix (ECM). By day 21, inflammation was
clearly resolving and normal alveolar structure was returning. Remodeling of lung parenchyma was taking place to the extent that
intensity of collagen staining was returning to normal. However,
minor scarring persisted as long as 70 days post viral administration (data not shown). Control Ad vector (Addl70) did not produce
such effects. Minor bronchial epithelium hyperplasia and occasional mild mononuclear cell infiltration were the only effects produced by Addl70. These findings are summarized semiquantitatively in Table I. Counts of cells in the BAL fluids also reflect a
similar effect in that a marked increase in eosinophils was observed. This was consistent in all of four similar experiments with
intranasal administration. Significant effects were evident at doses
of AdmuOSM as low as 107 PFU/animal (Fig. 6). Addl70-treated
mice did not show significant differences from untreated mice.
To pinpoint the onset of eotaxin expression in vivo, mice received AdmuOSM via intranasal administration and were sacrificed at various time points. Lungs were collected at days 3– 6 and
RNA was prepared. Results using real-time RT-PCR showed that
expression of eotaxin occurred at days 4 and 5 postadministration,
and by day 6 levels had declined to close to background (Table II).
Eotaxin expression at days 4 and 5 is consistent with the observation of marked tissue eosinophilia at day 7.
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The results of AdmuOSM administration in vivo in C57BL/6 mice
show a marked elevation of eosinophils in lungs that is evident at
days 7 and 14 after treatment, consistent with the effects of OSM
on eotaxin in vitro. This is the first identification of this activity of
OSM, and indicates a need to consider OSM in inflammatory responses that involve eosinophilic inflammation.

Our results also show that IL-6 family cytokines LIF and CT-1
cannot regulate eotaxin in vitro in NIH 3T3 cells despite being able
to induce STAT-3 phosphorylation to a similar degree as OSM.
This suggests that NIH 3T3 cells express receptors for LIF and
CT-1 but that STAT-3 activation is not sufficient to enhance the
expression of eotaxin in these cells. Thus, the signals induced by

Table I. Histopathology in C57BL/6 mouse lung overexpressing muOSM
Inflammatory Parametersa
Treatmentb

Day

Mononuclear
cells

Neutrophilia

Eosinophilia

Fibrosis/
hyperplasia

Granuloma
formation

Collagen
deposition

AdmuOSM

7
14
21
7
14
21

⫹⫹⫹
⫹⫹⫹
⫹⫹
⫹
⫹⫹
⫹⫹

⫹⫹
⫹
⫺
⫺
⫺
⫺

⫹⫹⫹
⫹⫹
⫹
⫺
⫺
⫺

⫹⫹⫹
⫹⫹⫹
⫹⫹
⫺
⫺
⫺

⫹⫹
⫹⫹
⫹
⫺
⫺
⫺

⫹⫹
⫹⫹
⫹
⫺
⫺
⫺

Addl70

a
Lung tissues were fixed with 10% buffered formalin, paraffin-embedded, sectioned, and stained with H&E, Congo red,
Masson’s trichrome, and Elastin von Giesen stain. Tissues were examined in a blinded manner for the presence and extent of
mononuclear cell accumulation, neutrophilia, and granuloma formation (H&E); fibrosis/hyperplasia and collagen deposition
(H&E, Masson’s trichrome, and Elastin von Giesen); and eosinophilia (Congo red).
b
C57BL/6 mice (minimum three mice per treatment three separate experiments) received 5 ⫻ 107 PFU AdmuOSM or
Addl70 via intranasal administration and were sacrificed 7, 14, or 21 days later.
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FIGURE 5. Adenovirus encoding muOSM induces
eosinophilia in C57BL/6 mouse lung. C57BL/6 mice
received 5 ⫻ 107 PFU AdmuOSM (A–E) or Addl70 (F)
via intranasal administration and were sacrificed 7
(A–C) or 21 (D and E) days later. Lung tissues were
stained with H&E (A, D, and F), Masson’s trichrome (B
and E), or Congo red (C). At day 7, lungs were densely
infiltrated with mononuclear cells, eosinophils, and
neutrophils. Masson’s trichrome stain (B) illustrates the
dense cellular infiltration and fibroblast proliferation
(red) as well as the deposition of ECM, specifically collagen (green). Congo red shows the high concentration
of eosinophils in the lung parenchyma as well as in the
bronchial lumen (C). By day 21, inflammation was resolving and alveolar structure was regenerating (D), although some extracellular collagen deposition remained (E). Addl70 (F) did not produce significant
alterations to lung architecture other than very minor
mononuclear cell infiltration and epithelial hyperplasia.
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OSM in addition to STAT-3 must play a role in eotaxin regulation.
It has recently been demonstrated that eotaxin transcription can be
regulated by STAT-6 (activated by IL-4) and NF-B (activated by
TNF or IL-1) in epithelial cells (47). However, there has been no
indication that OSM regulates STAT-6 or NF-B, which suggests
that other pathways can regulate eotaxin expression. Identification
of activation of ERK1/2 and p38 by OSM (Fig. 3A) and of inhibition of eotaxin levels by pharmacological inhibitors (Fig. 3B) of

Table II. Administration of AdmuOSM regulates eotaxin mRNA in lung
tissue of C57BL/6 mice
Relative Increase in
Eotaxin Expressionb

Treatmenta

PBS day 3
Addl70-3 day 3
AdmuOSM day
AdmuOSM day
AdmuOSM day
AdmuOSM day

3
4
5
6

1.0
0.4
2.1
3.4
25.6
5.2

a
C57B1/6 mice received 5 ⫻ 107 PFU AdmuOSM, Addl70-3, or vehicle (PBS)
via intranasal administration and were sacrificed 3– 6 days later. Total RNA was
prepared from lung tissue, reversed transcribed as described in Materials and Methods
and cDNA analyzed for eotaxin expression using real-time quantitative PCR (TaqMan).
b
Relative expression from lung tissue of mice that received AdmuOSM or
Addl70-3 was compared to that from mice treated with PBS. Data represent a mean
of two animals for each of the AdmuOSM treatments and one animal from the PBS
and Addl70-3 groups. Levels of eotaxin expression from these tissues were examined
individually by TaqMan a minimum of three times.
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FIGURE 6. Eosinophilia in BAL fluid of AdmuOSM-treated C57BL/6
mice. Cells collected by cytospin from BAL fluid from animals treated with
Addl70 (A) or AdmuOSM (B). The majority of cells in Addl70 BAL fluid
are macrophages. In contrast, AdmuOSM BAL fluids show large numbers
of eosinophils and neutrophils, as well as macrophages. C, C57BL/6 mice
received 5 ⫻ 107 PFU AdmuOSM intranasally. Animals were sacrificed 7,
14, or 21 days later. Lungs were lavaged with PBS, and cells were collected, stained, and scored. Animals treated with AdmuOSM showed substantial and statistically significant increases in the number of eosinophils
in BAL fluid at days 7 and 14, to a peak of 27.2% at day 14 (ⴱ, p ⬍ 0.05).
Values returned close to normal by day 21. Mice treated with Addl70
showed no significant increases in eosinophils.

these pathways indicates partial dependence on ERK1/2 and p38
of OSM-induced response in mouse fibroblasts. Furthermore, reduction in the level of eotaxin mRNA by inhibitors of ERK or p38
suggests that OSM signal transduction mediated by the MAP kinase pathway stimulates eotaxin expression at the transcription
level. Although the concentrations of PD and SB used in this study
are in keeping with the current literature, we cannot rule out possible nonspecific effects of these inhibitors. We have observed that
the ERK inhibitor PD did not affect the tyrosine phosphorylation of
p38, STAT-1, and STAT-3, nor did the p38 inhibitor SB alter the
tyrosine phosphorylation of ERK, STAT-1, or STAT-3 (assessed
by immunoblots, data not shown) in OSM-stimulated NIH 3T3
cells; however, they may potentially affect other signal transduction pathways that impinge upon the OSM-mediated induction of
eotaxin. In other systems, OSM has also been reported to activate
STAT-1 and -5 (30, 34) as well as JNK MAP kinase, phosphatidylinositol 3⬘-kinase, and src kinases (34, 48, 49). Further investigation is required to determine the participation of such pathways
in regulating eotaxin.
IL-6 stimulation resulted in a much lower but detectable increase in eotaxin protein and mRNA production in NIH 3T3 cells;
however, IL-6 was not able to stimulate such responses in MLF.
Our results of STAT activation show that LIF, IL-6, and CT-1 can
induce STAT-3 in MLF (L. Tong and C. D. Richards, unpublished
observations) indicating receptor activation by these cytokines;
however, additional signals recruited by OSM must also play a role
in the regulation of eotaxin in these fibroblasts. Previous work
examining human lung fibroblasts was not able to detect regulation
of eotaxin by IL-6 or IL-10 (18), which is consistent with our
results in the mouse system. Collectively, these data suggest that
OSM should be considered unique among the IL-6/LIF cytokines
in stimulating eotaxin release by mouse fibroblasts, and supports
the need for further investigation into regulation of eotaxin by
OSM in human systems.
Previous results have demonstrated that OSM is able to induce
TIMP-1 in a number of connective tissue cell types, suggesting a
possible role in the regulation of ECM metabolism. The regulation
of TIMP-1 by OSM reflects induction of eotaxin, in that OSM but
not LIF or CT-1 was previously shown to elevate TIMP-1 mRNA
in NIH 3T3 cells and mouse fibroblasts in vitro (39, 40), suggesting that STAT-3 activation is not sufficient to regulate TIMP-1.
AdmuOSM treatment of mice elevated TIMP-1 RNA in vivo (44).
The increase in matrix that appears evident by histology (Fig. 5) is
consistent with this, although the control of ECM metabolism is a
complex process involving ECM synthesis as well as ECM catabolism that in turn results from the net balance of matrix metalloproteinases and their inhibitors. Human OSM has been shown to
elevate collagen synthesis in dermal fibroblasts (50); however, it is
not yet known whether similar action is shown by muOSM in
mouse fibroblasts.
Our results clearly indicate the potential of OSM to play a role
in the regulation of cellular infiltration in inflammatory conditions.
However, it is not yet clear that the levels of OSM that are present
in our system of overexpression of OSM in vivo in mice have a
direct relevance to the levels that might be found in other mouse
models of lung disease, nor is it yet clear if these cytokine effects
in mice have a direct correlation to human lung inflammatory conditions. Although similar signaling events have been described in
human cells in response to OSM, the mouse system may show
species-specific effects. In addition, since the effects of OSM in the
lung are in context of an adenoviral infection, there may be other
virus-induced events required for the effect in vivo in this system.
The regulation of eotaxin, MCP-1, and TIMP-1 (39, 40, 44) in
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vitro in NIH 3T3 cells and in MLFs could argue that overexpression of OSM is sufficient; however, there may be other factors in
the mechanism of OSM-induced inflammation and pathology in
vivo. Although further analysis is required, our results indicate that
such investigation has merit.
Inflammation due to asthma is characterized by infiltration of
eosinophils into lung tissue and the bronchoalveolar spaces, and
the control of eosinophil infiltration is likely influenced in large
part by the generation of chemotactic agents, particularly eotaxin,
within lung tissue (9, 51). In addition to the regulation of eotaxin
identified by our results in this study, other effects of OSM in vitro
include induction of the proliferation of smooth muscle cells (52),
and potential ECM modulation through influence on matrix metalloproteinase/TIMP balance, which are identified as characteristic
of asthma-induced lung pathology. OSM may also potentially be
involved in the pathogenesis of eosinophilic pneumonia, which
involves chronic or recurrent eosinophilic infiltrates, and has been
shown to be associated with increased levels of the chemokine
MCP-1 in BAL fluids (53, 54) and suppression of Fas and apoptosis (55). Persistence of eosinophils in the AdmuOSM-treated
mice may reflect similar mechanisms. We have shown previously
that human OSM (on human cells) and mouse OSM (on mouse
cells) are able to up-regulate the expression of MCP-1 by fibroblasts (26, 40). Eosinophilia has also been shown to be induced in
the absence of eotaxin using eotaxin-deficient mice (56), likely
through the action of RANTES, macrophage inflammatory protein-1␣, MCP-5, and MCP-1 (57). Analysis of local expression of
OSM in asthma and other pulmonary disorders such as eosinophilic pneumonia may lead to further information of the mechanisms of pathogenesis of these conditions.
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