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Abstract

Oncostatin M is a member of the IL-6 family of cytokines
that is primarily known for its effects on cell growth. Endo-
thelial cells have an abundance of receptors for oncostatin
M, and may be its primary target. We determined if onco-
statin M induces a key endothelial cell function, initiation of
the inflammatory response. We found that subcutaneous in-
jection of oncostatin M in mice caused an acute inflamma-
tory reaction. Oncostatin M in vitro stimulated: (a) poly-
morphonuclear leukocyte (PMN) transmigration through
confluent monolayers of primary human endothelial cells;
(b) biphasic PMN adhesion through rapid P-selectin expres-
sion, and delayed adhesion mediated by E-selectin synthe-
sis; (c) intercellular adhesion molecule-1 and vascular cell
adhesion molecule-1 accumulation; and (d) the expression
of PMN activators IL-6, epithelial neutrophil activating
peptide-78, growth-related cytokine o and growth-related
cytokine 3 without concomitant IL-8 synthesis. The nature
of the response to oncostatin M varied with concentration,
suggesting high and low affinity oncostatin M receptors
independently stimulated specific responses. Immunohis-
tochemistry showed that macrophage-like cells infiltrating
human aortic aneurysms expressed oncostatin M, so it is
present during a chronic inflammatory reaction. Therefore,
oncostatin M, but not other IL-6 family members, fulfills
Koch’s postulates as an inflammatory mediator. Since its ef-
fects on endothelial cells differ significantly from estab-
lished mediators like TNFa, it may uniquely contribute to
the inflammatory cycle. (J. Clin. Invest. 1997. 100:158—
168.) Key words: neutrophils « E-selectin « P-selectin « IL-6 «
IL-8

Introduction

Oncostatin M is a member of the IL-6 family of cytokines,
which additionally includes leukemia inhibitory factor (LIF),
IL-11, ciliary neurotrophic factor (CNTF), and cardiotrophin-1
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(CT-1). Oncostatin M, like other family members, has high
amino acid conservation, alignment of conserved residues, and
conservation of genomic organization compared to IL-6 (1, 2).
The conservation of structure extends to their receptors, and
oncostatin M shares a subunit with the IL-6 receptor (gp130)
and can use the LIFR subunit of the LIF receptor (3-5). On-
costatin M was originally isolated as a factor secreted from ac-
tivated T cells that suppressed the growth of human melanoma
cell lines but, intriguingly, failed to retard the growth of nor-
mal fibroblasts (6). However, subsequently it was found to
stimulate the growth of other transformed and malignant cells,
and to possess a variety of other functions (7, 8). In addition to
its role in growth and differentiation, oncostatin M is immuno-
modulatory as it is synthesized by stimulated T cells and
monocytes (6). Several lines of evidence indicate that endothe-
lial cells may be primary targets of oncostatin M. First, endo-
thelial cells are the richest source of receptors for oncostatin M
yet to be identified. Endothelial cells have 4,000 high affinity
receptors and 100,000 low affinity receptors (9). This is a 10- to
20-fold greater expression of these receptors compared to other
cell types (9, 10), and is especially significant when compared
to the estimated 650 TNF receptors expressed by endothelial
cells (2, 9). Second, endothelial cells respond to oncostatin M
with activation of MAP kinase activity (11), IL-6 secretion (9),
and delayed, but prolonged, P-selectin synthesis (12). Third,
oncostatin M is the major autocrine growth factor for Kaposi’s
sarcoma cells (13), and these spindle-shaped cells are thought
to be of endothelial cell origin (14, 15).

The physiologic or pathologic roles of oncostatin M have
not yet been established. Transgenic expression of oncostatin
M under the control of nonspecific promoters is lethal (16),
but expression using cell-specific promoters in lymphocytes of
the early T cell lineage caused extrathymic expansion and mat-
uration that may be therapeutic for T cell immunodeficiencies
(17). Ectopic expression under the control of the insulin pro-
moter, in contrast, produced mice whose pancreas showed fi-
brosis and lymphocytic cuffing around pancreatic islets and
blood vessels (16). These changes are signs of a chronic inflam-
matory reaction, but IL-6 family members are generally not
considered to be proinflammatory (1, 8). Instead, their role,
exemplified by induction of the acute phase response, is con-
sidered to be reparative or even, as proposed for oncostatin M
(18), antiinflammatory. Despite this generalization, recent
data suggest that oncostatin M could be directly proinflamma-
tory. Oncostatin M increases P-selectin synthesis in primary
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1. Abbreviations used in this paper: ENA-78, epithelial neutrophil ac-
tivating peptide-78; GRO, growth related cytokine; ICAM-1, in-
tercellular adhesion molecule-1; LIF, leukemia inhibitory factor;
VCAM-1, vascular cell adhesion molecule-1.



cultures of endothelial cells over a several day period, and this
increases leukocyte adhesion (12). Additionally, oncostatin M
is present during the inflammatory cycle of response and re-
pair as there is a 100-fold increase in circulating levels in septic
patients (19).

We explored the potential of oncostatin M as an inflamma-
tory effector, and found mutually supporting lines of evidence
showing that it could contribute to homeostasis in this way. We
found that oncostatin M caused an acute inflammatory reac-
tion in vivo, and that it colocalized with TNF-secreting cells in
chronically inflamed human vascular tissue. It induced trans-
migration of human neutrophils through monolayers of en-
dothelial cells by stimulating the expression of adhesion
molecules and chemokines. The pattern of endothelial cell
responses, however, significantly differed from the response to
TNF. Additionally, the nature of the response depended on
the concentration of oncostatin M as low and high affinity re-
ceptors individually stimulated proinflammatory events. We
show that oncostatin M is a unique member of the IL-6 family
that is a direct inflammatory mediator.

Methods

Reagents. Recombinant human TNF was generously provided by
Genentech Inc. (South San Francisco, CA). Recombinant human on-
costatin M, IL-6, IL-8, LIF, IL-11, epithelial neutrophil activating
peptide-78 (ENA-78), CNTF, anti-E-selectin antibody (BBA 8), and
polyclonal anti-human antibodies to oncostatin M, TNF, and ENA-
78 were from R & D Systems, Inc. (Minneapolis, MN). HBSS and
M199 were obtained from Whittaker M.A. Bioproducts, Inc. (Walk-
ersville, MD) and HSA was from Miles Laboratories, Inc. (Elkhart,
IN). Mouse anti-human E-selectin antibody (3E6) and anti-human
P-selectin antibody (G1) were gifts from Dr. Rodger McEver (Uni-
versity of Oklahoma). Anti-intercellular adhesion molecule-1
(ICAM-1) (18E3D) was a gift from Michael Gallatin and Pat Hoff-
man (ICOS Corp., Bothell, WA). Endogen, Inc. (Woburn, MA) sup-
plied polyclonal rabbit antihuman IL-6. Mouse monoclonal anti—
vascular cell adhesion molecule-1 (VCAM-1) was obtained from
Biodesign International (Kennebunkport, ME). ECL Western blot-
ting reagents were purchased from Amersham Corp. (Arlington
Heights, IL). All secondary antibodies were obtained from Biosource
International (Camarillo, CA). Other reagents were from Sigma
Chemical Co. (St. Louis, MO).

In situ localization of oncostatin M. Specimens of aortic aneu-
rysm were obtained at the time of surgery and specimens of normal
aortas were obtained postmortem. Protocols to obtain surgical and
cadaveric tissue samples were approved by the University of Utah’s
Institutional Review Board. Each specimen was fixed in Histochoice
MB (Amresco Inc., Solon, OH) before embedding in paraffin and
sectioning into 4 pm slices. The slices were deparaffinized with a
graded ethanol series, hydrated, endogenous peroxidase quenched
with 0.3% H,0,, and stained with goat anti-oncostatin M and anti-
TNF antibodies at 1 pg/ml in PBS with 1% rabbit serum overnight.
The antibodies were detected by an anti-goat vectastain kit according
to manufacturer’s instructions (Vector Laboratories, Inc., Burlin-
game, CA). Positive staining developed as a brown reaction precipi-
tate. The sections were photographed under light microscopy by
Nomarski interference optics. Sections stained with goat IgG or with
secondary antibody alone showed insignificant amounts of brown re-
action product.

In vivo inflammatory responses to oncostatin M. On the day of
the experiment, hair on the backs of female Swiss 44, 6-8-wk-old
mice was removed and 1 pg (45 picomols) of oncostatin M in 10 pl
PBS with 1% HSA, or PBS with 1% HSA alone was injected subcu-
taneously with a 32-gauge needle. The mice were killed by cervical
dislocation at the desired time points, the site of injection was ex-

cised, and was fixed in 10% formalin overnight. The excised tissue
was embedded in paraffin, sectioned, and stained with eosin and he-
matoxylin to examine inflammatory infiltrates.

Cell manipulations. Human umbilical vein endothelial cells
(HUVEC) were cultured in 24-mm multiwell plates or 24-mm trans-
well membranes (Costar Data Packaging Corp., Cambridge, MA) as
described (20). Only monolayers of primary cultures that were tightly
confluent (24 h postconfluence) were used for these studies. Neutro-
phils were isolated from human blood and labeled with !''In-oxine as
before (20). Endothelial cell and blood procurement was approved by
the University of Utah’s Institutional Review Board. Endothelial
cells were treated with the stated agonist in HBSS containing 0.5%
HSA (HBSS/A) for the specified period of time before adhesion of
MIn-PMN to activated endothelial cells was quantified as described
(21). When the effect of anti-E-selectin or anti-P-selectin antibody
on PMN-endothelial cell interactions was examined, the monolayer
was preincubated for 15 min with 10 pg/ml of blocking POE2 mAb or
10 pg/ml of blocking anti—P-selectin G1 mAb. The adhesion assay
was performed in the presence of this concentration of antibody. A
positive control for antibody effectiveness was included in each ex-
periment. Neutrophil transmigration over a 60 min period was deter-
mined in triplicate by adding 250 ul of In-labeled PMN (2.0 X 10°
cells per ml) over agonist-treated HUVEC that had been grown on
transwell inserts. The assay wells were chilled on ice, and PMN that
migrated through the monolayer were collected and counted. Trans-
migration is reported as the mean and SEM of triplicate values. Flow
cytometry of endothelial cells was performed as described (22).

Biochemical and molecular biologic protocols. Cytokines and che-
mokines were quantitated in endothelial cell supernatants by sandwich
ELISA with polyclonal anti-human antibody; detection employed bio-
tinylated rabbit anti-human IL-8, ENA-78 or IL-6, and avidin-conju-
gated horseradish peroxidase (23). Material for Western blots was
collected by solubilizing monolayers with boiling Laemmli sample
buffer (24) without B-mercaptoethanol. E-selectin was immuno-
blotted as described earlier (23). Reverse transcription and PCR was
performed as described (25). Specifically, IL-6 PCR was performed
using sense primer 5'-ATG AAC TCC TTC TCC ACA AGC-3’
spanning the nucleotides 51-71 and antisense primer 5'-TTC TCG
GGA GTC CGA CCT GAC-3’ spanning nucleotides 657-677 of the
IL-6 cDNA sequence. ENA-78 PCR was performed using sense
primer 5'-GCC CGT GTC CCC GGT CCT TCG AG-3' spanning
the nucleotides 121-152 and antisense primer 5'-CTG GAT CAA
GAC AAA TTT CCT TC-3' spanning nucleotides 602-625 of the
ENA-78 genomic sequence. The product of the reactions for IL-6 and
ENA-78 were 659 and 257 bp, respectively. PCR for growth related
cytokine (GRO) a and GRO B was performed as described (26).

Results

Localization of oncostatin M in human aortic aneurysms. We
first determined whether or not oncostatin M was localized at
sites of inflammation. For this we chose a chronically inflamed
human tissue: abdominal aortic aneurysm tissue from surgical
resections. Here, in addition to abnormal vascular dilation re-
sulting from atherosclerotic weakening of the vessel wall, there
is infiltration of macrophages and lymphocytes. This occurs
in the intima, and in atherosclerotic lesions, in the adventitia.
In the latter area there is also perivascular cuffing (27, 28)
where the infiltrating leukocytes chronically secrete IL-1 and
TNF, denoting an ongoing inflammatory process (28, 29). We
examined tissue sections from abdominal aortic aneurysms
and found clusters of infiltrating mononuclear cells. Immu-
nostaining of these sections for oncostatin M showed promi-
nent staining of numerous macrophage-like cells (Fig. 1, top
left). Smaller mononuclear cells with indistinct cytoplasm sug-
gestive of lymphocytes failed to stain for oncostatin M. Immu-
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Figure 1. Oncostatin M is present in inflamed human aorta. Sections of aneurysmal (top) or normal (bottom) aorta were stained with goat poly-
clonal anti-oncostatin M (left) or goat polyclonal anti-TNF (right), detected with peroxidase conjugated anti-goat antibodies, and developed
with diaminobenzidine. Positive staining indicated as a brown reaction precipitate. Sections were examined at X40 using Nomarski interference
optics. We found that 8 of 12 specimens of aortic aneurysms stained positively for TNF and oncostatin M, while the remaining four aneurysms

contained neither TNF nor oncostatin M.

nostaining of serial sections for TNF demonstrated an identical
result. TNF was present in numerous large macrophage-like
cells and absent in the smaller mononuclear cells (Fig. 1, top
right). Sections of aortas from cadavers with unrelated disease
showed rare mononuclear cells resembling leukocytes. We
could not detect significant TNF in these cells even when we
found several leukocytes in one area, although there may be a
low level of oncostatin M staining in this infiltrate (Fig. 1, bot-
tom, left and right). Thus, oncostatin M is present in a chronic
human inflammatory lesion, and it colocalizes with another
powerful proinflammatory cytokine, TNF.

In vivo inflammatory responses to oncostatin M. Our next
goal was to determine if oncostatin M was sufficient to induce
an inflammatory response. We injected 1 pg (45 picomols) of
recombinant human oncostatin M subcutaneously into mice,
and examined the sites 6, 12, and 24 h after injection. Gross ex-
amination showed redness and swelling—classic signs of in-
flammation—at the site of oncostatin M injection at 6 and 12 h,
with subsidence at 24 h. Microscopic examination of the fixed
and stained sections from PBS injected controls (Fig. 2 A)
showed a normal venule with unremarkable histology,
while the histopathology of sections derived from oncostatin
M-injected dermis obtained at 6 h (Fig. 2 B) and 12 h (not
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shown) postinjection showed tissue edema, capillary dilata-
tion, and extravasation of leukocytes with disruption of normal
histology. Higher magnification of another section obtained 6 h
after oncostatin M injection revealed endothelial cell swelling
and venules engorged with infiltrating inflammatory cells,
many with the lobulated nucleus characteristic of polymorpho-
nuclear cells (Fig. 2 C). These hallmarks of inflammation
found in duplicate areas from each of three mice suggest that
oncostatin M induces acute, but transient, inflammation.
Oncostatin M induces PMN transmigration ex vivo. We de-
termined whether or not oncostatin M acted on endothelial
cells to induce leukocyte transmigration through tightly ad-
joined cells by growing primary human endothelial cells to
confluence on a porous membrane. These were then exposed,
or not, to oncostatin M for 4 h before the medium was re-
moved and freshly isolated human PMN were added to the up-
per chamber of the transwell. After 1 h the quantity of PMN that
had migrated to the lower chamber was determined. There
was little migration of freshly isolated human neutrophils
(PMN) through these monolayers in the absence of added ago-
nists (Fig. 3), while addition of TNF, as expected, induced mi-
gration of PMN. After validating this transmigration assay, we
examined oncostatin M and found that it caused a 10-fold in-
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Figure 2. Oncostatin M
induces an inflammatory
response in vivo. (A) Ve-
hicle or (B and C) onco-
statin M (1 pg) in vehicle
was injected subcutane-
ously into mice. The mice
were killed after 6 h and
the tissue was prepared
and stained with hema-
toxylin and eosin as de-
scribed in Methods. Sec-
tions were examined by
light microscopy at 20X
(A and B) and 40X (C).
Filled arrowheads,
venules; open arrow-
heads, leukocytes. The
images shown are from
one of three experiments
with similar results.
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Figure 3. Oncostatin M treatment of endothelial cells induces PMN
transmigration. Endothelial cells were incubated with 45 nM oncosta-
tin M or 1,000 U/ml TNF for 4 h and PMN transmigration in 1 h was
determined with 'In-PMN as described in Methods. The data shown
are the mean+SEM of triplicate determinations from one experi-
ment that is representative of three others.

crease in PMN migration through the monolayer. This indi-
cates that oncostatin M activated isolated endothelial cells to
display adhesion molecules necessary to bind PMN, and that it
stimulated them to synthesize PMN agonists necessary for
chemotaxis.

Oncostatin M alone amongst its family members induces en-
dothelial cell-dependent PMN adhesion. Next, we determined
whether oncostatin M activated endothelial cells to bind PMN,
or if it directly acted on PMN to stimulate chemotaxis. We
found that treatment of PMN with 45 nM oncostatin M failed
to activate B,-dependent adhesion (not shown), suggesting
that the effect of oncostatin M was on the endothelial cells. We
examined this by exposing monolayers grown on a solid sur-
face to individual cytokines for 4 h before adding unactivated
PMN. We found that PMN would adhere to monolayers stim-
ulated with oncostatin M, as they did to monolayers stimulated
with the endothelial cell agonist TNF (Fig. 4). We also found
that none of the other members of the IL-6 family of cytokines
could stimulate this endothelial cell-dependent adhesion. Con-
sistent with this, when we extracted proteins from these mono-
layers to look for E-selectin expression, or assayed the super-
natants from these incubations for stimulation of IL-8 and IL-6
secretion, we found no expression of any of these proteins by
these family members (data not shown). We examined CNTF
separately, and found this family member also was unable to
stimulate endothelial cells to bind PMN (not shown). There-
fore oncostatin M altered endothelial cell function; it was the
only member of its family to do so.

Oncostatin M induces a biphasic response in endothelial
cells. We exposed endothelial cells to oncostatin M for vary-
ing periods of time and found that PMN appeared to adhere to
endothelial cells in two distinct phases (Fig. 5). Initially there
was a near doubling of adherent PMN that was maximal by 30
min. This was followed by a more slowly developing, but more
pronounced, increase in adhesivity that was maximal between
4 and 6 h. These phases were not clearly separable as there was
no intervening time when adhesion returned to basal levels.
Neither the early nor the later peak of PMN adhesion was a re-
sult of endotoxin contamination, a potent and pervasive endo-
thelial cell agonist. Polymyxin B, at concentrations able to block
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Figure 4. Oncostatin M, but not its family members, induces PMN
adhesion to endothelial cells. Endothelial cells were incubated with
45 nM IL-6, IL-11, LIF, oncostatin M, or 1,000 U/ml TNF for 4 h.
Then ""'In-PMN adhesion to the monolayer during a 5-min period
was quantitated as a percent of total PMN added. The values shown
are mean*SEM of duplicate determinations and results are repre-
sentative of three experiments.

increased adhesivity caused by LPS, did not inhibit adhesion,
and boiling the oncostatin M destroyed these responses (not
shown). Additionally, an anti-gp130 monoclonal antibody,
which blocks all IL-6 type receptors, inhibited endothelial cell
responsiveness to oncostatin M (vide infra).

High and low affinity oncostatin M receptors separately in-
duce P-selectin— and E-selectin—dependent PMN adhesion.
We characterized the concentration response of the early ad-
hesive event to oncostatin M, and found that endothelial cells
were quite sensitive to the cytokine (Fig. 6 A). Adhesion after
15 min of exposure to oncostatin M was detected at 45 pM, and
became maximal by 450 pM. Higher concentrations of onco-
statin M somewhat dampened this response, which may reflect
a function of the low affinity oncostatin M receptor (see be-
low). Since rapid changes in endothelial cell adhesivity in re-
sponse to other cytokines or pharmacologic agents is mediated
by preformed P-selectin translocation from intracellular stores,
we determined what effect a blocking monoclonal antibody
had on oncostatin M-induced adhesion. We found that the in-
hibitory G1 (Fig. 6 B), but not the nonblocking S12 antibody
(not shown) (30), completely blocked the PMN adhesion in-
duced by a short exposure to oncostatin M, so oncostatin M

Figure 5. Oncostatin M
induces biphasic time-
dependent PMN adhe-
sion to endothelial cells.
Endothelial cells were
incubated with 45 nM of
oncostatin M for the
stated times, the onco-
statin M was removed,
and PMN adhesion was
determined as in Fig. 4.
The data shown is the
mean+SEM of dupli-
cate determinations
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Figure 6. Oncostatin M activates endothelial cells to bind PMN via P- and E-selectin at two distinct times. (A) Endothelial cells were incu-
bated with the stated concentrations of oncostatin M for 15 min or (B) endothelial cells were incubated with buffer or 0.45 nM oncostatin M for
15 min, in the presence or absence of 10 pg/ml blocking anti P-selectin antibody and ""'In-PMN adhesion was determined as before. (C) Endo-
thelial cells were incubated with the stated concentrations of oncostatin M for 4 h and '''In-PMN adhesion was determined as before. (D) Endo-
thelial cells were incubated with buffer or 45 nM oncostatin M for 4 h, and then anti E-selectin or anti P-selectin antibody was added to a final
concentration of 10 wg/ml. The cells were incubated with these antibodies for a further 15 min at 37°C before '''In-PMN adhesion was deter-
mined. The data shown are the mean=SEM of duplicate determinations from one experiment that is representative of four (A and C) and two

experiments (B and D).

behaves like other rapidly-acting agonists. Next, we examined
the increase in endothelial cell adhesivity produced by expo-
sure to oncostatin M for several hours. Here we found little ad-
hesion at low concentrations of oncostatin M (Fig. 6 C) where
the rapid response occurred, with a progressive increase in ad-
hesion as the concentration was increased from 0.45 to 45 nM.
We found that the blocking P-selectin antibody did not inhibit
PMN adhesion after 4 h of stimulation with oncostatin M (Fig.
6 D), but instead it was inhibited by an antibody that blocks
E-selectin function. We confirmed that E-selectin was ex-
pressed on the surface of endothelial cells treated with 45 nM
oncostatin M by FACScan (not shown). Oncostatin M is there-
fore an unusual endothelial cell agonist that induces biphasic
leukocyte adhesion through the rapid translocation of stored
P-selectin to the cell surface and then through the delayed syn-
thesis and surface expression of E-selectin.

Oncostatin M induces endothelial cell expression of adhe-
sion molecules. The inflamed proadhesive state of endothelial
cells generally results from the coordinated expression of sev-

eral surface cell adhesion molecules (31). We determined if
multiple adhesion proteins are induced by oncostatin M by ex-
amining the de novo synthesis of E-selectin by immunoblot-
ting, and quantified surface expression of ICAM-1 and VCAM-1
by flow cytometry. As anticipated from experiments with
blocking E-selectin antibodies, oncostatin M induced E-selec-
tin synthesis after 4 h of exposure (Fig. 7 A). This induction
was apparent only at the higher concentrations of oncostatin
M, and so paralleled the second phase of stimulated PMN ad-
hesion. ICAM-1 expression was enhanced several-fold over
basal levels by 45 nM oncostatin M, as it was by TNF (Fig. 7
B). Oncostatin M also induced a modest induction of surface
VCAM-1 expression (Fig. 7 C), which could reliably be de-
tected only at 45 nM oncostatin M (data not shown). Thus on-
costatin M, likely through a low affinity receptor, induces a
coordinated surface expression of adhesion molecules that me-
diate interactions with a variety of leukocyte subtypes.
Oncostatin M induces C-X-C chemokine synthesis. Leuko-
cytes adherent to stimulated endothelial cells become acti-
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Figure 7. Oncostatin M differentially activates endothelial cell in-
flammatory responses. Endothelial cell monolayers were treated with
buffer, 1,000 U/ml TNF, or 45 nM oncostatin M for 4 h. (A4) Cell ly-
sates were then assayed for E-selectin protein expression by immuno-
blotting with mAb BBA-8. (B) Detached cells were then stained for
ICAM-1 with mAb 18E3D. (C) Detached cells were stained for
VCAM-1 with mAb 1G11. Expression of ICAM-1 and VCAM-1 was
analyzed by flow cytometry using nonimmune mouse IgG to deter-
mine nonspecific staining. The data presented are from one of three
experiments with similar results.

vated by endothelial cell-derived agonists (32). For TNFa-
activated endothelial cells, the signaling molecule is IL-8 (33),
a member of the C-X-C chemokine family. We looked for its
production, but found that oncostatin M did not stimulate IL-8
secretion (Fig. 8 A). Earlier we found that endothelial cells
produce ENA-78, another C-X-C chemokine (34), so we de-
termined whether oncostatin M—stimulated endothelial cells
produced this chemokine. We found that oncostatin M en-
hanced ENA-78 synthesis and secretion, while TNF did not
(Fig. 8 A). We determined whether other members of this
chemokine family were responsive to oncostatin M by estimat-
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ing their mRNA levels by PCR. We found, as anticipated from
changes in protein secretion, that endothelial cells exposed to
oncostatin M expressed message for ENA-78, but not IL-8
(Fig. 8 B). Oncostatin M at 45 nM additionally induced mes-
sage for the chemokines GRO « and B. TNF, in contrast, was a
poor agonist for both of these chemokines. We also found that
GRO B message, like that for IL-6, was maximally induced by
100-fold lower levels of oncostatin M. Therefore synthesis of
these two cytokines proceeds from the high affinity receptor,
while GRO « requires higher concentrations for induction.
Since all the C-X-C chemokines induced by oncostatin M acti-
vate neutrophils, one or more of these can replace IL-8 as a
leukocyte signaling molecule derived from activated endothe-
lial cells.

Oncostatin M activates endothelial cells via gp130. Endothe-
lial cells have low and high affinity receptors for oncostatin M
(9) that could account for the different responses we found at
high and low concentrations of oncostatin M. Both classes of
receptors contain a common gp130 subunit so blocking anti-
gp130 antibodies could inhibit all responses to oncostatin M.
We first determined, by flow cytometry, that endothelial cells
constitutively express gp130 (data not shown). We then ex-
posed endothelial cells to this antibody before the addition of
oncostatin M. We found that this prevented E-selectin expres-
sion by high concentrations of oncostatin M, but not TNF (Fig.
9 A), and it prevented PMN adhesion to these cells (Fig. 9 B).
We also found this antibody blocked IL-6 secretion in re-
sponse to low concentrations of oncostatin M (Fig. 9 C). These
results show that functional changes in endothelial cells in re-
sponse to either low or high oncostatin M concentrations pro-
ceed through receptors that contain gp130, a component com-
mon to the currently known oncostatin M receptors.

Discussion

Our observation that oncostatin M induces an inflammatory
response in vivo and in vitro is new, but the novel aspect of
these results is that oncostatin M does not mimic other inflam-
matory mediators. For instance, oncostatin M caused in-
creased leukocyte adhesion within minutes, but this continued
to increase over a period of several hours. Other agonists are
monophasic. A second distinction between oncostatin M and
mediators like TNF, lipopolysaccharide, and IL-1 is that on-
costatin M failed to induce the synthesis of IL-8, a key compo-
nent of the intercellular interaction that activates PMN once
they are bound to endothelial cells. Conversely, oncostatin M
induced the synthesis of several other C-X-C chemokines that
were not products of TNF-stimulated cells under these con-
ditions. Finally, oncostatin M activation of endothelial cells
differs from established mediators in that the nature of the
proinflammatory response depends on the concentration of
oncostatin M. These distinctions highlight the fundamental dif-
ferences in signals originating from the TNF receptor and re-
ceptors containing gp130. This expands the repertoire of en-
dothelial cell-signaling pathways that lead to an inflammatory
phenotype, and it augments the group of cytokines that may
participate in this process.

We found that oncostatin M induced a biphasic increase in
PMN adhesion to endothelial cells. The first increase in adhe-
sion derived from the high affinity receptor, and was mediated
by P-selectin. Intracellular storage of P-selectin allows its rapid
translocation to the plasma membrane, where it can then bind
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Figure 8. Oncostatin M induces cytokine and chemokine expression in endothelial cells. (A) Endothelial cells were treated for 4 h with buffer
alone, oncostatin M (45 nM) or TNF (1,000 U/ml). Supernatants were collected and IL-6, IL-8, and ENA-78 concentrations were assayed by
sandwich ELISA. (B) Total RNA was extracted, and RT-PCR for IL-6, ENA-78, GRO «, GRO B, and GAPDH was performed by using cyto-
kine specific oligonucleotides described in Methods. The data are representative of four experiments (A) and two experiments (B).

the P-selectin glycoprotein ligand 1 (PSGL-1) constitutively
expressed by PMN (35, 36). Oncostatin M then stimulated a
second phase of PMN adhesion through the low affinity recep-
tor that depended on the stimulation of E-selectin transcrip-
tion and expression. The level of PMN adhesion after oncostatin
M treatment was less than the TNF response, which correlated
with a considerably smaller accumulation of E-selectin. A sim-
ilar disparity exists between the amount of E-selectin and the
level of PMN adhesion in endothelial cells treated with sphin-
gomyelinase (22, 23) where the resulting increase in cellular
ceramide allows modest levels of E-selectin to be dispropor-
tionally effective in binding PMN. We examined ceramide lev-
els in oncostatin M—treated cells, but found that it did not stim-
ulate this lipid mediator to accumulate (not shown). Oncostatin
M was quite effective in stimulating ICAM-1 synthesis which, as
a counterligand for activated B,-integrins on leukocytes, likely
contributes to the adhesive interaction. Thrombin, which in-
duces a small biphasic effect on leukocyte binding (37), in-
duces a small amount of E-selectin expression in conjunction
with a significant alteration in the avidity of endothelial cell
ICAM-1 (38). It appears that secondary interactions may ac-
company and strengthen E-selectin-mediated leukocyte bind-
ing. Oncostatin M stimulation of leukocyte-endothelial cell

interactions actually has a third phase where an increase in
P-selectin transcription over a period of several days increases
both basal and stimulated PMN adhesion (12). Our experi-
ments did not reveal a P-selectin component to adhesion after
4 h of exposure because the induction of P-selectin transcrip-
tion is slow (12) compared to E-selectin accumulation (Fig. 6
D). Thus, oncostatin M stimulates leukocyte—endothelial cell
interactions over an extraordinarily wide range of times.

The response to oncostatin M was a function not only of
the time of exposure, but also of its concentration. In contrast,
the response of endothelial cells to other inflammatory cyto-
kines results from the activation of a single receptor that in
turn induces a single, coordinated set of responses. The vari-
able nature of the response to oncostatin M derives from the
expression of two classes of receptors by endothelial cells (9).
Binding studies suggest a high affinity receptor with an appar-
ent K, of 15 pM, and a low affinity receptor(s) with an appar-
ent K, of 1 nM. Our concentration response data suggest that
the high affinity receptor induces IL-6 synthesis, as reported
(4,9); GRO B expression; and, the rapid expression of P-selec-
tin on the cell surface. The low affinity receptor on endothelial
cells extends the proinflammatory response through the induc-
tion of E-selectin, ICAM-1, and VCAM-1 accumulation. The
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Figure 9. Antibodies against gp130 block the activation of endothe-
lial cells by oncostatin M. Endothelial cells were preincubated with
buffer alone or 50 pg/ml anti-gp130 for 90 min and then incubated in
the presence of the antibody with buffer alone or 45 nM oncostatin
M for 4 h. (A) Cell lysates were prepared and immunoblotted for
E-selectin with mAb BBA-8, or (B) '"'In-PMN adhesion was deter-
mined as before. (C) Supernatants were collected and assayed for
IL-6 by ELISA from endothelial cells treated similarly, except that
the oncostatin M concentration was 45 pM. The data shown are
representative of two experiments (A and B), and three experi-
ments (C).

low affinity receptor also mediated transcription of cytokines
that the high affinity receptor could not, so it is clear that the
low affinity receptor acts independently of the high affinity re-
sponse.

Events induced by both classes of receptors may be rele-
vant in vivo. Circulating levels of oncostatin M are normally
undetectable, but rise in septic patients over 100-fold to 45 pM
(19). We found even greater increases in circulating oncostatin
M levels in plasma from patients diagnosed with the acute res-
piratory distress syndrome (our unpublished observations).
These concentrations are sufficient to stimulate endothelial
cells through their high affinity receptor, but would have little
effect on events mediated by the low affinity receptor. How-
ever, the concentration of oncostatin M in focal lesions that
contain activated T cells or macrophages could be much higher
than circulating levels. For example, conditioned medium
from HTLV-IT infected T cells contains 20 to 45 nM oncostatin
M (15). Thus the local concentrations of macrophage-like cells
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in aneurysmal tissue that stained heavily for oncostatin M, or
the localized production of oncostatin M in the lesions of
AlIDS-associated Kaposi’s sarcoma (7, 39) may allow the low
affinity oncostatin M receptor to participate in endothelial cell
activation.

A distinct difference between endothelial cell activation by
oncostatin M and other inflammatory cytokines is the stimula-
tion of PMN transmigration through monolayers in the ab-
sence of IL-8 synthesis. IL-8 is thought to be a key component
in the accumulation of PMNss in acute inflammation (33, 40). It
is synthesized in parallel with E-selectin (31), and both the IL-6
and IL-8 promoters have essential NF-«B and NF-IL-6 sites
that are necessary and sufficient for stimulated transcription
(41-43). This would suggest that oncostatin M-stimulated en-
dothelial cells should produce these cytokines in parallel, but
IL-6 synthesis in the absence of detectable IL-8 synthesis
shows other factors modulate the function of this core region.
Oncostatin M in vivo and in vitro induced leukocyte transmi-



gration, so we searched for a leukocyte agonist other than IL-8.
We found that oncostatin M induced the synthesis of GRO 8
and ENA-78 through a high affinity receptor, and GRO «
through a low affinity receptor. Each of these cytokines stimu-
late leukocytes through the same IL-8 B receptor, and so could
account for the transmigration we observed. This is the first in-
stance where IL-8 can clearly be discounted as the transcrip-
tionally-regulated chemoattractant responsible for leukocyte
trafficking. For the first time, we demonstrate that high and
low affinity oncostatin M receptors have different and separa-
ble functions. The large number of receptors for oncostatin M
on endothelial cells gives oncostatin M unique capabilities
compared to its family members, while the separate signals ini-
tiated by its two classes of receptors distinguishes oncostatin M
from the proinflammatory response to other inflammatory cy-
tokines.
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