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Induction of Cytokine Expression by Leukemia Inhibitory Factor
Peter M. Villiger, Yu Geng, and Martin Lotz
Samand Rose Stein Institute for Research in Aging and the Department of Medicine, University of California,
San Diego, La Jolla, California 92093

Abstract

Biological effects of cytokines are in part determined by their
interactions in the regulation of cytokine production. This study
analyzes the effects of leukemia inhibitory factor (LIF) on cy-
tokine expression in different cell lineages. Recombinant hu-
man LIF increases levels of IL-1i8, IL-6, and IL-8 mRNAin
human articular chondrocytes as demonstrated by Northern
blotting. These cytokine mRNAsare detectable as early as 13
h after stimulation and reach their maximumafter 5 h. The LIF
effects are dose dependent and of similar magnitude to those of
IL-1. By metabolic labeling and immunoprecipitation it is
shown that LIF induces synthesis and secretion of IL-6. IL-6
bioactivity in conditioned media, as measured by the B9 hybrid-
oma proliferation assay, is increased by LIF. Effects of LIF on
cytokine expression are not confined to connective tissue cells.
By PCRit is shown that human blood monocytes express IL-6
mRNAafter stimulation with LIF. An increase in IL-6 mRNA
levels is detectable 2 h after stimulation, and this starts to de-
cline by 5 h. The response is of shorter duration as compared
with IL-1iB. In addition to increased mRNAexpression, LIF
also stimulates release of biologically active IL-6 from blood
monocytes. In synoviocytes and neuronal as well as epithelial
cell lines, LIF increases IL-1,8 and IL-6 gene expression. In
summary, LIF induces cytokine expression in a wide variety of
tissues. These results suggest that through the induction of
cytokines, LIF can modulate inflammation, immune responses,
and connective tissue metabolism, and act as a pathoge-
netic mediator in different disease states. (J. Clin. Invest.
1993. 91:1575-1581.) Key words: leukemia inhibitory factor.
cytokines * chondrocytes - monocytes

Introduction

A characteristic property of cytokines is their ability to regulate
the expression of other cytokines, and this interaction can medi-
ate or modulate the biological effects of a particular cytokine.
Leukemia inhibitory factor (LIF)' is a cytokine that was ini-
tially described on the basis of its ability to induce differentia-
tion of murine myeloid leukemic cells (1). It inhibits differen-
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1. Abbreviations used in this paper: GAPDH,glyceraldehyde 3-phos-
phate dehydrogenase; LIF, leukemia inhibitory factor; MCP-1, mono-
cyte chemoattractant protein-1; OSM, oncostatin M; SP, substance P.

tiation of pluripotent embryonal stem cells (2, 3), induces the
synthesis of hepatic acute phase proteins (4), promotes neuro-
nal differentiation (5-7), inhibits lipoprotein lipase activity
(8), and regulates bone metabolism (9-1 1 ). LIF is produced
by cells of the immune system ( 12-14), thymic epithelial cells,
fibroblasts, endothelial cells, and rat liver cells ( 15-19). We
recently identified human articular chondrocytes and synovio-
cytes as intraarticular sources of LIF (20) and showed that LIF
is integrated into the cytokine network through its induction by
IL- I and TNF. This study shows that LIF shares with IL- 1 and
TNF the ability to induce cytokine production in different cell
types.

Methods

Cell isolation and culture
Chondrocytes. Cartilage was obtained at autopsy or from the Univer-
sity of California, San Diego tissue bank from donors without known
history of joint disease. For all experiments reported here, cartilage
from the femoral condyles and tibial plateaus of the knee joints was
used. Cartilage slices were prepared, washed with DMEM(Whittaker
MABBioproducts, Walkersville, MD), minced with a scalpel, and
treated with trypsin (10% vol/vol) for 15 min in a 370C water bath.
The samples were digested in DMEMcontaining 5% FBS, penicillin-
streptomycin-fungizone, and 2 mg/ml clostridial collagenase type IV
(Sigma Immunochemicals, St. Louis, MO). The cells were washed
three times and cultured as primary chondrocytes at high cell density (4
X 106 cells per T175 flask).

Monocytes. PBMCswere isolated from heparinized blood by Fi-
coll-Hypaque density gradient sedimentation. Monocytes were iso-
lated by adherence to gelatin-coated culture dishes that were preincu-
bated with autologous plasma. The plates were washed to completely
remove nonadherent cells. Puck's EDTAsolution was added, the plates
were incubated at 4°C for 20 min, and the monocytes were collected by
gently scraping with a rubber policeman. For in vitro culture, cells were
resuspended at 106/ml in RPMI 1640 containing 1% FBS, L-gluta-
mine, and penicillin-streptomycin and plated at 106 per well in six-well
tissue culture plates.

Synoviocytes. Synoviocytes were isolated from rheumatoid arthritis
synovial tissues and cultured as described (21). The cell lines were
established from the adherent primary cell populations that contain
monocyte- and fibroblast-like cells.

Cell lines
The human cell lines A549 (lung carcinoma) and U373 (glioblastoma-
astrocytoma) were obtained from the American Type Culture Collec-
tion (Rockville, MD)and maintained in DMEMcontaining 10% FBS.

IL-6 bioassay
The B9 hybridoma proliferation assay was used to measure IL-6 as
previously described (21 ).

Metabolic labeling and immunoprecipitation
Chondrocytes were maintained in T175 flasks in DMEMcontaining
10% FBS, L-glutamine, and antibiotics. For metabolic labeling, cells
were plated in 24-well plates at a density of 40,000 cells per well. Before
the experiment, cells were serum-starved overnight, washed with PBS,

Cytokine Induction by Leukemia Inhibitory Factor 1575

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/93/04/1575/07 $2.00
Volume 91, April 1993, 1575-1581



and incubated in cysteine- and methionine-free RPMI (ICN Biomedi-
cals, Inc., Costa Mesa, CA) supplemented with L-glutamine, penicillin-
streptomycin, 1% FBS, [35S]cysteine, and [35S]methionine ( 100 MCi/
ml; ICN Biomedicals, Inc.) for 48 h. The supernatants were collected
and precleared by incubating with protein A Sepharose (Zymed Labo-
ratories, Inc., S. San Francisco, CA) for 1 h. The samples were incu-
bated overnight in the presence of 5 ,l of antibody to IL-6 (rabbit IgG,
1 mg/ ml) on a rotor, and protein A Sepharose was added for an addi-
tional 2 h. The precipitates were washed five times with PBScontaining
0.05% Tween-80, 0.1% Triton X-100, and 1 mMPMSFfollowed by
two washes in PBS. The beads were boiled for 5 min in Laemmli sam-
ple buffer and the proteins were separated on 12.5% polyacrylamide
gels under reducing conditions. After staining with Coomassie blue, the
gels were treated with Amplify (Amersham Corp., Arlington Heights,
IL) for 1 h, dried, and exposed to Kodak XARfilm (Eastman Kodak
Co., Rochester, NY) at -70'C for 24 h.

RNAprobe preparation
The 600-bp HindIII-Dral fragment of the IL-6 cDNAwas inserted into
the transcription vector pGEM-3Z (Promega Corp., Madison, WI).
The cDNA for IL-8 was kindly provided by Dr. K. Matsushima (Kana-
zawa University, Ishikawa, Japan). A 500-bp fragment was subcloned
into the EcoRI site of pGEM-3z, and its identity with the template
cDNAwas confirmed by dideoxy sequencing using T7 DNApolymer-
ase (Pharmacia LKB Biotechnology Inc., Piscataway, NJ). For devel-
opment of a probe for (3-actin, two 15-base oligonucleotides (5'-CGT-
CGTCGACAACGG-3'and 3'-GACCGTAGCACTACC-5') defining
a 438-bp fragment of the cDNA were designed. The restriction sites
EcoRI and HindIll were added at their 5' ends, respectively. After
amplification by PCR, the fragment was inserted into pGEM-4z. The
recombinant plasmids were linearized and transcribed with the T7 or
SP6 RNApolymerase to obtain antisense probes. The probes were
labeled with [32P]UTP (Amersham Corp.) and separated from unin-
corporated nucleotides by gel filtration (Centri-sep columns; Princeton
Separations, Adelphia, NJ).

Northern blot hybridization
Primary chondrocytes were maintained in T175 flasks for 4-7 d. Be-
fore stimulation, cells were serum-starved for 24 h. Total RNAwas
extracted by the single-step guanidinium thiocyanate-phenol-chloro-
form method (22). 10-30 ,g of total RNAwas separated on 1%formal-
dehyde gels, blotted onto nylon filters, and crosslinked with ultraviolet
light for 5 min on each side. The blots were prehybridized in 50%
formamide, 6x SSC, 0.5% SDS, 0.1% Tween-20, and 100 tgtRNA/ml
for 15 min at 65°C. The prehybridization mixture was replaced with
fresh solution containing 106 cpm/ml of probe. Hybridization was per-
formed overnight at 65°C and followed by two 30-min washes in lX
SSC, 0.1% SDSat room temperature and two 30-min washes in 0.1 X
SSC, 0.1% SDSat 65°C. The damp filters were exposed to Kodak XAR
film at -70°C for 2-24 h. To confirm equal RNAload and complete
transfer the 18S and 28S bands were visualized with ethidium bromide.
In addition, RNAload was examined by probing for fl-actin mRNA.

PCRfor cytokines
Total cellular RNAwas isolated from 106 cells by the guanidinium
thiocyanate phenol chloroform method and used for reverse transcrip-
tion with M-MLVreverse transcriptase. The cDNApreparations were
diluted to different concentrations for the detection of cytokine
mRNAs. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
mRNAserved as an internal control to allow comparison of RNA
levels between different samples. PCRwas performed on an Ericomp
temperature cycler in a 50 ,l reaction volume including 1.25 U taq
DNApolymerase, 50 pM of each primer, and - 10% of the cDNA
template. The products of 30-35 cycles ( 1 min at 94°C, 1 min at 60°C,
and 2 min at 72°C) were separated by agarose gel electrophoresis and
visualized by ethidium bromide staining. The PCRprimers for IL- If
were sense: GAGCTCGCCAGTGAAATG ATG GC (position
16-38) and antisense: GCCCTGAGTGTCGTTTTT TCGAAC

(position 402-379), defining a 387-bp fragment. The IL-6 primers
were sense: CACAGACAGCCACTCACCTCT TC (position 43-
65) and antisense: TGTTGAGATGAGTAAGACGCGTCG(posi-
tion 507-484), and resulted in an amplified fragment of 465 bp. The
primers for GAPDHwere sense: TGGTAT CGTGGAAGGACT
CAT GACand antisense: ATGCCAGTGAGCTTC CCGTTC
AGC, defining a 190-bp fragment. In some studies PCRwas performed
with [ 32p] dCTP in 25 cycles, which in separate experiments was shown
to be within the linear range of amplification for both IL-6 and
GAPDH. PCRproducts were separated on 8% acrylamide gels. The
IL-6 and GAPDHbands were cut out and solubilized in scintillation
liquid, and radioactivity was counted.

Reagents
The following reagents were used: IL-lI#, LIF, and rabbit antibody to
human IL-6 (R&D Systems, Inc., Minneapolis, MN). Endotoxin con-
tent of the cytokine preparations was < 0.1 ng per 1 ,Ag of IL- I or LIF
protein. LPS from Salmonella Minnesota and PMA(Sigma Immuno-
chemicals).

Results

LIF induces IL-6 and IL-8 mRNAexpression in chondrocytes.
Primary human articular chondrocytes were serum-starved for
24 h to avoid interference of serum components with mRNA
induction by the specific cytokines. Cells were then stimulated
with LIF and RNAwas analyzed by Northern blotting. Fig. 1 A
shows that IL-6 and IL-8 mRNAare not detected in unstimu-
lated chondrocytes. Stimulation with LIF for 4 h caused a dose-
dependent induction of both cytokines. The IL-6 and IL-8
mRNAshad the expected sizes of 1.3 and 1.7 kb, respectively.
LIF effects on IL-6 and IL-8 mRNAsare already detectable 1.3
h after stimulation (Fig. 1 B) and levels increase further for 5 h.

A Co 50 20 10

IL-6 Ig p i

IL-8

P-actin

B LIF
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Co IL-1 Co IL-1
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Figure 1. LIF induces IL-6 and IL-8 mRNAexpression in chondro-
cytes. Primary human articular chondrocytes were serum-starved and
left in media alone (Co, control) or stimulated with LIF or IL- fl for
4 h (A). B shows RNAfrom cells that were stimulated with IL- 1O or
LIF for the time periods indicated in hours above the lanes. Total
cellular RNAwas analyzed for IL-6 and IL-8 expression by Northern
blotting. The same filters were subsequently probed for fl-actin to
document the amount of RNAloaded.
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IL- 1 is a well-characterized and potent inducer of IL-6 and
IL-8 in chondrocytes (23). Fig. 1 B shows the results of a com-
parative analysis of LIF and IL- 1,8. After 2.5 or 5 h stimulation,
LIF induced quantitatively increases in IL-6 and IL-8 mRNA
levels similar to IL- I.

Although IL-I is an important regulator of chondrocyte
function, it is not clear whether chondrocytes express the IL- I
gene. Wethus analyzed IL- 1# mRNAexpression in chondro-
cytes. Fig. 2 shows that IL- 18 mRNAis readily detectable in
activated primary human articular chondrocytes. Only a faint
signal is seen in unstimulated cells, but this is markedly in-
creased after chondrocyte activation with cytokines. IL- 13
mRNAlevels were induced by IL- 1#, and this is consistent
with IL- 1 autoinduction, which has been demonstrated in
other cell types. Chondrocyte stimulation with LIF caused a
similar increase in IL- 13 gene expression. Fig. 2 also shows that
IL-6 can induce IL- 13 mRNAin chondrocytes, while the
growth factors TGFB, PDGF, and bFGF have no detectable
effect. These results show that LIF induces IL-6, IL-8, and IL-
1B mRNAin primary chondrocytes and that the magnitude
and kinetics of its effects are similar to those of IL- 1B.

LIF effects on IL-6 expression in human blood monocytes.
LIF regulates differentiation of myeloid leukemia cells and
mononuclear phagocytes express LIF receptors (24). As mono-
cytes are an important source of cytokines, we tested whether
LIF can induce the expression of proinflammatory cytokines in
this cell type. Fig. 3 shows the results from PCRanalysis for
IL-6 expression. Low levels of IL-6 mRNAwere detected in

1 23 4 5 67 89

Figure 2. Regulation of IL- I/ expression in chon-
drocytes. Primary articular chondrocytes were
stimulated in serum-free media for 4 h with cyto-
kines and growth factors. RNAwas isolated and
cDNA was prepared by reverse transcription and
amplified by PCRin the presence of IL- I #-specific
primers. Aliquots of the same chondrocyte cDNA
were amplified in the presence of primers for
GAPDH(to serve as a control for the amount of
template in the different samples). PCRproducts
were separated on agarose gels, stained with ethid-
ium bromide, and visualized under ultraviolet
light. Lane 1, 10 ng/ml PDGF; lane 2, 10 ng/ml
bFGF; lane 3, 10 ng/ml IL-1,8; lane 4, 10 ng/ml
IL-6; lane 5, 10 ng/ml LIF; lane 6, 10 ng/ml
TGF-# 1; lane 7, 500 U/ml TNFa; lane 8, 5%FBS;
lane 9, serum-free media control.

adherent monocytes. A strong increase was seen with LPS, a
known inducer of IL-6. LIF dose dependently stimulated IL-6
mRNAlevels. LIF effects were already apparent by 2 h and
started to decline by 5 h. The increase in steady-state IL-6
mRNAlevels by LIF was greater than that induced by IL-1,B in
the same dose range.

PCRanalysis with 32P-labeled nucleotides showed that IL-6
mRNAincrease - 10-fold in the presence of LIF at 50 and 10
ng/ml under conditions where the levels of GAPDHradiola-
beled PCRproduct were constant (not shown). Sequencing of
PCRproduct that was obtained with the IL-6 primers con-
firmed that it had the expected nucleotide composition of the
IL-6 gene between positions 43 and 507.

IL-6 is de novo synthesized in response to LIF. Having
shown that LIF can induce cytokine mRNAexpression, we
analyzed whether gene expression resulted in a corresponding
increase in protein synthesis. Subcultured (passage 1) or pri-
mary chondrocytes were serum-starved for 24 h and then stimu-
lated with LIF at concentrations between 10 and 50 ng/ml.
Conditioned media were harvested after 48 h and IL-6 was
immunoprecipitated and analyzed by SDS-PAGE. The effects
of IL-I/ are shown for comparison. In both cell populations
(subcultured cells, lanes 1-5; primary chondrocytes, lanes
6-10) LIF induced dose-dependent synthesis and secretion of
IL-6 proteins which were detected as the characteristic bands
between 20 and 30 kD, representing the different molecular
forms of IL-6 (Fig. 4). The relative intensity of these bands is
similar in IL- 1I- or LIF-treated cells. Thus, LIF not only leads

Figure 3. LIF induces IL-6 mRNAexpression
in monocytes. Monocytes were stimulated with
LIF, IL- I, or LPS for 2 or 4 h. IL-6 mRNA
was measured by PCRas described in Fig. 2.
Lanes 1 and 7, unstimulated; lanes 2 and 8,
1 ,ug/ml LPS; lanes 3 and 9, 10 ng/ml IL-1;
lanes 4 and 10, 50 ng/ml LIF; lanes 5 and 11,
10 ng/ml LIF; lanes 6 and 12, 1 ng/ml LIF;
lanes 1-6, stimulation for 2 h; lanes 7-12,
stimulation for 4 h. Upper panel shows the IL-
6 PCRproduct. Lower panel shows the result
from amplification of aliquots of the same
chondrocyte cDNA for GAPDH.
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Figure 4. IL-6 synthesis and release by LIF-
treated chondrocytes. Human articular chon-
drocytes as primary (left) or subcultured
(right) cells were stimulated with LIF (con-
centrations in nanograms per milliliter) or IL-
1B (1 ng/ml) and metabolically labeled for 48
h. Cells cultured in media alone were included
as control (Co). IL-6 was immunoprecipitated
from conditioned media and separated on
SDS-PAGEunder reducing conditions. Gels
were dried and newly synthesized IL-6 proteins
were visualized by autoradiography.

to a rapid expression of IL-6 mRNAbut it also induces synthe-
sis and secretion of IL-6 proteins.

LIF increases IL-6 bioactivity in conditioned media. To
test whether IL-6 in conditioned media from LIF-treated cells
was biologically active, IL-6 activity was measured in the B9
hybridoma proliferation assay. LIF induced a dose-related in-
crease in IL-6 bioactivity in 24-h chondrocyte cultures to levels
similar to those found in IL-1I3-stimulated cultures (Fig. 5 ). At
lower doses (0.1 ng/ml) IL-Ifl appeared to be more potent
than LIF.

Low levels of IL-6 activity were found in 24-h conditioned
media from adherent blood monocyte cultures. LIF caused a

maximal 10.5-fold increase in IL-6 levels. The maximal IL-1 #
effect was a 13.4-fold stimulation of IL-6. Collectively, these
results show that LIF induces synthesis and secretion of biologi-
cally active IL-6 in monocytes and chondrocytes.

Since LIF can stimulate IL-l expression and IL- 1 is a po-
tent inducer of IL-6, it was possible that the LIF effect was

dependent on IL- 1. Fig. 6 shows that the LIF induction was

almost completely inhibited by antibody to LIF but not by
anti-IL- I or preimmune rabbit IgG. The antibody to IL- 1 was

biologically active since it was able to reduce the IL- 1 effect on

IL-6 expression. These findings suggest that the induction of
IL-6 is a direct function of LIF. In addition, these results also
demonstrate that the induction of IL-6 was not due to the pres-
ence of endotoxin in the LIF preparation used.

LIF induction of cytokines in other cell types. To determine
whether the effects of LIF on cytokine expression are restricted
to particular cell types or represent a general response in differ-
ent tissues, human rheumatoid synoviocytes, glioblastoma,
and lung epithelial cells were stimulated with LIF and probed
for the expression of different cytokine mRNAs. LIF induced a

dose-related increase in IL-6 mRNAexpression in synovio-
cytes, in the epithelial cell line A549, and in the glioblastoma
cell line U373 (Fig. 7). The increase in mRNAlevels in all cell
lines induced by LIF and IL- 1If was of similar magnitude. LPS
had only weak or no effects on IL-6 expression in synoviocytes
and A549 and U373 cells, which suggests that the ability of LIF
to induce cytokine mRNAsis not due to the presence of small
amounts of endotoxin. In addition to IL-6, LIF also induced
the expression of mRNAsfor IL- 1,B and the monocyte che-
moattractant protein- in these different cell types (not
shown).

For better quantification of the LIF effects on IL-6 mRNA
levels, PCRfor IL-6 and GAPDHwas performed in the pres-
ence of [ 32p] dCTPfor 25 cycles, which in separate experiments
was shown to be within the linear range of amplification for
both IL-6 and GAPDH.The results in Fig. 8, which were nor-
malized on the basis of the counts for GAPDH,show that LIF
caused a dose-dependent increase in IL-6 mRNAwhich was
10.3-, 11.2-, and 2.7-fold, respectively, at the three different
concentrations of LIF used.

Discussion

This study shows that LIF induces expression of proinflamma-
tory cytokines. Human articular chondrocytes express IL- 1#,
IL-6, and IL-8 mRNAand synthesize and secrete biologically
active IL-6 in response to LIF. Similar effects were found in
human blood monocytes, synoviocytes, and epithelial and neu-

ronal cell lines. Through the induction of these cytokines in
diverse cell types LIF has the potential to initiate and propagate
inflammatory and immunological responses.

LIF is a cytokine that regulates differentiation of a wide
variety of cell types including embryonic stem cells and hemato-
poietic and neuronal cells (25). More recently, it was recog-
nized that LIF also regulates bone metabolism in vitro and in
vivo (9-11 ) and that it induces expression of hepatic acute
phase proteins (4). Other functions include the inhibition of
lipoprotein lipase activity (8) and the increase in neuronal sub-
stance P (SP) expression (26).

Although LIF does not share sequence homology with IL-6,
these two cytokines have some similar functional properties.
Both augment proliferation of hematopoietic stem cells (27)
and induce differentiation of murine Ml leukemic cells (28).
Furthermore, IL-6 and LIF induce expression of a similar set of
acute phase proteins in hepatocytes (4, 29). These findings
could be explained by a reciprocal induction of the two cyto-
kines, but in hematopoietic cells this mechanism has been
ruled out using neutralizing antibodies (27). Another explana-
tion for functional similarities is the possibility that LIF and
IL-6 stimulate similar intracellular signals. This hypothesis was

supported by the characterization of the LIF receptor (30),
which has structural homology with the IL-6 signal transducer,
gpl 30. Furthermore, the same immediate early pattern of gene

expression has been observed upon induction of myeloid leu-
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Figure 5. Chondrocytes and monocytes secrete biologically active IL-
6 in response to LIF. Conditioned media were collected from 24-h
cultures of cytokine-stimulated chondrocytes and monocytes. Con-
centrations of IL-1,B and LIF are shown in nanograms per milliliter.
The samples were tested in the B9 hybridoma proliferation assay for
IL-6 activity. IL-6 was quantified on the basis of a standard curve us-

ing recombinant human IL-6. Results are expressed as mean values
from one representative experiment (total number of experiments
= 4) performed in triplicate.

kemia cell differentiation by IL-6 and LIF (31 ). Oncostatin M
(OSM) (32) has effects similar to those of IL-6 and LIF on

hepatocytes and murine myeloid leukemia cells and, although
this has not been formally demonstrated, it is conceivable that
other cell types show similar responses to LIF and OSM. This
notion is based on the recent demonstration that the high affin-
ity receptor for LIF, which is composed of the IL-6 signal trans-
ducer gp 130 and the LIF receptor-a chain, is also a high affinity
OSMreceptor (33).

IL-I and IL-6 share some biological effects, but there are

also important functional differences. These include the induc-

0 400 800 1200 1 600

IL-6 (pg/ml)

Figure 6. LIF induction of IL-6 is not IL-I dependent. 5 ng/ml LIF or

1 ng/ml IL-I was preincubated with specific neutralizing antibody
or preimmune rabbit IgG (all at 10 Ag/ml) or in media only. These
mixtures of cytokines and antibodies and LIF or IL- I that had not
been pretreated with antibody were then added to chondrocyte cul-
tures. IL-6 activity in 24-h conditioned media was determined in the
B9 assay. Results represent mean±SEMof two experiments per-

formed in triplicate.

tion of proteases by IL-1 (34) but the induction of protease
inhibitors by IL-6 (35) or a marked difference in the induction
of other proinflammatory cytokines. IL- I but not IL-6 induces
IL-8 and monocyte chemoattractant protein- I (MCP-1) (23,
36). Although LIF shares functional properties with IL-6, sev-

eral findings indicate that the quality of the LIF effects is more

proinflammatory and similar to IL- 1. LIF inhibits lipoprotein
lipase activity (8), which can lead to cachexia (10). IL- I and
LIF, but not IL-6, increase neuronal SP expression (26). We
recently showed that LIF induces expression of collagenase and
stromelysin by human articular chondrocytes, and that it does
not stimulate the expression of tissue inhibitor of metallopro-
teinases (Lotz, M., P. M. Villiger, R. Melton, and V. Ganu,
manuscript in preparation). Furthermore, LIF, but not IL-6,
induces expression of MCP-1 in chondrocytes (36). This study
provides evidence that the proinflammatory actions of LIF in-
clude induction of the cytokines IL- 1 and IL-6 as well as the
neutrophil chemoattractant protein IL-8. These findings
strongly support the notion that LIF can directly and indirectly
initiate inflammatory events and suggest a synergy between
LIF and IL-I since both cytokines can induce each other's ex-

pression.
Arthritis is one example of many diseases where this LIF

effect can contribute to pathogenesis. Cartilage is the final tar-
get of joint inflammation. Independent from the underlying
disease processes, inflammation results in destruction of carti-
lage leading to impairment of joint function and arthrosis.
Chondrocytes are now known to actively participate in regula-
tion of inflammatory reactions through the production of a

broad range of cytokines and growth factors (20, 23, 36, 37). It
was not clear whether chondrocytes also produce IL- 1, which is
a critical catabolic factor for cartilage since it inhibits the syn-
thesis of glucosaminoglycans and stimulates the production of
metalloproteinases. Weshow here that chondrocytes indeed
express the IL- 1 gene and that IL- I can autoinduce its mRNA
in this cell type. More importantly, LIF induces IL- 13 in chon-
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Figure 7. Effects of LIF on cytokine mRNAexpression in different cell types. A549 cells, U373 cells, chondrocytes, and human rheumatoid
synoviocytes were plated in six-well plates, grown to confluency, and serum-starved for 48 h. The cells were then stimulated with LIF or IL-LSI
for 4 h. RNAwas extracted and analyzed for IL-6 mRNAlevels by PCR. Lane 1, control; lane 2, 50 ng/ml LIF; lane 3, 10 ng/ml LIF; lane 4,
1 ng/ml LIF; lane 5, 10 ng/ml IL-Id; lane 6, 100 ng/ml LPS.

drocytes. Thus, LIF can directly stimulate cartilage destruction
via the induction of proteinases and indirectly through the in-
duction of IL- 1. Cartilage thus is a source of two cytokines that
induce connective tissue catabolism. The function of these two
cytokines is potentiated since they induce each other's as well
as their own production (20). This complex interaction of the
two cytokines raises the possibility that the effect of one maybe
mediated via the induction of the other factor. However, the
rapid induction of IL-6 and IL-8 by IL- 1 and LIF which occurs
within 2 h, and the fact that antibody to IL-l did not inhibit
LIF-induced IL-6 production, suggest that these are probably
direct LIF effects. This was supported by experiments where
neutralizing antibody to IL- I1 did not inhibit the induction of
IL-6 by LIF.

LIF is also expressed by synovial tissue cells. Werecently
found expression of high levels of LIF mRNAin response to
stimulation with IL-1 in synovial organ culture (20) where
mRNAwas primarily localized in interstitial cells. For the anal-
ysis of LIF effects on cytokine expression in synoviocytes we
did not detect constitutive levels of cytokine mRNAs, which
can be found in freshly isolated rheumatoid synovium. In this
study we used cells that had been cultured in the absence of
serum for 24-48 h to avoid contribution of serum factors to the
LIF effect on the induction of other cytokines. As LIF can
induce expression of the two chemoattractant proteins, IL-8
and MCP-1, an indirect role of LIF in recruitment ofinflamma-
tory cells which are typically present in joint inflammation can
be proposed. Furthermore, LIF could enhance the proinflam-
matory functions of the invading monocytes as it induces cyto-
kine expression in these cells.

With its effects on chondrocytes and synoviocytes LIF can
contribute to pathogenesis of arthritis. However, through the
ability to stimulate cytokine production in mononuclear phago-
cytes, LIF is a pathogenetic mediator in diverse disease states.
LIF had originally been described as an inducer of monocyte
differentiation of the murine Ml myeloid leukemia cell line
( 1 ). However, although LIF receptors have been found on mac-
rophages, monocytes, and their precursors (24), no effect of
LIF on mature monocytes has been described. The present
findings of LIF induction of IL-6 mRNAand IL-6 activity are
the first demonstration of LIF effects on mature monocytes.

Based on these findings we have more recently shown that LIF
can also stimulate HIV replication in mononuclear phagocytes
(Broor, S., A. B. Kusari, B. Zhang, P. Seth, D. D. Richman,
D. A. Carson, W. Wachsman, and M. Lotz, manuscript in prep-
aration). The ability of LIF to stimulate cytokine expression
appears not to be restricted to a particular cell type. In addition
to chondrocytes and monocytes, we observed similar effects in
synoviocytes and epithelial and neuronal cell lines, which sug-
gests that LIF is a ubiquitous inducer of cytokines.

In summary, LIF is a potent inducer of cytokines such as
IL- 13, IL-6, MCP-1, and IL-8 in a broad spectrum of cell types.
Through these effects that have thus far only been identified for
IL- 1 and TNF, LIF can regulate inflammatory and immune
responses and promote connective tissue catabolism. LIF thus

2000 -
0

:: :'::: .:::: . ':::'''''-A' '-

E 1000C.
,,,,Eo -.....

I....|... :.0-.-. * S '''*a'*:.

con000t-r.......t......r- -.........L5L 1I
'.-.,''.'.'.".,';.'... ,"'"''""""" :" .......................

......................~~~~~~~~~~~~........--.-....~~~~~~~~~....................
j '~~~~~~~~~~~~.:.:.:

Con tr LIF 50 LIF 10 LIF 1

Figure 8. Quantification of LIF effects on IL-6 mRNAexpression.
Chondrocytes were stimulated for 4 h with LIF in the concentrations
indicated (nanograms per milliliter). RNAwas isolated and PCR
was performed for IL-6 and GAPDHin the presence of [32P]dCTP.
The PCRproducts were separated on acrylamide gels and excised,
and radioactivity was quantified by scintillation counting. Results are
shown as counts per minute of IL-6 PCRproduct, which were nor-
malized on the basis of the counts for GAPDH.
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has the potential to be a pathogenetic mediator in diverse dis-
ease states.
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