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Interleukin-6 is necessary, but not sufficient, for induction of the human

C-reactive protein gene in vivo
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We have investigated the involvement of interleukin-6 (IL-6) in
the induction of the gene encoding the acute-phase protein
human C-reactive protein (hCRP). In transgenic mice the hCRP
gene can be induced by lipopolysaccharide (LPS), but not by IL-
6. In contrast, hCRP was inducible by IL-6 in primary human
hepatocytes and in primary hepatocytes isolated from transgenic
mice. To further evaluate the role of IL-6, we introduced the

hCRP transgene into animals lacking endogenous IL-6 (IL-6-
negative mice). Here, hCRP was not inducible by LPS, but was
induced by a combination of LPS and IL-6. These results clearly
demonstrate that IL-6 is necessary, but not sufficient, for the
induction of hCRP expression. These animal models will allow
further dissection of the cytokine network responsible for the
regulation of the major human acute-phase reactant CRP.

INTRODUCTION

The acute-phase response (APR) is characterized by rapid and
dramatic alterations in the expression patterns of proteins that
are mostly produced by the liver during tissue damage, inflamma-
tion and infections [1-3]. The proteins whose serum concentra-
tions are increased during the APR are referred to as positive
acute-phase proteins (APPs) [4]. The major human APP is
human C-reactive protein (hCRP), which is present in only trace
amounts in healthy individuals (below 1 mg/l), but rises to
concentrations of more than 300 mg/1 upon inflammatory stimu-
lation [5,6]. Therefore hCRP is a useful marker for monitoring
the course of diseases such as cancer, bacterial infections, heart
attack, rheumatic disease and chronic inflammation [7,8].

Macrophages are a source of cytokines that are implicated in
APR regulation [9,10]. Of these cytokines, interleukin-6 (IL-6) is
largely responsible for the induction of hCRP in hepatoma cells,
although other cytokines, such as IL-1 and tumour necrosis
factor-a, may also participate in this process [11-15]. Fur-
thermore IL-6 has been identified as a potent regulator of a
broad panel of acute-phase genes in hepatocytes of mice and
other mammals [16-23]. Other than its effect on APPs, IL-6 has
a wide range of biological activities, including regulation of B-
cell differentiation, growth stimulation of hybridoma and plasma-
cytoma cells, activation of T cells and co-stimulation of thymo-
cyte proliferation [24-27]. Despite these physiological functions,
side-effects of IL-6 administration in mice have not been de-
scribed. Even a broad overexpression of murine IL-6 (mIL-6) in
several organs of transgenic mice did not affect the vitality and
fertility of the animals [28]. However, specific expression of
human IL-6 (hIL-6) in the B cells of transgenic mice resulted in
the induction of plasmacytomas [29].

In contrast with the situation in humans, CRP can be induced
only slightly in mice, and is not considered to be an APP in this
species [30-32]. Nevertheless, the regulation of hCRP expression
in transgenic mice is similar to its regulation in humans. A low
basal level was greatly increased after induction of an acute

phase. Expression of the transgene was strictly liver-specific, and
was regulated at the transcriptional level [33,34]. Cis regulatory
regions conferring in vivo inducibility were identified by deletion
analyses of a 31 kb genomic clone in transgenic mice [35]. These
mice were used successfully to express the simian virus 40 T-
antigen in an inducible and liver-specific manner [36]. Lipopoly-
saccharide (LPS) has been used in these studies as the inducing
agent. Although this substance is a very potent inducer of an
APR, it has severe side-effects on the metabolism and immune
system of the animals. In addition, long-term treatment causes
LPS tolerance, requiring LPS dose escalation to maintain com-
parable levels of induction [37].

We have investigated the effects of IL-6 on the regulation of
hCRP expression in transgenic animals. Surprisingly, we found
that IL-6 did not induce hCRP in these animals, although it
induced the gene encoding the endogenous mouse APP serum
amyloid A protein (SAA). In order to evaluate the role of IL-6
in the regulation of hCRP expression, we investigated the
inducibility of this APP in mice lacking endogenous I1L-6. We
showed that, in these animals, hCRP expression was abolished
upon LPS injection.

MATERIALS AND METHODS
Animals and treatment

hCRP transgenic and IL-6"'~ mice have been described previously
[3,35,38]. Female transgenic animals aged 8—10 weeks were used
in experiments. They were maintainend in standard conditions
with a 12 h/12 h dark/light cycle.

LPS was purchased from Sigma (cat. no. L3254), resuspended
in sterile PBS and injected intraperitoneally at a dose of
100 pug/mouse in a total volume of 100 xl. Recombinant mIL-6
and hIL-6 were purchased from IC Chemikalien (Ismanig,
Germany), diluted in sterile PBS and injected intraperitoneally at
a dose of 2.5 x 10* units/mouse. Blood was collected from the

Abbreviations used: APR, acute-phase response; APP, acute-phase protein; (h)CRP, (human) C-reactive protein; IL-6 (etc.), interleukin-6 (etc.); mIL-
6, murine IL-6; hIL-6, human IL-6; LPS, lipopolysaccharide; SAA, serum amyloid A protein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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retro-orbital cavity before, 9 h after and/or 24 h after treatment.
The injection of 100 x4l of PBS and the retro-orbital puncture by
itself did not affect the hCRP serum level.

Cell culture

Human hepatocytes were isolated after liver biopsy or tumour
surgery from healthy liver tissue by collagenase treatment (col-
lagenase IA from Sigma; cat. no. SI C9891) and prepared as
described elsewhere [39]. The cells were seeded on a collagen-gel-
covered cell culture dish in Williams E medium (Gibco BRL)
supplemented with 2 mM glutamate, 100 units/ml each of
penicillin and streptomycin, 197 units of insulin, 17.27 ug/ml
glucagon, 10 nM dexamethasone (Sigma) and 109, (v/v) fetal
calf serum (Boehringer), referred to as hepatocyte medium, and
were incubated for 2—4 h at 37 °C and 59, CO,. The cells were
then washed, covered with a collagen gel, re-fed and incubated
again as described. Medium was exchanged daily. At 3 days after
isolation, the hepatocytes were incubated for 9h with re-
combinant hIL-6 as indicated and subsequently harvested for
RNA preparation.

Mouse hepatocytes were collected from 18.5-day embryos
derived from matings between wild-type female and transgenic
male mice. The embryonic livers were excised and treated with
0.5 mg/ml collagenase H solution (Boehringer) for 10 min at
37 °C. The cells were washed three times, resuspended in hepato-
cyte medium and treated as described above for human
hepatocytes, except that mIL-6 was applied.

RNA analysis

Mice were killed by cervical dislocation, and RNA was isolated
from livers by the guanidinium isothiocyanate method [40] and
subjected to Northern blot analysis as described previously [35].
32P_labelled cDNA fragments for hCRP, mouse SAA-2, human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and rat
GAPDH were used as probes.

Protein analysis

Sera were prepared from blood and stored at —20 °C until use.
Titertek ELISA plates were coated with rabbit anti-hCRP
(DAKO; A073) at 4 °C overnight, washed with PBS/0.059%,
Tween and incubated with 0.2 9, (w/v) gelatin solution at 37 °C
for 1 h to block unspecific binding sites. An hCRP standard
(DAKO; X923) and diluted samples were incubated for 1 h at
room temperature, washed and incubated for 1h with a
peroxidase-conjugated rabbit anti-hCRP antibody at room
temperature. For substrate reaction, o-phenylenediamine di-
hydrochloride (Sigma; P8287) was used according to the
supplier’s instructions. Absorbance was measured at 492 nm.

RESULTS
IL-6 and hCRP expression in transgenic mice

We have investigated the expression pattern of the hCRP gene in
transgenic mice carrying a 31 kb genomic CRP fragment. This
fragment contains the entire hCRP gene, 17 kb of 5" and more
than 11 kb of 3’ flanking regions [33]. To ensure that these
animals were not in an acute-phase state before experimental
induction, blood was taken by retro-orbital puncture and the
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Figure 1 hCRP RNA expression pattern in transgenic mice

A Northern blot analysis of liver RNA from transgenic mice is presented. The livers were isolated
after injection of PBS as a negative control (lane 1), after injection of 100 g of LPS as a positive
control (lanes 2 and 3) or after injection of 2.5 x 10* units of IL-6 (lanes 4 and 5). The filters
were hybridized sequentially with probes for hCRP, mouse SAA-2 (SAA) and GAPDH.

serum concentration of hCRP was determined by ELISA. This
test is specific for hCRP. The serum levels in uninduced animals
did not exceed 0.1 ug/ml. After intraperitoneal injection of
100 ug of LPS, the serum level of hCRP increased 400-fold to
40 pg/ml, which is in agreement with previous results [33].

One major regulator of the hepatic APR is IL-6 [16]. We
therefore analysed hCRP expression in transgenic mice 24 h after
the intraperitoneal injection of 2.5x10* units of mlIL-6.
Surprisingly, the administration of this cytokine did not lead to
an increase in hCRP serum levels. To exclude the possibility of
a more rapid induction of hCRP protein by IL-6 compared with
LPS, we also analysed sera at earlier time points. However, we
were unable to detect any hCRP protein at any of the time points
(results not shown).

Ciliberto et al. [33] showed that hCRP is regulated in transgenic
mice at a transcriptional level. To ensure that the protein data
reflected the situation at the RNA level, we prepared RNA from
the livers of transgenic animals after injection of either 100 ug of
LPS or 2.5x10* units of mIL-6. The RNA was subjected to
Northern blot analysis and hybridized with probes specific for
hCRP and for the endogenous APP SAA (Figure 1). No signals
for hCRP or SAA were detectable in RNA isolated from
uninduced animals. Upon treatment with mIL-6, the endogenous
SAA gene was induced to nearly the same extent as after LPS
injection. This demonstrated that the administered IL-6 was
biologically active. Despite this, mIL-6 did not induce hCRP
mRNA expression (Figure 1). Similar results were obtained
using hIL-6 (not shown). To exclude integration-site-specific
regulation of the hCRP gene, we analysed several other transgenic
hCRP lines carrying different constructs integrated at different
sites in the mouse genome. Although these hCRP transgenes
were inducible with LPS, in no case did we observe induction by
IL-6 (results not shown). Thus the hCRP gene cannot be induced
by IL-6 in transgenic mice.

Expression profile of hCRP in primary human hepatocytes after
IL-6 treatment

The finding that hCRP cannot be induced by IL-6 in transgenic
mice is in clear contrast to results with hepatocyte-derived cell
cultures. In the human hepatoma cell line PLC/PTF/5 and in
primary human hepatocytes, the hCRP gene can be induced by
IL-6 [15,18,41]. Although both cell types are of hepatic origin,
hepatoma cells show considerable differences in growth be-
haviour and expression of acute-phase genes compared with
hepatocytes [42]. Additionally, primary hepatocytes very rapidly
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Figure 2 hCRP RNA expression in primary human hepatocytes

A Northern blot analysis of human primary hepatocytes is shown. The cells were kept in a
collagen sandwich culture system, and RNA was isolated after a 9 h incubation with 0, 250,
500 or 1000 units/ml hIL-6 (lanes 1—4 respectively). The filter was hybridized sequentially with
probes for hCRP and human GAPDH.

lose their natural bipolarity and specific functional characteristics
when cultured under conventional conditions. A great improve-
ment in the culture of primary hepatocytes is the sandwich
culture system, in which the cells are placed between a double
layer of collagen gels. In this system, primary hepatocytes
maintain their bipolarity, and the lifespan of these cells in culture
can be greatly prolonged [39], thus reflecting true physiological
conditions more closely than is possible in conventional systems.
We employed this system to analyse the expression of hCRP in
primary human hepatocytes after treatment with hIL-6. Cells
were cultured for at least 3 days to down-regulate the expression
of acute-phase genes that may have been induced during isolation
of the hepatocytes from the liver. After this time, cells were
incubated for 9 h in the presence or absence of various concentra-
tions of hIL-6. The abundance of hCRP transcripts was examined
by Northern blot analysis. As shown in Figure 2, hCRP
expression was undetectable without induction, but was highly
induced upon hIL-6 treatment. Thus the hCRP gene is inducible
by IL-6 in primary human hepatocytes.

Expression profile of hCRP in primary mouse hepatocytes from
hCRP transgenic mice on incubation with IL-6

The difference in hCRP expression upon IL-6 treatment in
transgenic mice and primary human hepatocytes could be caused
by a species-specific response to IL-6, or by differences between
in vivo and in vitro systems. To evaluate this latter possibility, we
investigated the expression of hCRP in primary hepatocytes
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Figure 3 hCRP RNA expression in primary hepatocytes from transgenic
mice

The cells were cultured on a collagen monolayer and RNA from untreated cells (—) and from
cells after a 9 h incubation with 500 units/ml mIL-6 (+) was analysed on Northern blots. The
expression pattern of hCRP in two independent experiments is presented. For a loading control,
the filters were rehybridized with a GAPDH probe.
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Figure 4 hCRP RNA expression in transgenic wild-type mice and in mice
lacking IL-6

Liver RNA was isolated from hCRP transgenic IL-6/* mice (after injection of 100 ug of LPS;
lane 1) or from transgenic mice with a disrupted IL-6 gene without induction (lane 2) and after
LPS injection (lane 3), and analysed on Northern blots. The filters were hybridized with probes
for hCRP, mouse SAA and GAPDH.

from transgenic animals. Since mouse hepatocytes can be easily
isolated from embryos shortly before birth and kept in culture
for several days, we used primary hepatocytes of 18.5-day
embryos. These cells were cultured for 4 days and then incubated
in the presence or absence of 500 units/ml mIL-6 for 9 h.

In two independent experiments, hCRP gene expression was
investigated at the RNA level. In the first experiment, a low level
of hCRP expression was present prior to induction. However, in
both analyses, the hCRP gene could clearly be induced by IL-6,
although in one experiment the level of expression of hCRP after
mlIL-6 treatment was very low (Figure 3). To rule out the
existence of a short window of inducibility during embryo
development, we tested the expression of SAA and hCRP in
mouse embryos at day 17.5, 9 h after the injection of mIL-6
either into the mother or directly into embryos within the uterus.
However, we did not detect transcripts of the acute-phase genes
in any of the embryos by Northern blot analysis, although the
mother expressed SAA strongly (results not shown).

These results indicate that differences in the induction of
hCRP by IL-6 are more likely to be a consequence of cell culture
conditions than a result of species-specific differences in its
regulation.

Induction of hCRP by LPS is abolished in transgenic mice lacking
endogenous IL-6

As IL-6 could not induce hCRP in transgenic mice, we addressed
the question of whether this cytokine plays any role in the
induction of this human major acute-phase gene in this organism.
For this, we analysed hCRP transgenic mice containing an
inactivated IL-6 gene derived by crossing hCRP transgenic and
IL-6 mice. Transgenic mice lacking endogenous IL-6 were
analysed for the inducibility of hCRP and SAA by LPS. In
contrast with mice with an intact IL-6 gene, the IL-6"/ mice did
not express hCRP after LPS treatment, although the endogenous
SAA gene was strongly induced (Figure 4).

Additionally, the serum concentration of hCRP was measured
in IL-67~ mice both before and 9 h and 24 h after LPS injection.
Again, in contrast with transgenic wild-type mice, hCRP levels
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Figure 5 Serum levels of hCRP in transgenic mice lacking IL-6

Sera from transgenic mice with a disrupted IL-6 gene were analysed before (1) and 24 h after
intraperitoneal injection of 100 g of LPS (2), 2.5 x 10 units of mIL-6 (3) or 100 g of LPS
plus 2.5 x 10* units of mIL-6 (4). Results are means + S.D. of results from seven (2) or three
(3 and 4) animals.

did notincreasein the sera of LPS-treated IL-67/~ mice, confirming
the RNA results (Figure 5).

To address the question of whether the hCRP gene is inducible
at all in IL-67 mice, we injected 100 xg of LPS together with
2.5 x 10* units of mIL-6. As expected, we observed an increase in
the serum level of hCRP of about 20-fold (Figure 5). Thus IL-6
is necessary, but not sufficient, to induce the hCRP gene in vivo.

DISCUSSION

In this study we have investigated the role of IL-6 in the
regulation of the hCRP gene in transgenic mice and primary
hepatocytes. We have shown that IL-6, although considered to
be an important regulator of the APR, failed to induce the hCRP
gene in transgenic mice. However, in primary human hepatocytes
and in primary mouse hepatocytes isolated from transgenic
animals, the hCRP gene was clearly induced by IL-6.

To define a role for IL-6 in the regulation of hCRP expression
in transgenic mice, we investigated the induction of this gene in
IL-67"~ mice. In these animals the hCRP response to LPS was
completely abolished, but could be reconstituted by co-injection
of IL-6. These studies reveal that IL-6 is necessary, but not
sufficient, for the regulation of hCRP expression.

Regulation of hCRP expression in hepatocyte cultures and
transgenic mice

The finding that IL-6 did not induce the hCRP gene in transgenic
mice was surprising, as this cytokine has been shown to regulate
hCRP expression in hepatic cell culture [16,18,43]. The fact that
the hCRP gene could also be induced by IL-6 in primary mouse
hepatocytes from transgenic mice indicates that functional I1L-6
responsive elements are present within the hCRP construct, and
that the regulation of this gene by IL-6 is not influenced by
species-specific effects. The mouse CRP gene, although not
considered to be a major acute-phase gene because of its weak
inducibility, can be induced by IL-1, but not by IL-6, in primary
mouse hepatocytes [44]. Therefore the expression of hCRP in
mouse hepatocytes from transgenic mice is not governed by a
mechanism that regulates the mouse CRP gene.

In principle, two explanations could be proposed for differences
between cell culture and transgenic animals. First, the medium

used for the cell cultures may contain factors that synergize with
IL-6 in the induction of hCRP, although these factors are unable
to induce the gene on their own. These co-activators might be
components of the fetal calf serum. Serum contains an undefined
mixture of factors that might not be present or available at
comparable concentrations and composition in an adult animal.
The culture of hepatocytes in chemically defined medium without
fetal calf serum should allow the identification of any such
factors that are involved in the regulation of hCRP expression.

One supplement that we used in our hepatocyte cultures was
dexamethasone. This hormone can synergize with IL-6 in the
induction of an APR in two different ways: it can increase the
number of IL-6 receptors at the cell surface, or it can exert its
action via an IL-6 responsive element containing a CTGGGA
motif, which is present in the o,-macroglobulin promotor in rats
[45-48]. Although the hCRP promotor contains this motif, the
injection of dexamethasone alone or in combination with IL-6
did not influence hCRP expression in transgenic mice (results not
shown). Thus it seems unlikely that this hormone alone is
responsible for the described differences in the regulation of the
hCRP gene.

Secondly, factors may be present in mice but not in cell culture
that counteract the regulation of hCRP expression by IL-6. In an
organism, the action of a cytokine is often counter-regulated to
guarantee fine tuning that is necessary to re-establish homoeo-
stasis and to avoid an over-reaction. For instance, restrictin-
P/activin-A is a protein that acts antagonistically to IL-6 and IL-
11. This action is most probably achieved by interference with
cytokine signal transduction pathways [49]. As activin-A is
produced by stromal cells, its availability in hepatocyte cultures
is unlikely. Thus it would be interesting to study the regulation
of hCRP in activin-A negative mice and in co-cultures of
hepatocytes with stromal cells.

Differences in gene regulation between cell cultures and
organisms are not restricted to the hCRP gene, but have also
been described for other genes encoding APPs, such as human
a,-acid glycoprotein and nuclear factor-IL-6. The o, -acid gly-
coprotein gene has been shown to lose its tissue-specific ex-
pression in cell culture, but not in transgenic mice [50], whereas
nuclear factor-IL-6 was constitutively expressed and was not
inducible in hepatoma cells [51], but was expressed at low levels
in liver, where it could be induced upon inflamatory stimulation
[52]. This demonstrates that results derived from cell culture may
not always reflect true physiological conditions, a fact of par-
ticular importance for medicine. In this respect, the transgenic
mouse represents a useful alternative to the cell culture system.

IL-6 is necessary for regulation of the hCRP gene

In transgenic mice the hCRP gene was highly inducible upon
LPS administration, and in this respect showed a similar pattern
of expression to that in humans. Although LPS induces a variety
of APR mediators, it failed to induce hCRP in mice lacking IL-
6. This, together with the observation that hCRP did not respond
to IL-6 alone in transgenic mice, strongly indicates that IL-6 is
necessary, but not sufficient, for the induction of hCRP in
organisms.

It has become apparent that changes in the expression of many
APPs are mediated not by IL-6 alone but by a combination of
cytokines [53]. This conclusion is based on the observation that
the endogenous APR to LPS was similar in IL-67/~ and IL-6"/*
mice. These findings indicate that, for most of the APPs, the
activity of IL-6 can be substituted by other cytokines in vivo. So
far the only gene apart from hCRP that could not be induced by
LPS in IL-67/" mice is the endogenous o,-macroglobulin gene
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[54]. Interestingly, in rats o,-macroglobulin gene regulation with
respect to IL-6 is sex-specific: IL-6 induced a,-macroglobulin in
male but not in female rats; however it could be strongly induced
in both sexes by turpentine, an indirect mediator of an inflam-
matory reaction. The reason for this sex specificity remains
unclear [22]. Nevertheless, in our studies IL-6 did not induce
hCRP expression in either male or female mice. However, it will
be of interest to investigate whether the regulation of these two
major APP genes relies on the same mechanism.

Up to now, no results are available that define a role for IL-
6 in the regulation of hCRP expression in healthy humans. In
patients suffering from cancer, the injection of IL-6 is correlated
with an increase in hCRP serum levels [55,56]. These findings do
not contradict our results in transgenic mice, as it can been
proposed that the investigated subjects expressed a variety of
growth factors and cytokines as a result of their disease or
medical treatment. These factors could then interact with ad-
ministered IL-6 in the regulation of hCRP expression.

Other cytokines, such as IL-1, IL-11, leukaemia inhibitory
factor, oncostatin M and ciliary neurotrophic factor, have also
been shown to induce several acute-phase genes in hepatic cells
[1,5,57-60]. We aim to investigate the involvement of these
factors and their co-operation with IL-6 in the regulation of
hCRP expression in transgenic mice. Additionally, knockout
mice are available that lack leukaemia inhibitory factor, IL-1 and
ciliary neurotrophic factor [61-63]. These mice can be bred to
hCRP transgenic mice and will provide a unique model in which
to investigate the roles of the various cytokines in the regulation
of an APR in vivo. These studies may result in new perspectives
for the medical treatment of inflammatory diseases.

We thank Karin Bork for help in the establishment of human hepatocyte cultures, and
Christoph Ahlers for critical reading of the manuscript. This work was supported by
a grant to U.R. (DFG; SFB 244).

REFERENCES

1 Baumann, H. and Gauldie, J. (1994) Immunol. Today 15, 74-80

Fey, G. and Gauldie, J. (1990) in Progress in Liver Disease, (Popper, H. and

Schaffner, F., eds.), pp. 89—96, W. B. Saunders, Philadelphia

Kushner, I. (1982) Ann. N.Y. Acad. Sci. 389, 3948

Pepys, M. B. and Baltz, M. L. (1983) Adv. Immunol. 34, 141-212

Steel, D. M. and Whitehead, A. S. (1994) Immunol. Today 15, 81—88

Shine, B., de Beer, F. C. and Pepys, M. B. (1981) Clin. Chim. Acta 117, 13—-23

de Beer, F. C., Hind, C. R. K., Fox, K. M., Allan, R., Krikler, D. M., Maseri, A. and

Pepys, M. B. (1982) Br. Heart J. 47, 239-243

Kushner, I. and Mackiewicz, A. (1987) Dis. Markers 5, 111

Nordhoff, H., Andus, T., Tran-Thi, T. A., Bauer, J., Decker, K., Kubanek, B. and

Heinrich, P. C. (1987) Eur. J. Immunol. 17, 707711

10 Sipe, J. D., Vogel, S. N., Ryan, J. L., McAdam, K. P. W. J. and Rosenstreich, D. L.
(1979) J. Exp. Med. 150, 597606

11 L, S-P., Liu, T.-Y. and Goldman, N. D. (1990) J. Biol. Chem. 265, 4136—4142

12 Smith, J. W. and McDonald, T. L. (1992) Clin. Exp. Immunol. 90, 293—299

13 Ganapathi, M. K., Rzewnicki, D., Samols, D., Jiang, S.-L. and Kushner, I. (1991)
J. Immunol. 147, 1261-1265

14 Ganter, U., Arcone, R., Toniatti, C., Morrone, G. and Ciliberto, G. (1989) EMBO J. 8,
3773-3779

15  Ganapathi, M. K., May, L. T., Schultz, D., Brabenec, A., Weinstein, J., Sehgel, P. B.
and Kushner, I. (1988) Biochem. Biophys. Res. Commun. 157, 271-277

16 Heinrich, P. C., Castell, J. V. and Andus, T. (1990) Biochem. J. 265, 621—636

17 Mayer, P., Geissler, K., Valent, P., Ceska, M., Bettelheim, P. and Liehl, E. (1991)
Exp. Hematol. 19, 688—696

18  Castell, J. V., Gomez-Lechon, M. F., David, M., Andus, T., Geiger, T., Trullenque, R.,
Fabra, R. and Heinrich, P. C. (1989) FEBS Lett. 242, 237—239

19 Marinkovic, S., Jahreis, G. P., Wong, G. G. and Baumann, H. (1989) J. Immunol.
142, 808812

~N o O~ w S

© o

Received 17 January 1997/14 March 1997 accepted 27 March 1997

20
21
22
23
24
25
26
27
28
29
30

31
32

33

34

35

37
38

39
40
4

42
43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

59

60

61
62

63

Ramadori, G., Van Damme, J., Rieder, H. and Meyer zum Biischenfelde, K. H. (1988)
Eur. J. Immunol. 18, 1259—1264

Neta, R., Vogel, S. N., Sipe, J. D., Wong, G. G. and Nordan, R. P. (1988) Lymphokine
Res. 7, 403—412

Geiger, T., Andus, T., Klapproth, J., Hirano, T., Kishimoto, T. and Heinrich, P. C.
(1988) Eur. J. Immunol. 18, 717—721

Baumann, H. and Gauldie, J. (1990) Mol. Biol. Med. 7, 147—159

Kishimoto, T. (1989) Blood 74, 1—10

Sehgal, P. B., Helfgott, D. C., Santhanam, U., Tatter, S. B., Clarick, R. H., Ghrayeb, J.
and May, L. T. (1988) J. Exp. Med. 167, 1951—1956

Akira, S., Taga, T. and Kishimoto, T. (1993) Adv. Immunol. 54, 1-78

Bauer, J. and Herrmann, F. (1991) Ann. Hematol. 62, 203—210

Woodroofe, C., Miiller, W. and Riither, U. (1992) DNA Cell Biol. 111, 587-592
Suematsu, S., Matsuda, T., Aosaza, K., Akira, S., Nakano, N., Ohno, S., Miyazaki, J.,
Yamamura, K., Hirano, T. and Kishimoto, T. (1989) Proc. Natl. Acad. Sci. U.S.A. 86,
7547—7551

Gotschlich, E. C. and Edelman, G. M. (1965) Proc. Natl. Acad. Sci. U.S.A. 54,
558-566

Le, P. T., Muller, M. T. and Mortensen, R. F. (1982) J. Immunol. 129, 665-672
Pepys, M. B., Baltz, M. L., Gomer, K., Davies, A. S. and Doenhoff, M. (1979) Nature
(London) 278, 259261

Ciliberto, G., Arcone, R., Wagener, E. F. and Riither, U. (1987) EMBO J. 6,
4017-4021

Toniatti, C., Arcone, R., Majello, B., Ganter, U., Arpaia, G. and Giliberto, G. (1990)
Mol. Biol. Med. 7, 199-212

Murphy, C., Beckers, J. and Riither, U. (1995) J. Biol. Chem. 270, 704—708
Riither, U., Woodroofe, C., Fattori, E. and Ciliberto, G. (1993) Oncogene 8, 87—93
Ziegler-Heitbrock, H. W. (1995) J. Inflamm. 145, 3—26

Poli, V., Balena, R., Fattori, E., Markatos, A., Yamamoto, M., Tanaka, H., Giliberto, G.,
Rodan, G. A. and Costantini, F. (1994) EMBO J. 13, 1189-1196

Bader, A., Rinkes, I. H. B., Closs, E. I, Ryan, C. M., Toner, M., Cunningham, J. M.,
Tompkins, R. G. and Yarmush, M. L. (1992) Biotechnol. Prog. 8, 219225
Chomczynski, P. and Sacchi, N. (1987) Anal. Biochem. 162, 156—159

Taylor, A. W., Ku, N.-O. and Mortensen, R. F. (1990) J. Immunol. 145, 2507-2513
Oliviero, S., Morrone, G. and Cortese, R. (1987) EMBO J. 6, 1905—1912

Moshage, H. J., Roelofs, H. M., van Pelt, J. F., Hazenberg, B. P., van Leeuwen, M. A,
Limburg, P. C., Aarden, L. A. and Yap, S. H. (1988) Biochem. Biophys. Res.
Commun. 155, 112—117

Ku, N.-0. and Mortensen, R. F. (1993) Cytokine 5, 319—326

Baumann, H. (1989) In Vitro Cell. Dev. Biol. 25, 115—126

Baumann, H., Marinkovic-Pajovic, S., Won, K.-A., Jones, V. E., Campos, S. P.,
Jahreis, G. P. and Moressa, K. (1992) CIBA Found. Symp. 167, 100-115

Hattori, M., Abraham, W., Northemann, W. and Fey, G. H. (1990) Proc. Natl. Acad.
Sci. US.A. 87, 23642368

Hocke, G. M., Barry, D. and Fey, G. H. (1992) Mol. Cell. Biol. 12, 2282—2294
Brosh, M., Sternberger, D., Honigwachs-Sha’anani, J., Byeong-Chel, L., Shav-Tal, Y.,
Tzehoval, E., Shulman, S. M., Toledo, J., Hacham, Y., Carmi, P., et al. (1995) J. Biol.
Chem. 270, 29594—29600

Dente, L., Riither, U., Tripodi, M., Wagner, E. F. and Cortese, R. (1988) Genes Dev.
2, 259266

Ramii, D. P., Vitelli, A., Tronche, F., Cortese, R. and Ciliberto, G. (1993) Nucleic
Acids Res. 21, 289294

Akira, S., Issihiki, H., Sugita, T., Tanabe, O., Kinoshita, S., Nishio, Y., Nakajima, T.,
Hirano, T. and Kishimoto, T. (1990) EMBO J. 9, 1897—1906

Mackiewicz, A., Ganapathi, M. K., Schultz, D., Brabennec, A., Weinstein, J., Kelley,
M. F. and Kushner, 1. (1990) Proc. Natl. Acad. Sci. U.S.A. 87, 1491—1495

Fattori, E., Cappelletti, M., Costa, P.K, Sellitto, C., Cantoni, L., Garelli, M., Faggioni,
R., Fantuzzi, G., Ghezzi, P. and Poli, V. (1994) J. Exp. Med. 180, 1243—1250

Lu, Z. Y., Brailly, H., Wijdenes, J., Bataille, R., Rossi, J.-F. and Klein, B. (1995)
Blood 86, 3123—3131

van Gameren, M. M., Willemse, P. H., Mulder, N. H., Limburg, P. C., Groen, H. J.,
Vellenga, E. and de Vries, E. G. (1994) Blood 84, 14341441

Mayer, P., Geissler, K., Ward, M. and Metcalf, D. (1993) Blood 81, 3226—3233
Baumann, H. and Schendel, P. (1991) J. Biol. Chem. 299, 20424—20427

Richards, C. D., Brown, J., Shoyab, M., Baumann, H. and Gauldie, J. (1992)

J. Immunol. 148, 17311736

Schooltink, H., Stoyan, T., Roeb, E., Heinrich, P. C. and Rose-John, S. (1992) FEBS
Lett. 314, 280284

Fantuzzi, G. and Dinarello, C. A. (1996) J. Leukocyte Biol. 59, 489—493

Stewart, C. L., Daspar, P., Brunet, L. J., Bhatt, H., Gadi, I., Kdntgen, F. and
Abbondanzo, S. J. (1992) Nature (London) 359, 76—79

Masu, Y., Wolf, E.,, Holtmann, B., Sendtner, M., Brem, G. and Thoenen, H. (1993)
Nature (London) 365, 27—32



