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Leading article — Hepatology series

Hepatocyte and immune system: acute phase reaction as a
contribution to early defence mechanisms

Cytokines, a variety of hormone-like molecules, include a
group of soluble factors — the interferons, interleukins, and
hematopoietic growth factors. They build a complex net-
work of interactive signals and are important for the
regulation of hematopoesis and many immune reactions.
The interaction of the hepatocyte with the immune system
may occur at different levels (Fig 1). For example viral
infections often induce interferon (IFN) production, but
can also stimulate synthesis of class II molecules, tumour
necrosis factor and interleukin (IL) 2.!2 IFN activates
other cytokines directly by interacting with IFN sequence
motifs in their promotors.? Little information exists on the
role of cytokines in the initiation and perpetuation of liver
diseases. The level and activity of different cytokines such
as IL 6 can be abnormal and may contribute to the injury
in immunologically mediated liver diseases.* Another
mechanism is the ‘acute phase response’, in which a panel
of cytokines regulates different liver specific genes. There
is detailed knowledge on how the signals of these cytokines
are transduced from the surface of the hepatocyte
membrane to the promotor of the liver specific gene: the
mechanisms will be reviewed in this article.

Acute phase response and protein
The acute phase response has been known for centuries.
The ancient Greeks gave an initial description as they
observed an increased sedimentation rate of erythrocytes
in the blood of severely ill patients.> Today, we can
explain this phenomenon as an increase in the plasma
concentration of fibrinogen and other acute phase
proteins.5

Most of the acute phase proteins are synthesised in
hepatocytes, non-hepatic tissue is only a minor source of
the acute phase proteins. Depending on their regulation
during inflammation, they are called either positive or
negative acute phase proteins. Positive means the plasma
concentration is #ncreased and negative means it is decreased
during inflammation. In humans the most prominent
positive acute phase proteins are C reactive protein (CRP)
and serum amyloid A. In man an increase of up to 100 fold
is observed during inflammation, whereas in rats the most

Acute phase proteins
I in pl ation
Decrease in plasma
10-100 fold 2-10 fold Up to 2 fold concentration
Human:
C reactive pro-  a; proteinase Coeruloplasmin  Inter a antitrypsin
tein inhibitor C, of comple- Transferrin
Serum amlyloid a, acid glycoprotein ment a, lipoprotein
A «, antichymotrypsin «a, antiplasmin Prealbumin
Fibrinogen C, inactivator Albumin
Haptoglobin
Rat:
a, macroglobu-  Fibrinogen a, proteinase «, inhibitor
lin Haptoglobin inhibitor Transferrin
a, acid glyco- Cysteine proteinase Prekallikrein Prealbumin
protein inhibitor Haemopexin Albumin
C reactive protein Cytochrome
Coeruloplasmin P450s

prominent changes are seen with a2-macroglobulin and
al acid glycoprotein.> 7 The table shows the most impor-
tant acute phase proteins in man and rat and their
maximum regulations due to cytokine induction during
the acute phase response.

The acute phase response is well preserved throughout
phylogeny and is believed to play an important protective
role in the host defence against tissue damage and
infection. CRP, a clinically useful diagnostic marker for
patients suffering from an infection, has been shown to
opsonise bacteria, parasites, foreign particles, and immune
complexes and to facilitate their clearance by the immune
system. Additionally, CRP binds to chromatin and
mediates solubilisation of chromatin.8® These observa-
tions have led to the suggestion that CRP might have a role
as a ‘garbage man’ for chromatin fragments released from
damaged cells during inflammation. Fibrinogen is involved
in blood clotting and wound healing. Others like a,
macroglobulin, o, antitrypsin and a, antichymotrypsin are
proteinase inhibitors.10-12

Based on our present knowledge, the acute phase
proteins have a physiological role in the early stage of
infection. They are immediately induced after infection
and form a non-specific first line of defence against a broad
range of invaders. This first line of defence is important as
it provides the body with the time to activate the more
specific part of the immune response, for example,
humoral and cellular antigen specific response.

Cytokines involved in the acute phase response

The first idea that blood-borne mediators are responsible
for inducing the acute phase response in the liver was
proposed in 1974.13 Clear evidence that CRP was induced
by blood-borne factors at local sites of inflammation was
published in 1978.14 Since then the list of factors inducing
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Figure 1: Potential interactions of cytokines released by the i system
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the acute phase response in the liver has increased rapidly
and these have become well defined. At present the main
mediators of the acute phase response in the liver are
believed to be: IL 6 and IL 6-like mediators, IL 1, TNF,
and glucocorticoids (Fig 1). Many different cell types may
produce these cytokines, but the most important are
activated macrophages, monocytes, fibroblasts, and
endothelial cells.!5-19

The term ‘IL 6-like mediators’ describes a group of
cytokines, which change the expression of acute phase
genes in a manner similar to IL 6. Some of these cytokines
have been recently cloned and their role in the acute phase
response has been described. IL 6-like mediators include
IL 11, leukemia inhibitory factor, oncostatin M, and ciliary
neurotropic factor.20-22 This class of cytokines may have
emerged from a common ancestral gene through gene
duplication, since they show a significant similarity in the
amino acid sequence, predicted secondary structure, and
shared exon organisation.?3

Two different forms of IL 1 exist — @ and . They have a
homology of 26% on the peptide level, but no difference in
function. IL 1 is an important regulator of the acute phase
response not only because of its direct effect on several
acute phase genes, but also because it modulates the syn-
thesis of IL 6. TNF has activities similar to IL 1,24 but the
changes seen with TNF are less potent than those observed
after IL 1 administration in vivo and in vitro.2 26 As with
IL 1, two different forms, a and B (lymphotoxin), exist.2?
They have a homology at 28% on the peptide level but no
difference in function.

According to their differences in induction by cytokines,
two classes of positive acute phase proteins are recognised.
Class 1 genes are mainly regulated by IL 1 or by combina-
tions of IL 1 plus IL 6 or IL 1, IL 6, and glucocorticoids.
Examples of this class are CRP, serum amyloid A,
complement C3, haemopexin, haptoglobin, and «, acid
glycoprotein. Class 2 genes are regulated by IL 6 and
glucocorticoids. Representatives of this class are a,
macroglobulin, «,; antichymotrypsin, fibrinogen, o, anti-
trypsin, thiostatin, and fibrinogen.28-30 As IL 6 is involved
in all the effects of liver acute phase genes, it is the main
regulator of the acute phase response.5 3!

Receptors mediating the acute phase response

The cytokines inducing a change in the expression of
an acute phase gene must activate a cascade, which
transduces the signal from the outer cell membrane to
the nucleus of the hepatocyte (Fig 2). Specific cytokine
receptors have been cloned and characterised for the
different factors involved in the acute phase response.
These receptors belong to the cytokine receptor group.
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Figure 2: Model of activation by interleukin 6 (IL 6) and IL6 receptor
complex. The schematic picture shows how IL 6 induces the activation of
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intracellular signal cascades. After the binding of IL 6 to the IL 6 receptor
a gp 130 molecule binds to the complex. Addition of a second gp 130
molecule leads to homodimerisation of the intracellular parts of the two
bound gp 130 molecules which in turn activates intracellular signal
transduction.
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In contrast to the family of growth factor receptors, this
group of cytokine receptors contains no tyrosine kinase
domain in the cytoplasmic region. Instead, the cytokine
receptors need a second receptor associated molecule for
high affinity ligand binding and transmission of cyto-
plasmic signals. One of the first receptors cloned was the
IL 6 receptor.32 This consists of one immunoglobulin
like domain followed by an additional 200 amino acids in
the extracellular domain. These 200 amino acids are
essential for binding of IL 6 to the receptor. The
intracellular domain is short and no function for signal
transduction is known. Signal transduction is performed
by the receptor associated molecule gp 130. The
molecule is not involved in direct ligand binding, but
functions as the only signal transducing element into
the cell.33 Additionally, the gp 130 molecule is impor-
tant in stabilising the binding of IL 6 to the IL 6
receptor. The transfection of the IL 6 receptor together
with gp 130 in a IL 6 receptor negative cell line results in
the formation of high affinity binding sites for IL 6,
whereas the transfection of the IL 6 receptor alone creates
only a low affinity receptor for IL 6. Additionally,
incubation of the transfected cells with a gp 130 antibody
reduces the amount of high affinity IL 6 receptors.3?
Signal transduction is activated by homodimerisation
with a second gp 130 molecule added to the complex.3*
Homodimerisation leads to the phosphorylation of
associated tyrosine kinases and the activation of intracel-
lular signal cascades.3®> The mechanism is illustrated in
Figure 2.

Interestingly, the signal transducing molecule gp 130 is
used by several other cytokines which mediate IL 6 like
activity in the acute phase response of the liver. It has been
shown that leukaemia inhibitory factor, oncostatin M,
ciliary neurotropic factor, and IL 11 use gp 130 as a
receptor associated molecule for signal transduction.
However, the specific receptor for ligand binding is
different for each cytokine, and different from the IL 6
receptor.30

Knowledge of the TNF receptor led to the definition of
a new, small receptor family. The family is defined by an
arrangement of three or four conserved, cysteine rich
sequence segments of approximately 40 amino acids in the
extracellular domain of the molecule. Two different TNF
receptors are known; p55 TNFR and p75 TNFR.37-39
Both receptors are normally expressed in various tissues
and have a similar high affinity for TNF o and B.40
Different functions for the two receptors have been pro-
posed,¥ 13 but a definitive function has not yet been
reached. A region of 44 amino acids in the cytoplasmic
domain seems to be essential for receptor signalling.?> No
identifiable signalling function, such as kinases, has been
described.

There are two different interleukin receptors. A larger
80 kDa form** and a smaller recently described 60 kDa
form.#> IL « and B bind to the receptors with the same
affinity.#6 The 80 kDa receptor belongs to the immuno-
globulin like form of receptors. The 80 kDa protein
consists of 557 amino acids. The 319 N-terminal amino
acids belong to the extracellular part of the protein and are
organised into three immunoglobulin like domains.%* The
intracellular 217 amino acids have no tyrosine kinase
function or other described enzymatic function.

Intracellular events which are involved in signal
transduction

The intracellular pathways leading to the induction of
acute phase genes are poorly understood. Recent
research is trying to define mechanisms which connect
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Figure 3: Activation and translocation of NF kB. Extracellular signals like
tumour necrosis factor a or interleukin 1 lead to the activation of NF kB in
the cytoplasmic NF kB-I kB complex. I kB is phosphorylated and can no
longer bind and inactivate NF kB. NF kB translocates to the nucleus and
activates NF kB-responsive genes.

the activation of a specific receptor to the change in tran-
scription of a certain gene. The activation of the different
cytokine receptors involved in the acute phase response has
shown a panel of signal cascades which may have impor-
tance for the acute phase response.

The TNF receptor leads to activation of phospholipase
A 2 and diacylglycerol. Downstream of diacylglycerol is
proteinkinase C (PKC), a serine/threonine kinase and
different proteases. The activation of these pathways leads
over yet undefined signal cascades to the activation of the
transcription factors NF kB and c-jun (Fig 3). NF «B
especially has been shown to play an important role in the
regulation of acute phase genes. The NF kB complex
seems to be a heterodimer that contains two protein of 50
and 65 kDa which bind to the decameric kB motif in the
promotor of different genes.4” 48 NF kB pre-exists in the
cytoplasma of most cells as an inactive form by the associa-
tion with a family of inhibitor proteins called I kB.%¥
Stimulation by TNF or IL 1 and also agents like LPS or
phorbol myristate acetate results in the dislocation of the
I kB-NF kB complex by phosphorylation of I «kB.
Subsequently, NF kB translocates from the cytoplasma to
the nucleus, binds to the promotor of a cognate DNA
binding site, and activates the transcription of the target
gene (Fig 3) (for review see’*-31).

Examples of acute phase genes where NF kB plays an
important role in induction are serum amyloid A3 and the
angiotensinogen gene.’> This same mechanism has also
been shown for the regulation of the interleukin 6 gene its
self?#55 and therefore NF kB is one of the tools by which
IL 1 and TNF stimulate the acute phase genes as well as
the IL 6 gene.

NF-IL 6/LAP (IL 6-DBP, C/EBP B, CRP 2) is another
important transcription factor which has been recently
cloned and is involved in the regulation of different acute
phase genes and the IL 6 gene itself.36-60 NF-IL 6 is a
member of the bZIP family of transcriptional activators
and is highly enriched in liver nuclei. NF-IL 6 binds to a
14 bp nucleotide in the human IL 6 promotor, which is
located between position —180 and —122. Other NF-IL 6
recognition sequences are present in liver specific genes
such as the haptoglobin, CRP, a, acid glycoprotein or the
albumin gene. The 14 bp recognition sequence has been
found to be important for the class 1 acute phase genes.
During the acute phase response, NF-IL 6 is regulated by
LPS, IL 1, TNF, and IL 6 on the transcriptional level. The
mRNA of NF-IL 6 starts to increase in the liver 15 minutes
after IL 6 stimulation.®! Besides direct stimulation on the
protein level, NF-IL 6 is regulated on the post-trans-
lational level by protein phosphorylation. The gp 130
molecule which is associated with the IL 6 receptor has no
tyrosine kinase activity itself, however there is evidence
that after ligand binding, gp 130 activates a tyrosine kinase
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and a ras-encoded protein further downstream of the intra-
cellular signal transduction pathway.33 62 Recent data of
Kakajima et al 93 show that the ras-MAP pathway leads to
the phosphorylation of NF-IL 6 at threonine 235 and sub-
sequently to its transactivation. Additional pathways have
as a target NF-IL 6. Wegner et al% demonstrated the
activation of a Ca2?+-dependent pathway and the phos-
phorylation of Ser 276. It was recently shown that the
activation of PKC and the transactivation of LAP/NF IL 6
is linked to the phosphorylation of serine 105 in the
molecule.5 As TNF leads to the activation of PKC, the
phosphorylation of serine 105 could be a target of the
TNF pathway. With CREB® and C-jun,%” NF-IL 6 is the
third transcriptional regulator for which phosphorylation
determines its transcriptional regulation, further proving
the generality of this regulatory mechanism.

More recently the cloning of an additional member
called NF-IL 6 B (C/EBP-3) was reported. The protein
has been shown to heterodimerize and thereby cooperate
with NF-IL 6 in the transactivation of acute phase
genes,8 68

The cloning of transcription factors regulating mainly
the promoters of class 2 acute phase genes will soon be
finished. A hexanucleotide motif found in the promoters
of several genes was shown to be required for responsive-
ness to IL 6, and has been called IL 6 responsive element
(IL6-RE) or acute phase response element (APRE). The
a, macroglobulin promoter for example is composed of
two APREs which functionally cooperate to confer the full
IL 6 response of the gene. The transcription factor is
rapidly activated by IL 6 at the post-translational level and
a role of phosphorylation has also been suggested for this
factor. This transcriptional activator has been shown
to have a molecular weight of approximately 100-
110 kDa.306°

Outlook

The hepatocyte is the main liver cell, accounting for 65%
of all liver cells: minority cells include Kupffer cells,
endothelial cells, ITO (fat storing) cells, and bile duct
epithelia. The hepatocyte’s involvement with the immune
system is multifactorial. On one hand, the hepatocyte
may become a target of liver infiltrating T lymphocytes as
the major effector limb of the immune system in viral
hepatitis and autoimmune live diseases. In viral hepatitis,
T cells are believed to attack those hepatocytes present-
ing viral peptides through HI.A-class I molecules on
their surface. In autoimmune hepatitis, HLA-class II
molecules are believed to present surface autoantigens
to the immune system. On the other hand, the hepatocyte
is the site of synthesis of important components of the
immune system such as complement factors. The hepato-
cyte is also the dominant cell of synthesis of the acute
phase proteins that mediate the body’s first line of
defence against external insults such as infectious organ-
isms. Thus studying the molecular basis of the acute
phase response also means studying hepatocellular and
thus organ specific gene expression and regulation.
Therefore, an understanding of the activation of acute
phase protein synthesis not only improves our under-
standing of the body’s early defence mechanisms against
infection, but also gives new insights into mechanisms
regulating other organ specific genes such as those
involved in metabolism, liver regeneration, and viral
replication. Finally, the analysis and identification of
factors mediating organ specific gene transcription may
show new diagnostic or prognostic markers for liver
diseases in particular acute liver failure. The under-
standing of these molecular mechanisms might enable
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us to develop new therapeutic strategies for liver
diseases. Hopefully, when the dust clears physicians will
emerge with new therapeutic agents in their hands.
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Postscript

Meanwhile the APRF (acute phase response factor) has been cloned by two
groups independently.’® 7! It belongs to the STATS proteins (signal transducers
and activators of transcription). After phosphorylation by Jak-1 kinase APRF
translocates from the cytoplasma into the nucleus and activates genes with an
APRE:s in the promoter.

1 Hu KQ, Vierling JM, Siddiqui A. Transactivation of HLLA-DR gene by hepatitis B
virus x gene product. Proc Natl Acad Sci USA 1990; 87: 7140-4.
2 Goldfeld AE, Maniatis T. Coordinate viral induction of tumor necrosis factor
alpha and interferon beta in human B cells and monocytes.
Proc Natl Acad Sci USA 1989; 86: 1490-4.
3 Reich N, Evans B, Levy D, ez al. Interferon induced transcription of a gene encod-
ing a 15 kDa protein depends on an upstream anhancer element. Proc Natl Acad
Sci USA 1987, 84: 6394-8.
4 Rehermann B, Trautwein C, Boker KHW, et al. Interleukin 6 in liver diseases.
 Hepatol 1992; 15: 277-80.

Heinrich PC, Castell JV, Andus T. Interleukin-6 and the acute phase response.

Sox HC Jr, Liang MH. The erythrocyte sedimentation rate. Guidelines for
rational use. Ann Intern Med 1986; 104: 515-23.

Koj A. In: Gordon AH, Koj A, eds. The acute phase response to injury and infection.
Amsterdam: Elsevier, 1985: 139-2.

Robbey FA, Jones KD, Tanaka T, er al. Binding of C-reactive protein to
chromatin and nucleosome core particles. ¥ Biol Chem 1984; 259: 7311-6.

Robbey FA, Jones KD, Steinberg AD, er al. C-reactive protein mediates the
solubilization of nuclear DNA by complement in vitro. ¥ Exp Med 1985; 161:
1344-56.

10 Lonberg-Holm K, Reed DL, Roberts RC, et al. Three high molecular weight
proteinase inhibitors of rat plasma. ¥ Biol Chem 1987; 262: 438-45.

Esnard F, Gauthier F. Rat alpha 1-cysteine proteinase inhibitor. ¥ Biol Chem 1993;
258: 12443-7.

12 Fung W, Schreiber G. Structure and expression of the genes for major acute phase
alpha I-protein (thiostatin) and kinogen in the rat. ¥ Biol Chem 1987; 262:
9298-308.

13 Koj A. Acute phase reactants. Their synthesis, turnover and biological
significance. In: Allison AC, ed. Structure and function of plasma proteins. Vol 1.
London: Plenum Press, 1974: 73-125.

14 Kushner I, Feldmann G. Control of the acute phase response. Demonstration of
C-reactive protein synthesis and secretion by hepatocytes during acute inflam-
mation in the rabbit. ¥ Exp Med 1987; 148: 466-77.

15 Gauldie J, Richards C, Harnish D, et al. Interferon beta 2/B-cell stimulatory factor
type 2 shares identity with monocyte-derived hepatocyte-stimulating factor and
regulates the major acute phase protein response in liver cells. Proc Natl Acad Sci
USA 1987; 84: 7251-5.

16 Aarden LA, de Groot ER, Schaap OL, ez al. Production of hybridoma factor by
human monocytes. Eur ¥ Immunol 1987; 17: 1411-6.

17 Segal PB, May LT, Tamm I, et al. Production of hydridoma growth factor by
human monocytes. Eur ¥ Immunol 1987; 17: 1411-6.

18 Tosato G, Seamon KB, Goldman ND, er al. Monocyte derived human B cell
growth factor identified as human interferon beta 2 (BSF-2, IL 6). Science 1988;
239: 5024.

19 Santhanam U, Tatter SB, Helfgott DC, ez al. Structure, genetics and function of
human beta 2-interferon/B cell stimulating factor 2/hepatocyte stimulating
factor. In: Powanda MC, ed. Monokines and other non-lymphocytic cytokines. New
York: Alan R Liss, 1988: 29-34.

20 Richards CD, Brown TJ, Shoyab M, et al. Recombinant oncostatin M stimulates
the production of acute phase proteins in HepG2 cells and rat primary
hepatoctes in vitro. ¥ Immunol 1992; 148: 1731-6.

o 00 N oW

—

21 Baumann H, Schendel P. Interleukin-11 regulates the hepatic expression of
the same plasma protein genes as interleukin-6. ¥ Biol Chem 1991; 266: 20 424-7.
22 Schooltink H, Stoyan T, Roeb E, er al. Ciliary neurotropic factor induces acute-

phase protein expression in hepatocytes. FEBS 1992; 314: 280-4.

23 Rose TM, Bruce AG. Oncostatin M is a member of a cytokine family that includes
leukemia-inhibitory factor, granulocyte colony-stimulating factor, and inter-
leukin 6. Proc Natl Acad Sci USA 1991; 88: 8641-5.

24 Dinarello CA. The biology of interleukin 1 and comparison to tumour necrosis

factor. Immunol Lett 1987; 16: 227-32.

Darlington GJ, Wilson DR, Lachmann LB. Monocyte-conditioned medium,
interleukin 1, and tumor necrosis factor stimulate the acute phase response in
human hepatoma cells in vitro. ¥ Cell Biol 1986; 103: 787-93.

26 Sipe JD, Vogel SN, Douches S, ez al. Tumour necrosis factor/cachectin is a less

potent inducer of serum amyloid A synthesis than interleukin 1. Lymphokine Res
1987; 6: 93-101.

27 Foxwell BM], Barrett K, Feldmann M. Cytokine receptors: structure and signal
transduction. Clin Exp Immunol 1992; 90: 161-9.

28 Baumann H, Prowse KR, Marinkovic S, ez al. Stimulation of hepatic acute phase
response by cytokines and glucocorticoids. Ann NY Acad Sci 1989; 557:
280-95.

29 Baumann H, Gauldie J. Regulation of hepatic acute phase plasma protein genes by
hepatocyte stimulating factors and other mediators inflammation. Mol Biol Med
1990; 7: 147-60.

30 Wegenka UM, Buschmann J, Liitticken C, et al. Acute-phase response factor, a
nuclear factor binding to acute-phase response elements, is rapidly activated by
interleukin-6 at the posttranslational level. Mol Cell Biol 1993; 13: 276-88.

31 Akira S, Kishimoto T. IL-6 and NF-IL6 in acute-phase resposne and viral
infection. Immunol Rev 1992; 127: 25-50.

32 Yamasaki K, Taga T, Hirata Y, er al. Cloning and expression of the human
interleukin-6 (BSF-2/IFNbeta 2) receptor. Science 1988; 241: 825-8.

2

w

34

35

3

(=)}

3

Q

3

@

39

40

4

=

42

43

44

45

46

47

48

4

©

50
5

—

52
5

»

5

S

55

56

57

58

59

60

6

—

62

63

64

65

6

(=}

67

6

oo

69

70

7

oy

Trautwein, Boker, Manns

Hibi M, Murakami M, Saito M, ez al. Molecular cloning and expression of an IL-~
6 transducer, gp 130. Cell 1990; 63: 1149-57.

Davis S, Aldrich TH, Stahl N, et al. LifRbeta and gp 130 as heterodimerizing
signal transducers of the tripartite CNTF receptor. Science 1993; 260:
1805-8.

Murakami M, Hibi M, Nakagawa N, er al. IL-6-induced homodimerization of
gp 130 and associated activation of a tyrosine kinase. Science 1993; 260:
1808-10.

Gearing DP, Comeau MR, Friend D], er al. The IL-6 transducer, gp 130: An
oncostatin M receptor and affinity converter for the LIF receptor. Science 1992;
255: 1434-7.

Loetscher H, Pan YE, Lahm HW, ez al. Molecular cloning and expression of the
human 55 kd tumor necrosis factor receptor. Cell 1990; 61: 351-60.

Schall TJ, Lewis M, Koller KJ, ez al. Molecular cloning and expression of a
receptor for human tumor necrosis factor. Cell 1990; 61: 361-70.

Smith CA, Davis T, Anderson D, et al. A receptor family for tumor necrosis factor
defines an unusual family of cellular and viral proteins. Science 1990; 248:
1019-22.

Hohmann HP, Remy R, Brockhaus M, et al. Two different cell types have
different major receptors for human tumor necrosis factor (TNF alpha).
¥ Biol Chem 1989; 264: 14 927-34.

Barrett K, Taylor-Fishwick DA, Cope AP, et al. Cloning, expression and cross-
linking analysis of the murine p55 tumor necrosis factor receptor. Eur ¥ Immunol
1991; 21: 1649-56.

Tartaglia LA, Goeddel DV. Tumor necrosis factor signalling. ¥ Biol Chem 1992;
267: 4304-7.

Brakebusch C, Nophar Y, Kemper O, er al. Cytopalmic truncation of the p55
tumor necrosis factor (TNF) abolishes signalling, but not induced shedding of
the receptor. EMBO § 1992; 11: 943-50.

Sims JE, March CJ, Cosman D, er al. cDNA expression cloning of the IL-1
receptor a member of the immunoglobulin superfamily. Science 1988; 241:
585-9.

McMahan CJ, Slack JL, Mosley B, ez al. A novel IL-1 receptor cloned from B-cells
by mammalian expression, is expressed in many cell types. EMBO ¥ 1991; 266:
10 331-6.

Dripps DJ, Brandhuber BJ, Thompson RC, et al. Interleukin-1 (IL-1) receptor
antogonist binds to the 80 kda IL-1 receptor but does not initiate IL-1 signal
transduction. ¥ Biol Chem 1991; 266: 10 331-6.

Kawakami H, Scheidereit C, Roeder RG. Identification and purification of human
immunoglobulin enhancer-binding protein (NF-kB) that activates transcription
from a human immunodeficiency virus type I promotor in vitro. Proc Nat! Acad
Sci USA 1988; 85: 1007-18.

Urban MB, Baeuerle PA. The role of the p50 and p65 subunits of NF KB in the
recognition of cognate sequences. New Biology 1991; 3: 279-88.

Zabel U, Baeuerle PA. Purified human I KB can rapidly dissociate the complex of
the NF-KB transcription factor with its cognate DNA. Cell 1990; 61: 255-65.

Baeuerle PA. The inducible transcription factor NF kB: Regulation by distinct
protein subunits. Biochim Biophys Acta 1991; 1072: 63-88.

Baeuerle PA, Baltimore D. The physiology of the NF kB transcription factor.
Molecular Aspects of Cell Regulation 1991; 6: 409-32.

Li X, Liao WS-L. Expression of rat serum amyloid Al gene involves both C/EBP-
like and NF kB-like transcription factors. ¥ Biol Chem 1991; 266: 15 192-201.

Brasier AR, Ron D, Tate JE, ez al. A family constitutive C/EBP-like DNA binding
proteins attenuate the IL-1 alpha induced, NF kB mediated transactivation of
the angiotensinogen gene acute-phase response element. EMBO ¥ 1990; 9:
393344,

Zhang Y, Lin J-X, Vilcek J. Interleukin-6 induction by tumour necrosis factor and
interleukin-1 in human fibroblasts involves activation of a nuclear factor bind-
ing to a KB-like sequence. Mol Cell Biol 1990; 10: 3818-23.

Shimizu H, Mitomo K, Watanabae T, er al. Involvement of a NG-kB-like
transcription factor in the activation of the interleukin-6 gene by inflammatory
lymphokines. Mol Cell Biol 1990; 10: 561-8.

Akira S, Isshiki H, Sugita T, ez a/. A nuclear factor for IL-6 expression (NF-IL6)
is a member of a C/EBP family. EMBO ¥ 1990; 9: 1897-906.

Descombes P, Chojkier M, Lichtensteiner S, et al. LAP, a novel member of the
C/EBP gene family, encodes a liver-enriched transcriptional activator protein.
Genes Dev 1990; 4: 1541-51.

Cao Z, Umek RM, McKnight SL. Regulated expression of three C/EBP isoforms
during adipose conversion of 3T3-L1 cells. Genes Dev 1991; 5: 1538-52.

Poli V, Mancini FP, Cortese R. IL-6DBP, a nuclear protein involved in inter-
leukin-6 transduction, defines a new family of leucine ziper proteins related to
C/EBP. Cell 1990; 63: 643-53.

Williams SC, Cantwell CA, Johnson PE. A family of C/EBP-related proteins
capable of forming covalently linked leucine zipper dimers in vitro. Genes Dev
1991; 5: 1553-67.

Kishimoto T. Interleukin-6 and its receptor in autoimmunity.
F Autoimmunity 1992; S (suppl): 123-32.

Nakafuku M, Satoh T, Kaziro Y. Differentiation factors, including nerve growth
factors, and interleukin 6, induce an accumulation of an active ras.GTP com-
plex in rat pheochromocytoma PC 12 cells. ¥ Biol Chem 1992; 267: 19 448-54.

Nakajima T, Kinoshita S, Sasgawa T, et al. Phosphorylation of threonine-235 by
a ras-dependant mitogen-activated protein kinase cascade is essential for
transcription factor NF-IL6. Proc Natl Acad Sci USA 1993; 90: 2207-11.

Wegner M, Cao Z, Rosenfeld MG. Calcium-regulated phosphorylation within the
leucine zipper of C/EBP-beta. Science 1992; 256: 370-3.

Trautwein C, Caelles C, Geer P, et al. Transactivation by LAP/NF-IL6 is
enhanced by phosphorylation of its activation domain. Nature 1993; 364:
544-17.

Gonzalez G, Montminy MR. Cyclic AMP stimulates somatostatin gene transcrip-
tion by phosphorylation of CREB at serine 133. Cell 1989; 59: 675-80.

Smeal T, Binetruy B, Mercola D, ez al. Oncogenic and transcriptional cooperation
with Ha-Ras requires phosphorylation of c-Jun on serines 63 and 73. Nature
1991; 354: 494-6.

Kinoshita S, Akira S, Kishimoto T. A member of the C/EBP family,
NF-IL6beta, forms a heterodimer and transcriptionally synergizes with NF-
IL6. Proc Natl Acad Sci USA 1992; 89: 1473-6.

Hocke GM, Barry D, Fey GH. Synergistic action of interleukin-6 and
glucocorticoids is mediated by the interleukin-6 response element of the rat
alpha 2 macroglobulin gene. Mol Cell Biol 1992; 12: 2282-94.

Akira S, Nishio Y, Inoue M, Wang X]J, Wel S, Matsusaka T, et al. Molecular
cloning of APRF, a novel IFN-stimulated gene factor 3 p91-related transcrip-
tion factor involved in the gp130-mediated signaling pathway. Cell 1994; 77:
63-71.

Zhong Z, Wen Z, Darnell JE. Stat3: A STAT family activated by tyrosine phos-
phorylation in response to epidermal growth factor and interleukin-6. Science
1994; 264: 95-8.



