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Purified interleukin-1 (IL-1) from human monocytes stimulates
acute-phase protein synthesis by rodent hepatocytes in vitro
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SUMMARY

A universal component of inflammation is the increased synthesis of a series of plasma proteins
(acute-phase proteins) by the liver. The postulated messenger of acute-phase protein induction is
released by leucocytes at the site of inflammation and has been shown to co-purify with endogenous
pyrogen or lymphocyte-activating factor. Interleukin-l, molecular weight 17,000, pI 6-8-7-2, was

purified to homogeneity from adherent human blood monocytes by a combination of affinity
chromatography, gel filtration and isoelectric focusing. We examined the direct effect of pure IL-I on

the induction of acute-phase protein synthesis in vitro using rat and mouse hepatocytes. IL- I caused
significant increased synthesis of al -acid glycoprotein and smaller increases in the synthesis of other
acute-phase proteins, and significant decreased synthesis of albumin. The pattern of induction of
acute-phase proteins differs from that seen with a separate 30,000 molecular weight hepatocyte-
stimulating factor from human monocytes described previously. We conclude that human IL- I is one
of the mediators responsible for the acute-phase protein response of the liver in inflammation and can

directly cause stimulation of specific gene expression in normal hepatocytes.

INTRODUCTION

Recent evidence indicates that polypeptide cytokines released
by monocytes/macrophages and a limited number of other cells
interact specifically with the liver to initiate acute-phase protein
synthesis. Interleukin-1 (IL-1), previously referred to as
lymphocyte-activating factor (LAF), a 17,000 molecular weight
(MW) family ofcytokines, in various stages ofpurity can initiate
plasma protein changes in vivo, and there are limited reports of
hepatocyte responses to these cytokines in vitro. Our recent
work (Koj et al., 1984, 1985) and that of others (Ritchie &
Fuller, 1983; Baumann et al., 1984; Woloski & Fuller, 1985)
show the presence in the same monocyte supernatants of a
second larger cytokine (MW 30,000, pI 5), hepatocyte-
stimulating factor (HSF), which induces a full spectrum of
acute-phase proteins in isolated hepatocyte cultures.

In order to determine whether IL-1 has the same in vitro
effect as HSF, we chose to investigate whether highly purified
homogeneous human monocyte-derived IL-1 (MW 17,000, pI
7), shown to be active in vivo with numerous assays of IL-1
activity, could initiate a similar hepatocyte acute-phase protein
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response in vitro using hepatocyte culture conditions in which
the larger HSF is known to be active. This report shows that IL-
1 (pI 7) can induce the acute-phase response but that the
spectrum of acute-phase proteins induced by this molecule is
restricted and differs from that induced by the larger
hepatocyte-stimulating factor. These data confirm and expand
the preliminary findings first reported at the conference on the
actions of IL-1 in 1985 (Gauldie et al., 1985).

MATERIALS AND METHODS

Purified human IL-1
Human IL-1, MW 17,000, pI 7, was purified from peripheral
blood monocyte supernatants as described in detail elsewhere
(Dinarello et al., 1985). Briefly, monocytes were isolated,
pulsed with 35S-methionine and stimulated with Staphylococcus
albus toxin. The supernatant was subjected to affinity
chromatography using an antibody to human endogenous
pyrogen, and to molecular sieve chromatography on Sephadex
G50-fine (170 x 2-4 cm). Fractions were tested for lymphocyte-
activating factor activity using the cloned mouse T-cell line
DIO.G4.1 assay (Auron et al., 1984), and active fractions were
pooled (MW 15,000-20,000). Preparations were then subjected
to chromatofocusing and the fractions tested for pH and LAF
activity.
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In vitro hepatocyte stimulation (HSF)
Rat hepatocyte stimulation of the production of acute-phase
proteins was assayed as previously described (Koj et al., 1985).
Briefly, rat hepatocytes were isolated by collagenase digestion
via portal vein perfusion, and cultured in medium containing
5% fetal calf serum for 72 hr in T24 Linbro plates. Samples were

dialysed against phosphate-buffered saline and 50 yl of each
sample were added at the start of culture and at each 24 hr with
medium changes (200 pil). The supernatants derived from cells
removed at 48-72 hr were tested for acute-phase protein content
by rocket immunoelectrophoresis. Analysis of these
supernatants detects de novo synthesis of these proteins (Koj et

al., 1984). The specific antisera used to detect albumin, al-acid
glycoprotein, a2-acute phase macroglobulin and fibrinogen,
and standard preparations of antigens, were as previously
described (Koj et al., 1984). LPS (10 pig/ml) was included in two
wells, and phosphate-buffered saline in a further two wells, as

controls and showed no significant stimulation of synthesis of
acute-phase proteins. A sample of peripheral blood monocyte
supernatant with known HSF and LAF activity was included as

a positive control in each assay. This material causes significant
synthesis ofmost acute-phase proteins by these cells. Results are

expressed as the ratio of the concentrations of secreted specific
acute-phase proteins to albumin, which has previously been
shown to be a sensitive indication of hepatocyte stimulation
(Koj et al., 1985).

Mouse hepatocyte stimulation of serum amyloid A protein
synthesis was assayed as previously described (Selinger et al.,
1980). Briefly, mouse hepatocytes, derived from endotoxin non-

responder C3H/HeJ mice, were isolated by collagenase
digestion via portal vein perfusion, and cultured using serum

free medium for 48 hr in T24 Linbro plates. Samples of cytokine
were dialysed against medium, and 200 Ml were added to a total
volume of 2 ml medium and the cells cultured for a further 24 hr.
Supernatants were then tested for the presence ofserum amyloid
A protein by a sensitive enzyme immunoassay.

Lymphocyte activation assay (LAF)
Measurement of LAF activity was carried out using either the
DIO cloned murine T-cell line assay (Dinarello et al., 1985) or

the PHA-costimulator C3H/HeJ mouse thymocyte assay as

previously described (Koj et al., 1984).

RESULTS

Three separate purifications and chromatofocusing column
fractionations were examined for in vitro hepatocyte
stimulation. Figure la shows the typical distribution of 35S_
methionine-labelled protein with the peak of activity emerging
at fraction 30 corresponding to a pI of 6 8. Figure b shows the
LAF activity of these fractions assayed at 1/100 dilution in the
DIO mouse thymocyte assay. Peak LAF activity is shown
emerging at fraction 30. Silver-staining and autoradiography of
SDS gels of each fraction show only a single band of protein in
fractions 28-32 with a molecular weight of 17,000-19,000
(Auron et al., 1987).

Rat hepatocytes

Figure Ic shows that the fractions caused small but significant
stimulation of a2-macroglobulin (a2M) synthesis with the peak
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Figure 1. Isoelectric focusing separation of 35S-methionine-
labelled human peripheral blood monocyte derived interleukin- 1.
(a) Distribution of 35S counts and pH of chromatofocusing fractions.
(b) Lymphocyte activation factor activities of column fractions
determined with the DlO cloned lymphocyte assay. Fractions were

assayed at 1/100 dilution. (c) Ratio of a2-macroglobulin and albumin
production by rat hepatocytes-incubated with fractions diluted 1/4.
(d) Ratio of al-acid glycoprotein and albumin production by rat

hepatocytes incubated with fractions diluted 1/4.

of activity corresponding to the peak of LAF activity, while Fig.
d shows that these same fractions caused a more marked

stimulation of al-acid glycoprotein (alAgP) production with
the major peak of activity at fraction 30. Fibrinogen and al
acute-phase globulin were marginally stimulated (maximum
15-25%) in a similar manner to a2-macroglobulin.

Figure 2a shows that the same cytokine both stimulates
acute-phase protein synthesis and inhibits albumin synthesis.
The fractions show an identical distribution of LAF activity in
both types of thymocyte proliferation assays (Fig. 2b).

Two other purifications showed similar results. The
fractions exhibiting the highest LAF, MW 17,000 and pI
approximately 7, caused maximum hepatocyte synthesis of rat
al-acid glycoprotein synthesis, with small but significant
stimulation in a2-macroglobulin synthesis, and marginal
stimulation in al acute-phase globulin and fibrinogen synthesis,
similar to that shown in Fig. 1.

Mouse hepatocytes

In contradistinction to considerable stimulation of synthesis of
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Figure 2. Examination of hepatocyte stimulation and lymphocyte

activation activities of chromatofocusing fractions 27-33. (a) Rocket

immunoelectrophoresis peak heights of supernatants from rat

hepatocytes incubated with column fractions 27-33: (0 0) albumin;

(- *) a2-macroglobulin production. (b) Lymphocyte activation
factor assay of column fractions in Dl0 cloned lymphocyte assay

(0 O) and in C3H/HeJ mouse thymocyte PHA costimulator assay

(0 0).

some acute-phase proteins in rat hepatocytes, when these same

fractions were tested in the mouse hepatocyte assay, only minor
elevation (10-15%) of SAA production was caused by active
fractions 27-33, despite evidence to suggest that the same

fractions induced considerable SAA synthesis (plasma levels of
up to 40-50 pg/ml) in C3H/HeJ mice when administered i.v. 12
hr previously (Auron et al., 1987). Assays of albumin
production of mouse hepatocytes were unchanged, showing
that the lack of distinctive synthesis was not due to toxic effects
of the preparations.

DISCUSSION

Liver response to injury is one of the many facets of the acute-
phase reaction, which includes a febrile response, leukocytosis
and altered cellular metabolism ofnumerous tissues (Koj, 1974).
The liver responds early to trauma with increased uptake of
amino acids as well as iron and zinc. This is followed by
intracellular increases in certain enzymes, such as

sialyltransferase (Kaplan et al., 1983), and increased
transcription of mRNA for various proteins such as al-acid
glycoprotein (Baumann et al., 1984; Ricca et al., 1981;
Northemann et al., 1983). Subsequent to these events, there is a

characteristic change in the plasma levels of a series of proteins
synthesized by the liver, commonly known as the acute-phase
reactants.

There is considerable species variation in the nature of
specific plasma protein changes seen in inflammation (Gauldie,

Lamontagne & Stadnyk, 1985). In man the most dramatic
changes in plasma levels are seen in C-reactive protein, serum
amyloid A protein and ml-acid glycoprotein (orosomucoid); in
the rat the most significant plasma changes occur in acute-phase
a2-macroglobulin, a broad-spectrum proteinase inhibitor, al
acute-phase globulin, a cysteine-proteinase inhibitor, and al-
acid glycoprotein; in thL mouse major plasma changes occur in
serum amyloid A protein, serum amyloid P component, and a l-
acid glycoprotein. Other proteins, such as fibrinogen, a l-
proteinase inhibitor (al-anti-trypsin), al-anti-chymotrypsin,
haptoglobin and ceruloplasmin show intermediate but
significant plasma increases, while albumin, transferrin and a-
and JJ-lipoproteins show a coincidental decrease in plasma levels
in most species. Several recent reviews have summarized the
current views on the nature and control of the acute-phase
response (Koj, 1974, 1984; Kushner, 1982; Pepys & Baltz, 1983;
Gauldie et al., 1985; Gordon & Koj, 1985).

In the process of inflammation, the role of IL-1 as the
activator of most, if not all, metabolic changes associated with
host response seems attractive (Dinarello, 1984a, b, c, 1985a;
Lachman, 1983; Kampschmidt, 1984). Synthesis of acute-phase
proteins constitutes a significant in vivo metabolic change in
hepatocyte function during inflammation. Previous reports
have indicated that the mediator responsible for the initiation of
this change is known variously as leucocyte endogenous
mediator, endogenous pyrogen, lymphocyte-activating factor
and interleukin-1 (Selinger et al., 1980; Kampschmidt, 1978;
Hooper et al., 1981; Sipe et al., 1979, 1982; McAdam et al., 1982;
Le, Muller & Mortensen, 1982; Dinarello, 1984a, b). The
majority of these reports used either crude monocyte/
macrophage supernatant, or fractions thereof with varying
purity. The activity has been shown both in vivo and in vitro.

However, previous work in one of our laboratories (JG)
demonstrated the presence of a 30,000 MW protein in LPS-
stimulated human peripheral blood monocyte supernatants.
This cytokine, hepatocyte-stimulating factor (HSF), is a major
stimulator of in vitro hepatocyte synthesis of many acute-phase
proteins (Koj et al., 1984, 1985), and the activity is clearly
separable from LAF activity with an apparent pI of 5-5 2.
Others have reported similar findings for HSF (Ritchie & Fuller,
1983; Baumann et al., 1984). Woloski & Fuller (1985) recently
reported the release of this 30,000 MW factor from leukaemic
cell lines of the monocytic series, and in addition they suggested
that IL- I (17,000 MW) had no activity on in vitro rat hepatocyte
synthesis of fibrinogen.

Taken together, these results could suggest that previous
reports of induction of acute-phase proteins by preparations of
IL-I could have been due to the presence of various amounts of
30,000 MW hepatocyte-stimulating factor. It was therefore
important to examine several preparations of highly purified
human monocyte-derived IL-1, selected for LAF activity and
17,000 MW, for the initiation of the acute-phase protein
response, particularly using the same rat hepatocyte system with
which we had demonstrated the existence of the 30,000 MW
hepatocyte-stimulating factor.

The purification scheme used to prepare the IL-I leads to a
single homogeneous polypeptide with pI 6 8, and fluorography
(35S-methionine) of SDS-acrylamide analysis of the
chromatofocusing column shows only a single band of activity
at 17,000 MW. No other proteins are seen by either protein stain
or fluorography (Dinarello et al., 1985).
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An examination of Fig. 1 shows that the chromatofocusing
profile of activity for 35S-methionine content and LAF activity is
superimposable on that of rat hepatocyte stimulation (both
acute-phase protein induction and albumin synthesis
suppression, Fig. 2). The same was true for the other two
purifications (data not shown). In a related series of studies, the
same column fractions were assayed for other IL-1-related
activities. The same coincidence of maximum activities was
noted for LAF, pyrogenic activity, fibroblast prostaglandin
PGE2 induction, and in vivo serum amyloid A (SAA) induction
(Dinarello et al., 1985; Auron et al., 1987).

Despite this evidence for in vitro rat hepatocyte stimulation
of a 1-acid glycoprotein synthesis and considerable in vivo mouse
SAA induction (Auron et al., 1987), the purified IL-1
preparation caused only minimal stimulation of SAA synthesis
by mouse hepatocytes in vitro. In addition, we saw only minor
changes in a2-macroglobulin, fibrinogen and al acute-phase
globulin synthesis by rat hepatocytes, proteins that normally
exhibit marked changes in vivo and which show marked
stimulation by HSF-containing monocyte supernatants. An
explanation of this anomalous behaviour can be taken from an
examination of the phenotype of primary rat hepatocytes in
culture. We have previously shown (Koj et al., 1984) that
normal rat hepatocytes appear to be in a state of stimulation,
probably induced by the isolation procedure and steroid
incubation, and synthesize plasma proteins in vitro at a rate
more consistent with plasma concentrations seen in vivo during
the acute-phase response (the level of a2-macroglobulin
synthesized by rat hepatocytes in vitro is in vast excess of that
expected from the low or undetectable level in normal plasma,
the same phenomenon being found for aI -acid glycoprotein and
serum amyloid A in the mouse). The cells may not be able to
respond fully to a further challenge with stimulator, and this
would explain the much less spectacular change than expected
caused by cytokine in vitro from results seen during
inflammation in vivo (Koj et al., 1982; Schreiber et al., 1982).
Recently, work by Ramadori et al. (1985), using similarly
purified as well as rDNA-derived murine IL-1, demonstrated
significant stimulation of SAA production by isolated mouse
hepatocytes. In addition, rDNA-derived IL-1 causes in vivo
acute-phase protein induction in mice (Dinarello, 1985b). While
these results appear to contrast with our mouse results, they are
confirmed by our findings in rat hepatocytes, and the
discrepancy may simply represent varied levels of basal
stimulation obtained in different mouse hepatocyte
preparations in the different laboratories.

Were we to examine the changes in only one of the acute-
phase proteins synthesized by rat hepatocytes, such as
fibrinogen or a I acute-phase globulin or haptoglobin, caused by
this purified IL-1, we would be hard-pressed to demonstrate
significant stimulation. This is indeed the case for SAA in the
mouse seen here and would be consistent with the conclusions
reached by Woloski & Fuller (1985). Examination of Fig. 2a
demonstrates, however, that IL-1 exerts appropriate positive
and negative effects on proteins synthesized by rat hepatocytes,
and shows that purified human IL-1 causes a consistent but
restricted in vitro stimulation of rat acute-phase proteins, with
the major change being seen in al-acid glycoprotein.

In a separate series of experiments to be reported elsewhere,
we have shown that other purified monocyte-derived factors,
one causing interferon induction and referred to as human '22K

factor', which is related to and probably is an IL-I molecule
(Van Damme et al., 1985), and others purified from porcine
monocytes and referred to as catabolin (IL-1) (Saklatvala et al.,
1984), cause similar marked stimulation of aI -acid glycoprotein
synthesis and lesser stimulation of the other acute-phase
reactants along with decreased synthesis of albumin by rat
hepatocytes.

These results indicate that IL- 1 purified from human
monocytes with molecular weight of 17,000 and with pI of 6 8-
7 2 causes in vitro rat hepatocyte stimulation and is therefore
one of the molecules responsible for the increased synthesis of
acute-phase reactants during inflammation. The relationship of
IL-l (MW 17,000, pI 5 and 7) to HSF (MW 30,000, pI 5) will
require examination ofhighly purified 30,000MW material. It is
possible that the 30,000MW HSF is a precursor molecule of IL-
1 that may lack LAF activity. It is also possible that the
molecules bear no relationship and may act through separate
hepatocyte receptors. With purified and/or cloned IL-1 now
becoming available (Dinarello et al., 1985; Auron et al., 1984;
Lomedico et al., 1984; Kronheim et al., 1985; March et al.,
1985), receptors can be identified. These results describe
activities in vitro. The direct role of IL-1 or other cytokines in
vivo on liver cell function has not been addressed here but, with
the availability ofrDNA material, such important studies can be
undertaken.
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