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Interleukin-1 (IL-1), a polypeptide product of various cells, is one of the key
mediators of the body’s response to microbial invasion, inflammation, immuno-
logical reactions, and tissue injury. IL-1 is a prominent member of a group of
polypeptide mediators now called “cytokines.” Current evidence suggests that IL-
1 is not produced in health but that any perturbation such as inflammation or even
slight injury triggers the expression of IL-1 genes. The biological effects of IL-1
are manifested in nearly every tissue and organ. These include various proinflam-
matory effects such as increased production of arachidonate metabolites, synovial
cell proteases, activation of basophils, eosinophils and neutrophils, endothelial
cell adhesiveness, and stimulation of lymphocyte responses. Control of IL-1
synthesis in certain diseases is often appropriate. Although corticosteroids reduce
both the transcription and translation of IL-1, we have recently investigated the
effect of dietary supplementation with N-3 (omega-3) fatty acids in human volun-
teers. The results indicate that increasing the amount of N-fatty acids in the diet
decreases the ability of blood mononuclear cells to synthesize IL-1 in vitro. It is
suggested that the ameliorative effects of N-3 fatty acid dietary supplements in
patients with hypersensitive diseases may be, in part, the result of decreased IL-1
production.
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Interleukin-1 (IL-1) is not a newly discovered molecule. In the 1940s, this
material was called endogenous pyrogen for its ability to produce fever [1]. Purified
endogenous pyrogen [2,3], however, did more than cause fever. It copurified with a
substance called “leukocytic endogenous mediator” [4], which induced hepatic acute
phase protein synthesis, decreased plasma iron and zinc levels, and produced a
neutrophilia. “Lymphocyte-activating factor” was a protein described by Gery and
Waksman {[5] that augmented T-lymphocyte responses to mitogens and antigens but
was indistinguishable from endogenous pyrogen [reviewed in 6]. The term IL-1 now
includes the originally described endogenous pyrogen, leukocytic endogenous media-
tor, lymphocyte-activating factor, as well as mononuclear cell factor [7], catabolin
[8], osteoclast-activating factor [9], and hemopoietin-1 [10].

Received April 27, 1988; accepted August 17, 1988.

© 1989 Alan R. Liss, Inc.



230:JCB Dinarello and Endres

MOLECULAR STUDIES ON IL-1

Two biochemically IL-1 molecules have been cloned—IL-13 [11] and IL-le
[12]. These two IL-1s share only small stretches of similar amino acids (26% in the
case of human IL-1) and hence, in the strict sense, are not homologous proteins.
However, the two forms of IL-1 are structurally related, both being composed of beta
pleated sheets and both forms being recognized by the same receptor. IL-13 and
IL-1e are products of separate genes; both genes are located on chromosome 2, and
each gene contains seven exons [13,14]. In human blood monocytes, mRNA coding
for IL-18 predominates over that coding for IL-la by ten- to 50-fold [11,15]. This
prevalence of 1L.-13 has been observed in the proportion of the two IL-1 forms
measured in the circulation and other body fluids, although the finding of IL-1b in
body fluids may reflect the more efficient processing and extracellular transport of
IL-18 over that of IL-1cx.

The areas of similar amino acids found in IL-18 and IL-1a have been examined
for evidence of unique common sites for receptor recognition. Of particular interest
are the B/a “homologous” regions at amino acids 150-186, which are entirely coded
by the VIth exon, and the carboxy-terminal amino acids (amino acids 219-240),
which are encoded by the VIIth exon. Synthetic peptides have been made to these
areas. A synthetic nonapeptide [17] possesses immunological activity but is devoid of
proinflammatory properties. This nonapeptide does not compete with the 17,500-Da
IL-1 for receptor binding. Others have made specific amino acid deletions, which
suggest that the histidine (position 147) may contribute to the recognition site or affect
the tertiary folding of the molecule for receptor binding [18]. IL-13 and IL-1o without
this histidine compete less effectively with native structure IL-1 for receptors on T-
cells. Others have used N-terminal amino acid deletions and mutants {19] to show
that the N-terminal amino acids of IL-13 also contribute to receptor binding. It is
interesting that some N-terminal deletions drastically reduce their ability to compete
with native IL-1 binding to cells because there is no similarity between IL-15 and IL-
la in the amino terminal amino acids. Other studies report that the synthetic peptide
coding for the terminal carboxyl 33 amino acids blocks the binding of native IL-1
[20]. This study is supported by the finding that antibodies produced against the
synthetic peptides of the carboxyl terminal block IL-1 bioactivity, whereas antibodies
to the N-terminal synthetic peptides have no effect [21].

Attention has turned to the tertiary structure of the two IL-1s to explain why
both forms share the same spectrum of biological responses and recognize the same
receptor. Computerized molecular modeling studies reveal that the two IL-1s com-
prise similar beta-strands (F. Cohen, personal communication). Recently, human IL-
188 has been crystallized, and the X-ray defraction patterns of the IL-18 crystals reveal
a structure with 12 beta-strands [22], which are, in fact, nearly the same as those
predicted by computer-assisted modeling studies. The IL-18 core structure forms a
tetrahedron whose edges are composed of two antiparallel beta-strands. The folding
topology of human IL-18 is similar to that of the soybean trypsin inhibitor. Although
there are no crystallographic studies on IL-le, it is likely that the IL-la tertiary
structure is similar to that of the beta. Of interest in these studies on the tertiary
structure of 1L-18 is the fact that both the N and C terminals are exposed on the
outside of the molecule and approximate each other. Thus, both the N and C terminals
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may participate in receptor-binding events. The histidine is also exposed and may, as
the experimental data suggest, contribute to receptor-ligand interaction.

Synthesis and Processing of IL-1

Both forms of IL-1 are unique in that they are initially translated as precursor
polypeptides (31,000 Da), and despite the fact that IL-1 is found in the extracellular
compartment, neither form contains a signal cleavage sequence. The generation of
the N-terminus of the mature peptide (17,500 Da) and smaller peptides occurs by the
action of serine proteases [28]. Most studies on the processing or cleavage and
transport of IL-1 from an intracellular protein of 3,000 Da to an extracellular molecule
of 17,500 Da have been carried out in monocytes and macrophages in vitro.

However, IL-1 is synthesized by a wide variety of cells. These include synovial
fibroblasts, keratinocytes and Langerhans cells of the skin, mesangial cells of the
kidney, B-lymphocytes, natural killer cells, astrocytes and microglial cells of the
brain, vascular endothelial and smooth muscle cells, corneal, gingival, and thymic
epithelial cells, and some T-lymphocyte cell lines. Transcription for IL-1 can be
initiated in monocytes by adherence to foreign surfaces without detectable translation
into the IL-1 protein, and in some mice with a genetic defect, there is a high level of
transcription with low levels of translated protein [23]. Stimulating cells with agents
such as endotoxin or by phagocytosis of particles increases transcription but, in
addition, has a major effect on translation and processing of the IL-1 precursor. There
is a period of short-lived transcription, which can be increased by suppressing the
synthesis of a repressor protein [24]. Translation is reduced by prostaglandin-induced
cyclic AMP production [25]. Transcription can be blocked by corticosteroids given
before the cell becomes activated [26]. Post-transcriptional regulation involving the
stability of mRNA has also been reported [24]. A positive signal is provided by
calcium ionophores and products of arachidonate lipoxygenase (leukotrienes). The
monocyte/macrophage remains an important source of IL-1 because of its strategic
locations, its ability to synthesize large amounts of IL-15 (100 fg/cell/24 hours), and
its ability to process the IL-1 precursor more effectively than other cells, perhaps
because of its high levels of elastase and other serine proteases.

Cell-Associated IL-1

Lacking a distinct cleavage sequence, a considerable amount of IL-1 remains
cell-associated, either intracellularly [27-29] or as part of the cell membrane. The
31,000-Da IL-1 precursor and a 22,000-Da form are found associated with the cell,
and this latter form could comprise “membrane-bound IL-1” [30,31]. Processing of
IL-1 is accomplished through the action of serine proteases, particularly elastase and
plasmin [28,29], and in the cell, IL-1 is found in association with lysosomes, not the
endoplasmic reticulum {32]. Membrane-bound IL-1, first described by Unanue and
associates, is biologically active [30,31]; in fact, membrane-bound IL-1 may account
for a significant part of the immunostimulatory effects of IL-1 in local tissues such as
lymph nodes, joints, and skin. Membrane-bound IL-1 participates in antigen presen-
tation and is also active on nonlymphoid cells such as chondrocytes and hepatocytes.
Evidence suggests that most of the membrane-bound IL-1 is the alpha form [33] and
that the beta form is secreted into the extracellular fluid. However, the IL-18 is also
found associated with the cell, including stainable IL-1 in the activated human
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monocytes [34] and in tumor cells [35]. The concept of membrane-bound IL-1
explains the ability of IL-1 to participate in autocrine and paracrine events without
inducing the systemic effects, which occur when IL-1 is processed into its mature
peptide, is released from cells, and gains access to the circulation.

BIOLOGIC EFFECTS OF IL-1

Because of the wide spectrum of biological responses attributed to native IL-1
[6], some effects were thought to be due to contaminating proteins. Using recombi-
nant IL-1, however, the multiple biological properties proposed for natural IL-1 have
been confirmed and are shown in Figure 1. For example, recombinant I1.-1 functions
as both a growth factor as well as an inflammatory mediator; IL-1 produces endoge-
nous pyrogen fever, stimulates prostaglandin (PG) E2, and induces the proliferation
of fibroblasts, smooth muscle cells, and T-lymphocytes. The effective concentration
of IL-1 that induces these and other effects ranges from 1 nM to 1 pM (in some cases
less); unlike interferons and bone marrow growth factors, IL-1 has little or no species
specificity.

IL-1 acts on the hypothalamic thermoregulatory center to initiate fever, but
there is no evidence that it crosses the blood-brain barrier and directly stimulates
thermosensitive neurons. IL-1 triggers the synthesis of PGE, from hypothalamic
vascular organs, and IL-1 induced PGE, elevates cAMP, which, in turn, can then act
as a neurotransmitter. The ability of IL-1 to initiate PG synthesis is perhaps one of its
most important biological properties, accounting for many local and systemic effects.
Like the febrile response to IL-1, increased slow wave sleep can be observed within
minutes following an intravenous injection. IL-1 also induces the release of several
hypothalamic and pituitary peptides including endorphins, corticotropin-releasing
factor, ACTH, and recently somatostatin [36]. Although IL-1 raises the level of
circulating corticosterone via the release of ACTH [37], IL-1 also acts directly on the
adrenal to augment steroid synthesis [38]. Increased sodium excretion and elevated
insulin levels following an infusion of IL-1 are attributed to a direct effect of IL-1 on
these organs. In vitro, IL-1 is a potent inducer of insulin transcription, but oversti-
mulation results in cytotoxic changes in the insulin-producing beta cells [39].

Interleukin—1

Metabolic Physiologic Hematologic Iimmunologic
dACTH Fever Neutrophilia T-cell Activation
A Corticosteroids  Sleep 4 GM-CSF B-cell Activation
4 ¥ Insulin Shock A IFN 4 NK-binding

¥ Plasma Zn/Fe 4 Na Excretion 4 Phagocytosis 4 Ab

4 Hepatic Protein 4 Lymphokines

¥ Albumin

Fig. 1. Multiple biologic properties of recombinant IL-1. Effects have been reported for both IL-18
and IL-1a.
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In isolated hepatocytes incubated with IL-1, the transcription of albumin de-
creases, transcription of factor B and metallothionen increases, transcription of serum
amyloid A is initiated, but the transcription of the structural protein actin is unaf-
fected. IL-1 stimulates the biosynthesis of complement protein C3, «-1-antichymo-
trypsin, a-l-acid glycoprotein, and inter-a-1-trypsin inhibitor [40]. IL-1 depresses
the activity of liver cytochrome P450-dependent drug metabolism [41].

IL-1 contributes to the wasting and negative nitrogen balance observed in some
diseases. For example, IL-1 inhibits lipoprotein lipase synthesis decreasing utilization
of fat for energy; healthy animals given IL-1 exhibit anorexia, which seems to be
mediated by the liver rather than by suppresssion of the brain satiety center [42].
Infusion of IL-1 into rats contributes increased release of amino acids into the urine,
although recombinant IL-1 has no effect on muscle amino acid release in vitro [43].

Recent studies indicate that IL-1 potentiates the catabolic effects of tumor
necrosis factor (TNF), also known as cachectin [44]. In fact, IL-1 and TNF share
several biological properties [44,45]; moreover, the combined effects of these two
distinct cytokines is often greater than either one alone. IL-1 and TNF act synergisti-
cally in the production of hemodynamic shock [46], cytotoxicity of the insulin-
producing pancreatic beta cells [47], production of PGE from fibroblasts [48], and
the induction of the local Shwartzman reaction [49]. IL-1 also potentiates the re-
sponses to IL-2 and the interferons on natural killer cells. Despite the synergistic
activities of IL-1 and TNF, IL-1 down regulates TNF receptors [50] as well as its
own receptor [S1].

With the exception of hepatic albumin transcription and cytochrome P450,
exposure of a wide variety of cells to IL-1 results in increased gene expression. IL-1
stimulates synthesis of insulin, collagen, collagenases, procoagulant proteins, proteo-
glycans, and several growth factors. Cells that themselves produce IL-1 will, in turn,
respond to IL-1 and produce more IL-1 [52]. This includes IL-1-induced IL-1 from
human monocytes [53]. IL-1 also stimulates the production of IL-2, gamma and beta
inteferons, IL-3 and other bone marrow colony stimulating factors, and B-cell stimu-
lating factor-2 [54], which is identical with interferon-3-2, now termed IL-6.
Although IL-1 has no direct effect on marrow precursors, it acts synergistically with
bone marrow growth factors during the reconstitution of hematopoiesis. This is a
recently described property of IL-1 that identifies IL-1 as a previously described
molecule called hemopoietin-1 [55]. It is clear that IL-1 participates in what could be
described as a network of cytokine-induced cytokine. Such a network may be impor-
tant for the augmentation or suppression of various biological properties during host
responses to infection or inflammation. For immunological responses, IL-1-induced
production of itself, IL-2, and B-lymphocyte growth factors augments the immune
response to antigens, whereas IL-1-induced gamma-interferon production results in
an antiproliferative and anti-inflammatory effect.

As shown in Figure 2, IL-1-induced IL-1 production involves not only macro-
phage activation but also T- and B-cell stimulation. IL-1 is a growth factor for B-
cells, and B-cells produce IL-1. However, IL-1 is a potent stimulator for macro-
phages, inducing more IL-1, other cytokines such as granulocyte-macrophage colony-
stimulating factors, and arachidonic acid metabolites [53]. Here, the induction of
PGE, may play a role of downregulation of the IL-1-induced IL-1 response since
PGE,-induced cAMP suppresses 1L-1 translation [25]. The ability of cyclooxygenase
inhibitors to increase IL-1 production stimulated by a variety of agents may be
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Fig. 2. IL-1 induced IL-1. Exogenous activators of macrophages induce IL-1; IL-1, in turn, induces
more IL-1 from macrophages as well as other cells (B- and perhaps T and NK cells). The role of PGE,
suppression of IL-1-induced IL-1 is shown via PGE,-induced cAMP.

through this mechanism. One wonders if the widespread use of cyclooxygenase
inhibitors in various inflammatory diseases results in the removal of this negative
feedback effect.

Endothelial and smooth muscle cell responses to IL-1 can be viewed from two
perspectives: 1) the systemic effects of circulating IL-1 and 2) local cellular responses.
Cultured endothelial cells exposed to IL-1 synthesize PGE,, PGI,, and platelet-
activating factor [56]—potent vasodilators. When administered intravenously, IL-1
induces a prompt but reversible fall in arterial blood pressure [46]. On a local level,
however, IL-1 also orchestrates a cascade of cellular and biochemical events that lead
to vascular congestion, clot formation, cellular infiltration, and endothelial leakage.
IL-1 alters the endothelial surface receptors so that leukocytes adhere avidly and
migrate into the extravascular tissue. The IL-1-activated endothelium expresses in-
creased procoagulant [57] and plasminogen activator inhibitor activity. Taken to-
gether, the effects of IL-1 on the vascular endothelium promote the containment of
infection and localization of injury. As with other inflammatory processes, mecha-
nisms of repair and new growth are initiated at the same time. IL-1 is a growth factor
for smooth muscle cells {58] and induces angiogenesis in the rabbit cornea. These
biological properties of IL-1 have stimulated interest in a role for IL-1 in the
pathogenesis of atherosclerosis, particularly since the structure of acidic fibroblast
(endothelial cell) growth factor is related to IL-1.

iIL-1 AS A MEDIATOR OF INFLAMMATION

IL-1 is found in the joint fluid of individuals with inflammatory and destructive
arthritis where it is thought to contribute to pain, leukocyte migration, and tissue
remodeling [7]. In vitro, IL-1 induces synovial cell and chondrocyte PGE,, collage-
nase, and phospholipase A2 production [59]. In addition to attracting leukocytes into
inflamed tissues, IL-1 also causes degranulation of basophils [60] and eosinophils
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[61], stimulates thromboxane synthesis in macrophages and neutrophils, and poten-
tiates the activation of neutrophils by chemoattractant peptides. Neutrophils express
IL-1 receptors. Osteoclast activation is also a property of IL-1, and the purification of
human osteoclast activating factor reveals an identical N-terminal amino acid se-
quence with that of human IL-18. In contrast to its catabolic activities, IL-1
participates in the reparative process by increasing fibroblast proliferation and by the
synthesis of collagens and glucosaminoglycans. IL-1 is mitogenic for mesangial cells
in the kidney, glial cells in the brain, and for keratinocytes. In fibroblasts, IL-1
directly increases the transcription of type 1, type III, and type IV (basement mem-
brane) collagen. Fibrosis and deposition of abnormal proteins in tissues appear to be,
in part, mediated by IL-1, and in rheumatoid joint disease, this contributes to
thickening of scar tissue, which restricts joint movement.

MODULATION OF IL-1
Altering the Production of IL-1

The production and biological activities of IL-1 are important considerations in
some pathological processes. Circulating levels of IL-1 increase in a variety of
diseases and during organ transplant rejection, but there are also brief elevations of
IL-1 following ovulation, strenuous exercise, and exposure to ultraviolet light. In
some infectious and inflammatory diseases, IL-1 production by circulating leukocytes
is elevated such as sarcoidosis, rheumatoid arthritis, and tuberculosis, whereas de-
creased production has been observed in humans and animals with metastatic tumors
and certain nutritional deficiencies. Because IL-1 is highly inflammatory and stimu-
lates catabolic processes in bone and cartilage, attention has focused on how to reduce
IL-1 production. To date, the only drugs that are used routinely to treat various
diseases where IL-1 appears to be elevated are the corticosteroids. These agents,
although increasing transcription of a variety of proteins, block IL-1 transcription and
prevent the some translation [26]. Since IL-1 induces ACTH release and increases
adrenal corticosteroid synthesis, a built-in negative feedback loop for reducing IL-1
production may exist. Because corticosteroids also block phospholipase activity and
reduce PGE synthesis, they can also upregulate IL-1 translation of already formed
IL-1 mRNA. In general, drugs that block PGE and PGI synthesis tend to increase IL-
1 production when added in vitro [25]. Recent studies from our laboratory indicate
that the blood leukocytes from human subjects taking oral cyclooxygenase inhibitors
produce statistically more IL-1 and TNF in vitro than leukocytes from human subjects
not taking these agents [62]. What role chronic cyclooxgenase inhibitors have in IL-1
production in vivo remains unclear.

Effect of Dietary N-3 Fatty Acid Supplementation on IL-1 Production by
Human Mononugclear Cells In Vitro

We recently investigated the ability of N-3 (omega-3) fatty acid dietary supple-
mentation in human volunteers to affect the ability of their blood leukocytes to
produce IL-1. Studies concerning the beneficial effects of N-3 fatty acids have recently
been reviewed [63]. In the present study, six human male volunteers supplemented
their “normal American diet” with 3 g/day of eicosapentaenoic acid (as fish oil
concentrates, MaxEPA). Blood mononuclear cells (MNC) were obtained on 18 occa-
sions: three times before the dietary supplementation, three times after 6 weeks of the
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diet, three times 10 weeks after stopping the diet, and three times 20 weeks after
stopping the fish oil supplementation, MNC were stimulated in vitro with endotoxin
and total (cell-associated plus secreted) IL-18, IL-1e and TNF production was
assessed foffowing tlree frecze-thaw cycles by specific radioimmunoassays (RIA).
All RIA were performed at the end of the study.

The results are depicted in Figure 3. Our findings demonstrate that N-3 fatty
acid supplementation reduced the ability of IL-18 production induced by endotoxin.
The effect was most pronounced 10 weeks after stopping the dictary N-3 fatty acids
and suggests that the incorporation of these fatty acids into the pool of circulating
MNC is delayed. The ability of the MNC from these donors to synthesize IL-13
returned to the prediet levels. Similar results were observed when we measured IL-
la and TNF (data not shown). We also observed similar reductions at the same time
points when we measured the three cytokines using phytohemagglutinin as a stimulant.

We speculate from these findings that, similar to corticosteroids, agents that
alleviate inflammatory and hypersensitivity diseases may be effective, in part, because
they reduce the synthesis of IL-1 and TNF. The effect of N-3 fatty acid supplementa-
tion in the present study is consistent with this concept.

Altering the Effects of IL-1

Cyclooxygenase inhibitors are useful for reducing IL-1-induced PG and throm-
boxane synthesis. Thus, drugs with cyclooxygenase-inhibiting activity are often used
to treat IL-1-mediated fever, pain, muscle aches, headaches, and similar PGE-related
effects. Some biologic effects of IL-1 are, however, not affected by cyclooxygenase
inhibitors. These usually include the noninflammatory effects of IL-1 such as in-
creased hepatic protein synthesis, lymphocyte activation, and increased nonspecific
resistance to infection.

B (ng/ml)
o]
1

IL-1

Pre N-3 Diet 6 W aft N-3 10 W aft stop 20 W aft stop

Fig. 3. Mean IL-18 (ng/ml) levels produced by the MNC of six human volunteers taking 3 g of
supplemental eicosapentaenoic acid per day for 6 weeks. Each time point bar represents the mean total
of IL-18 production from the MNC of six subjects stimulated with 10 ng/ml of endotoxin on 3 separate
days for a total of 18 determinations. *P < .0l.
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The host also produces its own substances that inhibit the biological activity of
IL-1 by either binding the molecule [64], interfering with the IL-1 receptor [65], or,
as is the case with alpha-melanocyte-stimulating hormone, by suppressing the effect
of IL-1 on a variety of cells. It is presently unclear whether these naturally produced
inhibitors will be useful in treating clinical disease, but it is important to recognize,
from a biological point of view, that these counterregulatory molecules exist and that
an imbalance between IL-1 and its natural inhibitors may underlie certain disease
states. Another aspect of modulating IL-1’s effects is the ability of IL-1 to downre-
gulate its own receptor [51], which may explain the protective role of pretreatment
with IL-1 to a subsequent lethal challenge by radiation, hyperoxia, or infection.
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