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Regulation of interleukin-1 activity is enhanced
by cooperation between the interleukin-1 receptor type II
and interleukin-1 receptor accessory protein
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The cytokine interleukin-1 (IL-1) possesses profound
inflammatory activities (see 1 for review). Local produc-
tion of IL-1, in response to injury or infection, initially
induces chemokine secretion, adhesion molecule expres-
sion and vasodilation, resulting in trafficking of leuko-
cytes to the affected area as well as their activation.
Production of nitrogen and oxygen radicals aids in
combating infection, as does induction of the acute phase
response, fever, and the syndrome known as “sickness
behavior” (sleep, loss of appetite, social withdrawal) [2].
Local tissue responses include release of metalloprotein-
ases, inhibition of cartilage synthesis, and bone resorp-
tion, all of which assist in clearing damage from infection
or injury. In addition to these degradative activities,
remodeling also ensues, leading to formation of fibrotic
tissue (see e.g. 3).

Signaling through the IL-1 type I receptor is required for
all actions of interleukin-1 [4]. The receptor is a single-
spanning, type I transmembrane protein with three immu-
noglobulin domains extracellularly and a cytoplasmic
portion exhibiting a fold shared with other members of
the IL-1 and Toll-like receptor families, generally known
as a TIR domain (for Toll/IL-1 Receptor) [5, 6, 7].
Binding of IL-1to the receptor extracellular portion
allows recruitment of a second, homologous subunit
termed IL-1 receptor accessory protein, or AcP [8]. The
heterodimeric association of TIR domains inside the cell
allows recruitment of the adapter protein MyDSS.
MyD88 is comprised of two domains, a TIR domain,
which presumably assembles with those of the IL-1R
type I and AcP, and a death domain, which recruits the
death domain-containing IL-1 receptor activated kinases
(IRAKSs)-1 and -4. IRAK-1 then associates with another
adapter called TRAF6, which in turn leads to activation
of several protein kinases (JNK, p38, ERKs, the IKK
complex) and transcription factors (NFkB, AP1, ATF2,
C/EBPp) [9], which eventually results in changes in gene
expression and cell physiology.

The biological activities of IL-1 (in fact, two closely
related molecules, IL-1a and IL-1f, regulated differently
but acting identically through the IL1R-I and AcP com-

plex) described in the opening paragraph, are of great
benefit to the host in combating infection or responding to
injury. Nevertheless, when carried to excess, by either too
strong or too long a response, they have the potential to
cause more harm than good. Degradation of existing
cartilage and bone, and prevention of resynthesis, is
reminiscent of the pathology seen in rheumatoid arthritis,
and indeed, an antagonist of IL-1 (IL-1Ra or anakinra,
see below) is of proven benefit in RA [10]. Excessive scar
formation and/or fibrosis is a problem in many diseases,
including asthma and congestive heart failure. The va-
sodilating and pyrogenic effects of IL-1 can be lethal, in
an acute setting. Of necessity then, multiple means of
regulating the action of IL-1 have evolved. Included in
these are regulation of the transcription, translation, and
processing of the IL-1a and IL-1f precursors, which will
not be reviewed here. Two methods of controlling the
action of mature IL-1 exist. One involves a dummy
cytokine, IL-1Ra; the other a dummy receptor, the IL1R
type 1L

IL-1 receptor antagonist, or IL-1Ra [11, 12] is encoded in
the same 400kb region of human chromosome 2 as IL-1a
and IL-1B [13]. Its amino acid sequence is about as
similar to those of IL-la and IL-1B as those two
sequences are to each other. The exon/intron structure is
conserved in all three molecules as well, clearly indicat-
ing a common evolutionary origin [14]. All three bind to
the IL1R-I with high affinity, with IL-1Ra having both the
lowest Kd as well as the slowest off-rate. Nevertheless,
IL-1Ra elicits no biological activity. This is a conse-
quence of the inability of the IL-1Ra/IL1R-I complex to
recruit AcP [8], unlike IL-10- or IL-1B-bound IL1R-I. In
the absence of the cytoplasmic heterodimer of the IL1R-I
and AcP TIR domains, MyD88 is not recruited and no
signaling takes place.

Recruitment of AcP is, in large part, determined by a
single loop in the IL-1 protein fold. Alteration of the
IL-1Ra amino acid residue aspartate 145 (lying within
this loop) to lysine, the amino acid found at the same
position in IL-1pB, converts the antagonist to a partial
agonist [15]. The three-dimensional structures of IL-1[3
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and IL-1Ra bound to IL-1R type I have been solved [16,
17], and the loop region containing Aspl45 does not
make contact with the IL-1R itself. It is not known how
IL-1R AcP interacts with the IL-1/IL-1R complex. A
model has been proposed in which AcP, rather than acting
with ILIR type I like a pair of hands cupping IL-
1 between them, instead wraps around the back side of
the ligand-bound receptor, making only minimal contact
with IL-1[18]. Unfortunately, an experimentally-
determined crystal structure of the tri-molecular complex
(IL-1, IL-1R type I and IL-1R AcP) has not yet been
produced.

Just as the antagonist IL-1Ra is evolutionarily related to
the agonists IL-1a and IL-1p, the regulatory ILIR type II
[19] is related to signaling IL-1R type I: their genes are
adjacent on human chromosome 2, and they possess
similar amino acid sequences and a conserved
exon/intron structure [20]. Unlike the IL-1R type I,
however, ILIR-II has no TIR domain; indeed, the cyto-
plasmic portion is only 29 amino acids long. The IL-1R
type II has never been demonstrated to mediate any
biological response to IL-1 [4]. Instead, by virtue of
binding IL-1 but failing to signal, the IL-1R type II acts
as a negative regulator of IL-1 actions, and has been
termed a “decoy receptor” [21, 22].

While the type I receptor seems to be universally ex-
pressed, the IL-1R type II is made by a limited set of cell
types: primarily B cells, monocytes, and neutrophils in
the blood, and basal epithelium in tissues such as skin,
vagina and urethra [23]. Interestingly, many of these cells
are also good producers of IL-1, and one hypothesis to
explain the development of two separate regulators of
IL-1 action is that the type II receptor, on the surface of
IL-1-producing cells, serves to limit the autocrine actions
of IL-1. IL-IR type Il is also found in a soluble form [24],
released from cells via the actions of a metalloproteinase,
probably TACE [25, 26]. The expression of both surface
and soluble IL-1R type II is strongly up-regulated by
anti-inflammatory agents, including IL-4 and glucocorti-
coids [27]. There is evidence that in some circumstances
an alternatively spliced form of mRNA may also contri-
bute to the production of soluble ILIR type II [28].
Naturally circulating levels of soluble IL-1R type II are in
the range of 5-10ng/ml [29], although these can rise in
certain chronic [30] or acute [31, 24] inflammatory
settings.

The IL-1R type II binds to IL-1f with high affinity;
binding to IL-la and IL-1Ra is about two orders of
magnitude less strong [29] (see Figure 1). The poor
binding to IL-1Ra can be rationalized by the need for the
two regulators of IL-1 not to bind to one another and
negate each other’s activity [32]. Poor binding to IL-1a is
less easy to understand. There are data to suggest that
most IL-1a is retained locally by the cells that make it,
whereas IL-1f is the main form found systemically [33].
Thus, it has been suggested that the differential binding of
IL-1a and IL-1B by IL-1R type I might allow the local
actions of IL-la in host defense, while controlling the
greater pathological potential of systemically-circulating
IL-1B.

The IL-1R accessory protein is also made in soluble as
well as transmembrane forms [8, 34]. In this case
however, the soluble form is generated from an alterna-
tively spliced mRNA, which is present in most tissues at
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IL-1 receptor type II binding affinities. Binding affinities of human
and monkey IL-1 ligands to human IL-1 receptor type II as mea-
sured by BIAcore. The affinity constants are expressed as 1/M and
were determined either in the absence or presence of soluble AcP.
See ref. [29] for details.

approximately 5-10% the level of the mRNA for full-
length AcP [29]. Although studies have not been exhaus-
tive, there is no evidence for more than modest regulation
of AcP levels, either full-length or soluble [29, 34].
However, circulating levels of soluble AcP average over
300 ng/ml in humans, and are even higher in other
animals (approximately 1 pg/ml in monkeys and up to
4 pg/ml in mice) [29]. These high levels immediately
raise the question of what the function of soluble AcP
might be.

One hypothesis for the function of soluble AcP is that it
might associate with ligand-bound surface IL-1R type I,
thus displacing full-length AcP from the complex and
thereby preventing formation of the TIR domain het-
erodimer necessary for signaling. This was tested by
Jensen et al. [34], who were unable to demonstrate an
inhibitory function of “soluble” AcP unless they en-
hanced its surface concentration by tethering it to an
unrelated membrane anchor. More recently, however, it
has been reported that under certain conditions, soluble
AcP can in fact inhibit IL-1 signaling in fibroblasts [35],
by a mechanism which is as yet unknown.

Our group has recently published data demonstrating that
soluble AcP can interact with ligand-bound soluble IL-1R
type II, enhancing the latter’s affinity for IL-1a and IL-1f
by two orders of magnitude, while not affecting the very
low affinity for IL-1Ra [29]. If this occurs in vivo, which
is likely given the high circulating level of soluble AcP,
then soluble IL-1R type II would become a very effective
inhibitor, not only of IL-1p, but also of IL-1a.

It is not clear why nature should require cooperation
between soluble AcP and soluble IL-1R type II in order
for the latter to become a complete IL-1 inhibitor. It may
be that it is simply a consequence of the way the
membrane-bound forms of these receptors are designed
to work. As for their soluble forms, the membrane form
of the IL-1R type II can interact with the membrane form
of AcP following ligand binding. This significantly en-
hances the affinity of binding [8], and for mouse IL-1R
type II, is actually required for high-affinity binding of
IL-1B [36, 37]. Indeed, increasing the expression of
IL-1R type II decreases the responsiveness of a cell to
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Figure 2
Regulation of mature IL-1 activity. This figure depicts the various regulatory complexes formed by IL-1 receptors and IL-1 ligands, compared
to the active IL-1 signaling complex shown in the lower left. IL-1Ra binding to the IL-1 receptor type I (A) blocks receptor activation by IL-1a
and IL-1B. Membrane-bound IL-1 receptor type II binds IL-1p with high affinity (B) and neutralizes its activity. This complex can also
compete AcP away from productive signaling complexes (C). Shed IL-1 receptor type II maintains high neutralizing affinity for IL-1f in
solution (D), but obtains even higher affinity due to cooperation with soluble AcP (E). Finally, the combination of soluble IL-1 receptor type

II and soluble AcP is also able to bind IL-1o with high affinity (F).

IL-1, and at sufficiently high IL-1R type II expression, the
cell becomes completely unresponsive to IL-1, presuma-
bly because all of the AcP is tied up in unproductive
complexes with the IL-1R type II and is not available to
interact with the signaling-competent IL-1R type I [38].
Thus, the ability of IL-1R type II to interact with AcP
renders it a much more effective inhibitor of IL-1 than if
it were simply a ligand sequestrant. It may be that the
ability of IL1R-II to interact with AcP arose prior to the
evolution of soluble forms of these proteins.

Interestingly, in mouse and monkey the dependence of
the IL-1R type II on AcP for effective regulation of
IL-1 action is even more pronounced than it is in human.
Whereas human soluble IL-1R type II by itself binds
human IL-1B with a Kd of approximately 10°M, a
comparable level of affinity occurs in monkey only in the
presence of soluble AcP [29] (see Figure 1). The differ-
ence is attributable to a single amino acid change between
the human and monkey IL-1 molecules [39]. This
change in human IL-1f, while not affecting its agonistic
activity, renders it much more susceptible to neutraliza-
tion by soluble IL1R-II. In mouse, although cooperation
between surface IL-1R type II and surface AcP allows
tight binding of IL-1[37], we have been unable to
demonstrate any binding of mouse IL-1f to soluble
mouse IL-1R type II of soluble AcP (JES and DES,
unpublished data).

Thus, the activity of mature IL-1 (both IL-10 and IL-1p)
is regulated by a combination of an inactive ligand,

IL-1Ra, and a decoy receptor, IL-1R type II (see Figure
2 for summary). There is evidence for the existence of a
soluble form of the IL-1R type I as well [40], but it
appears to be present at significantly lower levels and
may not have physiological relevance. The ability of the
IL-1R type II to inhibit is enhanced, in the case of human
IL-1B, by the IL-1 receptor accessory protein, whereas
for good inhibition of human IL-la and of IL-1f in
monkeys and mice, AcP is actually required. The level of
circulating soluble AcP exceeds 300 ng/ml in humans,
and is significantly higher in other species. High levels of
soluble AcP will be helpful in driving binding of IL-1 to
IL-1R type II to completion. There may be additional
reasons for the high serum AcP level; however, the
inability of AcP to bind IL-1, as well as the lack of
significant regulation of its expression, would seem to
preclude soluble AcP itself being a primary regulator of
IL-1 action. Finally, it is of interest to note that in two
instances of protein-protein interaction within the IL-
1 system - recruitment of AcP by the IL-1R/IL-1Ra
complex, and binding of monkey IL-1f to the IL-1R type
II - alteration of a single amino acid results in a = 100-
fold change in the affinity of the interaction. This would
suggest that it may be possible to use small molecule
drugs to modulate protein-protein interactions.

Regulation of the activity of mature IL-1 encompasses
several complex mechanisms. Presumably, these have
evolved because of the profound biological effects medi-
ated by IL-1. It will be of interest in the future to learn in
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which human diseases inhibition of IL-1is of greatest
benefit.
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