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Abstract
An expanding spectrum of acute and chronic inflammatory diseases are considered
“autoinflammatory” diseases. This review considers autoinflammatory diseases as being distinct
from “autoimmune” diseases. Autoimmune diseases are associated with dysfunctional T-cells and
treated with “biologicals” including anti-TNFα, CTLA-Ig, anti-IL-12/23, anti-CD20, anti-IL-17
and anti-IL-6 receptor. In contrast, autoinflammatory diseases are uniquely due to a dysfunctional
monocyte caspase-1 activity and secretion of IL-1β; indeed, blocking IL-1β results in a rapid and
sustained reduction in the severity of most autoinflammatory diseases. Flares of gout, Type-2
diabetes, heart failure and smoldering multiple myeloma are examples of seemingly unrelated
diseases, which are uniquely responsive to IL-1β neutralization.
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Introduction
This review describes the ever-increasing areas within medicine for which there is a role for
IL-1. Although it has been 26 years since the cDNA’s for IL-1β [1] and IL-1α [2] were first
reported, IL-1-like “activities” had been studied earlier in models of inflammation such as
fever [3], augmentation of lymphocyte activation [4] and induction of hepatic acute-phase
protein synthesis [5]. With the availability of recombinant IL-1 in 1985, these and other
activities confirmed the multiple properties of IL-1. For the fields of biology, immunology
and medicine, that a single small protein could evoke nearly the entire host response to
inflection or injury was validated [6]. Studies also revealed new and unexpected functions
for IL-1; for example, new paradigms of therapeutic relevance emerged. Of these, blocking
the activity of IL-1 became goal for clinical medicine. Later this concept was applied to
other cytokines such as tumor necrosis factor (TNFα) [7,8]. Much later to Toll-like
Receptors (TLR) [9] joined the IL-1 family of receptors [10]. In fact, the biological activities
of IL-1 and TLR are indistinguishable because the IL-1 Toll Receptor (TIR) domain is the
functional domain for both IL-1 and TLR signaling [11,12]. Without IL-1, concepts such as
“innate immunity” would have remained “non-specific host defense” and studies on the
function of the Toll protein would have remained in the field of fruit fly embryology.
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Blocking IL-1 in Rheumatoid Arthritis
In clinical medicine, blocking the activity IL-1 has made a considerable impact on reducing
disease severity. The IL-1 receptor antagonist (IL-1Ra) is approved for treating rheumatoid
arthritis including reducing the destructive joint process. IL-1Ra binds to the IL-1 Receptor
Type I (IL-1RI) with a high affinity without triggering a response; thus, IL-1Ra is a perfect
receptor antagonist without any agonist activity. Natural IL-1Ra is structurally related to
IL-1β and is a glycosylated protein. Anakinra (KinertR) is a recombinant form of natural
IL-1Ra but is non-glycosylated. Because anakinra is injected each day and because the
injection is often painful, anakinra is not popular with patients or rheumatologists. By
comparison, there is widespread use of anti-TNFα agents in treating rheumatoid arthritis,
which may be due to both a reduction in joint inflammation and a rapid (within a few days)
reduction in the depressive effects of TNFα on the central nervous system. Other agents are
also used to treat rheumatoid arthritis such as CTLA-4 Ig, anti IL-6 receptor monoclonal
antibodies and depleting antibodies to CD20 expressed on B-lymphocytes. However, after
one full year of treatment, the reduction in disease severity in patients with rheumatoid
arthritis treated with anakinra is comparable to other treatment [13,14]. IL-1 is potent
inhibitor of proteoglycan synthesis in cartilage [15] and joint space narrowing and erosions
in patients with rheumatoid arthritis treated with anakinra are clearly improved [13,16,17].
Moreover, unlike TNFα blocking therapies, there have been no reports of opportunistic
infections particularly in reactivation of Mycobacterium tuberculosis in patients treated with
IL-1β blocking agents.

Is there a role for anti-IL-1β in treating osteoarthritis?
In the joint, IL-1β is the mediator of reduced chondrocyte proteoglycan synthesis, increased
synthesis of matrix metallo-proteinases and the release of nitric oxide [18]. Mice deficient in
IL-1β are protected from inflammation-induced loss of cartilage [15]. Mice deficient in
TNFα are not. The role of IL-1β in the destructive processes of osteoarthritis has also been
studied in rabbits, pigs, dogs and horses [19]. There has been a placebo-controlled trial of
intraarticular anakinra. Although there was a clear dose-dependent (50 mg versus 150 mg)
reduction in pain and stiffness scores, the benefit did not extend beyond one month [20]. The
modest reduction may be due to the heterogeneity of the osteoarthritis population in general
but also to the short duration of IL-1RI blockade by anakinra. There is an ongoing study of
anti-IL-1β monoclonal antibodies in osteoarthritis using direct intraarticular injection.

Classic Autoinflammatory Diseases
The initial descriptions of autoinflammatory diseases

As shown in Table 1, an increasing number of chronic inflammatory diseases are termed
“autoinflammatory”. This term was originally coined for a group of rare, periodic febrile
diseases such as Familial Mediterranean Fever (FMF) [21], Familial Cold Autoinflammatory
Syndrome (FCAS) [22] and TNF Receptor Associated Periodic Syndrome (TRAPS) [23].
These diseases are characterized by recurrent fevers, leukocytosis, elevated acute phase
proteins, myalgias and generalized fatigue. These autoinflammatory diseases have an
identifiable genetic cause. In the case of Familial Cold Autoinflammatory Syndrome
(FCAS) [22], the single amino acid mutation occurs in a gene coding for a protein termed
“cryopyrin”. Since that seminal discovery, there has been an unprecedented level of
investigation into how this gene product affects inflammation. The name is derived from the
clinical description of the disease. Upon exposure to cold, such as cold air or cold water, the
affect subjects develop fevers, leukocytosis and generalized “flu-like symptoms”’, hence the
conjunction of “cryo” for cold and “pyrin” for hot or fever. Another systemic
autoinflammatory disease is Muckle-Wells Syndrome (MWS), which is also due to a
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mutation in cryopyrin [24]. A more severe disease associated with a mutation in cryopyrin is
Neonatal Onset Neonatal Onset Multisystem Inflammatory Disease (NOMID) [25].
Together, FCAS, MWS and NOMID are now called Cryopyrin Associated Periodic
Syndromes (CAPS). Patients with CAPS often develop hearing loss. CAPS patients treated
with either anakinra [25–27], a soluble IL-1 receptor (rilonacept) [28]or a monoclonal anti-
human IL-1β (canakinumab) [29] experience a rapid, sustained and near complete resolution
of the disease.

However, there are many patients with near identical disease manifestations without these
mutations. They have similar responses to IL-1β blockade, as do patients with the mutations
[25,30]. Initially, the concept of “autoinflammation” considered responses to signals such
“cold” as triggers. Today, to use the term “autoinflammatory” for a particular disease has an
additional meaning. For the most part, the use of “autoinflammation” for these are chronic
inflammatory diseases is due to the dramatic, rapid and sustained improvement following a
reduction in IL-1β activity by blockade of the IL-1 receptor with anakinra or neutralizing
IL-1β with a soluble IL-1 receptor (rilonacept) or anti-IL-1β monoclonal antibodies
(canakinumab, Xoma 052). As shown in Figure 1, the “auto” in autoinflammation also
considers the fact that IL-1 induces itself [31] and may explain why a single administration
of an anti-IL-1β monoclonal antibody results in prolonged resolution of disease activity after
the antibody is cleared from the circulation [29]. Another characteristic of patients with
autoinflammatory diseases is the response to reducing IL-1β activity is observed in patients
who are refractory to corticosteroids, cyclosporine, azathiaprine or colchicine. Whereas anti-
TNFα is often used to treat such refractory patients, the response to TNFα blockade is
modest at best but often not sustained. It is also possible that even a modest response to anti-
TNFα in these patients is due to a reduction in IL-1 activity since TNFα induces IL-1 [32]

The concept of autoinflammation as the pathogenic basis for a disease process that is highly
responsive to IL-1β blockade is that the “auto” is IL-1 itself, either IL-1α or IL-1β. IL-1
induces its own gene expression, processing and secretion [31] and therefore chronic IL-1
triggering its own receptor can be interpreted as an autoinflammatory process. Nearly all
epithelial tissues and keratinocytes contain the IL-1α precursor, which unlike the IL-1β
precursor, binds to the IL-1 receptor and is active. Upon death of cells, the IL-1α precursor
is released and induces myeloid cell-mediated inflammation in vivo [33,34]. IL-1α is also
expressed as an integral membrane protein, which is highly active in inducing chemokines
from mesenchymal cells [35].

The distinction between autoinflammatory and autoimmune diseases
Autoinflammatory diseases lack associations with Class II MHC haplotypes, whereas
autoimmune diseases exhibit distinct MHC associated haplotype susceptibilities. There are
no auto-reactive T-cells driving disease activity in patients with autoinflammatory diseases.
Autoimmune diseases are responsive to anti-TNFα, CTLA4-Ig, anti-IL-6 receptor, depletion
of CD20 B-cells, anti-IL-12/IL-23 antibodies, anti-IL-17, anti-α-3 intergrin and anti-LFA.
Each of these agents targets T- and B-cell functions. However, these latter therapeutic agents
have no sustained effects in treating autoinflammatory diseases. In contrast,
autoinflammatory diseases are uniquely responsive to IL-1β blockade. The monocyte-
macrophage rather than the T-cell is the culprit in patients with autoinflammatory diseases
and the defect is increased secretion of active IL-1β [25,36,37].

Role of caspase-1 in the pathogenesis of autoinflammatory diseases
Caspase-1 is the intracellular cysteine protease that cleaves the N-terminal 116 amino acids
of the IL-1β precursor thus converting the inactive precursor to the active “mature” form.
Caspase-1 exists in cells of myeloid origin such as tissue macrophages and dendritic cells as
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an inactive zymogen and requires conversion to an active enzyme by autocatalysis.
However, in circulating human blood monocytes, caspase-1 is present in an active state [38];
when the monocyte is stimulated to synthesize the IL-1β precursor, cleavage of the
precursor takes place and mature IL-1β is secreted over several hours. Caspase-1 is also
constitutively active in highly metastatic human melanoma cells [39]. In general, the release
of active IL-1β from blood monocytes is tightly controlled with less than 20% of the total
synthetic IL-1β precursor being processed and released. Although the release of active IL-1β
from blood monocytes of healthy subjects takes place over several hours [38], the process
can be accelerated by the exogenous addition of ATP [40], which triggers the P2X7
purinergic receptor [41]. ATP activation of the P2X7 receptor opens the potassium channel,
and simultaneously as intracellular potassium levels fall, caspase-1 is activated, the IL-1β
precursor is cleaved and secretion take place [41].

The fall in intracellular potassium is thought to bring about the oligomerization of a highly
specialize group of intracellular proteins, which bind to and convert procaspase-1 to an
active enzyme. The increase in the secretion of active IL-1β can be due to a mutation in
cryopyrin [22]. Cryopyrin is now termed nucleotide-binding domain and leucine-rich repeat
containing protein 3 (NLRP3). In 2004, cryopyrin (NLRP3) was found to associate with
procaspase-1 and other intracellular proteins and the complex was termed the
“inflammasome” [36]. The inflammasome activates procaspase-1, resulting in active
caspase-1 followed by the processing and secretion of active IL-1

Treating Rare Autoinflammatory Diseases with IL-1β Blockade
As shown in Table 1, rare autoinflammatory diseases are specifically responsive to IL-1β
blockade. Although it is possible to demonstrate increased secretion of active IL-1β
secretion in some of the diseases shown in Table 1, it is not necessary. Also, patients with
active autoinflammatory diseases (fever, leukocytosis, elevated CRP) often do not have
statistically significant elevated circulating IL-1β. In fact, increased secretion of IL-1β from
blood monocytes of patients with autoinflammatory diseases are approximately 5–10-fold
greater than that of healthy subjects [25,37] and circulating IL-1β in patients with CAPS is
also only 5-fold greater than levels in healthy subjects [42]. As such, demonstrated of
elevated serum IL-1β is not a requirement for classification of autoinflammation. Therefore,
injecting anakinra or other IL-1 blocker into patients serves as both a diagnostic as well as
therapeutic exercise in defining an autoinflammatory disease.

Type-2 Diabetes, a Chronic, Low-Grade Autoinflammatory Disease
IL-1β and Type-2 Diabetes

Increasing evidence indicates that Type-2 diabetes is a chronic inflammatory disease
[43,44]. The selective cytotoxic effects of IL-1β for the insulin-producing pancreatic beta
cell and not the alpha cells has been studied since 1986 [45]. Initially, IL-1β was considered
to play a pathogenic role in Type-1 diabetes. Although this is still the case, in recent years, it
was shown that high concentrations of glucose stimulated IL-1β production from the beta-
cell itself [46] implicating a role for IL-1β in Type-2 diabetes. Increasing evidence points to
an inflammatory process underlying the failure of the beta-cell to secrete sufficient amount
of insulin in patients with Type-2 diabetes [44]. The insulitis is due to a pathological
activation of the innate inflammatory system by metabolic stress, which appears to be
mediated by IL-1 signaling. This raises the question of the cellular sources of IL-1β as well
as the mechanisms of IL-1β production in Type-2 diabetes.

Over nutrition is the main cause of Type-2 diabetes. Accordingly, exposure of human islets
to glucose or to free fatty acids (FFA) induces the production and release of IL-1β [47,48]
[49]. Furthermore, the adipokine leptin can also induce IL-1β production [50]. In support of
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those studies, gene expression for IL-1β was over one hundred-fold higher in beta cells
isolated from the islets of Type-2 diabetic patients compared to non-diabetic patients [48]. In
addition to high glucose concentrations, FFA also stimulates the production of IL-1β from
the beta-cell [47]. As shown in Figure 2, the combination of high glucose concentrations
plus FFA act together in inducing IL-1β. The source of FFA is the adipocyte, which is also a
source of IL-1β [51]. In fact, the adipocyte produces IL-1β, which is under the control of
caspase-1. Once released, IL-1β can amplify its signals by self-activation via engagement of
the IL-1 receptor I leading to a vicious inflammatory cycle of IL-1-induced IL-1 [31,48,52].
Hence, Type-2 diabetes falls into the group of auto-inflammatory diseases and blocking
IL-1β activity breaks the cycle.

Adipocyte Differentiation and the Role of Caspase-1
Caspase-1 influences the differentiation of adipocyte and insulin sensitivity via IL-1β-
mediated mechanisms. High fat diet or obese ob/ob mice have increased caspase-1 and
elevated levels of IL-1β. In contrast, adipose tissue from caspase-1 deficient mice is
histologically distinct compared to fat from wild type mice; furthermore, caspase-1 deficient
mice have decreased body fat and improved insulin sensitivity [53]. Adipocytes from
caspase-1 deficient mice or mice deficient in NLRP3 are more metabolically active with
higher insulin sensitivity and increased production of adiponectin compared to adipocytes
from wild-type mice. Gene expression for PPARγ and GLUT4 were also increased in fat
from caspase-1 or NLRP3 deficient mice. In the ob/ob obese mouse or in wild type mice fed
a high fat diet, fat tissue reveals higher caspase-1 activity with elevated production of active
IL-1β. Fat cells from wild-type mice treated with a specific caspase-1 inhibitor primarily
affect IL-1β secretion.

Clinical Trials Blocking IL-1β in Type-2 Diabetes
The first clinical proof of a role for IL-1 in the pathogenesis of Type-2 diabetes is a
randomized, placebo controlled study of anakinra for 13 weeks. In that study, improved
insulin production and glycemic control was observed in anakinra-treated patients [54]. The
fall in glycated hemoglobin was statistically significant and nearly 0.5% lower than that in
placebo treated patients. There were no episodes of hypoglycemia during the trial. In
addition to improved glycemic control, C-peptide levels increased and the ratio of proinsulin
to insulin decreased, both indicators of improved beta-cell function. Not unexpectedly,
serum IL-6 and CRP levels decreased significantly. However, insulin resistance, insulin-
regulated gene expression in skeletal muscle and the body-mass index were unaffected by
anakinra [54] in either study groups.

In the 39 weeks following the 13-week course of anakinra, patients who responded to
anakinra used 66% less insulin to obtain the same glycemic control compared to baseline
requirements [55]. The proinsulin to insulin ratio also improved. Patients with low
circulating levels of endogenous IL-1Ra before the trial responded to anakinra and in the 39
weeks following the 13-week treatment period, these responders maintained the
improvement in stimulated C-peptide [55]. These observations suggest that blocking IL-1β
even for a short period of time restores the function of the beta cells or possibly allows for
partial regeneration of beta cells.

The observation of anakinra trial in Type-2 diabetes has been confirmed using a specific
neutralizing monoclonal antibody to IL-1β [56] and also provides more evidence that short-
term blockade of IL-1β restores the function of the beta cells and possibly regeneration.
Similar to the anakinra trial, the effect of a single administration of the monoclonal antibody
to IL-1β resulted decreased glycated hemoglobin A1C, increased C-peptide levels, greater
insulin production following a glucose challenge and decreased IL-6 and CRP levels [57].

Dinarello Page 5

J Intern Med. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The reduction in IL-1β-mediated inflammation is not limited to the islet but is rather
systemic. Therefore, it is likely that improved glycemic control reflects not only less toxicity
on the beta-cell in the islet but also reduced inflammation in the adipose tissue.

In considering the ability of a short reduction in IL-1β-mediated inflammation to improve
the function of the insulin-producing beta-cell, one must consider the balance of IL-1β to
endogenous levels of IL-1IL-1Ra (see Figure 2). Indeed, in parallel to increased IL-1β [46],
IL-1Ra expression is decreased in islets of patients with Type-2. During the anakinra trial, it
was noticed that clinical responses to anakinra correlated with baseline serum IL-1Ra levels
[55], in that levels were significantly lower in patients responding to anakinra than in non-
responders. This difference was similar 39 weeks after withdrawal of anakinra therapy,
suggesting a stable phenotypic trait. Serum IL-1Ra levels correlated with variations in the
5’-promotor of the IL-1Ra gene. The C allele of the single nucleotide polymorphism (SNP)
rs4251961 in the IL-1Ra gene that is associated with low serum IL-1Ra was significantly
overrepresented in responders. Therefore, therapy with anakinra or anti-IL-1β neutralizing
antibodies could be considered in the more than 40% Type-2 diabetic carriers of this
variation.

Insulin Resistance
In blocking IL-1β in patients with Type-2 diabetes, there has been data suggesting that
insulin resistance has changed. In general, unlike healthy subjects, patients with Type-2
diabetes with high steady state circulating insulin levels do not respond a glucose challenge
by increasing the secretion of insulin. This failure has been interpreted as an indication of a
non-responsive beta-cell and a hall-mark of the disease. With IL-1β blockade, there is a
restoration of beta cell function in that insulin levels rise appropriately following a glucose
challenge [54,57]. It is possible that with prolonged IL-1β blockade in Type 2 diabetes, the
reduction in systemic inflammation may reduce insulin resistance at the level of liver and
skeletal muscle responses.

Failure of TNFα blockade to alter insulin resistance in humans
Initially, a great deal of attention was generated by the observation that TNFα expression in
the obese Zucker rat correlated with the development of insulin resistance and the metabolic
syndrome [58]. Although an adenoviral construct designed to inhibit TNFα activity did not
reverse insulin resistance in the Zucker rat [59], in the obese ob/ob mouse, anti-TNFα
treatment restored insulin receptors in wounded skin [60] and insulin resistance in the liver
[61]. Other studies suggested that blocking TNFα in rodents corrects insulin sensitivity in
models of the metabolic syndrome. Therefore, studies in humans with obesity, Type-2
diabetes as well as frank metabolic syndrome have been carried out. There are at least six
published studies using neutralization of TNFα with monoclonal antibodies (infliximab or
adalimumab) or soluble TNFα receptors (etanercept or a construct of the p55 TNFα receptor
fused to the Fc of IgG) [62–67]. The doses of anti-TNFα agents used in each of these studies
are the same dose, which ate highly effective in treating patients with rheumatoid arthritis,
psoriasis or Crohn’s Disease.

In nearly all studies, a decrease in parameters of inflammation was observed. For example,
decreases in CRP were consistently reported [62–64] and in some studies, circulating IL-6
was also decreased. In some studies the anti-inflammatory adipokine adiponectin increased
[62,66,67]. Even fibrinogen, a risk for patients with the metabolic syndrome, decreased [62].
However, in each study, there was no change in insulin sensitivity. Insulin levels following
an oral glucose tolerance test were unaffected after 4 weeks of etanercept (25 mg twice a
week) [63]. C-peptide and glucose clearance was also unaffected by anti-TNFα antibodies
[65]. Steady-state glucose levels were unchanged. In one study, muscle adiposity increased
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[67]. The decrease in circulating fatty acids reported in patients rheumatoid arthritis patients
treated with anti-TNFα is likely due to a reduction of the ability of TNFα to inhibit
lipoprotein lipase activity [67]. The ability of TNFα to inhibit lipoprotein lipase activity was
first described by Cerami in 1981 [7]. Thus the increase in muscle adiposity may be due to
the deposition of fat as a result of decreased lipolysis by blocking TNFα. One can conclude
that a causative or contributing role for TNFα in insulin resistance in Type 2 diabetes in
humans lacks support.

The case for IL-1β in and the loss of beta-cell mass in diabetes
From a historical viewpoint, the evidence that IL-1β was toxic for the insulin-producing
beta-cell starts in 1985 using an immunoaffinity column containing anti-human IL-1β
polyclonal antibodies [45]. This was a milestone report that opened the field of “soluble
factors” from mononuclear phagocytes playing a pivotal role in the pathogenesis of diabetes.
At the time, a role for immunocompetent cells in Type-2 diabetes was not appreciated.
Thereafter, recombinant human IL-1β was shown to account for the death of the beta-cell
while sparing the alpha-cell [68]. The topic has been reviewed by Mandrup-Poulsen who
carried out the original studies [44]. The direct loss of beta-cell mass due to IL-1β is likely
the result of more than one mechanism of action. In the rodent, IL-1β induces nitric oxide
(inducible), a known toxic mediator for the beta-cell. Another mechanism is the induction of
FasL by IL-1β. [69]. Regardless of the mechanism of action, clinical proof of the importance
of IL-1β in the loss of beta cell mass has been obtained in patients with Type-2 diabetes.

Long-term Effects of Blocking IL-1β in Type-2 Diabetes
As shown in Figure 3, there are several places that IL-1β contributes to the time-line of
atherosclerosis leading to myocardial infarction and heart failure. The increase in
cardiovascular events associated with Type-2 diabetes also contributes to an increase in the
atherosclerotic process. In Type-1 diabetes, the vascular complications of the disease are
thought to be due to the chronic hyperglycemia. As such, if blocking IL-1β-mediated loss of
beta-cell function results in improved control of glycemia, then one would anticipate
reduced atherogenesis. Patients with Type-2 diabetes that have survived a myocardial
infarction are at higher risk for a second infarction. With prolonged reduction in IL-1β
activity in Type-2 diabetes, there is also a direct and beneficial effect on the heart. Similar to
the ability of IL-1β to induce cell death in the beta-cell, IL-1β also is toxic for the cardic
myocyte [70,71]. In a placebo-controlled trial of patients with ST elevation myocardial
infarction, daily anakinra was added to standard of therapy the day after angioplasty for 14
days. Serial imaging and echocardiographic studies after 14 weeks revealed that left
ventricular remodeling was significantly reduced in patients receiving anakinra compared to
patients receiving 14 days of placebo [71]. These findings are consistent with myocardial
infarction models in mice in that blocking IL-1 results is a similar reduction in remodelling
[72]. Therefore, reducing IL-1β-mediated inflammation in the islet may also benefit IL-1β-
induced inflammation in coronary arteries, peripheral arteries and the myocardium itself.

Recurrent Attacks of Gout
Induction of IL-1β by Monosodium Urate Crystals

Recent clinical trials with IL-1β blockade have revealed an impressive and sustained
reduction in patients with recurrent attacks of gouty arthritis [73–76]. Even with the use of
allopurinol to reduce the systemic levels of uric acid and the anti-inflammatory properties of
colchicine, there is no dearth of patients with recurrent episodes of painful gouty arthritis
poorly controlled with these regimens. These patients often require intermittent courses of
glucocorticoids. Thus, the success of IL-1β blocking therapies is a welcome addition for
treating refractory gouty arthritis in these patients. Despite the availability of several widely
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used TNFα blocking therapies for rheumatoid arthritis and other autoimmune diseases, there
is a paucity of reports that blocking TNFα provides an effective reduction in gout severity.
One explanation for the lack of clinical trials of TNFα blockade in gout attacks is that
efficacy of TNFα blockade in refractory gout is less than expected. One study reports a weak
response with rather high doses of infliximab [77]. There are also few publications on
monosodium urate (MSU) crystals inducing TNFα from human and mouse cells unless co-
stimulated with endotoxins. Therefore, IL-1β blockade may be used for inducing long-term
remissions in refractory patients and replace glucocorticoids. If IL-1β blockade becomes the
standard of care in refractory gout, it would be consistent with the unique role of IL-1β in
the pathogenesis of autoinflammatory diseases.

What precipitates the gouty attack?
Despite several reports that the addition of MSU crystals to mononuclear phagocytes
induces IL-1β secretion [78,79], MSU as a sole activator of active IL-1β is inconsistent with
the clinical reality of gouty attacks. For example, why do less than 10% of persons with
hyperuricemia and deposits MSU crystals in joints develop the disease and the most patients
do not? Why do acute flares of gout often occur in the middle of the night? Why do patients
receiving anti-tumor therapies have high uric acid levels but no clinical signs of gout? Why
do persons with hyperuricemia have attacks of gout when they diet and lose weight?
Although the associations of food and alcohol consumption with attacks of gout have been
known for many centuries, how such life-style events relate to IL-1β activity has not been
explored. Thus published studies that show MSU crystals alone induce active IL-1β requires
a careful re-evaluation to be consistent with the clinical associations of gout attacks. A study
by Joosten and co-workers [80], goes a long way in providing the basis for the production of
IL-1β by MSU and concludes that one needs more than MSU to trigger an attack of painful
gouty arthritis.

Pure MSU crystals per se do not induce IL-1β from primary peripheral blood mononuclear
cells (PBMC) isolated from healthy donors or mouse peritoneal macrophages [80,81]. In
order to relate the association with dietary intake of fatty foods, free fatty acids (FFA) of
increasing lengths were also added to human or mouse macrophages and similar to MSU
alone, did not result in the secretion of IL-1β. However, the combination of MSU plus FFA
induced the release of high levels of IL-1β into the supernatants of either PBMC or mouse
macrophages. The study identified the eighteen carbon fatty acid (stearic acid) as the most
effective lipid for stimulating IL-1β in combination with MSU crystals.

The evaluation of studies adding exogenous stimuli to human PBMC for cytokine
production must assess the role of TLR ligands, particularly endotoxin (lipopolysaccahride,
LPS), as these are unusually potent inducers of IL-1β in the picomolar range. Although
some have reported that MSU crystals alone induce IL-1β from macrophages [78,79], others
have not been able to demonstrate this response unless a small amount of bacterial
endotoxin is present as a “priming agent” [78]. In fact, there is a specific synergism of MSU
crystals with LPS for the production of IL-1β [81]. Moreover, the concept that MSU crystals
per se induce IL-1β is inconsistent with that fact that there is no inflammation where there is
ample presence of urate crystal (tophi). Moreover, reports of MSU crystals inducing IL-1β
do not explain why the attacks are precipitated with intake of large amounts of food. MSU
crystals needs a second signal in inducing active IL-1β. However, from a clinical
perspective, a second signal from LPS is hardly relevant to gout. There is usually no
infection that triggers the flare of gout in susceptible persons. On the other hand, free fatty
acids are relevant to gout. Indeed, one signal is provided by the high levels of MSU crystals
in susceptible patients and a second signal comes from a rise in FFA following and episode
of overnutrition. Neither MSU crystals nor FFA alone induce the release of biologically
active IL-1β; both are needed.
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Two signals are needed for IL-1β induction
It is highly likely that the synovial macrophage is already stimulated with MSU crystals
secondary to the hyperuricemia. Then a rise in serum lipids provides the trigger for IL-1β
synthesis, processing and release, thus precipitating the inflammatory flare of the attacks.
The two-signal concept for the secretion of IL-1β is not a new concept and has a firm
foundation in understanding the molecular mechanisms for synthesis and release of the
active cytokine. Unlike IL-1α, the IL-1β precursor is not constitutively present in blood
monocytes or tissue macrophages but requires a stimulus to be induced. Although many
cytokines are translated soon after transcription, this is not the case with IL-1β. For example,
freshly obtained human blood monocytes adhering to glass or plastic transcribe large
amounts of IL-1β mRNA without any significant translation [82]. Naturally generated or
recombinant complement C5a also results in transcription without translation [83]. The first
signal is sometimes termed “priming” and drives gene expression for the IL-1β precursor.
Unless a second signal is provided, the mRNA is degraded or the poly-adenylated mRNA
falls off the ribosome soon after initiation of translation [84]. The signal for completion of
ribosomal translation can come from various endogenous sources. Low picomolar
concentrations of IL-1 itself provide a second signal for rapid translation of the IL-1β
precursor [82–84]. It is now clear that saturated FFA also provide a signal for translation. In
the case of IL-1β production in gout, MSU crystals likely provide the transcriptional priming
signal and FFA the second signal. The role of TLR in this scenario comes from the ability of
TLR2 to recognize FFA [80].

MSU crystals injected into the joint
As of this writing, there appears to be one report on the effect of MSU crystals injected into
a joint of experimental pigs [85]. Most investigators study MSU crystal responses in primary
as well as cell line lines. In vivo, MSU crystals are commonly injected into the peritoneal
cavity or a skin pouch, both methods being rather different from the responses of the
synovium to inflammatory agents. Similar to the observations in human PBMC and mouse
macrophages, MSU crystals alone was not inflammatory as there was no joint swelling or
induction of neutrophil infiltration following even high doses of MSU in the joints [80]. The
C18 FFA alone was also without effect but the combination of C18 plus MSU crystals
induced joint swelling, neutrophil infiltration and cytokines and chemokines. Both the IL-1β
precursor and the processed form were elevated. Mice deficient in three molecular pathways
for IL-1β processing and secretion were evaluated. Not unexpectedly, mice deficient in
caspase-1 or ASC exhibited markedly reduced synovial inflammation in response to the
MSU-C18 combination, and in mice deficient in ASC, histological examination of the joints
revealed near complete protection. However, mice deficient in NLRP3 responded with same
inflammatory response as did wild-type mice. Other studies have also observed an NLRP3-
independent role of IL-1β processing [86]. The role of NLR3 may require TLR4 for
activation of caspase-1.

Role of the inflammasome
In freshly obtained human PBMC, MSU crystals clearly synergizes with LPS via the TLR4
for the production and processing of the IL-1β [81], demonstrating that MSU crystals
requires a second signal via a TLR. Since saturated FFA are inflammatory, how does FFA
provide the TLR signal for MSU-induced inflammation? FFA appears to signal via TLR2
and not TLR4. These findings are consistent with those of others in that TLR2 recognizes
FFA’s as endogenous ligands [87]. The role of FFA’s has also been studied in the context of
Type-2 diabetes. FFA induces IL-1β, IL-6 and IL-8 in insulin-producing human islets and
IL-1β in mouse islets [47]. Moreover, high glucose concentrations enhanced IL-1β-inducing
properties of FFA-induced in human islets. Blocking the IL-1RI with IL-1Ra strongly
inhibited FFA-mediated expression of IL-1β and chemokines in human and mouse islets.
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Similar to inflammation by MSU injected into the peritoneal cavity [78], the FFA-induced
IL-1β and chemokine production was dependent on MyD88 [47].

In freshly isolated human blood monocytes, the rate limiting step in IL-1β processing and
secretion is at the level of transcription/translation and not at the level of caspase-1.
Caspase-1 is constitutively active in blood monocytes, even before the cells are cultured
[38]. As such once the IL-1β precursor is synthesized, processing and secretion takes place.
On the other hand, in macrophages derived from monocytes, caspase-1 is not active and
requires a signal from ATP. Thus, in tissue macrophages three signals are required, once for
transcription and one for translation and one for activation of caspase-1, the latter being the
role of the inflammasome. Endotoxins provides the first two signals in the blood monocyte
as well as in the macrophage. It is not uncommon that a low concentration of LPS is used to
“prime” cells before another stimulant (such as MSU) is added to induce IL-1β. But in the
case of gout, LPS as a priming agent is clinically irrelevant. One can conclude that MSU is
the priming agent by inducing gene expression for IL-1β and fatty acids provides a uniquely
clinically relevant translational signal. A similar mechanism likely takes place in the
production of IL-1β in Type-2 diabetes.

Unexpectedly, the production of joint inflammation by the combination of MSU crystals
plus C18 was not observed in NALP3 deficient mice. This finding is different from that
reported by others and raises the issue of the presence of LPS in MSU preparations.
Nevertheless, in mice deficient in ASC, there was an impressive reduction in MSU/FFA
inflammation. In fact, the lack of inflammation in the ASC deficient mice was observed at
the level of gene expression for IL-1β. One interpretation is that ASC is needed for an
upstream effect on IL-1β gene expression and not just as the required co-factor for NALP3
activation of caspase-1. In mice deficient in caspase-1, a reduction in joint inflammation was
reduced, although not to the extent as was observed in mice deficient in ASC [80]. Thus the
reduction in IL-1β gene expression in ASC deficient mice would explain the lack of
inflammation more than a reduced activation of caspase-1.

Role of the neutrophil
Since neutrophils dominate the inflammation of gouty arthritis in humans, the role of the
neutrophil needs to be considered. Cell death of neutrophils provides a wealth of
possibilities for inflammation. For the synovial macrophage, dead neutrophils provide a
source of ATP and other small molecules for activating caspase-1. Neutrophils also provide
a source proteinase-3, which can process the IL-1β precursor into an active cytokine [88].
The gouty attack is likely triggered by over nutrition with FFA providing the second signal
in MSU primed cells, followed by the secretion of active IL-1β, which in turn, induces IL-8
and the infiltration of neutrophils. Large numbers of neutrophils augment the inflammation
by providing enzymes and ATP, which induces more active IL-1β.

Is Smoldering Myeloma an Autoinflammatory Disease?
Targeting IL-1β in smoldering/indolent myeloma

Smoldering myeloma presents a challenge to medicine as the population ages [89]. Decades
of research have focused on the role of IL-1β and IL-6 in the pathogenesis of multiple
myeloma [90,91]. Similar to mature B-cells, the myeloma plasma cell produces IL-1. In the
microenvironment of the bone marrow, stromal cells respond to low concentrations IL-1 and
release large amounts of IL-6, which in turn promotes the survival and expansion of the
myeloma cells. Although IL-6 is a primary growth and survival cytokine for myeloma cells,
antibodies to IL-6 have not been effective in treating the diseases. Lust, Donovan and co-
workers reasoned that in the indolent stages of multiple myeloma, blocking IL-1β would
provide better control of IL-6 activity. Bone marrow cells from patients with smoldering
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myeloma were co-cultured with a myeloma cell line actively secreting IL-1β. Although the
addition of dexamethasone reduced stromal cell IL-6 production, the amount of IL-6
remained sufficiently high enough to protect the plasma cell against dexamethasone -
mediated apoptosis. However, anakinra added to these co-cultures significantly reduced IL-6
by nearly 90% and the combination of anakinra plus dexamethasone induced myeloma cell
death [92].

The Clinical Trial
Patients with smoldering or indolent myeloma were selected with the clinical objective of
slowing or preventing progression to active disease. Based on in vitro data, 47 patients with
smoldering/indolent myeloma at high risk for progression to full-blown multiple myeloma
were treated with daily anakinra for six months. During the 6 months, there was a decrease
in CRP in most but not all patients, which paralleled a decrease in the plasma cell labeling
index, a measure of myeloma cell proliferation in unfractionated bone marrow cells. After 6
months of anakinra, a low dose of dexamethasone (20 mg per week) was added. Of the 47
patients that received anakinra (25 with dexamethasone), progression-free survival was over
three years and in 8 patients over 4 years [92]. Compared to historical experience, the
findings indicate a significant failure to progress to active disease and a modest fall in CRP
predicted responders who continued with stable disease. Patients with a decrease in serum
CRP of 15% or greater after 6 months of anakinra monotherapy resulted in progression-free
survival greater than 3 years compared to 6 months in patients with less than a 15% fall
during anakinra therapy (p<0.002). Thus, an effective reduction in IL-1β activity using CRP
as the marker for IL-1β-induced IL-6 halts progression to active myeloma. With the use of
anakinra in over 100,000 patients with rheumatoid arthritis or auto-inflammatory diseases,
no opportunistic infections, including Mycobacterium tuberculosis reactivation, have been
reported.
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Figure 1. IL-1-mediated Autoinflammation
1. Myeloid lineage cells expressing IL-1RI bind either IL-1α or IL-1β. 2. The Toll-IL-1-
Receptor (TIR) domains of the IL-1RI-IL-1R Accessory Protein complex recruit MyD88
and initiate signal transduction. 3. Following NFκB or AP-1 translocation to the nucleus, the
IL-1β precursor is synthesized. 4. Oligomerization of components of the NLRP3
inflammasome with procaspase-1 [36]. 5. Activation of caspase-1. 6. Cleavage of the IL-1β
precursor by caspase-1. 7. Release of active IL-1β into the extracellular space [30,93–95]. 8.
Once released, IL-1β can bind to IL-1RI on non-myeloid cells such as endothelial and
mesenchymal cells and stimulate the production of other cytokines and chemokines as well
as mediators of inflammation, for example, COX-2, inducible nitric oxide and
phospholipase A2. In addition, increases adhesion molecules, facilitating the emigration of
inflammatory cells into injured or infected tissues. 9. On myeloid cells expressing IL-1RI,
IL-1β activates the receptor and generates a signal resulting in more IL-1β [31].
Therapeutically, the cycle of IL-1-induced IL-1 is specifically arrested by reducing the
activity of IL-1β via IL-1RI blockade (anakinra), binding of IL-1 to soluble IL-1 receptors
(rilonacept) or neutralization by monoclonal anti-IL-1β antibodies (canakinumab, Xoma
052). Naturally, the cycle of IL-1-induced IL-1 can be controlled by endogenous IL-1Ra or
endogenous IL-1RI type II.
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Figure 2. IL-1β-mediated loss of the insulin-producing beta-cell in Type-2 diabetes
The islet receives its blood supply from a highly fenestrated vascular bed. Glucose, FFA and
IL-1β itself as well as other cytokines enter the islet. In Type-2 diabetes, the islet contains
increased numbers of macrophages, which produce chemokines and IL-1β itself as well as
IL-1Ra. Macrophage IL-1β and macrophage IL-1Ra compete for occupancy of the IL-1RI
on the beta-cell. In Type-2 diabetes, a low production of endogeneous IL-1Ra may
contribute to beta-cell death. IL-1β, glucose and FFA enter the islet and directly stimulate
beta-cell IL-1β production, which is toxic for the beta-cells. With time, beta-cell mass
decreases and exogenous insulin is required. Arresting the cycle of IL-1β-induced IL-1β
may restore dysfunctional beta-cells as well as arrest the loss of beta-cells.
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Figure 3. Time-line for a role of IL-1β in heart failure
Top. Left to right. The pathogenesis of atherosclerosis is affected by IL-1β production by
oxidized LDL and cholesterol crystals as demonstrated in human monocytes. In animal
studies, high fat diets, lipid laden foam cells and FFA from adipocytes have demonstrated a
role for IL-1β. In animal models as well as in humans, IL-1β contributes to the loss of
insulin-production beta-cells resulting in hyperglycemia and endothelial cell damage.
Bottom. Left to right. The atherosclerotic plaque is at risk for rupture via IL-1β-induced
matrix metalloproteases. Once the integrity of the plaque surface in lost, platelets initiate
clot formation. IL-1β is released from activated platelets and contributes to the inflammation
of the plaque via increased chemokines and inflammatory cells[96]. During the ischemia of
the infracted myocardium, IL-1β induces myocyte cell death via a caspase-1 mechanism.
With loss of myocytes, there is loss of function clinically termed heart failure. In patients
surviving ST-elevated myocardial infarction (STEMI), administration of anakinra for 14
days improved myocardial function compared to placebo-treated patients [71]
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Table 1

The Spectrum of Auto-inflammatory Diseases

Classic Auto-inflammatory Diseases

Familial Mediterranean Fever

Cryopyrin Associated Periodic Syndromes (CAPS)

Hyper IgD Syndrome

Adult and Juvenile Still’s Disease

Behçet’s Disease

Schnitzler’s Syndrome

TNF Receptor-Associated Periodic Syndrome

PAPA Syndrome; Blau’s Syndrome; Sweet’s Syndrome

Probable Auto-inflammatory Diseases

Urticarial Vasculitis

Anti-synthetase Syndrome

Recurrent Idiopathic Pericarditis

Relapsing Perichondritis

Common Diseases Treatable by Blocking IL-1β

Urate Crystal Arthritis (gout)

Type-2 Diabetes

Smoldering Multiple Myeloma

Post-myocardial Infarction Heart Failure

Osteoarthritis

1
CAPS is a grouping of Familial Cold Auto-inflammatory Syndrome, Muckle-Wells Syndrome and Neonatal Onset Multi-inflammatory Disease
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