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Abstract

IL-1 receptor antagonist (IL-1rn) is a protein that binds to IL-1 receptors (IL-1r1) and inhibits the
binding of IL-1a and IL-1p. In recent years, IL-1rn has been implicated to be associated with
many human health problems. The effects of treatment of several inflammatory disorders with
anakinra, which is an interleukin-1 (IL-1) receptor antagonist, have also been reported. Both
positive and negative effects have been described. In this review, we systematically analyzed the
expression, correlation, and regulation of IL-1rn and its 13 partner genes using available gene
expression profiles from a variety of tissues in a well known transcriptome database,
Genenetwork. The 13 partner genes include IL-1r1, IL-1p, IL-1a, Myd88, Irakl, Irak2, Irak4,
Traf6, Tir4, IL-1rap, Ikbkap, Nfkb1, and Nfkb2. Gene expression profiles are from 10 tissues
including spleen, kidney, lung, whole brain, eye, prefrontal cortex, cerebellum, hippocampus,
striatum, and nucleus accumbens. Our analysis indicated that the interactions among IL-1rn and its
partner are complex and different from tissues to tissues, suggesting a broad spectrum of the effect
of IL-1rn on biological and metabolic pathways. Transcripts and protein sequences resulted from
different splicing, interaction with genomic background of individuals, and environmental factors
affect function of IL-1rn. At present, our knowledge on the function of IL-1rn and its partner in
various tissues or organs is very limited. The long term and extended effect of anakinra on human
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health needs further investigations. In the future, targeted sequences or oligos of 1I-1rn might be
ideal for therapeutic application with less toxic and more specific in the treatment of specific
disease. Detailed study on the molecular function of IL-1rn and its interaction with other genes
and environmental factors is essential for development therapeutic application using IL-1rn.

Anakinra; Arthritis; Expression; Genomic background; IL-1 receptor antagonist; Inflammation

1. Introduction

IL-1 receptor antagonist (IL-1rn) is a protein that binds to IL-1 receptors (IL-1r1) and
inhibits the binding of IL-1a and IL-1p. Its expression level is known to increase in the
blood of patients with a variety of infectious, immune, and traumatic conditions. IL-1rn was
initially cloned and described in 1990 [1]. In human genomics its gene is located on
chromosome 2, between 113,864,791 and 113,891,593 bps (according to Ensembl, Human
GRCHa37). It has 9 transcripts, including five with known protein sequences. In mouse, it is
located on chromosome 2: between 24,192,373 and 24,207,014 bps (according to Ensembl,
Mouse NCBIM37). It has 6 transcripts including 4 with known protein sequences. The
largest protein sequence of mouse (ENSMUSP00000110126, with 178aa) is 87% similar to
that of human IL-1RN isoform #3.

2. IL-1 receptor antagonist, human diseases, and pharmaceutics

application

Shortly following its discovery in 1999, a number of human diseases or disorders has been
linked to the polymorphism or expression of IL-1rn or its partners. Several chronic
inflammatory diseases have been linked to polymorphism of IL-1rn in humans. Those
human disorders include arthritis [2], systemic lupus erythematosus [3], ulcerative colitis
[4], alopecia areata [5], multiple sclerosis [6], diabetic nephropathy [7], and fat mass [8].

Recent reports on linkage of 11-1rn with human diseases seem to increase its spectrum to
many pathological and physiological problems. Those problems include neonatal onset of
sterile multifocal osteomyelitis, periostitis, and pustulosis [9], neonatal onset of pustular
rash, osteopenia, lytic bone lesions, respiratory insufficiency, and thrombosis [10],
generalized aggressive periodontitis [11,12], refractory adult-onset Still’s disease [13],
coronary artery disease [14], schizophrenia [15], and risk of gastric cancer [16] and early
stages of gastric carcinogenesis [17].

An important development related to research on function of IL-1rn is the clinic trial of
anakinra, which is an interleukin-1 (IL-1) receptor antagonist. In a very recent period of
time, it has been reported that it is effective on the treatment of several human inflammatory
disorders, such as Mevalonate kinase deficiency (MKD)[18], systemic juvenile idiopathic
arthritis (SJIA) [19-21], TNF receptor-associated periodic syndrome (TRAPS) [22],
refractory chronic tophaceous gout [23], and refractory adult-onset Still’s disease [13],
Schnitzler syndrome [24], cryopyrin-associated periodic syndromes [25], refractory Sweet’s
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syndrome [26], autoinflammatory Muckle—Wells syndrome [27], persistent knee effusion
[28], familial Mediterranean fever [29], Castleman’s disease [30], and arthrofibrosis [31].

At the same time, at least several negative data or data suggesting precaution have been
reported. Those data include the onset of focal bone erosion in neonatal-onset multisystem
inflammatory disease [32], failure of anakinra treatment of pyoderma gangrenosum in an
IBD patient [33], and hepatotoxicity due to tocilizumab and anakinra in rheumatoid arthritis
[34]. Treatment with Anakinra improves disposition index but not insulin sensitivity in
nondiabetic subjects with the metabolic syndrome [35].

These observations point out the complex role of IL-1rn in diseases and the function in
human body. Those reports also suggest that IL-1rn may express or function differently in
different tissues and IL-1rn and its partners may play different roles in the pathogenesis and
pathophysiology in different tissues, as previously described by Luheshi and colleagues
[36].

3. Expression levels of probes of IL-1rn and its partners in mouse tissues

To identify a group of genes that are relevant to IL-1rn, we input interleukin-1 receptor, type
I; receptor for interleukin-1 alpha (IL-1A), beta (IL-1B), and interleukin-1 receptor
antagonist protein (IL-1RA) on the Genenetwork (http://www.genenetwork.org/webqtl/
main.py) [37], which consists of a set of linked resources for systems genetics. We then
obtained the interaction partner genes of IL-1rn based on STRING analysis. As expected, as
shown in Fig. 1, IL-1rn participate in different gene networks. Based on the Gene net work
and our experience, we examined the expression level of 14 genes, 1I-1r1, 1l-1b, 1l-1a,
Myd88, Irakl, Irak2, Irak4, Traf6, 1I-1rn, TIr4, 1lI-1rap, Ikbkap, Nfkb1, and Nfkb2 and their
interactions with each other. The expression levels in 10 tissues of those genes are from the
same set of RI strain, the BXD strains. The combined BXD strain set at present is the largest
RI1 mapping panel of mouse models (http://www.genenetwork.org/mouseCross.html#BXD).
The BXD RI strains including 46 recently generated strains at Dr. Williams’ laboratory [38]
and 36 previously generated strains from the Jackson laboratory [39]. All of them are
derived from C57BL/6J (B6) X DBA/2J (D2).

We examined the expression levels among IL-1ra and its partners in ten tissues, spleen,
kidney, lung, whole brain, eye, prefrontal cortex, cerebellum, hippocampus, striatum, and
nucleus accumbens. Microarray data are from Affymetrix M430.v2. The 430v2 array
consists of 25-nucleotide probes that estimate the expression of genes and/or transcripts.

Table 1 lists the probes of each gene and their average expression levels in mice tested.
Although numbers of mouse strains used in different tissues are different, all 14 genes
express at a relatively high level across all 10 tissues. Among 14 genes, 10 have multiple
probes: 11-1r1, Irakl, Irak4, Traf6, Il-1rn, Tlr4, Il-1rap, Ikbkap, Nfkb1, and Nfkb2. While the
expression levels of different genes showed differences, majority of probes from the same
gene also showed different levels too. 1) In general, probes from exons are different from
probes from 3’ UTR. Particularly, the expression levels of two probes of Ikbkap, one at mid
3’ UTR while the other from exons, showed a significant difference (P<0.0002). One is at
10.18 while the other is at 7.61 (Table 1). lI-1rap has five probes from different location of
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the gene. The expression level of probe 1449585 in exon region is much lower than that of
other four probes, which are at the different distances of 3’ UTR. 2) The difference seems
not only between probes from exons and 3" UTR but also among probes from different
positions from 3’ UTR. For example, there are three probes from 1l-1rn, one is from the
exons while the other two are from 3’ UTR. The two probes from 3’ UTR are from different
positions, one is mid 3’ UTR while the other is from distal 3’ UTR. The expression levels of
all three probes of Il-1rn are different one from the other. Irak1 has four probes from exons
and 3’ UTR, all of them showed significant difference from each other. Four out of 6 probes
of Traf6 showed significant difference from each other.

The universal expression and diversity pathways of IL-1rn and its partners among tissues
and/or organs raise a critical issue on how a drug and/or molecule might work in human
body. Current data accumulated in genenetwork suggest that IL-1rn and its partners are
expressed in multiple tissues or organs, or perhaps they all are expressed universally in
mouse or human body. Thus any drug or a targeted molecule that mimics the protein
sequences or the function of IL-1rn will interact with genes in whatever tissues or organs
that the drug or the molecule reaches to.

4. Relative expression levels of probes of genes among different tissues

The average expression levels of 37 probes of 14 genes in 10 tissues are similar except in the
prefrontal cortex in which the expression levels of those probes are significantly lower than
all other tissues. However, the absolute values of expression levels of genes in different
tissues appear to have no effect on the relative expression levels among genes in the same
tissues. To examine whether a relative expression level of a probe among all probes in
different tissues are the same or not, we analyzed the correlation of gene expression among
different tissues. Our analysis (Table 2) indicated that the expression levels among different
tissue are from moderately positively correlated to highly positively correlated to each other.
Among them, similar tissue types showed more positive correlated than non-similar tissues.
For example, gene relative expression levels in whole brain, cerebellum, prefrontal cortex,
and nucleus accumbens are highly correlated with the R of more than 0.9. While relative
expression levels of probes in kidneys from male and female mice are near identical, with
R=0.9979. There is a modest positive correlation between brain tissues (cerebellum, and
prefrontal cortex, and nucleus accumbens) and internal organ tissues (kidney, spleen). The
relative expression levels of genes in eye have a modest positive correlation with all other
tissues, while the relative expression in lung has the lowest positive correlation with all other
tissues.

In our examination of gene expression, correlation, and regulation, we used the same type of
microarray chips of the same platform and the same set of RI strains derived from the same
parental strains. Data from each of those studies are carefully inspected by investigators in
each case (http://www.genenetwork.org/webgtl/main.py). Nevertheless, we realize that the
number of strains used for different tissues or organs are different. Considering the fact that
our data show the expression patterns of kidney tissues between female and male are nearly
identical, and expression patterns from similar tissues are similar (such as tissues from
brain), we feel confident of the conclusion from the analysis from those data.

Int Immunopharmacol. Author manuscript; available in PMC 2014 August 25.


http://www.genenetwork.org/webqtl/main.py

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Page 5

5. Correlation of expression of probes among genes in different tissues

In order to examine whether the similarity of relative expression levels of probes in different
tissues resulted a similar pattern in the gene—gene co-expression or correlation among
probes of genes, we examined the correlation among probes of genes within tissues and
compared their similarities. Because we have a total of 37 probes for the 14 genes, for each
tissue, a total of 37x37 matrix Spearman Rank Correlations were produced from
Genenetwork (Supplementary Table 1). Among those tissues, gene correlationships among
kidney in male and female mice are measured separately, while others are predominantly
female. The correlation among gene correlationship in those seven tissues shown in Table 3.
As expected, gene correlationship of probes of genes from male and female kidney tissues
are very correlated to each other, with R=0.72. However, in general, gene—-gene co
expressions are poorly correlated among of most of those tissues (Table 3). In particular,
correlationship of genes derived from lung is at the weakest in relation to the correlationship
of genes from other tissues, mostly with R equal or less than 0.1. The tissues from brain,
including cerebellum, hippocampus, and whole brain have relatively higher R scores,
between 0.2 and 0.3. Surprisingly, the gene correlation among striatum is independent of
other tissues, including brain tissues, with R equal or less than 0.07.

One important note is that, while both positive and negative correlations among genes
and/or probes are detected from 9 tissues, only positive correlations were shown from eye
gene profiles of 71 RI strains.

Furthermore, because the molecular pathways and regulations of IL-1rn and its partners in
different tissues are different from each other, the reaction with a drug or molecule in
different tissues may trigger different molecular pathways, or result in the different
phenotypes. Therefore, targeted specific tissue and accurate dosage in the drug application
may be a key in the therapeutic application of a drug such as anakinra. Researches on
delivery method and dosages seem to be essential for the drug development in the
therapeutic application of drugs derived from of IL-1rn and its partners.

6. The potential influence of different splicing

The complications of interactions and regulations among Il-1rn and its partner genes at least
partially due to the different splicing. For example, in Ensembl database (http://
useast.ensembl.org/Mus_musculus/Info/Index), it listed 6 transcripts of mouse IL-1rn due to
different splicing (Supplementary Table 2). While the 111rn-001 and 111rn-002 have a long
(>1000 bp) 3’ end untranslated sequences, the other four have very short sequences at 3’ end.
Although the tissue specificity of each transcript has not been clearly defined, the different
expression levels detected by the three probes from IL-1rn may be a result of combination of
expression levels of different transcripts in the different tissues. As tissue specific splicing
has become known as the important regulatory mechanism of gene function [40-42],
detailed consideration in target design of a gene or a pathway seems a critical issue.
Regarding to anakinra, its molecule is a recombinant, non-glycosylated version of human
IL-1RA with 153 amino acids. In humans, according to Ensembl database, IL-1rn gene
encodes for nine transcripts, five of them have protein sequences. The anakinra molecule is
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larger than two and small than the other three predicted proteins sequences of IL-1RN in
humans, according to Ensembl database. Thus, the anakinra likely represents the function of
at least three isoforms of IL-1RN proteins in human body. Unfortunately there is a limited
report of the detailed study on the expression and tissue specificity of isoforms in either
humans or mice [43].

7. Potential transcriptome mapping of 1l-1r1 and IL-1rn in variety tissues

In order to investigate whether different probes are regulated differently, we analyzed the
transcriptome map of those two genes. 11-1r1 has two probes on the M430.v2 chip from the
distal 3’ UTR, but those two probes showed a significant difference in expression levels in
different tissues. IL-1rn has three probes on the chip, one from exons, one from mid 3’ UTR
and another is from distal 3" UTR. Expression levels of those three probes showed a
significant difference to each other. Surprisingly, our analysis indicated that there is no
similarity among tissues for the transcriptome map of those probes (data not shown).
Furthermore, there is no similarity even in kidney between female and male mice. Fig. 2
shows the transcriptome maps of two probes of I1-1r1 and three probes of IL-1rn between
female and male kidneys. For probes of 1l-1r1, in male there are suggestive regulatory loci
on chromosome 2, 8, 12, and 16 for the second probe, the probe ID 1448950, located on
distal 3’ UTR at 40,372,447 on chromosome 1. In female, however, there are two loci on
chromosomes 3 and 19 that regulate the first probe, ID 1459777 _at which is located at
40,260,465 on chromosome 1. For the three probes of IL-1rn, in male mice, there is a
significant locus on chromosome 17 which regulates the third probe, which is at distal 3’
UTR located 24,206,409 on chromosome 2. In female mice, there are three regulatory loci
that reach to significant level (LOD 3). One is a locus on chromosome 3 that regulates the
second probe, ID 1451798. The other two loci are on chromosome 10, one regulate probe
#1, 1D 1423017, while the other regulate the probe #3, ID 1425663. Thus, the transcriptome
regulatory loci in the map show that regulatory mechanism for IL-1rn and its partners are
different not only among tissues but also among probes of the same gene.

8. Implication from IL-1rn knockout mice

Mice deficient for the production of interleukin 1 receptor antagonist (IL-1Ra) protein due to
deletion of the IL-1rn gene has also implicated a complicated story. The mouse model was
first described by Horai and coworkers [44] as a model for spontaneous arthritis. At present,
it shows that disorders in the deficiency of IL-1rn are influenced by genomic background as
well as environment factors. BALB/c mice that are homozygous for the deficiency (BALB-/
-) develop inflammation in the hind limbs with an incidence approaching 100% beginning
at about 6 weeks of age. However, not all strains of mice are susceptible. Both C57BL and
DBAV/1 mice are resistant. Furthermore, development of spontaneous arthritis appears to be
dependent on exposure to microbial components, because these mice do not develop arthritis
in germ-free conditions [45]. Recently, it was reported that BALB—/- mice induced aortic
valve inflammation as well [46]; while B6-/- mice promotes Spontaneous Femoral Artery
Aneurysm Formation in Mice [47].

Int Immunopharmacol. Author manuscript; available in PMC 2014 August 25.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Caoetal.

Page 7

These findings indicate that the influence of IL-1rn on disease development is much
dependent on individual’s genomic background and environmental factors. In spite of the
considerable amount of work on the knockout of IL-1rn in several strains including
congenics [48], a systematic investigation of impact of IL-1rn deficiency in all available
mouse strains probably will shine some light on the function of IL-1rn in different genomic
background, and therefore will be beneficial to the application of IL-1rn in therapeutic
treatment for human diseases.

9. Future prospective

Taking the advantages of rapid development of technologies in genomics and protein
analyses, future study should be on detailed analysis of the function of IL-1rn isoforms and
its interactions with genomic backgrounds and environmental factors. The complexity of
therapeutic applications targeting on IL-1rn pathway comes from several levels. First, IL-1rn
is expressed in multiple tissues. Second, it interacts differently with different genes or
pathways, suggesting it may play different roles in multiple pathways. Third, it has different
isoforms that may play different roles in different tissues or pathways. And fourth, it is
influenced by genomic background and environmental factors. Because of the different
splicing patterns of the IL-1rn gene, it is critical to understand the relationship between each
isoforms of the IL-1RN in particular tissues and its function. Furthermore, genetic
variability of IL-1rn and in its isoforms, e.g. SNP in human population may result a different
response of individuals to the same drug that targets a particular isoform of IL-1rn.

The complex interaction and regulation of IL-1rn and its partners in a variety of tissues and
organs suggest that there is a long way to go to elucidate the molecular mechanism of IL-1rn
and its partners. It implies that they may be relevant to multiple functions of human body,
depending on genomic backgrounds of individuals. In other words, they may relate to
multiple diseases or disorders. The key issue is the role each of them plays in a specific
disease or disorders is not completely understood. Thus what would be the impact of their
expressions on a specific disease or disorder, promotion, aggregation, or suppression?
Targeted transgenic and knockout animal models in specific tissue or organs appear valuable
tools for this purpose. Further studies of the molecular function of IL-1rn and genome-
environment interaction are necessary.

Furthermore, considering the complexity of expression and interaction among IL-1rn and its
partners and with genomic background and environmental factors, targeted specific
sequences or oligos of 1I-1rn might be less toxic and more specific to individual disease.
Treatment with antisense oligos, short peptides, sSiRNAs have been recognized as efficient
tools in therapeutic application. Study of specific binding sites or the interaction site and
biding domains in the Il-1rn gene and its isoforms of proteins may have great potential in the
improvement of the current therapeutic application of anakinra.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Potential gene network of IL-1rn. Data are generated using STRING 9.0. Nodes are colored

for predicted functional links. Stronger associations are represented by thicker lines.
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Fig. 2.
Transcriptome maps of two probes of IL-1r1 and three probes of IL-1rn between female and

male kidneys. Probes are from the M430.v2 chip of Affymetrix. The two probes of IL-1r1
are probe 1D 1448950 and 1D 1459777. The three probes of 1L-1rn are 1D 1451798, ID
1423017, and ID 1425663. KidneyM45=transcriptome mapping generated from gene
expression profiles of kidneys of male mice from 45 BXD strains. Kidney F

Int Immunopharmacol. Author manuscript; available in PMC 2014 August 25.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Caoetal.

Page 13

65=transcriptome mapping generated from gene expression profiles of kidneys of female
mice from 65 BXD strains.
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