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Interleukin 30 to Interleukin 40
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Cytokines are important molecules that regulate the ontogeny and function of the immune system. They are
small secreted proteins usually produced upon activation of cells of the immune system, including lymphocytes
and myeloid cells. Many cytokines have been described, and several have been recognized as pivotal players in
immune responses and in human disease. In fact, several anticytokine antibodies have proven effective ther-
apeutics, especially in various autoimmune diseases. In the last 15 years, new cytokines have been described,
and many remain poorly understood. Among the most recent cytokines discovered are interleukins-30 (IL-30)
to IL-40. Several of these are members of other cytokine superfamilies, including several IL-1 superfamily
members (IL-33, IL-36, IL-37, and IL.-38) as well as several new members of the IL-12 family (IL-30, IL-35,
and IL-39). The rest (IL-31, IL-32, IL-34, and IL-40) are encoded by genes that do not belong to any cytokine
superfamily. Our aim of this review was to present a concise version of the information available on these novel

cytokines to facilitate their understanding by members of the immunological community.
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Introduction

C YTOKINES ARE SMALL secreted proteins produced by cells
of the immune system, usually upon immune cell activa-
tion. Cytokines regulate immune and inflammatory responses,
and many of them play critical roles in the development of the
immune system. The original cytokines included interleukin-1
(IL-1) and IL-2, which received their interleukin designation at
the Second International Lymphokine Conference that was
held in Interlaken, Switzerland in 1979. Since then, the number
of interleukins has grown significantly. However, even though
they are molecules of extreme importance in immunology,
their numbers have made it difficult even for immunologists to
keep pace with the discovery and characterization of these
cytokines. Indeed, among them, there are some that have be-
come ‘‘superstars” of immunology (eg, IL-17A), while others
languish in relative obscurity (IL-11) as judged by the number
of scientific papers documenting studies with these cytokines.
By the onset of the 21st century, the number of inter-
leukins has reached IL-30 and kept on increasing. There are
currently 40 ILs named. Consequently, the last 10 are
among the ones that have relatively few studies reported on
them. Part of the problem is that it is obviously difficult to
take time to peruse the literature to obtain enough infor-
mation on these newer interleukins. The purpose of this
review is therefore to compile and present essential infor-
mation on these important new interleukins to facilitate their
understanding within the immunology community.

One important aspect we should discuss is the evolution
of cytokines. In general, gene families formed through
evolution from an original ancestral gene that duplicated
and specialized, giving rise to a family of genes that encode
structurally related proteins that may then develop special-
ized functions (Zlotnik and Yoshie 2012). The chemokines
are an excellent example of this process, but it also applies
to other cytokine families. Some examples include IL-2,
which is evolutionarily related to IL-15 and to IL-21, while
IL-4 and IL-13 are the results of gene duplication (indeed,
their genes are still located adjacent to each other in the
human genome). There are several genes of the IL-10
family, but some of the largest interleukin superfamilies
include IL-1 and IL-12, with several members each. In fact,
within the IL-30 to IL-40 cohort there are several IL-1 su-
perfamily members (IL-33, IL-36, IL-37, and IL-38) as well
as several new members of the IL-12 family (IL-30, IL-35,
and IL-39). Moreover, the human genome contains an es-
timated 10% of genes encoding secreted proteins, so another
prediction is that there remain new cytokines to be identi-
fied. Within the IL-30 to IL-40 cohort, these are represented
by IL-31, IL-32, IL-34, and IL-40. The latter interleukins are
generally more difficult to identify (because they do not
share structural/genetic similarities to other cytokines), so
they were generally identified through screening of genomic
databases or other bioinformatics-based screening methods.

The growing use of gene arrays and other gene expression
analysis methods has also helped expand the universe of

Departments of 'Physiology and Biophysics and *Molecular Biology and Biochemistry, University of California, Irvine, Irvine,

California.

’Institute for Immunology, University of California, Irvine, Irvine, California.

423



424

interleukins. A certain interleukin may become ‘‘popular’
through key studies published in the literature, but gene
expression studies do not depend on the ‘‘popularity’” of a
particular cytokine. They will faithfully reflect the levels of
expression of a particular transcript in a given cell/tissue
independently of their popularity in the literature. We expect
that many of the interleukins we discuss in this review will
show up in gene array studies, which will help understand
their functions and become better known. Personally, we
found this exercise revealing, as it became clear that several
of these molecules exhibit very interesting functions, which
strongly suggest that they may be important potential targets
for future therapeutics. In fact, anticytokine (or anticytokine
receptor) antibodies already represent important therapeu-
tics [antitumor necrosis factor-oo (TNF-o), anti-IL-17A, and
anti-IL-23].

Interestingly, the discovery of a new cytokine used to be a
highly significant event in immunology. However, several
of the novel cytokines described herein have not received
significant attention when they were first reported. This is
likely due to a phenomenon of “interleukin fatigue,” ie, a
belief that cytokine biology is mostly a done deal and not an
“up and coming” topic in immunology. This may be related to
the fact that most cytokines were discovered by an older
generation of immunologists, and cytokine discovery and
characterization are not very popular topics among young in-
vestigators. Another problem is that even when a new cytokine
is discovered, there are no reagents available. This situation
underscores the difficulty of studying the biology of new in-
terleukins. However, in spite of these difficulties, it is apparent
that the discovery of these new interleukins will open many
new fields of research based on their very interesting biology.

Interleukin-30

IL-30, represented by the p28 subunit of IL-27, is part of
the IL-12 cytokine family. IL-27, discovered by Pflanz and
others (2002), is a heterodimer composed of Epstein-Barr
virus (EBV)-induced gene 3 (Ebi3) subunit noncovalently
associated with the smaller p28 subunit (IL-27p28) (Pflanz
and others 2002). IL-30, the p28 subunit of IL-27, remains
functional even in the absence of Ebi3 (Crabe and others
2009; Shimozato and others 2009; Stumhofer and others
2010). IL-12 family cytokines have emerged as critical regu-
lators of immunity, which regulate both proinflammatory (IL-
12 and IL-23) and anti-inflammatory (IL-27, IL-35, and IL-39)
immune cell responses through their influence on T and B cell
fates. The IL-12 family is unique in having the only hetero-
dimeric cytokines, and this promiscuous pairing of alpha and
beta chains is speculated to contribute to the dual role of in-
flammatory and anti-inflammatory cytokines (Vignali and
Kuchroo 2012).

IL-27 was initially thought to be a proinflammatory cyto-
kine (Cox and others 2011), but is now considered an im-
munoregulatory cytokine (Stumhofer and Hunter 2008; Pot
and others 2011; Wojno and Hunter 2012). IL-27 is secreted
by activated antigen-presenting cells such as macrophages
and dendritic cells (Pflanz and others 2002; Pflanz and others
2004). Treatment of murine and human monocytes with
Toll-like receptor (TLR) agonists, such as lipopolysaccharide
(LPS) or CpG oligodeoxynucleotides, and interferon-y (IFN-
v) results in the production of IL-30. Once secreted, IL-27
binds to IL-27R alpha or T cell cytokine receptor signaling
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through WSX-1 and glycoprotein 130 (gp130) to induce
signal transducer and activator of transcription 1 (STATI)
and STATS3 in monocytes (Pflanz and others 2004; Guzzo and
others 2010). Recent studies have suggested that IL-30 may
also signal through WSX-1 and gp130, but it may require a
binding partner such as cytokine-like factor (CLF-1) or sol-
uble IL-6 receptor (sIL-6Ra) (Crabe and others 2009; Stum-
hofer and others 2010; Garbers and others 2013).

More information is known about IL-27 than IL-30;
however, they have been suggested to share overlapping
roles. IL-27 has been shown to play an anti-inflammatory
role in models of autoimmunity such as autoimmune en-
cephalomyelitis and collagen-induced arthritis (Batten and
others 2006; Niedbala and others 2008). IL-27 down-
regulates the immune response by inhibiting IL-2 and
IL-17A expression, while promoting IL-10 production
(Villarino and others 2003; Owaki and others 2006; Vil-
larino and others 2006; Fitzgerald and others 2007; Stum-
hofer and others 2007). Additional studies have shown that
IL-30 plays an anti-inflammatory role similar to IL-27. IL-
30 is able to suppress IL-17A production, although at a
much lower level than IL-27 (Stumhofer and others 2006).

Recent studies have identified IL-30 as a critical regulator
of breast and prostate cancer metastasis (Airoldi and others
2016; Sorrentino and others 2018). IL-30 is also expressed
in triple-negative HER2" breast cancer tumors. In addition,
expression of IL-30 was correlated with disease stage and
reoccurrence. Mice injected with triple-negative HER2"
breast cancer cells treated with IL-30 displayed increased
proliferation and vascular dissemination of breast cancer
cells. Silencing of STAT1/3 signaling, downstream targets
of IL-30, prevented the expression of CXCL1, CSF1, IL-1f,
IL-6, IL-8, PTGS2/COX2, and Myc, which are known to
promote tumor growth and metastasis (Airoldi and others
2016). Expression of IL-30 has also been identified in
prostate cancer cells and cancer infiltrating leukocytes
(Pflanz and others 2002). IL-30 expression is correlated
with grade and stage of disease in prostate cancer patients
(Di Meo and others 2014). Sorrentino and others (2018)
found that IL-30 secreted by human and murine prostate
cancer stem-like cells (PCSLCs) had significant autocrine
and paracrine affects, which supported PCSLC viability,
self-renewal, and tumorgenicity. Therefore, they concluded
that IL-30 could be a potential target for development of
therapeutic monoclonal antibodies for cancer treatment.

Interleukin-31

IL-31 was reported in 2004 by Dillon and others (2004).
It is a member of the IL-6 family of cytokines, a 4-helix
bundle cytokine, which is produced by Th2 cells upon ac-
tivation. It signals through a receptor composed of 2 chains,
an IL-31 receptor A and oncostatin M receptor (OSMRbeta).
The receptor is expressed constitutively in epithelial cells
but is induced upon activation in monocytes. IL-31 seems to
mediate pruritus, as this is an evident phenotype in IL-31
transgenic mice, which also develops alopecia and skin le-
sions. These observations strongly suggest that IL-31 is in-
volved in dermatitis present in allergic diseases.

Sonkoly and others (2006) showed that IL-31 is over-
expressed in pruritic atopic dermatitis skin. Highest levels
were observed in prurigo nodularis, one of the most pruritic
forms of chronic skin inflammation. In vivo, staphylococcal
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enterotoxin B (SEB) (a superantigen targeting Vf8) induced
IL-31 expression in atopic individuals, and in vitrro SEB
induced IL-31 production in leukocytes. IL-31 receptor A
showed the most abundant expression in dorsal root ganglia,
the site where the cell bodies of cutaneous sensory neurons
reside. Cells expressing IL-31RA mRNA were detected in
the dorsal root and trigeminal ganglia, and these cells also
expressed OSMRbeta, but the expression of these recep-
tor chains appears at different times during development
(Bando and others 2006).

Expression of IL-31 correlates with the enhanced expression
of IL-4 and IL-13 (2 other Th2 cytokines) in atopic dermatitis
and atopic contact dermatitis (Neis and others 2006). However,
IL-31 mRNA was not increased in psoriasis. These observa-
tions strongly suggested that IL-31 is associated with itching;
however, the situation may be more complex since other
studies have found IL-31 levels strongly increased in atopic
dermatitis but they do not correlate with the intensity of the
disease according to the SCORAD severity score (Ozceker and
others 2018). However, support for the concept that IL-31 is a
pivotal cytokine regulating pruritus comes from studies on
contact dermatitis with 1317~ mice, which exhibit reduced
scratching frequency and duration during hapten-induced
contact dermatitis (Takamori and others 2018). Eosinophils
can also be potent sources of IL-31 (Rudrich and others 2018),
and anti-IL-31 antibodies ameliorate scratching behavior in a
mouse model of atopic dermatitis (Grimstad and others 2009).

Interleukin-32

Kim and others (2005) reported the identification of a novel
cytokine produced by a cell line (human lung carcinoma
A549) transfected with an IL-18 receptor B chain. This ren-
dered the cell responsive to IL-18, and it produced several
cytokines, including a novel one called IL-32. It is expressed
by human peripheral blood mononuclear cells (PBMCs) upon
activation, induced in human epithelial cells by IFN-v, and in
natural killer (NK) cells by IL-12 plus IL-18. In fact, it was
originally called NK transcript 4. Its expression pattern mir-
rors other inflammatory cytokines, so it is not surprising that it
is also capable of inducing the production of other cytokines
such as TNF-q, IL-18, IL-6, and various CXC chemokines in
various cells. There are various isoforms of IL-32, but the
gamma isoform has been reported to be the most active
(Straub and Feuer 1989). IL-32 signals through p38 mitogen-
activated protein kinase (MAPK) and nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-xB) pathways,
and has been implicated in inflammatory disorders, inflam-
matory bowel disease (IBD), and influenza virus A infections.
It has also been associated with several autoimmune dis-
eases such as rheumatoid arthritis (RA), ulcerative colitis, and
Crohn’s disease (Felaco and others 2009). However, the
specific role of this proinflammatory cytokine in these dis-
eases is not yet known. It has also been implicated in the latent
stage of tuberculosis (Montoya and others 2014).

IL-32 is likely to have both intracellular and extracellular
functions (Heinhuis and others 2012). It could be involved
in resistance against intracellular pathogens (Dos Santos and
others 2018). Intracellular IL-32 may be involved in the
regulation of cell activation and cell death. IL-32 also ex-
hibits angiogenic properties (Nold-Petry and others 2014).

IL-32 has also been implicated in cancer progression. For
example, IL-32 promotes the production of IL-2 by bone
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marrow (BM) cells, which may in turn promote the prolif-
eration of multiple myeloma cells (Lin and others 2017). IL-
32 expression has been associated with hypoxia in multiple
myeloma cells, and high expression is associated with poor
survival and bone loss (Zahoor and others 2017).

Given that there are various isoforms of IL-32, it repre-
sents a situation where each isoform may have different
expression patterns, properties, and functions. We can ex-
pect more future reports where specific isoforms of IL-32
will be functionally characterized.

Interleukin-33

IL-33 is a member of the IL-1 superfamily. IL-33 induces
Th2 responses in T cells, mast cells, basophils, and eosin-
ophils. Previously known as nuclear factor in high endo-
thelial venules (NF-HEV), it was discovered in high
endothelial cells. Baekkevold and others (2003) discovered
IL-33 by using molecular and bioinformatic approaches to
study genes preferentially expressed by HEV cells, although
it was found to be also expressed in human lymphoid organs
[tonsils, lymph nodes, and Peyer’s patches (PPs)] and in
single cells of the T cell zones of lymph nodes. Never-
theless, its function was uncertain, and it was pointed out as
a possible transcription factor in charge of the regulation of
expression after cytokine signaling in HEV cells.

In 2005, researchers at Merck Research Labs showed that
IL-33 signals through a ST2 receptor, a previously orphan
IL-1 receptor family member, which is expressed in human
and murine Th2 cells, mast cells, eosinophils, and basophils,
and it is involved in Th2 responses (Coyle and others 1999;
Schmitz and others 2005). Using a pull-down method with
biotinylated IL-33 to capture the ST2 receptor and a GFP-
NF-xB reporter-transfected cell line, Shmidtz and others
(2005) proved that IL-33 was binding and signaling through
ST2. Naturally, stimulation with IL-33 drives the expression
of Th2 cytokines, IL-4, IL-5, and IL-13, and leads to an
increase in the secretion of IgE, IgA and eosinophilia in vivo
(Schmitz and others 2005; Yagami and others 2010). The
connection of IL-33 with asthma and other Th2-related
diseases was immediately drawn.

Using microarrays, the group that originally reported IL-
33 described that it is constitutively expressed in lymphoid
tissues, epithelial cells, fibroblasts, mucosal tissues, tumor
cells, and vascular tissues where its expression is particu-
larly high (Moussion and others 2008). The same group
previously demonstrated that IL-33 has transcriptional reg-
ulation properties, and that it can be located in the nucleus
of HEVs cells, drawing a parallel to IL-1a (Schmitz and
others 2005). IL-1a is another member of the IL-1 family
that shares structural and functional characteristics with IL-
33. Both have 100 amino acid residues at the N-terminus and
are present in high concentrations as precursors in the intra-
cellular compartment of expressing cells, due to the lack of
signal peptide (Kim and others 2013). The maturation and
activity of IL-1 family members IL-1a and IL-1f start after
the release from intracellular compartments mediated by
mechanical or infection-related cell death, effectively making
them representatives of molecules known as alarmins (Bianchi
2007). Alarmins are the endogenous equivalents of pathogen-
associated molecular patterns (PAMPs) and are released
during nonprogrammed cell death. Once released, alarmins
can signal immune system cells such as macrophages and
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dendritic cells to initiate a cellular immune response to
resolve inflammation (Bianchi 2007). Given that IL-33 is
constitutively expressed in healthy barrier tissues, its
similarities with other members of the IL-1 family of
alarmins led the Girard group to conclude that IL-33 is an
alarmin.

Asthma leads to chronic inflammation and persistent
airway remodeling in the lungs (Busse and others 1999). IL-
33 is upregulated in bronchoalveolar lavage fluid from
asthma patients, and a single nucleotide polymorphism in
ST2 is strongly associated with asthma in different human
populations (Gudbjartsson and others 2009; Prefontaine and
others 2010). Yagami and others (2010) showed that IL-33
acts directly in lung endothelial and epithelial cells but not
in fibroblast or muscle cells by inducing the expression of
CXCLS, having a direct effect in controlling neutrophil re-
cruitment to the lungs, and thus regulating inflammation in
the lungs. Furthermore, in vitro stimulation of human mi-
crovascular endothelial cells from Iung blood vessels with
IL-33 led to an increase of IL-6 and CCL2 secretion
(Yagami and others 2010). From the analysis of these data,
we can conclude that 1L-33 plays a major role in lung in-
flammation, and that the IL-33/SP2 signaling axis is im-
portant in the pathogenesis of asthma and allergies.

Recently, IL-33 has also been implicated in the regulation
of immune responses in the gut. It has been reported that IL-
33 is upregulated in patients with IBD (Kobori and others
2010; Pastorelli and others 2010; Seidelin and others 2010).
Colonic T regulatory cells (Tregs) and group 2 innate
lymphoid cells (ILC2s) are known to respond to IL-33 in the
gut (reviewed in Cayrol and Girard 2018). Furthermore, IL-
33 has been shown to be a key cytokine in the maturation,
proliferation, and function of colonic Tregs, with an an-
tagonistic activity to IL-23, a key inflammatory molecule of
the gut (Schiering and others 2014; Cayrol and Girard
2018). From the research done in the last 15 years, we can
conclude that IL.-33 has emerged as a key regulatory cyto-
kine in barrier tissues, making it an important target for
inhibition therapy in autoimmune diseases such as IBD, RA
(Verri and others 2010), asthma, and allergies.

We should note that a recent study on the ancestral ori-
gins of the IL-1 family concluded that IL-33 and IL-18 have
poor sequence similarity and no chromosomal evidence of
common ancestry with the IL-1B cluster, and therefore
should not be included in the IL-1 ligand ancestral family
(Rivers-Auty and others 2018). This observation has im-
portant functional implications. IL-33 and IL-18 therefore
represent genes derived from an ancestral gene that was also
the ancestor of the IL-1B cluster. However, since this split
occurred a long time (millions of years) ago, each of these
genes (IL-1p cluster, IL-18, and IL-33) has had a long time
to evolve independently ever since. For this reason, we can
predict that each of these genes should exhibit very different
functional properties. In contrast, other IL-1 family mem-
bers derived directly from the IL-1p cluster in more recent
evolutionary times should exhibit similar functions to other
members of the IL-1f family cluster.

Interleukin-34

IL-34 is a cytokine that also binds the macrophage col-
ony stimulating factor-1 receptor (M-CSF-1). Its discovery
was a “‘tour de force.”” Lin and others (2008) performed a
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functional screening of the extracellular proteome. This was
represented by a comprehensive set of recombinant secreted
proteins and the extracellular domains of transmembrane
proteins. Each protein was tested in several functional as-
says. One of the secreted proteins, designated IL-34, stim-
ulated monocyte viability. They also reported that IL-34
binds CSF-1. However, it quickly became apparent that IL-
34 and M-CSF did not exhibit identical biological activities.
They differ in their capacity to induce the production of
chemokines such as CCL2 and CCL24 in primary macro-
phages. Interestingly, IL-34 and M-CSF do not share se-
quence homology, but some antibodies against CSF-1 can
block the binding of 1 ligand but not another. This suggests
that these ligands bind different parts of CSF-1, suggesting
that they can mediate different bioactivities and signal
transduction pathways.

Both M-CSF and IL-34 mediate osteoclastogenesis (Chen
and others 2011) in combination with RANKL. This sug-
gests their potential therapeutic role in osteoporosis.

IL-34 is produced by keratinocytes in the skin and neu-
rons in the brain. /L34~ mice displayed a marked reduction
of Langerhans cells and microglia, whereas monocytes,
dermal and lymphoid tissue macrophages were unaffected.
Langerhans cell survival is dependent on IL-34, whereas
microglia and their yolk sac precursors develop indepen-
dently of IL-34 but rely on it for their maintenance in the
adult brain (Greter and others 2012).

There have been other intriguing studies that have im-
plicated IL-34. For example, Bezie and others (2015) re-
ported that IL-34 is specifically produced by T regulatory
cells and mediates transplant tolerance. In a rat cardiac al-
lograft model, treatment of rats with IL-34 promoted allo-
graft tolerance that was mediated by induction of Tregs.
Treatment of human macrophages with IL-34 greatly ex-
panded CD8"* and CD4" FoxP3" Tregs, cells that exhibited
greater suppressive potential than non-IL-34 expanded
Tregs.

In addition, IL-34 is known to influence the phenotype of
myeloid lineage cells that express CSF-1R. For example, it
has been reported to inhibit acute rejection of rat liver
transplantation by inducing the polarization of Kupffer cells
to the M2 phenotype (Zhao and others 2018). Similarly, it
has been reported to be expressed at the fetal-maternal in-
terface and to induce immunoregulatory macrophages of a
decidual phenotype (Lindau and others 2018).

IL-34 levels in serum have been reported in various dis-
eases, including systemic lupus erythematosus (SLE) (Xie
and others 2018), periodontal disease (Guruprasad and
Pradeep 2018), patients experiencing acute rejection after
liver transplantation (San Segundo and others 2016), de-
velopment of liver fibrosis in patients with Hepatitis B
(Wang and others 2018) and RA (Zhou and others 2016).
The potential role of IL-34 in these diseases remains to be
clarified.

Finally, IL-34 may play a role in both cancer and fibro-
sis. High coexpression of IL-34 and M-CSF correlates
with tumor progression and poor survival in lung cancer
(Baghdadi and others 2018). It also has been implicated in
colon cancer (Franze and others 2018), and it may play a
role in the functional polarization of tumor-associated
macrophages (Jeannin and others 2018). It has been re-
ported to promote fibrocyte proliferation, suggesting that it
is a profibrotic factor (Galligan and Fish 2017).
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We conclude that IL-34 has strong potential to be a target
for development of therapeutic antibodies.

Interleukin-35

IL-35 was named a little over a decade ago in 2017 in-
dependently by 2 laboratories, Niedbala and others (2007)
and Collision and others (2007). However, it was first de-
scribed in 1997 but not named until 2017 (Devergne and
others 1997; Collison and others 2007). IL-35 has gained
much interest for its role in strongly inhibiting immune cell
function, with prospects in development of therapeutics
for autoimmune disease. As part of the IL-12 family,
IL-35 consists of a heterodimeric glycoprotein formed by
disulfide-linked IL-12alpha chain (p35) and IL-27 b chain
EBV-induced gene 3 (Ebi3) (Tedder and Leonard 2014).
Collision and others (2007) originally reported that IL-35
was produced by populations of thymus-derived natural
regulatory T cells (nTregs) and was required for their
maximal suppressive activity. Regulatory B cells (Bregs)
have also been reported to produce anti-inflammatory cy-
tokines, including IL-10 and IL-35 (Pusic and others 2014;
Shen and others 2014). Like other IL-12 cytokine family
members, IL-35R binds to activate STAT proteins (Collison
and others 2012). Binding of IL-35 to IL-35R activates
STAT1 and STAT4 in T cells (Pusic and others 2014).
However, in B cells IL-35 signaling mediates STAT1 and
STAT3 (Shen and others 2014).

IL-35 has gained much interest for its suppressive role.
Ebi3 is a downstream target of FoxP3, restricting its ex-
pression to the Treg lineage. IL-35 has been shown to pre-
vent Thl and Th17 proliferation by arresting T cells in the
G1 phase of cell division (Wirtz and others 2011). Although
IL-35 is able to block T cell proliferation, it does not pro-
mote the conversion of Thl cells to Tregs as IFN-y is a
strong negative regulator of Ebi3 and P35 transcription
(Vignali and Kuchroo 2012). In Th2 cells, IL-35 blocks Th2
differentiation by repressing GATA3 and IL-4 expression.
In addition, IL-35, like transforming growth factor-beta
(TGF-B) and IL-10, can induce regulatory T cells (iTregs).
Recent studies have focused on the role of IL-35 in auto-
immunity. Numerous studies have demonstrated that IL-35
plays a protective role in mouse models of human autoim-
mune disease such as experimental autoimmune encepha-
lomyelitis, experimental autoimmune uveitis, encephalitis,
allergic airway model, diabetes, and colitis (Collison and
others 2007; Canda-Sanchez and others 2009; Huang and
others 2011; Bettini and others 2012; Wang and others
2014).

Recently, Bregs have also been identified as potent pro-
ducers of IL-35 (Yanaba and others 2008). Bregs are be-
lieved to mediate their immunosuppressive capabilities
through the secretion of IL-10 upon stimulation of TLR
agonists CD40L and IL-21 (Yoshizaki and others 2012).
Recent reports have suggested that IL-35, in addition to IL-
10, contributes to Breg suppressive function. Bregs have
been shown to be capable of producing IL-35 (Shen and
others 2014; Wang and others 2014). Addition of rIL-35
results in selective proliferation of CD19*CD5"B220",
which display enhanced secretion of IL-10 and IL-35. Si-
milarly, rIL-35 inhibits B220™ B cell proliferation (Wang
and others 2014). IL-35 produced by Bregs acts in an au-
tocrine manner to stimulate the IL-35R on Bregs and also in
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a paracrine fashion to promote the generation of induced
Tregs (Wilson and others 2010).

Alternatively, recent studies have suggested that IL-35
plays a protective role in tumor immune escape. Ebi3 over-
expression has been reported in Hodgkin’s lymphoma (Nie-
dobitek and others 2002) and lung cancer cells (Nishino and
others 2011). In addition, tumors expressing IL-35 have an
increase in myeloid-derived suppressor cells, which are
known to be immune suppressive and inhibit cytotoxic T
cell responses (Wang and others 2013).

While IL-35 may be an intriguing cytokine to treat au-
toimmune diseases, recombinant IL-35 is difficult to obtain,
thus limiting immunology research and its potential pro-
duction as a therapeutic. IL-35 is not secreted as a disulfide-
linked heterodimer, therefore only ~4% of secreted Ebi3 is
coprecipitated with IL-12p35 (Devergne and others 1997).
Although approaches to generate rIL-35 in mouse models
and attempts to covalently link Ebi3 and IL-12p35 have
been made, production remains inefficient (Collison and
others 2007; Aparicio-Siegmund and others 2014; Shen and
others 2014).

While the immune inhibitory role of IL-35 has been well
characterized in mouse models, the immunosuppressive ef-
fects of IL-35 in humans are modest (Bardel and others
2008). However, Seyeri and others (2010) reported that hu-
man Tregs produced IL-35 under strong stimulation. Thus,
the role of IL-35 in human Tregs still warrants future
investigation.

Interleukin-36

IL-36 is a very interesting group of cytokines, derived
from a member of the IL-1 family. In humans, it exists as 4
distinct secreted proteins, previously orphan IL-1 family
ligands; IL-360q, IL-36f, IL-36Y, and the receptor antagonist
IL-36ra. All of them require post-transcriptional processing
to be functional and bind the IL-36 receptor (IL-36R)
(Towne and others 2011). Due to the proinflammatory na-
ture of all the IL-36 members and the similarity of the re-
sponses they elicit signaling through the IL-36R, they were
designated under the IL-36 name in 2010 (Dinarello and
others 2010).

The first member of the IL-36 cytokine group termed IL-
IHY1 (now IL-36ra) was discovered in 1999 by Mulero and
collaborators, using a cDNA screening derived from human
liver and spleen. The cDNA caught the authors’ attention due
to the relatively high homology (65%) to IL-1ra (Mulero and
others 1999). The next year, 4 different groups would publish
the discovery of new members of the IL-1 family, (Barton and
others 2000; Busfield and others 2000; Kumar and others 2000;
Smith and others 2000). The function of these cytokines would
not become apparent until their receptor was identified, IL-
36R, formerly known as IL-1 receptor-related protein 2 (IL-
1rp2). Debets and collaborators reported that IL-360 elicited
NF-xB signaling through IL-1Rrp2 and was strongly inhibited
by IL-36ra (Debets and others 2001). Interestingly, they also
found high expression of IL-36a, IL-36ra, and IL-36R in skin
and a significant upregulation in lesional psoriasis. It was later
found that all the proposed members of the IL-36 cytokine
subfamily signal through IL-36R and activate the NF-xB,
MAPKSs, JNK, and ERK1/2 kinase cascade, which leads to
CXCLS8, TNF-o, IL-17A, IL-23, and IL-6 secretion. Interest-
ingly, IL-36ra functions as a direct antagonist of the other IL-36
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members (Towne and others 2004; Blumberg and others 2010;
Towne and others 2011).

IL-36R is mainly expressed in T cells and is especially
predominant in naive CD4 T cells (Vigne and others 2012;
Walsh and Fallon 2018). Stimulation with IL-36 induced
naive T cell proliferation and enhanced IL-2 secretion.
Furthermore, IL-36f along with IL-12 promotes Thl po-
larization and plays an important role against Mycobacter-
ium infections (Vigne and others 2012). IL-36 cytokines are
mainly expressed in skin keratinocytes, myeloid cells,
Langerhans cells, and mucosal epithelium (Gresnigt and van
de Veerdonk 2013; Gabay and Towne 2015; Walsh and
Fallon 2018). This expression pattern and the responding
cells indicate that the IL-36 cytokines are likely very im-
portant in skin homeostasis and defense. As such, studies
with an IL360"~ mouse showed that IL-36A (but not IL-36f
or IL-367) is required to induce and maintain psoriasis-like
disease in a mouse model of psoriasis (Milora and others
2015). Interestingly, the same group found that IL-36a acts
in a self-amplifying loop with IL-1a, which is also required
to maintain skin inflammation during psoriatic lesion flares
(Milora and others 2015).

Ongoing clinical studies are evaluating the potential ef-
ficacy of IL-36R blockage using a therapeutic monoclonal
antibody in psoriasis. A hint of the potential use of an IL-
36R blocking monoclonal antibody came from an unlikely
source, a rare human disease caused by a loss of function
mutation on the IL36RA gene, termed deficiency of IL-36
receptor antagonist (DITRA) syndrome (Marrakchi and
others 2011). Patients with DITRA syndrome develop gen-
eralized pustular psoriasis, and some have been successfully
treated with anakinra, a recombinant human IL-1ra origi-
nally developed for the treatment of RA (Rossi-Semerano
and others 2013; Ganesan and others 2017; Molho-Pessach
and others 2017). There is no certainty that the adminis-
tration of IL-36R blocking antibody will help resolve skin
inflammation in autoimmunity, but the concept is supported
by a wide body of research that suggests that it will be
effective in these indications. In fact, there are currently at
least 3 active clinical trials testing the efficacy of a hu-
manized anti-IL-36R antibody (Tsai and Tsai 2017).

In recent years, it has been observed that IL-36 family
members, especially IL-36a, are upregulated during IBD
pathogenesis (Russell and others 2016). Walsh and collab-
orators found that the expression of IL-360. is upregulated in
human patients with ulcerative colitis and mouse models of
sterile inflammation. The inflammation was signiﬁcantly
reduced in a dextran sulfate colitis model using IL-36r "~
mice. Furthermore, other studies indicate that IL-36 cyto-
kines are also necessary for effective tissue repair in the gut
(Medina-Contreras and others 2016; Scheibe and others
2017). The studies on the role of IL-36 family in IBD further
improve the case for the development of IL-36R blocking
therapies, and highlight the need for further research on the
role of IL-36 cytokines in the homeostasis of the gut.

Interleukin-37

Another member of the IL-1 cytokine family, originally
known as IL-1 F7, shares structural similarities with IL-18
and can bind to the IL-18 receptor (IL-18Ra) although at
much lower affinity (Dunn and others 2001; Nold and others
2010). It has 5 isoforms (IL-37a, b, ¢, d, and e), and each
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isoform expression is tissue specific (Boraschi and others
2011; Jia and others 2018). IL-37 was first described as an
IL-1 family member (which was identified using the same
approach that led to the identification of other IL-1 family
members) through bioinformatics analyses of the human
genome for uncharacterized genes that share similarity and/
or share chromosomal location with other known IL-1
family members. In fact, IL-37 was described simulta-
neously with the previously discussed IL-36 cytokines by 3
different groups using similar approaches (Busfield and
others 2000; Smith and others 2000; Dunn and others 2001).
Dunn and collaborators reported that IL-37 could bind to IL-
18R suggesting a function similar or parallel to IL-18 (Dunn
and others 2001). IL-37 is expressed in various tissues, but
its expression is particularly high in thymus, testis, and
uterus as well as macrophages, dendritic cells (DCs), ton-
sillar B cells, and plasma cells (Pan and others 2001; Cavalli
and Dinarello 2018). IL-37 is also expressed in gut and skin
epithelial cancers (Cavalli and Dinarello 2018).

Remarkably, IL-37 is an anti-inflammatory cytokine. It
was until 2010, almost 10 years after the first report by Nold
and collaborators who found that the expression of IL-37 by
epithelium and macrophages suppressed almost completely
the expression of several proinflammatory cytokines
(mainly IL-1B, IL-6, and TNF-o)) and chemokines (CCL2,
CXCL2, and CXCL3Y) in vitro, and protected mice against
sepsis induced by LPS in vivo (Nold and others 2010). They
also found that IL-37 forms a complex with SMAD3, an
important transcription factor in the TGF-f pathway (Ta-
kimoto and others 2010), and is necessary for IL-37-driven
responses. Taken together, these observations indicated that
IL-37 was likely to be a novel anti-inflammatory cytokine.

Most of the effects of IL-37 in metabolic, autoimmune,
and infectious diseases have been tested in several meta-
bolic, autoimmune, and infectious models using a transgenic
mouse that overexpresses human IL-37 (IL-37-tg) (Nold and
others 2010). In these experiments, IL.-37 has proven to have
a protective effect on tissue damage and mediates a reduc-
tion in the secretion of proinflammatory cytokines in several
models, including colitis, RA, allergy, and fungal pulmo-
nary infections (McNamee and others 2011; Moretti and
others 2014; Lunding and others 2015; Ye and others 2015;
Cavalli and Dinarello 2018). In addition, IL-37 appears to
play a role in the regulation of fat metabolism, aortic dis-
ease, and aging (Siffring and others 1989; Ballak and others
2014; Henry and others 2015). Examination of the research
done with IL-37 in mouse models of metabolic, autoim-
mune, and infectious diseases indicates that IL-37 is im-
portant in homeostasis and as an immune regulator. While
involvement of IL-37 has also been reported in human
disease (Imaeda and others 2013; Hojen and others 2015;
Xia and others 2015; Yin and others 2017), there are currently
no human clinical trials evaluating the effects of exogenous
administration on humans. IL-37 seems as a potential candi-
date for supplementation therapy in conjunction with block-
ing therapy (the most likely candidates would be monoclonal
antibodies).

Interleukin-38

IL-38 was another IL-1 family protein discovered in the
early 2000s along with IL-36 and IL-37. The IL-38 gene
was identified and termed IL-1HY?2 by Lin and collaborators
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in 2001. They reported that IL-1HY?2 shares sequence 52%
and structural similarity to IL-1ra, and also significant
similarity to IL-36ra (Lin and others 2001; van de Veerdonk
and others 2018). The IL38 gene is located in chromosome
2, along with other members of the IL-1 family (Bensen and
others 2001), indicating that it is part of recent evolutionary
gene duplication. IL-38 is expressed in skin, fetal liver,
placenta, brain, thymus, and tonsils (Bensen and others
2001; Lin and others 2001; van de Veerdonk and others
2018). Remarkably, years later van de Veerdonk and col-
laborators reported that IL-38 is an accessory IL-36 receptor
antagonist that binds to the IL-36 receptor to decrease se-
cretion of IL-22 and IL-17 after stimulation with heat-killed
Candida albicans in memory T cells. It also reduced the
production of CXCLS8 by PBMCs induced by LPS, similar
to the canonical IL-36ra (van de Veerdonk and others 2012).
The confirmation of IL-38 binding to IL-36R came by using
immobilized extracellular domains of the IL-1 family re-
ceptors to screen receptor binding and IL-38 and IL-36ra
bound to the extracellular domain of IL-36 (van de Veer-
donk and others 2012). In addition, PBMCs treated with IL-
38 siRNA produced up to 28-fold more proinflammatory
cytokines (including IL-36, CCL2, and APRIL), suggesting
that IL-38 exhibits an antagonist function (Rudloff and
others 2015).

Several genome-wide association study (GWAS) studies
have associated IL-38 with human diseases where other IL-1
family cluster alleles have been implicated, including anky-
losing spondylitis, RA, and cardiovascular disease (Chou and
others 2006; Rahman and others 2006; Jung and others 2010;
Lopez-Mejias and others 2016). IL-38 has been reported to be
increased in patients with SLE, and its levels directly correlate
with an increased risk of renal lupus and central nervous sys-
tem lupus (Rudloff and others 2015). It has also been found that
IL-38 is increased in patients with hidradenitis suppurativa,
Hepatitis B, gestational diabetes mellitus, asthma, lung fibro-
sis, and lung adenocarcinoma (Chu and others 2016; Wang and
others 2016a; Takada and others 2017; Tominaga and others
2017; Yu and others 2017; Hessam and others 2018).

Interestingly, in Hepatitis B, IL-38 expression appears to
be a marker of good prognosis (patients with high levels of
IL-38 were more likely to respond to therapy). In the case of
asthma and cancer, it appears to be the opposite; in asthma,
it correlated with lower numbers of circulating Tregs, and in
cancer it was associated with higher expression of PD-L1 by
the tumors (Chu and others 2016; Wang and others 2016a;
Takada and others 2017). The function and role of IL-38
have not been extensively explored, and it is one of the IL-1
family members for which less information is available.
However, the data available strongly suggest that it is an
attractive candidate to be a potential target for human dis-
eases where the IL-36/IL-36R axis has been implicated.

Interleukin-39

In 2016, Wang and others (2016¢) described the most
recently discovered member of the IL-12 cytokine family,
IL-39. IL-39 is a heterodimer composed of the IL-23p19
alpha subunit and Ebi3 beta subunit. IL-39 was found to be
secreted as a heterodimer by activated B cells, similar to IL-
35. After LPS stimulation, IL-39 was significantly upregu-
lated in B cells. In addition, p19 and Ebi3 mRNA was found
to be expressed by DCs and macrophages (Wang and others
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2016c¢). Similarly to IL-35, IL-39 has been shown to mediate
inflammatory responses through activation of STAT1/
STAT3 (Floss and others 2017).

SLE is an autoimmune disease in which B cells increase
the production of autoantibodies (Oku and Atsumi 2018).
Wang and others found that activated B cells in lupus-prone
mice secreted IL-39. In addition, administration of IL-39
in vitro and in vivo induced the differentiation and/or ex-
pansion of neutrophils, which contribute to disease (Wang
and others 2016b, 2016¢). Knockdown of p19 or Ebi3 re-
duced lupus severity in mice. Therefore, IL-39 may be used
as a potential target for treating SLE.

Interleukin-40

IL-40 is the last cytokine to be discovered. We reported it
in October 2017 (Catalan-Dibene and others 2017). The
discovery of IL-40 followed a different approach than other
cytokines in this review. The gene encoding IL-40 is an-
notated in the human genome as C170rf99, and it is mainly
expressed by fetal liver, BM, and activated B cells, and
encodes a small secreted protein (27kDa) of 265 amino
acids, including a 20-amino-acid signal peptide. We became
interested in this gene while screening the body index of
gene expression (BIGE) database (Roth and others 2006) for
uncharacterized genes related to the immune system. C170rf99
was identified as a gene of interest because of its expression
pattern (obtained from the BIGE database) and the presence of
a signal peptide. Remarkably, it is not structurally related to
any other cytokine family, indicating that it likely has un-
ique evolutionary history. An estimated 10% of the human
genome encodes secreted proteins, and C170rf99 had been
identified as a potential gene of interest on a wide screen of
uncharacterized secreted genes (Clark and others 2003).
Furthermore, bioinformatics analyses revealed that gene
orthologs are only present in mammals, leading us to hy-
pothesize that the function of C170rf99 should be related to
a mammalian-specific immune function. That hypothesis
proved correct when we measured immunoglobulin (Ig)
levels in the milk of lactating 1/40”~ mice. There was a
significant decrease in the concentration of IgA in the milk
of 1140™" mice, and we also found that IL-40 is normally
expressed in the mammary gland before the onset of IgA
production. In fact, we found a general IgA deficiency in
11407 mice (not only in the mammary gland). Interestingly,
the gut of these mice is affected by the lack of IL-40, since
we found a lower number (and smaller size) of PPs, which
could be explained by a significant decrease in the number
of IgA™ B cells in the PPs as well as a dysregulated mi-
crobiota.

The IgA deficiency indicated that the function of IL-40 is
important for normal B cell function in the periphery. Thus,
we decided to explore a possible function of IL-40 in the
BM, where B cells originate. We hypothesized that B cell
development in the BM is impaired in 1[40~ mice. We first
observed that mice have reduced numbers of mature B cells
as well as Pre-B cells in the BM. Furthermore, the cells
producing IL-40 in the BM are stromal cells, probably a
subtype involved in lymphopoiesis. Following these results,
we wanted to know whether B cells in the periphery were
also affected in the 1[40~ mice. In fact, all B cell popula-
tions (transitional, follicular, and marginal zone) in the
spleen were significantly reduced when compared with WT
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mice, confirming that [L-40 plays a role in B cell maturation
in the BM and in the periphery.

We also analyzed the expression of IL-40 by activated B
cells. We found that IL-40 can be produced by spleen B
cells upon activation with anti-IgM, anti-CD-40, and IL-4,
but that their ability to produce IL-40 increases significantly
if the B cells are polarized in vitro with TGF-f. Therefore,
TGF-f is necessary to have increased expression of IL-40
by activated B cells, and is also necessary for IgA class
switching in naive B cells (Sonoda and others 2009). These
observations suggest that IL-40 is likely present during IgA
responses, although we were unable to demonstrate the role
of IL-40 in class switching. In addition, we observed that
human B cell lymphoma cell lines (OCI-Ly1) constitutively
express 1L-40, suggesting a potential role of IL-40 in human
B cell-associated diseases.

In recent years, the importance of B cells in autoimmunity
has become evident. Rituximab (an antibody against CD20,
a marker of human B cells) has been approved for treatment
of several autoimmune diseases (Musette and Bouaziz
2018). Recently, another anti-CD20 antibody has been ap-
proved for multiple sclerosis (Greenfield and Hauser 2018).
These developments point to a pivotal role of B cells in
autoimmunity. Given that the effectiveness of these treat-
ments depends on their ability to eliminate B cells and not
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plasma cells (since the latter do not express CD20), their
mechanism of action does not depend on the elimination of
autoimmune antibodies, but rather on the elimination of
effector functions directly mediated by B cells. The most
likely effector function therefore would be cytokine pro-
duction. From this perspective, the identification of a novel
B cell-associated cytokine is a very interesting development
(Luu and others 2014). We are confident that future studies
will reveal very interesting biology associated with IL-40 in
human disease.

Conclusion

We have reviewed the current state of research of 10 of
the latest cytokines described to date (summarized in
Table 1 and Fig. 1). It is apparent from the information
already available on these proteins that their potential
functional role(s) in both innate and acquired immune re-
sponses and their potential role in human disease are vast.
Still, it is apparent that the research focusing on these novel
cytokines is still in early stages. As an example, a literature
search on publications mentioning IL-10 in the US National
Library of Medicine of the National Institutes of Health
(pubmed.gov) yields 56,241 publications, while a similar
search for IL-35, one of the most ‘“popular’’ new cytokines,

IL-6 Superfamily

FIG. 1. Graphical representation of IL-30 to IL-40 and which cytokine superfamilies they belong to (or not). The
relationships of the IL-1 superfamily cytokines are based on their evolutionary analysis as described by Rivers-Auty and
others (2018). IL, interleukin.
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yields only 409 results. This suggests that there are many
novel fields of research to be defined based on the physi-
ology of these novel cytokines.

One of the biggest challenges after the identification of a
novel cytokine is to start defining its biology. Usually one of
the first steps is the production of a knockout mouse.
However, identifying a phenotype of a new knockout mouse
is not easy either. These considerations make this type of
research (searching for novel cytokines) a very challenging
project. Importantly, evolutionary considerations can sug-
gest functional roles. Even chromosomal location can pro-
vide important clues about the function of a particular gene
(Zlotnik and Yoshie 2012).

The discovery of cytokines in the late 20th and early 21st
centuries was supported by advances in molecular biology
techniques and the development of gene databases and
bioinformatics. Many of the cytokines, including several in
this review, were found because they belong to cytokine
superfamilies and share similarities to previously known
cytokines. In our experience, it has been very difficult to
uncover the physiology of IL-40, because it is encoded by a
previously uncharacterized gene for which no information
was available. This led us to rely on the characterization of an
11-40”" mouse, which indicates a role for IL-40 in IgA pro-
duction and B cell development. A key question is whether
there remain many other cytokines to be identified. Ten
percent of the human genome is estimated to encode se-
creted proteins, suggesting that there may be more. Given the
popularity of databases and gene arrays, and novel techniques
such as RNAseq and single-cell sequencing, we predict that
cytokines produced by relatively rare cell subsets are yet to
be identified. If so, we may also predict that their genes will
not be related to any of the known cytokine families.

Some of these novel cytokines exhibit very important
functions. Examples include cytokines such as IL-31 and its
association with pruritus, IL-35, and its ability to polarize T
cells and B cells into potent immune-suppressive cells or IL-
36 and its role in skin homeostasis. We can therefore predict
that the biology of these novel cytokines will open several
very interesting fields of research in the future.
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