Review

Journal of Inna.-te J Innate Immun 2016;8:15-22
Immumty DOI: 10.1159/000434646

Received: April 14,2015
Accepted after revision: May 29, 2015
Published online: July 21, 2015

Interleukin-26: An Emerging Player in
Host Defense and Inflammation

Sara Tengvall? Karlhans Fru Che®

Anders Lindén® ¢

2|nstitute of Medicine, University of Gothenburg, Gothenburg, and PInstitute of Environmental Medicine,
Karolinska Institutet, and “Lung Allergy Clinic, Karolinska University Hospital, Stockholm, Sweden

Key Words
Asthma - Cancer - Crohn’s disease - Interleukin-17 -
Rheumatoid arthritis - Th17 cells - Ulcerative colitis

Abstract

The production of interleukin (IL)-26 was initially attributed
to T cells, and in particular to Th17 cells. However, more re-
cent findings indicate IL-26 production in natural killer (NK)
cells, macrophages and fibroblast-like cells as well. It is
known that IL-26 binds to the IL-20R1/IL-10R2 receptor com-
plex on certain target cells, where it causes specific intracel-
lular signaling and the secretion of IL-1f, IL-8 and TNF-a. In
line with this type of proinflammatory role, IL-26 also in-
creases chemotaxis of human neutrophils. Interestingly,
high levels of IL-26 are present even in normal human air-
ways, and endotoxin exposure further enhances these lev-
els; this indicates involvement in antibacterial host defense.
Studies on acute inflammatory disorders are few but there
are studies showing the involvement of IL-26 in rheumatoid
arthritis and inflammatory bowel disease. In conclusion,
IL-26 is emerging as a potentially important player in host
defense and may also be a pathogenic factor in the chronic
inflammatory disorders of humans. ©2015S. Karger AG, Basel

Introduction

The realization that single cytokines may constitute
important targets for novel therapies has driven academ-
ic and industrial researchers to identify and characterize
novel cytokines in mammals, including humans. As a re-
sult, there are now several examples of promising thera-
pies that target cytokines, including antibodies against
granulocyte-macrophage  colony-stimulating  factor
(GM-CSF), interleukin (IL)-5, IL-4/IL-13 and IL-17 [1-
3]. This field is thus rapidly evolving and is likely to prove
important for future therapy.

The cytokine IL-26 was discovered more than 10 years
ago in herpesvirus saimiri-transformed CD8+ T cells that
displayed an increased gene expression of i[26 [4]. Given
this essential observation, it is surprising that so few inte-
grative studies on the role of IL-26 in vivo have been con-
ducted up to now. However, there are now 3 fairly recent
in vivo studies on IL-26 that are driving this interesting
area of knowledge forward. In this review, we scrutinize
the most intriguing findings so far, with a focus on the
immunology of IL-26 in physiological and pathological
conditions, and point out important gaps in current
knowledge.
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The Molecule and Its Gene

IL-26 is a 171-amino acid protein that belongs to the
IL-10 family of cytokines, a family that includes IL-10, IL-
19, IL-20, IL-22 and IL-24 [5]. The IL-26 protein is en-
coded by the IL26 gene located on chromosome 12q15
between genes for interferon (IFN)-y and IL-22 [6, 7],
and is conserved in several vertebrate species but not in
mice and rats [8]. The cytokine IL-26 was originally
named AK155, and the molecule comprises a signal se-
quence, 6 helices and 4 conserved cysteine residues [4].
The IL-26 protein is secreted as a highly basic protein that
probably operates both as a monomer and as a homodi-
mer [4]. Even though IL-26 shares approximately 25% of
its amino acid homology with IL-10, and utilizes one of
the IL-10 receptor subunits as a cell surface receptor [7,
9], a growing body of evidence indicates that the func-
tional effects of IL-26 differ substantially from those of
IL-10.

Receptor and Intracellular Signaling

Receptor Complex

After the identification of the IL-26 gene and its en-
coded protein, the functional IL-26 receptor heterodimer
consisting of the IL-20R1/IL-10R2 subunits was identi-
fied by two independent research groups [7, 9]. In this
receptor heterodimer complex, the subunit IL-20R1 was
shown to harbor the specific ligand-binding site for IL-26
whereas the IL-10R2 subunit acts as an essential second
chain that completes the assembly, thereby providing an
active and functional receptor complex, as summarized
in figure 1 [7]. As demonstrated in epithelial cells, neu-
tralizing antibodies towards either of the 2-receptor sub-
units blocks IL-26 signaling, suggesting that both are
needed for the function of the receptor complex [9].
However, the receptor biology for IL-26 is in need of fur-
ther scrutiny, not least in hematopoietic immune cells;
this is because anti-CD40-stimulated B cells respond to
IL-26 with decreased secretion of immunoglobulin (Ig)A
and IgG, despite the lack of IL-20R1, an observation that
makes it feasible that additional receptors exist [10].

Intracellular Signaling

Most likely, once the IL-26 receptor complex is fully
assembled, it signals via the receptor-associated Janus ty-
rosine kinases Jak1 and Tyk2, involving altered activation
of both signal transducers and activators of transcrip-
tion (STAT)1 and, in particular, STAT-3, as indicated in
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Cell membrane

STAT1 and STAT3

Fig. 1. Overview of the IL-26 receptor complex, with the receptor
subunits (IL-20R1 and IL-10R1) plus the involved intracellular sig-
naling molecules. Akt = Protein kinase B; ERK1/2 = extracellular
signal-related kinase; Jak = receptor-associated Janus tyrosine ki-
nase; JNK1/2 = c-Jun N-terminal kinase; Tyk = receptor-associat-
ed Janus tyrosine kinase.

figure 1 [4, 7, 9]. Moreover, IL-26 activates the extracel-
lular signal-related kinase (ERK)-1/2, stress-activated
protein kinase/c-Jun N-terminal kinase (SAPK/JNK)-
1/2, mitogen-activated protein (MAP) kinases, and also
protein kinase B, commonly known as Akt [11]. How-
ever, the intracellular signaling cascade farther down-
stream of the IL-26 receptor complex is in need of further
characterization.

Receptor Expression

While IL-10R2 is ubiquitously expressed [12], the ex-
pression of IL-20R1 is absent in unstimulated human pe-
ripheral blood cells [13] and cancer cell lines from the
human liver, cervix and pancreas. In contrast to this, IL-
20R1 is expressed in colon carcinoma and keratinocyte
cell lines [9]. This was logically interpreted as a proof for
nonhematopoietic cell types to constitute the main tar-
gets for IL-26. Whilst the effect on nonhematopoietic
cells has been verified, a very recent study shows that
IL-26 per se causes the upregulation of the IL-20R1 gene
in primary immune cells from human lungs - and that
the gene expression for IL-20R1, IL-10R2, STAT1 and
STATS3, respectively, is increased by IL-26 in both the im-
mune and epithelial cells from human lungs [14]. Inter-
estingly, this suggests that IL-26 can alter the responsive-
ness to itself in immune cells and certain structural cells
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(i.e. epithelial cells), thereby providing evidence for a pos-
itive feedback loop. Whether or not the expression of IL-
26 receptor subunits and its downstream signaling mol-
ecules is altered during the time course of inflammation
has still to be addressed.

In terms of cells residing in tissue, the gene expression
of IL-20R1 has been demonstrated in human fetal skin,
but this type of expression is absent in the fetal heart, kid-
ney, small intestine [7] and liver [15]. Moreover, under
physiological conditions, IL-20R1 appears to be expressed
in the adult brain, especially in the cerebellum, in the me-
dulla and spinal cord as well as in the heart, lung, stom-
ach, testis, placenta, salivary glands, pancreas, ovary,
uterus and prostate [7, 15]. In contrast, IL-20R1 has not
been observed in the human spleen, liver, kidney and co-
lon. However, whether the presence of IL-20R1 is altered
in tissues in patients with acute or chronic inflammatory
disorders still needs to be investigated.

Cellular Sources

T Cells

An early report claimed gene expression for IL-26 in T
cells, based upon RT-PCR analyses in CD4+, CD8+ and
yO herpesvirus-transformed or mitogenic-stimulated T
cell lines [4]. According to the same report, there is gene
expression for IL-26 even in naive T cells, but to a lesser
extent than in activated T cells. Upon considering the
gene regulation, it is interesting to note that in 1 study,
costimulation of T cells with anti-CD3 and anti-CD28
showed no significant effect on the gene expression for
IL-26 [13]. However, Th1-polarized cells can display up-
regulation of the gene expression for IL-26 as well where-
as T cells polarized towards a regulatory phenotype dis-
play a corresponding downregulation of IL-26 [13].

Th17 Cells

In a seminal study on T-cell biology, it was demon-
strated that exposure to IL-23 and IL-1f induces the de-
velopment of Th17 cells, an intriguing subpopulation that
is characterized by gene expression for not only IL-17A,
but also for IL-17F, IL-22, IEN-y, CCL20, the transcrip-
tion factor RORyt and IL-26 [16]. This observation was
supported by a second study on Th17 cells from the blood
that demonstrated a correlation between the gene expres-
sions of IL-26 and IL-17A [17]. Moreover, an interesting
mechanistic link between Th17 cells and IL-26 was impli-
cated by the study from Corvaisier et al. [18], showing
that not only is IL-26 produced by infiltrating Th17 cells

IL-26 in Host Defense and Inflammation

Fig. 2. Immunocytofluorescent image of alveolar macrophages ex-
pressing IL-26 protein. The macrophage marker CD68 is indicated
inred, the nuclei in blue and IL-26 protein in green. Reprinted with
permission of The American Thoracic Society© [14].

in the synovia of patients with rheumatoid arthritis (RA)
but it also upregulates the intracellular production and
secretion of IL-17A by memory CD4+ T cells. The same
study implicated IL-26 in the increases of numbers of
Th17 cells, but not Th1 or Th2 cells. This observation sug-
gests that IL-26 drives a functional and positive feedback
loop, by which its signaling sustainability and influence
on inflammation is preserved. This finding was recently
verified and expanded when a functional deviation of
Th17 cells was demonstrated in vitro when IL-4Ra stimu-
lation (the receptor subunit shared by IL-4 and IL-13)
resulted in diminished IL-17F gene expression whilst the
gene expression of IL-26 remained unaltered [19].

B Cells

The first and only report so far indicates a very weak
gene expression of IL-26 in human herpesvirus 8-trans-
formed B cells [4].

Natural Killer Cells

A follow-up study indicated that although the expres-
sion of the IL-26 gene mainly takes place in memory T
cells (CD4+CD45R0+), it is also present to some extent
in natural killer (NK) cells [13]. The finding that NK cells
express low levels of IL-26 mRNA was subsequently fol-
lowed up by a study showing that NKp44+ cells, repre-
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Fig. 3. Proposed cellular sources and ac-
tions of IL-26 in human organs. Fibro = Fi-
broblasts; Macro = macrophages; Neutro =
neutrophils.
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senting a human NK cell subset that is localized in mu-
cosa-associated lymphoid tissues, produce substantial
amounts of IL-26 and IL-22 in response to stimulation
with the archetype Th17 regulator [20].

Macrophages

The first published study on the topic suggested that
monocytes do not express the gene for IL-26 but it exam-
ined a cell line, not primary cells [4]. It was therefore of
conceptual importance that a recent study on primary
airway cells from healthy human volunteers demonstrat-
ed the gene expression and secretion of IL-26 in alveolar
macrophages in vivo and ex vivo; the expression was fur-
ther enhanced by exposure to bacterial endotoxin [14]. As
shown in figure 2, the study demonstrated an abundance
of IL-26 protein in airway macrophages in vivo, and this
finding warrants further study of macrophages in human
organs other than the lungs.

Structural Cells

In addition to what is described above, the first pub-
lished study on the topic suggested that fibroblasts and
transformed epithelial-gland cells do not express the gene
for IL-26 but, again, this study examined cell lines [4]. In
comparison to the case for monocytes/macrophages pre-
sented above, a subsequent study on primary fibroblasts
demonstrated gene expression for IL-26 in a synoviolin-
positive subset of these structural cells, i.e. cells that were
harvested from the hyperplastic lining cell layer of the
synovia of patients with RA [18]. In fact, these fibroblasts

18 J Innate Immun 2016;8:15-22
DOI: 10.1159/000434646

appeared to constitute the major source of IL-26 in the
inflamed synovia of the referred patients.

Tentatively, as summarized in figure 3, there is evi-
dence to indicate that several types of classic, hematopoi-
etic immune cells produce and secrete IL-26, and evi-
dence is emerging that certain nonhematopoietic, struc-
tural cells are also capable of producing it.

Effector Functions

Even though the current knowledge remains superfi-
cial from a wholistic point of view, there is now evidence
that the effector function of IL-26 depends upon the type
of cellular target and the costimulatory conditions [14, 18,
21]. Despite the structural similarity with the archetype
anti-inflammatory cytokine IL-10, and the sharing of one
of its heterodimer receptor subunits, functional studies
are compatible with IL-26 driving or sustaining inflam-
mation rather than suppressing it. However, it should be
emphasized that hitherto, very little has been known
about the functions of IL-26 in homeostasis during phys-
iological or pathological conditions.

Host Defense
It seems reasonable to assume that mucosal surfaces

are constantly being exposed to microbial stimuli and
that there is a delicate balance whereby microbes induce
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a sufficiently effective antimicrobial immune response
without causing long-lasting mucosal inflammation with
a harmful effect on the tissue of the host. In this context,
IL-26 may prove functionally important, but, so far, lim-
ited research efforts have been made with reference to its
production after microbial challenges [14].

Host Defense against Extracellular Bacteria

Interestingly, IL-26 may be involved in host defense
against components from the cell membrane of extracel-
lular bacteria, as indicated by a recent in vivo and in vitro
study on human blood monocytes exposed to endotoxin
(LPS) from Escherichia coli [13]. While stimulation of
these monocytes with LPS for a substantial period (up to
18 h) did not alter the gene expression of IL-26 [13], the
very same stimulus upregulated the gene expression in
differentiated lung macrophages, and caused the release
of IL-26 protein in these innate effector cells [14]. It thus
seems possible that, after extravasation, monocytes ma-
ture and differentiate into tissue macrophages that de-
velop the capacity to produce IL-26 in response to Gram-
negative bacteria. The relevance of this for conditions in
vivo is indicated by the observation that local exposure to
endotoxin enhances IL-26 protein concentrations in hu-
man airways, and this increase in IL-26 is strongly associ-
ated with the local accumulation of macrophages [14].

Host Defense against Intracellular Bacteria

The involvement of IL-26 in host defense against in-
tracellular bacteria has also been indicated [22]. A recent
study described the potential role of IL-26 infection with
Mycobacterium tuberculosis in isolated human blood
monocytes cultured in vitro [22]. By screening for altered
gene expression with microarray analysis, it was discov-
ered that the IL-26 gene was downregulated in monocytes
from tuberculosis patients. However, while blood mono-
cytes from healthy controls secreted IL-26 protein into
the conditioned medium, the monocytes that were infect-
ed with M. tuberculosis secreted less IL-26. Moreover,
when IL-26 was added into a whole-blood culture of M.
tuberculosis, this cytokine did in fact inhibit the observed
pathogen-Kkilling capability in vitro.

Clearly, IL-26 may be involved in host defense against
bacteria in more ways than affecting macrophages. Re-
cent data on isolated neutrophils indicate that IL-26 in-
hibits the spontaneous release of myeloperoxidase (MPO)
from these innate effector cells in vitro [14]. The release
of MPO from azurophilic granules of neutrophils is im-
portant for the production of reactive oxygen species that
kill bacteria [23], so this observation is compatible with

IL-26 in Host Defense and Inflammation

IL-26 exerting a modulatory role in antibacterial host de-
fense during certain conditions or time points of the im-
mune response. However, MPO is also known to stimu-
late apoptosis in neutrophils [24, 25]; it is thus just as pos-
sible that the decreased release of MPO from neutrophils
in response to recombinant IL-26 mirrors suppresses
apoptosis, thereby emphasizing the potential of IL-26 as
a neutrophil-regulating cytokine. Yet, the role of IL-26
appears dualistic with regard to neutrophils, given that
IL-26 enhances chemotaxis (directed migration) of hu-
man blood neutrophils, caused by the C-X-C chemokine
IL-8 or the bacterial compound N-formyl peptide in vi-
tro, but inhibits chemokinesis (undirected migration) at
the same time [14]. Taken together, these observations
are compatible with IL-26 being important for favoring
the meaningful migration of neutrophils to sites of infec-
tion and inflammation, while at the same time limiting
less meaningful, undirected migration of neutrophils
and, finally, for increasing the survival of these critical in-
nate effector cells.

Host Defense against Viruses

Given that the discovery of gene expression for IL-26
was due to the transformation of T cells by a virus, it
seems feasible that IL-26 plays a role in antiviral host
defense. In line with this, epithelial cells that constitute
a first physical ‘barrier’ against many viruses, do express
IL-20R1 [11, 26]. A recent study examined the role of
IL-26 in viral infection models of epithelial cells [27].
Here, rhabdovirus vesicular stomatitis infection of epi-
thelial cells was strongly enhanced by stimulation with
IL-26, while human cytomegalovirus infection was in-
hibited and herpes simplex virus type 1 infection re-
mained unaltered by IL-26 stimulation. However, the
increased infectivity of vesicular stomatitis virus was in-
dependent of the expression of the IL-26 receptor on the
epithelial cells, and the investigators attributed the effect
of IL-26 to interference between the negatively charged
surfaces of viruses and target cells instead of the expect-
ed signaling via the IL-26 receptor complex [27]. More-
over, a large-cohort study on patients with chronic in-
fection by hepatitis C virus indicated markedly elevated
serum levels of IL-26 in these patients, especially in
those with severe disease. This particular study demon-
strated IL-26 in infiltrating CD3+ lymphocytes, but not
in the resident hepatocytes in fibrotic and inflammatory
liver lesions. Due to the functional importance of NK
cells in antiviral hepatitis C virus immunity, the authors
also investigated the effect of IL-26 on the NK cells of
healthy donors, and obtained evidence that the NK cells
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were sensitive to IL-26 [28]. In fact, the IL-26-stimulated
NK cells killed hepatitis C virus-infected hepatocytes in
a TRAIL-dependent manner as efficiently as IFN-
1-stimulated NK cells [28].

Inflammation

Specifically, it has been established that fibroblast-like
synovial cells from patients with RA increase IL-26 secre-
tion in response to IL-1P and IL-17A. Also, monocytes
from the referred patients respond to IL-26 in a dose- and
time-dependent manner and secrete IL-1B, IL-6 and
TNEF-a [18]. It is interesting to note that such responses
are all prevented in the presence of I1L-4, IL-10, IL-13 or
TGF-B. While no upregulation of the IL-26 gene was de-
tected in IL-26-stimulated monocytes, these cells showed
increased gene expression of IL-24 and macrophage in-
flammatory protein 3a (CCL20) [18]. In another study,
IL-26 stimulated the release of IL-8 in keratinocytes [9].
In an even more recent study, IL-26 stimulated primary
immune cells from human airways to release neutrophil-
mobilizing cytokines, including IL-1p, TNF-a, IL-8 and
GM-CSF [14]. In the same study, IL-26 suppressed the
corresponding cytokine release in human primary bron-
chial epithelial cells [14].

Evidently, there is an intriguing ‘duality’ of IL-26 in
terms of displaying classic proinflammatory and anti-
inflammatory effects (fig. 3). The gene expression and
protein secretion of IL-26 is upregulated in response to
archetype proinflammatory mediators, whereas stimula-
tion by IL-26 per se causes the production of the same
archetype proinflammatory mediators, plus the recruit-
ment of innate effector cells to the site of infection. Fur-
ther characterization of these features may prove critical
for understanding the immunology of IL-26 under phys-
iological and pathological conditions.

Inflammatory Disorders

Acute Inflammatory Disorders

To the best of our knowledge, no studies have focused
on the role of IL-26 in acute inflammatory disorders, such
as acute ischemia or the systemic inflammatory response
syndrome. However, since IL-26 can be released in high
quantities in response to classic proinflammatory stimuli
and is involved in mediating neutrophil mobilization in
human lungs [14], it seems likely that this intriguing cy-
tokine is involved in acute inflammatory disorders.
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Chronic Inflammatory Disorders

RA constitutes a classic example of a chronic inflam-
matory condition, and elevated concentrations of IL-26
have been detected in the synovial fluid and serum of pa-
tients with this disease [18]. Moreover, 2 single-nucleo-
tide polymorphisms in or near the IL-26 gene are associ-
ated with an increased risk to develop RA, even though
only in a gender-specific manner [29].

Another classic example of chronic inflammatory dis-
orders is Crohn’s disease; patients suffering from this dis-
order display increased gene expression of IL-26 in in-
flamed colonic mucosa and this expression correlates sig-
nificantly with upregulated gene expression for IL-22 and
IL-8 [11]. In addition, the number of IL-26-expressing
cells per se is increased in inflamed tissue, a finding that
can, at least in part, be attributed to the infiltration of
Th17 cells. This local increased expression of IL-26 is also
reflected in the serum of Crohn’s patients compared to
healthy controls [11]. Another potentially important ob-
servation is that the gene expression of IL-26 is increased
in the serum and lesional skin tissue of psoriasis patients
[30] as well as in the sera of patients suffering from mul-
tiple sclerosis [31]. Additional observations that support
the role of IL-26 in chronic inflammatory disorders is the
fact that IL-26-producing Th17 cells constitute up to 30%
of infiltrating T lymphocytes that have been directly iso-
lated from inflamed lesions of patients with psoriasis vul-
garis and RA or in the bronchial biopsies of patients with
severe asthma [32]. Finally, as recently demonstrated, a
third identified single nucleotide polymorphism in the
IL-26 gene strongly correlates with the development of
the chronic inflammatory disorder ulcerative colitis [33].

Tentatively, observational studies on patients with
mucosal-associated infections as well as chronic inflam-
matory disorders in the intestines, skin and joints all sug-
gest involvement and upregulation of IL-26 in the pathol-
ogy. Even though the specific pathophysiological role of
IL-26 needs to be defined better, there are indications that
variations in the IL-26 gene are associated with the devel-
opment of chronic inflammatory disorders involving
mucosal surfaces. Future studies may reveal whether epi-
genetic alterations of the IL-26 gene or its controlling
mechanisms are involved in these disorders.

Cancer
Intriguingly, the stimulation of colon carcinoma cells

with recombinant IL-26 causes the upregulation of inter-
cellular adhesion molecule 1 (ICAM-1) protein and the re-
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lease of IL-10 and IL-8 protein [9]. The functional meaning
of these results is difficult to interpret, given that the expres-
sion of ICAM-1 is important for the extravasation of leu-
kocytes (particularly neutrophils) into the tissue. Whereas
IL-8 recruits neutrophils into the tissue, IL-10 instead
counteracts this type of leukocyte mobilization. Thus, the
net outcome of these seemingly counteracting events has
still to be verified in functional studies. In another study,
IL-26 caused decreased proliferation in a colorectal-cancer
cell line [11]. In human gastric-cancer cells, on the other
hand, IL-26 induces STAT3-dependent upregulation of
Bcl-2, Bcl-xl and c-myc malignant carcinoma cells, thereby
promoting both cell survival and proliferation [21]. Thus,
IL-26 exerts potentially important effects on cancer cells
but the current data appear conflicting and it remains for
the conceptual importance of IL-26 in cancer to be clarified.

Conclusions
From a conceptual point of view, current under-

standing of the immunology and pathology of IL-26 re-
mains sparse. Evidently, classic hematopoietic immune

cells as well as nonhematopoietic structural cells can
constitute sources of IL-26 protein release and both ex-
tra- and intracellular bacteria may trigger this release. It
seems feasible that IL-26 can drive inflammation by en-
hancing the influx of neutrophils and stimulating the
release of proinflammatory cytokines and chemokines
from mature macrophages, monocytes, fibroblasts and
epithelial cells. In addition, IL-26 may mobilize Th17
cells in infected or inflamed tissues. Moreover, IL-26 is
involved in chronic inflammatory disorders like inflam-
matory bowel disease and RA, but its role in more acute
inflammatory disorders has still to be established. As in-
dicated by the specific molecular and cellular events re-
lated to IL-26 in some chronic inflammatory disorders,
IL-26 may be involved in autoimmune disease as well.
Clearly, the involvement of IL-26 in tumor biology is in
need of further study. Thus, even when the limitations
of current knowledge are taken into account, IL-26
emerges as an important player in host defense and in-
flammation, with the potential to constitute a therapeu-
tic target in infections and chronic inflammatory disor-
ders.
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