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ABSTRACT
Interleukin (IL)-26, known as a Th17 cytokine, acts on various cell types and hasmultiple biological functions.
Although its precise role still remains to be elucidated, IL-26 is suggested to be associated with the
pathology of diverse chronic inflammatory diseases such as psoriasis, inflammatory bowel diseases and
rheumatoid arthritis. To develop novel neutralizing anti-human IL-26 monoclonal antibodies (mAbs) for
therapeutic use in the clinical setting, we immunizedmice with human IL-26 protein. Hybridomas producing
anti-IL-26 mAbs were screened for various in vitro functional assays, STAT3 phosphorylation and antibiotic
assays. Although the IL-20RA/IL-10RB heterodimer is generally believed to be the IL-26 receptor, our data
strongly suggest that both IL-20RA-dependent and -independent pathways are involved in IL-26-mediated
stimulation. We also investigated the potential therapeutic effect of anti-IL-26 mAbs in the imiquimod-
induced psoriasis-like murine model using human IL-26 transgenic mice. These screening methods enabled
us to develop novel neutralizing anti-human IL-26 mAbs. Importantly, administration of IL-26-neutralizing
mAb did not have an effect on the antimicrobial activity of IL-26. Taken together, our data strongly suggest
that our newly developed anti-human IL-26mAb is a potential therapeutic agent for the treatment of diverse
chronic inflammatory diseases including psoriasis.
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Introduction

Originally discovered in herpesvirus saimiri-transformed T
cells,1 human interleukin (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-24.2,3 Human IL-26
protein is encoded by the IL26 gene located on chromosome
12q15 between the genes for interferon (IFN)-γ and IL-22, and is
conserved in several vertebrate species but not found inmice and
rats.4 Production of IL-26 was first reported frommemory CD4+

T cells and natural killer (NK) cells,5 and IL-26 is now known as
a Th17 cytokine.6 Recently, production of IL-26 by various cell
types, such as synoviocytes from rheumatoid arthritis patients,
alveolar macrophages and bronchial epithelial cells, has been
reported.7–9 It is generally believed that the IL-20RA/IL-10RB
heterodimer is the IL-26 receptor. Binding of IL-26 to IL-20RA/
IL-10RB results in functional activation via STAT3
phosphorylation.10 While IL-10RB is ubiquitously expressed in
various cells, expression of IL-20RA, the key IL-26 receptor
subunit that mediates IL-26 signaling, is observed in epithelial
cell types such as keratinocytes, intestinal and lung epithelial
cells, strongly suggesting that IL-26 likely plays important roles
in cutaneous and mucosal immunity.

Studies on the effect of IL-26 on IL-20RA-expressing cells have
shown that IL-26 regulates production of IL-8 from keratinocytes,
and enhances the production of IL-10, IL-8, and tumor necrosis
factor (TNF) and the surface expression of CD54 (ICAM-1) on
intestinal epithelial cells.10,11 Although the expression of IL-20RA
is not observed in human peripheral blood T cells, B cells, NK cells
and monocytes,5 IL-26 effects on human monocytes and NK cells
have also been reported recently. IL-26 acts on humanmonocytes
and NK cells to induce the production of inflammatory cytokines
and to enhance cell surface TRAIL expression.7,12 Moreover, we
have recently shown that IL-26 directly acts on vascular endothe-
lial cells to promote proliferation and tube formation at a similar
level as vascular endothelial growth factor (VEGF) regardless of
the deficiency of IL-20RA expression in vascular endothelial
cells.13 These findings strongly implicate the existence of
a distinct IL-26 receptor other than the IL-20RA/IL-10RB hetero-
dimer. In addition to its immunological effects, IL-26 exerts anti-
microbial activity and contributes to host defense against both
extracellular and intracellular bacteria.14,15 However, the antimi-
crobial activity of IL-26 seems to be inefficient in hidradenitis
suppurativa patients, a chronic inflammatory skin disorder
accompanied by severe and recurrent skin infections, suggesting
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that cutaneous antimicrobial incompetence in hidradenitis sup-
purativa may be related to IL-26.16

Due to the deficiency of the gene encoding IL-26 in mice, the
precise functions and identification of target cells of IL-26 in
inflammatory disorders remain to be elucidated. Meanwhile,
recent studies have demonstrated that IL-26 is locally expressed
at inflammatory sites, and its expression level is increased in
serum, sputum, synovial fluid, bronchoalveolar lavage fluid and
cerebrospinal fluid of patients with diverse chronic inflammatory
diseases such as psoriasis, inflammatory bowel diseases, rheuma-
toid arthritis, spondyloarthritis, multiple sclerosis, pediatric
asthma, Behcet’s disease, allergic contact dermatitis and chronic
obstructive pulmonary disease.6,7,11,17–23 Our group has used
human IL-26 bacterial artificial chromosome (BAC) transgenic
(hIL-26Tg) mice24,25 or human T cell-transplanted immuno-
deficient mice to elucidate the role of IL-26 in inflammatory
disorders. We recently showed that IL-26 activates both human
and murine fibroblasts, leading to increased collagen production,
and that human IL-26-producing CD4 T cells are deeply involved
in the pathophysiology of pulmonary chronic graft-versus-host
disease (GVHD).26,27 More recently, we found that vasculariza-
tion and immune cell infiltration were dramatically enhanced in
hIL-26Tg mice in the imiquimod (IMQ), a potent agonist of Toll-
like receptor (TLR) 7 and TLR8, -induced psoriasis-like murine
model.13 These findings strongly suggest that IL-26 may represent
a novel promising therapeutic target for refractory chronic inflam-
matory diseases, for which currently available drugs cannot yet
achieve the desired therapeutic outcome.

Although several anti-human IL-26 monoclonal antibodies
(mAbs) are commercially available, these mAbs are designated
as research reagents for Western blotting, flow cytometry or
enzyme-linked immunosorbent assay (ELISA), not for neutrali-
zation. We and other groups showed that polyclonal antibodies
(pAb) purchased from R&D Systems completely blocked IL-26
stimulation in vitro while also having in vivo functions.10,12,26

However, pAbs are not the ideal reagents for therapeutic use in
the clinical setting. Selection of the appropriate screening meth-
ods is crucially important for the development of novel mAbs
designed to serve specific purposes. In contrast with the mAbs
that are only suitable for flow cytometry or ELISA, anti-human
IL-26 mAbs useful for neutralization can recognize specific
regions of IL-26 that are essential for binding with its receptor.
Although the number of uncharacterized receptors involved in
IL-26-mediated activation is not yet known, the binding regions
of IL-26 to these receptors would be different from the IL-26
binding domain for IL-20RA/IL-10RB, and the inhibitory effect
of anti-IL-26 neutralizing mAbs on the binding of IL-26 to its
receptors would be different, depending on the kind of receptor.

For these reasons, to accurately evaluate the neutralizing
capacity of mAbs in the this study, our chosen screening
methods included both in vitro functional assays utilizing
various cell types and in vivo evaluation of the potential
therapeutic effect, resulting in the successful development of
novel neutralizing anti-human IL-26 mAbs. Our data strongly
suggest that the newly developed anti-human IL-26 mAbs
may represent a novel promising therapeutic strategy for the
treatment of diverse chronic inflammatory diseases including
psoriasis and chronic GVHD.

Results

Development of novel neutralizing anti-human IL-26
mAbs

To develop novel anti-human IL-26 neutralizing mAbs for
therapeutic use, we immunized mice with recombinant
human IL-26 protein. After the fusion of splenocytes of
immunized mice and P3U1 myeloma cells, the culture super-
natant was first screened by ELISA for selective reactivity with
human IL-26. In the first screening, 40 ng of recombinant
human IL-26 was coated per well. To exclude the possibility of
non-specific binding to the blocking proteins, we prepared the
wells coated with carbonate bicarbonate buffer alone (without
recombinant human IL-26), subsequently blocked with block-
ing proteins and incubated with hybridoma supernatants.
From our examination of various blocking proteins such as
bovine serum albumin, fetal bovine serum (FBS) and milk
proteins, BlockAce containing milk proteins was the best
blocking buffer to reduce the background absorbance. If the
absorbance to human IL-26 was higher than 0.5, the clone was
judged to be sufficiently reactive to human IL-26. As a result
of the first screening, more than 80 clones were selected for
the next screening.

Binding with the IL-20RA/IL-10RB heterodimer resulting in
functional activation via STAT3 phosphorylation is a well-
known characteristic of IL-26. Therefore, to screen for anti-
human IL-26 mAbs suitable for neutralization of IL-26, in vitro
functional assays utilizing IL-20RA-expressing cells were con-
ducted for the next round of screening. We examined mRNA
and cell surface protein expression of IL-20RA and IL-10RB in
several cell lines by real-time RT-PCR and flow cytometry,
respectively. As reported previously,5,10,11,28 mRNA expression
of IL-20RA was detected in the human keratinocyte cell line
HaCaT, human colon cancer cell lines COLO205, LoVo, HT-29
and human gastric cancer cell line MKN45 (Figure S1(a)).
Among them, the expression of IL-20RA in COLO205 was the
most prominent at bothmRNA and cell surface protein levels. In
contrast, neither mRNA nor cell surface protein expression was
detected in human umbilical vein endothelial cells (HUVEC)
(Figure S1). The expression of IL-10RB was detected at both
mRNA and cell surface protein levels in all the cells. Although
multiple biological effects of IL-26 on various cell types have
been reported, we focused on ICAM-1 expression on COLO205
following IL-26 stimulation. COLO205 was then stimulated with
IL-26 in the presence of the culture supernatant from more than
80 clones, and cell surface ICAM-1 expression on COLO205 was
analyzed by flow cytometry. The clones that had the potential to
inhibit ICAM-1 expression on IL-26-stimulated COLO205 were
screened, and the neutralizing capacity of each clone was reex-
amined following purification of mAbs from culture superna-
tants. As a result of the second screening utilizing COLO205, we
obtained 4 clones with the potential to neutralize human IL-26.

The reactivity of the representative 4 clones to human IL-26
was confirmed by ELISA. As shown in Figure 1(a), all the novel
anti-IL-26 mAbs reacted well to the immobilized IL-26, and the
absolute value of absorbance increased in an antigen dose-
dependent manner. Among them, the absolute value of absor-
bance to IL-26 incubated with 20–3 mAb or 69–10 mAb was
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particularly higher than the absorbance to IL-26 incubated with
the commercially available anti-IL-26 mAb (Figure 1(a)). Since
human IL-26 has been categorized into the IL-10 family, with
approximately 25% homology and 47% similarity to human IL-
10,29 the reactivity of the novel anti-IL-26 mAbs to immobilized
human IL-10 was analyzed. No non-specific binding to human
IL-10 was observed in the 4 mAbs and commercially available
anti-IL-26 mAb (Figure 1(b)).

The inhibitory effect of the novel anti-IL-26 mAbs on cell
surface ICAM-1expressionon IL-26-stimulatedCOLO205 cells

Although we could not obtain mAb that completely suppressed
ICAM-1 expression on IL-26-stimulated COLO205, the addition
of 2–2 mAb, 20–3 mAb, 31–4 mAb or 69–10 mAb partially

inhibited ICAM-1 expression on IL-26-stimulated COLO205
(Figure 2(a)). Of note, while addition of the commercially available
anti-IL-26 pAb completely inhibited ICAM-1 expression on IL-
26-stimulated COLO205 to a level similar to unstimulated
COLO205, addition of the commercially available anti-IL-20RA
pAb only partially inhibited ICAM-1 expression on IL-26-stimu-
lated COLO205 to a level similar to 69–10 mAb (Figure 2(a)).
Addition of the commercially available anti-IL-10RB pAb hardly
affected ICAM-1 expression on IL-26-stimulated COLO205
(Figure 2(a)).

We also examined the inhibitory effect of a combination of
novel anti-IL-26 mAbs on ICAM-1 expression. As shown in
Figure 2(b), a combination of 69–10mAb and 2–2mAb additively
inhibited ICAM-1 expression on IL-26-stimulated COLO205
compared with 69–10 mAb alone. Moreover, addition of 20–3

Figure 1. Representative results of ELISA analysis with novel anti-IL-26 mAbs.
Immobilized recombinant human IL-26 (rhIL-26) (a) or IL-10 (rhIL-10) (b) was incubated with purified novel mouse anti-human IL-26 mAb (2–2, 20–3, 31–4 or 69–10)
or commercial mouse anti-human IL-26 mAb (R&D Systems). The absorbance at 450 nm/570 nm was measured. Representative data of three independent
experiments are shown as mean ± S.D. of triplicate samples, and similar results were obtained in each experiment.
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mAb and 31–4 mAb further suppressed ICAM-1 expression
on IL-26-stimulated COLO205. (Figure 2(b)). As shown in
Figure 2(c) (representative histograms are shown in Figure 2(d)),
ICAM-1 expression on IL-26-stimulated COLO205 was inhibited
in an antibody dose-dependent manner, and the combination of 4
mAbs almost completely inhibited ICAM-1 expression on IL-26-
stimulated COLO205 to a level nearly identical to the commer-
cially available anti-IL-26 pAb.

The inhibitory effect of the novel anti-IL-26 mAbs on
STAT3 phosphorylation in IL-26-stimulated COLO205 cells

We next analyzed the inhibitory effect of the novel anti-IL-26
mAbs on STAT3 phosphorylation in IL-26-stimulated COLO205.
We first examined the phosphorylation level of STAT3 in
COLO205 following IL-26 stimulation by Western blotting, with
recombinant human IL-22 and IL-6 used as positive controls. As
shown in Figure 3(a), stimulation with IL-26 resulted in the
prominent phosphorylation of STAT3 in COLO205 with a peak
around 10 min. The peak intensity of STAT3 phosphorylation in
COLO205 following IL-26 stimulation was stronger than IL-6
stimulation, a well-known inducer of STAT3 phosphorylation,
although the intensity was further amplified following IL-22

stimulation for 10 min (Figure 3(a)). We then examined the effect
of anti-IL-26 mAbs on STAT3 phosphorylation in COLO205
following IL-26 stimulation for 10 min. Similar to the results
obtained with the ICAM-1 expression assays, addition of 2–2
mAb, 20–3 mAb, 31–4 mAb or 69–10 mAb partially inhibited
STAT3 phosphorylation in IL-26-stimulated COLO205, while the
commercially available anti-IL-26 pAb completely blocked
STAT3 phosphorylation to a level seen in unstimulated
COLO205 (Figure 3(b)). The combination of 4 mAbs resulted in
a deeper level of inhibition compared with anti-IL-26 mAb alone,
one which was similar to that observed with the commercially
available anti-IL-20RA pAb (Figure 3(b)). Considering that the
combination of 4 mAbsmarkedly suppressed ICAM-1 expression
on IL-26-stimulated COLO205 as compared with anti-IL-20RA
pAb (as shown in Figure 2(a,c)), our data strongly suggest that IL-
20RA and STAT3-independent pathways are involved in ICAM-1
expression on COLO205 following IL-26 stimulation.

The inhibitory effect of the novel anti-IL-26 mAbs on
FGF7 and VEGF expression in IL-26-stimulated HaCaT
cells

Since keratinocytes expressing IL-20RA are thought to be one of
the primary targets of IL-26, we examined the inhibitory effect of

Figure 2. Addition of novel anti-IL-26 mAbs inhibits cell surface ICAM-1 expression on IL-26-stimulated COLO205 cells.
COLO205 cells were stimulated with recombinant human IL-26 (20 ng/ml) for 24 hr. Cell surface ICAM-1 gated for viable cells was detected by flow cytometry. (a) Prior to the
onset of stimulation, the indicated Ab or isotype control Ab (isotype ctrl) was added to the culture wells to give a final concentration of 20 μg/ml each. (b) Prior to the onset
of stimulation, isotype control mAb (5 μg/ml), 69–10mAb alone (5 μg/ml) or the combination of 69–10mAb and 2–2mAb, 20–3mAb, 31–4mAb (5 μg/ml, respectively) was
added to the culture wells. (c) Prior to the onset of stimulation, the indicated concentrations of isotype control mAb, 69–10 mAb alone or the combination of 4 mAbs were
added to the culture wells. (a-c) The dashed line is the standard value of unstimulated cells (vehicle). Representative data of five independent experiments are shown as
mean ± S.D. of mean fluorescence intensity (MFI) from triplicate samples, comparing values in each Ab to those in isotype control (* p < 0.01), and similar results were
obtained in each experiment. (d) Data are shown as histogram of ICAM-1, and are representative of five independent experiments. The thin black lines in each histogram
show the data of ICAM-1 expression on unstimulated cells. The bold black line (i) and the dotted lines (ii, iii) in each histogram show the data of ICAM-1 expression on IL-26-
stimulated cells in the presence of the indicated Abs (40 μg/ml each). The gray areas in each histogram show the data of the PE-labeled isotype control.
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the novel anti-IL-26 mAbs on keratinocytes activation following
IL-26 stimulation. We have recently shown that IL-26 upregu-
lates the expression of fibroblast growth factor (FGF)-1 and
FGF2 in primary human keratinocytes.13 Considering the uni-
formity of the assay, the human keratinocyte cell line HaCaTwas
used in this study. Although we examined mRNA expression
levels of FGF1 and FGF2 in HaCaT following IL-26 stimulation,
significant increase was not observed as compared with unsti-
mulated HaCaT (data not shown). On the other hand, IL-26
enhanced mRNA expression levels of FGF7 and VEGF in
HaCaT (Figure 4(a,b)). We then examined the effect of anti-IL
-26 mAbs on FGF7 and VEGF expression in HaCaT following
IL-26 stimulation. As shown in Figure 4(a), addition of 2–2
mAb, 20–3 mAb, 31–4 mAb or 69–10 mAb inhibited FGF7
expression in IL-26-stimulated HaCaT. Of note, the inhibitory
effect of each mAb, particularly 31–4 mAb and 69–10 mAb, on
FGF7 expression in HaCaT was much more prominent com-
pared with ICAM-1 expression or STAT3 phosphorylation in
IL-26-stimulated COLO205 (as shown in Figures 2 and 3).
Addition of 31–4 mAb or 69–10 mAb almost completely inhib-
ited FGF7 expression in IL-26-stimulated HaCaT to a level seen
in unstimulated HaCaT, whereas the commercially available

anti-IL-20RA pAb only slightly inhibited FGF7 expression in
IL-26-stimulated HaCaT (Figure 4(a)). Similar results were also
obtained regarding VEGF expression in IL-26-stimulated
HaCaT (Figure 4(b)).

The inhibitory effect of the novel anti-IL-26 mAbs on
proliferation and tube formation of IL-26-stimulated
HUVEC

Given the fact that IL-20RA may be differentially involved in IL-
26-mediated stimulation depending on cell types, we next exam-
ined the inhibitory effect of the novel anti-IL-26mAbs on vascular
endothelial cells activation following IL-26 stimulation. We
recently found that IL-26 directly acts on HUVEC to promote
proliferation and tube formation at a level similar to VEGF
regardless of the lack of IL-20RA expression.13 We therefore
examined the effect of the anti-IL-26 mAbs on proliferation and
tube formation of HUVEC following IL-26 stimulation. As shown
in Figure 5(a,b), addition of 2–2 mAb, 20–3 mAb, 31–4 mAb or
69–10mAb inhibited both proliferation and tube formation of IL-
26-stimulated HUVEC. Similar to the results obtained with IL-26-
stimulated HaCaT shown in Figure 4, addition of the anti-IL-26

Figure 3. Addition of novel anti-IL-26 mAbs inhibits phosphorylation of STAT3 in IL-26-stimulated COLO205 cells.
(a) COLO205 cells were stimulated with recombinant human IL-26 (20 ng/ml) for the indicated times, or stimulated with recombinant human IL-6 (20 ng/ml) or IL-22
(20 ng/ml) for 10 min. (b) COLO205 cells were stimulated with recombinant human IL-26 (20 ng/ml) for 10 min in the presence of the indicated Ab or isotype control
Ab (isotype ctrl) (20 μg/ml, respectively). (a, b) Whole cell lysates were separated by SDS-PAGE (each, 25 μg), and phospho(p)-STAT3 was detected by
immunoblotting. The same blots were stripped and reprobed with antibodies specific for pan STAT3. Data shown are representative of three independent
experiments with similar results. Band intensity of p-STAT3 was normalized to pan STAT3, and relative intensity compared with unstimulated cells was indicated
in the bottom graph (b). The dashed line is the standard value of unstimulated cells (vehicle). Data are shown as mean ± S.E. of relative intensity from three
independent experiments, comparing values in each Ab to those in isotype control (* p < 0.01).
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mAb, particularly 31–4 mAb and 69–10 mAb, strongly inhibited
proliferation and tube formation of IL-26-stimulated HUVEC to
a level nearly identical to that seen in unstimulated HUVEC. In
contrast, the commercially available anti-IL-20RA pAb and anti-
IL-10RB pAb hardly affected proliferation and tube formation of
IL-26-stimulated HUVEC (Figure 5(a,b)). Taken together, our
data indicate that both IL-20RA-dependent and -independent
pathways are involved in IL-26-mediated stimulation, and
strongly suggest the existence of distinct receptor(s) other than
the IL-20RA/IL-10RB heterodimer.

Lack of effect on the antimicrobial activity of IL-26 by the
novel anti-IL-26 mAbs

IL-26 has been reported to have a multitude of biological functions.
Due to its cationic amphipathic feature, similar to that seen with

antimicrobial peptides, IL-26 exerts its killing effect on extracellular
bacteria via membrane-pore formation and appears to have an
important role in host defense.14 Therefore, the development of
novel anti-IL-26 mAb-targeted therapy for chronic inflammatory
diseases should also include investigation into its effect on IL-26-
mediated antimicrobial activity. Binding assays revealed that both
lipopolysaccharide (LPS) from gram-negative bacteria (Escherichia
coli O111:B4) and lipoteichoic acid (LTA) from gram-positive bac-
teria (Staphylococcus aureus) strongly bound to recombinant human
IL-26 in a dose-dependent manner as compared with recombinant
human IL-10 and IL-22 (other IL-10 family cytokines) (Figure 6(a)).

We next examined the antimicrobial capacity of IL-26
through the use of Escherichia coli (ATCC 8739), and
Staphylococcus aureus (ATCC 29213) as representative gram-
negative and gram-positive bacteria, respectively. Representative
antimicrobial peptides LL-37 and human β-defensin 3 (hBD3)

Figure 4. Addition of novel anti-IL-26 mAbs inhibits the expression of FGF7 and VEGF in IL-26-stimulated HaCaT cells.
HaCaT cells were stimulated with recombinant human IL-26 (20 ng/ml) for 6 hr. Prior to the onset of stimulation, the indicated Ab or isotype control Ab (isotype ctrl)
was added to the culture wells to give a final concentration of 30 μg/ml each. mRNA expression of FGF7 (a) and VEGF (b) was quantified by real-time RT-PCR. Each
expression was normalized to hypoxanthine phosphoribosyltransferase 1 (HPRT1). The dashed line is the standard value of unstimulated cells (vehicle).
Representative data of three independent experiments are shown as mean ± S.D. of triplicate samples, comparing values in each Ab to those in isotype control
(* p < 0.01), and similar results were obtained in each experiment.
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were used for comparison. Growth kinetics analysis showed that
10 μM human IL-26 substantially inhibited and delayed the
growth of Escherichia coli, although this antimicrobial activity
was not as prominent as that seen with hBD3 and LL-37 in our
assay system (Figure 6(b)). hBD3 exhibited the strongest anti-
microbial capacity, with 10 μM hBD3 being able to completely
eradicate both Escherichia coli and Staphylococcus aureus, while
10 μM human IL-26 or LL-37 only slightly delayed the growth
of Staphylococcus aureus, and no inhibition was observed with 5
μM human IL-26 or LL-37 (Figure 6(c)).

Since the growth of Escherichia coli incubated with vehicle
reached saturation level from 6 to 8 hrs of incubation, the
difference in the number of bacteria incubated with vehicle
and 10 μM human IL-26 was most prominently observed
after 6 hrs of culture. We thus investigated the effect of anti-
IL-26 mAbs on antimicrobial activity of IL-26 under the experi-
mental conditions described in the Materials and methods
section. Considering the clinically effective dose range of ther-
apeutic antibody in the blood, we examined the effect of anti-IL
-26 Ab up to 150 μg/ml, equivalent to 1 μM. As shown in Figure
6(d), addition of 2–2 mAb, 20–3 mAb, 31–4 mAb or 69–10
mAb hardly affected the antimicrobial activity of IL-26. Even
the commercially available anti-IL-26 pAb showed little effect
on the antimicrobial activity of IL-26, strongly suggesting that 1
μM of antibody is insufficient to neutralize 10 μM human IL-
26. Taken together, these results strongly suggest that at least at
physiological doses, the novel anti-human IL-26 mAb does not
inhibit the antimicrobial activity of IL-26.

Anti-IL-26 mAb administration suppresses skin
inflammation by inhibiting angiogenesis and infiltration
of inflammatory cells in psoriatic lesions of IMQ-treated
hIL-26Tg mice

Since the IL-26 gene is absent in rodents,4 we recently examined
the role of IL-26 in angiogenesis and skin inflammation utilizing
hIL-26Tg mice.13 In this study, we conducted in vivo experi-
ments to determine the potential therapeutic effect of the newly
developed anti-IL-26 mAbs. Importantly, although the IL-26
gene is absent in mice, the IL-20RA and IL-10RB subunits that
are part of the receptor complex of the other IL-10 cytokine
family members are also expressed in mice.10 In addition, our
recent report showed that human IL-26 functions in both
human and murine fibroblasts and vascular endothelial
cells.13,26 For the in vivo studies, Δconserved noncoding
sequence (CNS)-77 Tgmice (control BAC Tgmice with deleting
human IL-26 transcription) were used as controls. The thera-
peutic effect of anti-IL-26 mAbs was assessed in the low dose
(20 mg) IMQ-induced psoriasis model, since scaling and thick-
ness of the back skin were prominent even in the human IL-26
transcription-lacking ΔCNS-77 Tg mice treated with high dose
(more than 40 mg) IMQ.13 We previously confirmed that the
expression of human IL-26 was increased at both mRNA and
protein levels in the skin lesions of hIL-26Tg mice following
daily application of IMQ cream, while no expression of human
IL-26 was detected in the skin of ΔCNS-77 Tg mice.13

As shown in Figure 7(a,b), the back skin of hIL-26Tg mice
injected with isotype control mAb appeared markedly affected

Figure 5. Addition of novel anti-IL-26 mAbs inhibits proliferation and tube formation of IL-26-stimulated HUVEC.
HUVEC were stimulated with recombinant human IL-26 (10 ng/ml) for 48 hr (a) or 9 hr (b). Prior to the onset of stimulation, the indicated Ab or isotype control Ab
(isotype ctrl) was added to the culture wells to give a final concentration of 20 μg/ml each. (a) Proliferation was assessed by cell confluence. (b) Tube formation was
assessed by cell sprouts formation. Representative images are shown in the right panels. Scale bar, 300 μm. Quantification of tube length is demonstrated in the
graph in the left panel. (a, b) The dashed line is the standard value of unstimulated cells (vehicle). Representative data of three independent experiments are shown
as mean ± S.D. of triplicate samples, comparing values in each Ab to those in isotype control (* p < 0.01), and similar results were obtained in each experiment.
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as compared with ΔCNS-77 Tg mice, and the scores of
erythema, scaling and thickness in isotype control-injected
hIL-26Tg mice were all higher than those of ΔCNS-77 Tg

mice. In contrast, the clinical symptoms of erythema, scaling
and thickening of the skin lesion were all remarkably sup-
pressed in the hIL-26Tg mice treated with 69–10 mAb or the

Figure 6. Addition of novel anti-IL-26 mAbs hardly affects the antimicrobial activity of IL-26.
(a) Immobilized recombinant human IL-10 (rhIL-10), IL-22 (rhIL-22), IL-26 (rhIL-26) or vehicle (PBS) alone was incubated with the indicated concentrations of purified
LPS (left panel) or LTA (right panel). The absorbance at 450 nm/570 nm was measured. Representative data of three independent experiments are shown as mean ±
S.D. of triplicate samples, and similar results were obtained in each experiment. (b, c) Growth kinetics of Escherichia coli (b) and Staphylococcus aureus (c) cultured
with 10 μM (left panels) or 5 μM (right panels) rhIL-26, LL-37 or human β-defensin 3 (hBD3). (d) Escherichia coli was cultured with 10 μM rhIL-26 for 6 hr. Prior to the
onset of culture, the indicated Ab or isotype control Ab (isotype ctrl) was added to the culture wells to give a final concentration of 150 μg/ml each. (b-d) Serial
dilutions of bacterial cultures were plated onto agar plates, and the number of colonies was counted. Representative data of three independent experiments are
shown as mean ± S.D. of triplicate samples, and similar results were obtained in each experiment.
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combination of 4 mAbs, as compared with the hIL-26Tg mice
injected with isotype control mAb, with Psoriasis Area and
Severity Index (PASI) score of the hIL-26Tg mice treated with
anti-IL-26 mAb being at almost the same level as the ΔCNS-
77 Tg mice (Figure 7(a,b)). We also examined the potential

therapeutic effect of 31–4 mAb, and similar results with those
obtained with 69–10 mAb were observed (data not shown).

Histologic studies of the skin showed the development of
psoriasis-like skin inflammation characterized by acanthosis,
parakeratosis, papillomatosis, infiltration of inflammatory cells

Figure 7. Anti-IL-26 mAb treatment suppresses IMQ-induced skin inflammation via inhibition of angiogenesis and infiltration of inflammatory cells.
Data are shown from IMQ (20 mg)-treated back skin in ΔCNS-77 Tg mice, hIL-26Tg mice treated with anti-IL-26 mAb (69–10 mAb alone or the combination of 4 mAbs) or
isotype control mAb. (a) Phenotypical representation of each group. Representative images are shown (n = 6mice for each group at each time point). (b) Time course of PASI
scores (erythema, scaling and thickness were scored daily on a scale from 0 to 4, respectively) in each group (n = 6 mice for each group at each time point). Data are shown
as mean ± S.D. of each group, comparing values in hIL-26Tg mice treated with anti-IL-26 mAb to those in hIL-26Tg mice injected with isotype control mAb or those in ΔCNS-
77 Tg mice (* p < 0.01). NS denotes ‘not significant’. Data represent the combined results of two independent experiments. (c) H&E staining of skin lesions from each group
on day-5. Higher magnification images show inflammatory cell infiltration. Original magnification x100. Scale bar, 200 μm. (d) Subcutaneous vascular formation of each
group on day-5. (e) Immunofluorescence staining of skin lesions from each group on day-5 using anti-CD31 pAb. Positive cells were shown in green. All sections were stained
with DAPI to mark the nuclei (blue). Original magnification x100. Scale bar, 200 μm. (c-e) Representative images are shown with similar results (for each, n = 6 mice). (f)
mRNA expression levels of FGF1, FGF2 and FGF7 in skin lesions from each group on day-3 (n = 6 mice for each group). Each expression was normalized to hypoxanthine
phosphoribosyltransferase (HPRT). The dashed line is the mean value of non-treated mice. Data are shown as mean ± S.D. of each group, comparing values in hIL-26Tg mice
treated with anti-IL-26 mAb to those in hIL-26Tg mice injected with isotype control mAb (* p < 0.01).
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and altered dermal vascularity,30 in the hIL-26Tg mice injected
with isotype control mAb, while anti-IL-26mAb-treatedmice had
similar appearance as ΔCNS-77 Tg mice (Figure 7(c)). Excessive
blood vessel formation and vascular invasion were observed in
subcutaneous tissues of isotype control-injected hIL-26Tg mice
compared to ΔCNS-77 Tg mice, whereas blood vessel formation
was significantly suppressed in the subcutaneous tissue of anti-IL
-26 mAb-treated hIL-26Tg mice (Figure 7(d)). To further exam-
ine the vascular invasion, we conducted immunofluorescence
staining for CD31 in the back skin sections of each mouse. As
shown in Figure 7(e), levels of CD31-positive cells in the lower
dermis were clearly decreased in the hIL-26Tg mice treated with
anti-IL-26 mAb as compared with isotype control-injected mice.
Moreover, expression levels of FGF1, FGF2 and FGF7, key angio-
genic factors in this model,13 were all increased in the skin of
isotype control-injected hIL-26Tgmice, and theywere remarkably
suppressed in the subcutaneous tissue of anti-IL-26 mAb-treated
hIL-26Tg mice, resulting in expression levels similar to those seen
in ΔCNS-77 Tg mice (Figure 7(f)).

We also examined the kinetics of mRNA expression of the
major effector cytokines involved in psoriasis pathogenesis.
The mRNA expression levels of IL-1β and IL-6 were signifi-
cantly increased in the skin lesions from hIL-26Tg mice as
compared with ΔCNS-77 Tg mice, while there was no marked
difference in the expression levels of TNF, IL-17A, IL-23 p19
and IL-12 p40 between hIL-26Tg mice and control mice
(Figure S2(a)). Similar with the results of FGF1, FGF2 and
FGF7, expression levels of IL-1β and IL-6 were prominently
suppressed in the subcutaneous tissue of anti-IL-26 mAb-
treated hIL-26Tg mice to levels nearly identical to those seen
in ΔCNS-77 Tg mice (Figure S2(b)). Taken together, our
results strongly suggest that administration of novel neutraliz-
ing anti-IL-26 mAb (31–4 mAb and 69–10 mAb) provides
a novel therapeutic approach for psoriasis by regulating
angiogenesis and skin inflammation.

Discussion

Although its precise function in inflammatory disorders is not
fully understood, IL-26 is thought to play a role in the pathol-
ogy of diverse chronic inflammatory diseases such as psoria-
sis, inflammatory bowel diseases, rheumatoid arthritis and
chronic GVHD. In this study, we used precise screening
methods that incorporated both IL-20RA-expressing and -
deficient cells, as well as assays examining potential in vivo
therapeutic effects, to develop novel neutralizing anti-human
IL-26 mAbs that may be of future use as therapeutic agents
for the treatment of diverse chronic inflammatory diseases.

Selection of the appropriate screening methods is crucially
important for the development of novel mAb designed to
serve specific purposes. Although multiple biological effects
of IL-26 on various cell types have been reported, we focused
on ICAM-1 expression on COLO205 following IL-26 stimula-
tion. The key points of this assay were its reproducibility and
simplicity. Cell surface expression of ICAM-1 on COLO205
was enhanced following IL-26 stimulation at similar levels in
all of the independent experiments. Moreover, when
COLO205 was stimulated with IL-26 in triplicates or more,
the standard deviation of the mean ICAM-1 expression in

each group was extremely small, which is critical for the
evaluation of the neutralizing capacity of each mAb.
Furthermore, COLO205 can be collected without trypsin
treatment and the expression level of ICAM-1 can be easily
and promptly analyzed shortly after acquisition of data, which
is crucially important for evaluating the neutralizing capacity
of a multitude of candidate clones. From these reasons, we
chose this screening method as the first in vitro functional
assay.

IL-20RA/IL-10RB heterodimer is generally believed to be the
IL-26 receptor. Previous work has demonstrated that IL-26
binding to IL-20RA/IL-10RB results in functional activation
via STAT3 phosphorylation.10 However, although commercially
available anti-IL-20RA pAb and the combination of 4 novel anti-
IL-26 mAbs strongly suppressed STAT3 phosphorylation in IL-
26-stimulated COLO205 at similar levels (Figure 3(b)), anti-IL
-20RA pAb only partially inhibited ICAM-1 expression on IL-
26-stimulated COLO205, a much less inhibitory effect than that
seen with the combination of 4 mAbs (Figure 2(a,c)). In addi-
tion, anti-IL-20RA pAb exhibited only a slight or no inhibitory
effect on IL-26-stimulated HaCaT or HUVEC, respectively
(Figures 4 and 5). These results strongly suggest that both IL-
20RA-mediated signals and the hitherto uncharacterized
receptor(s)-mediated signals are involved in IL-26-mediated
stimulation, and that the relative involvement of each receptor
in IL-26-mediated stimulationwould depend on cell types due to
differences in expression levels and binding affinities of those
receptors. Our data indicate that blockade of IL-20RA with anti-
IL-20RA antibody is insufficient to inhibit IL-26-mediated sti-
mulation. Moreover, IL-20RA not only forms IL-20RA/IL-10RB
heterodimer, but also is able to form IL-20RA/IL-20RB hetero-
dimer, a receptor for IL-19, IL-20 and IL-24,27 suggesting that
blockade of IL-20RA may interfere with these signaling path-
ways. These findings indicate that IL-20RA may not be an
appropriate target for novel IL-26-directed therapeutic
approaches, and neutralization of IL-26 itself may be more
effective than blockade of IL-20RA. To better understand the
precise biological functions of IL-26 and the exact mechanisms
of action of anti-IL-26 mAb, it is essential to identify the
uncharacterized second receptor of human IL-26, and we are
currently examining this important topic.

IL-26 is an unusual cationic and amphipathic cytokine,
with the predominance of cationic residues on one side and
hydrophobic amino acids on the opposite side.14 These char-
acteristics closely resemble the structure of antimicrobial pep-
tides. In fact, Meller et al.14 first reported that IL-26 disrupted
bacterial membranes via pore forming and exhibited direct
bacterial killing effects, similar to other antimicrobial peptides
such as LL-37 and human β-defensin. Their group showed
that recombinant human IL-26 markedly inhibited the growth
of several gram-negative bacterial strains, including
Pseudomonas aeruginosa (ATCC 27853, PA14), Escherichia
coli (O1:K1:H7, O18:K1:H7, O111:B4, O111:K58:H2) and
Klebsiella pneumoniae (O1:K2), as well as gram-positive
Staphylococcus aureus (ATCC 6538), while no inhibition was
observed with Enterococcus faecalis or Candida albicans.14

Our data showed that although 10 μM human IL-26 certainly
inhibited and delayed the growth of Escherichia coli (ATCC
8739), the number of bacteria gradually increased and finally
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reached the same saturation level as seen with bacteria cul-
tured with vehicle only (Figure 6(b)). The difference in the
antimicrobial activity of IL-26 between the previous report14

and this study may be due to the difference in the bacterial
strains. In addition, there is also a critical difference in the
bacterial culture conditions. Meller et al.14 examined the anti-
microbial activity of IL-26 in relatively unconventional culture
conditions. Bacteria were incubated for 24 hr at 37°C under
low-ionic-strength conditions (water only containing 10 mM
NaCl without any nutrients), and then IL-26 or other anti-
microbial peptides were added to these cultures. Under that
culture condition, growth of bacteria other than Pseudomonas
aeruginosa even cultured with vehicle only was slightly
decreased during the culture period.14 In this study, bacteria
was cultured in Mueller-Hinton broth, the nutrient-rich inter-
national standard culture medium to evaluate antimicrobial
activity of agents, and rapid bacterial growth was observed
during the period of assay (Figure 6(b,c)). An important point
is that 5–10 μM (considering that the molecular weight of
human IL-26 is 19.8 kDa, 5–10 μM is therefore equivalent to
100–200 μg/ml), which is an extremely high concentration, of
IL-26 is needed to exert antimicrobial activity. For in vitro
neutralization assay, to sufficiently block 1–50 ng/ml of cyto-
kines, much higher levels (5–50 μg/ml) of antibodies are
usually used. While the relative local concentrations of
human IL-26 in such tissues as skin, intestine or lung are
unknown, considering the serum dose range of therapeutic
antibody in the clinical setting, it is reasonable to project from
our findings that administered anti-human IL-26 mAb may
hardly affect the antimicrobial activity of IL-26, as shown in
Figure 6(d).

IL-17 is a proinflammatory cytokine that plays a key role in the
pathology of various autoimmune diseases including psoriasis,30–
32 inducing hyperproliferation of keratinocytes and stimulating
production of psoriasis-associated molecules such as CCL20,
CXCL8, matrix metalloproteinase 3, and angiogenic factors such
as VEGF, which lead to the chronic skin inflammation of
psoriasis.33,34 MAbs directly targeting IL-17, such as secukinumab
(Cosentyx®), have shown very promising results in the treatment
for psoriasis.35,36 However, IL-17 plays a pivotal role in host
defense by enhancing the production of antimicrobial peptides
from keratinocytes and mucosal epithelial cells, and recruiting
neutrophils to inflammation/infection sites.37 As expected, cases
of adverse effects of IL-17-targeting therapy for psoriasis involving
neutropenia and fungal infection, especially Candida infection,
have been reported.38,39 Our study showed that anti-IL-26 mAb
markedly suppressed the pathognomonic symptoms of angiogen-
esis and infiltration of inflammatory cells in IMQ-induced psor-
iatic skin of hIL-26Tgmice (Figure 7). Invasion of blood vessels in
the dermis, which is one of the histological hallmarks of psoriatic
skin lesions, induces the deterioration of psoriatic skin lesions.40 In
addition,mRNAexpression levels of IL-1β and IL-6, key cytokines
for inducing and enhancing Th17 response, were significantly
increased in the skin lesions from hIL-26Tg mice as compared
with ΔCNS-77 Tg mice (Figure S2(a)). Scala et al.16 have recently
shown similar results through different experimental approaches.
We analyzed the expression levels of cytokines in the skin lesions
of hIL-26 BAC Tg mice, whereas Scala et al. used skin lesions
obtained from hidradenitis suppurativa patients. Addition of

commercial anti-human IL-26 pAb to an ex vivo culture of
human skin samples significantly decreased the expression levels
of IL-1β and IL-6 in the skin, while IL-23 and IL-17A were not
affected. Althoughwe have not identified themain source of IL-1β
and IL-6 in the skin lesion of IMQ-treated hIL-26Tg mice, mono-
cytes and fibroblasts may be possible candidates from recent
findings.7,17,41

In contrast to IL-1β and IL-6, there was no significant differ-
ence in the expression levels of IL-17A and TNF between hIL-
26Tg mice and control mice, at least in the total skin samples
(Figure S2(a)). To analyze the precise effect of IL-26 on the T cell
phenotype in inflammatory diseases, detailed analyses of T cell
subsets at the inflammatory sites and gene expression profiles
following purification of T cells would be essential for future
studies. Moreover, multiple functions of human IL-26 have been
reported. Due to clustered cationic charges, IL-26 can bind extra-
cellular DNA/RNA released from bacteria or dying cells to form
complexes that are highly protected from degradation by extra-
cellular DNase/RNase and promote DNA/RNA immunogenicity.
These IL-26-DNA complexes trigger IFN-α production fromplas-
macytoid dendritic cells via activation of TLR9, and enhance the
expression of IL-1β, IL-6 and IFN-β in monocytes and CXCL8 in
neutrophils in a STING- and inflammasome-dependent
manner.14,41 In addition, IL-26 enhances the chemotactic response
of neutrophils toward bacterial stimuli and IL-8.8Moreover, IL-26
is associated withmonocyte andNK cell activation.7,12 Since IL-26
is broadly associated with innate immune activation, the effects of
neutralizing anti-IL-26mAbon these functions of IL-26 need to be
investigated in future studies.

In conclusion, our current work indicates that IL-20RA is
differentially involved in IL-26-mediated stimulation depending
on cell types, and anti-IL-20RA blocking antibody is insufficient to
inhibit IL-26-mediated stimulation. Our screening methods
enabled us to develop 4 novel neutralizing anti-human IL-26
mAbs. Among them, both 31–4 mAb and 69–10 mAb clearly
suppressed the excessive angiogenesis and inflammation in the
skin lesions in a IMQ-induced psoriasis-like murine model. Our
data strongly suggest that IL-26-targeted therapy may be an effec-
tive novel therapeutic approach for diverse chronic inflammatory
diseases, including psoriasis and chronic GVHD.

Materials and methods

Cell culture

The human colon cancer cell line COLO205 was purchased
from RIKEN Bioresource Center (Ibaraki, Japan) and grown
in RPMI 1640 medium supplemented with 10% FBS. The
human keratinocyte cell line HaCaT was a kind gift from
Dr. Nobuhiro Nakano (Juntendo University, Tokyo, Japan)
and grown in DMEM medium supplemented with 10% FBS.
HUVEC were purchased from LONZA (Walkersville, MD)
and grown in EGM-2 medium (LONZA). Cells were cultured
at 37°C in a humidified 5% CO2 incubator.

Antibodies and reagents

To characterize the novelmouse anti-human IL-26mAbs, purified
mouse anti-human IL-26 mAb (clone 510414), goat anti-human
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IL-26 pAb (AF1375), goat anti-human IL-20RApAb (AF1176), or
goat anti-human IL-10RB pAb (AF874) purchased from R&D
Systems (Minneapolis, MN) were used for comparison. Mouse
IgG1,κ isotype control mAb (clone MG1-45) purchased from
BioLegend (San Diego, CA) or goat IgG isotype control pAb
(AB-108-C) purchased from R&D Systems was used as
a negative control. For Western blot analysis, rabbit anti-human
phospho-STAT3 (Tyr705) pAb (AF4607) was purchased from
R&D Systems. Rabbit anti-human/mouse/rat/monkey STAT3
mAb (clone 79D7) was purchased from Cell Signaling
Technology (Danvers, MA). Horseradish peroxidase (HRP)-
conjugated donkey anti-rabbit IgG was purchased from GE
Healthcare (Buckinghamshire, UK). For immunofluorescence
staining of mouse skin sections, rabbit anti-mouse CD31 pAb
(ab28364) was purchased from Abcam (Cambridge, U.K.). Alexa
Fluor 488-conjugated donkey anti-rabbit IgG pAb (A21206) was
purchased from Thermo Fisher Scientific (Waltham, MA).
Recombinant human IL-26 monomer and dimer were purchased
from R&D Systems. Recombinant human IL-6, IL-10 and IL-22
were purchased from BioLegend. For binding assay, ultra-pure
LPS from Escherichia coli O111:B4 and purified LTA from
Staphylococcus aureus were purchased from InvivoGen (San
Diego, CA). Mouse anti-E. coli and LPS mAb (clone 1C6) pur-
chased from Chondrex, Inc. (Redmond, WA) and mouse anti-
native LTA mAb (clone 55) purchased from Novus Biologicals
(Centennial, CO) were biotinylated utilizing Biotin Labeling Kit-
NH2 (Dojindo Laboratories, Kumamoto, Japan). For analyzing
antimicrobial activity of IL-26, LL-37 fragment (18–37 amino
acids) purchased from KareBay Biochem, Inc. (Monmouth
Junction, NJ) and hBD3 purchased from the Peptide Institute,
Inc. (Osaka, Japan) were used for comparison.

Mice

Female BALB/c mice were purchased from CLEA Japan
(Tokyo, Japan). C57BL/6 mice carrying a 190-kb BAC trans-
gene with human IFNG and IL26 gene (hIL-26Tg) and a BAC
Tg-deleting CNS positioned at 77 kb upstream of the IFNG
transcription start site, an enhancer element required for IL-
26 mRNA expression (ΔCNS-77 Tg) were developed in
Thomas Aune’s laboratory.24,25 The hIL-26Tg mice exhibited
production of human IL-26 by CD4 T cells under Th1- or
Th17-polarizing conditions, whereas expression of human IL-
26 was completely abrogated in ΔCNS-77 Tg mice carrying
human IFNG transgene with deleting IL26 transcription.25 All
mice used in this study were housed in a specific pathogen-
free facility in micro-isolator cages, and used at 8–12 weeks
of age.

Development of hybridomas and monoclonal anti-human
IL-26 antibodies

Forty μg of recombinant human IL-26 monomer per 50 μl of
phosphate-buffered saline (PBS) was emulsified with 50 μl of
adjuvant, TiterMax Gold (TiterMax USA, Norcross, GA).
A 6-wk-old female BALB/c mouse was immunized via sub-
cutaneous administration with 100 μl of the emulsion five
times every two weeks and finally intravenously injected
with half volume of the emulsion. Three days after the final

immunization, the spleen was removed and 1 × 108 spleen
cells were fused with 1 × 108 P3U1 myeloma cells by using
polyethylene glycol 4000 (Merck, Darmstadt, Germany) and
were cultured in serum-free GIT medium (Wako Pure
Chemicals, Osaka, Japan), 5% BriClone (NICB, Dublin,
Ireland) and HAT (Invitrogen, Carlsbad, CA) in 96-well flat-
bottom plates (Costar, Corning Incorporated, Corning, NY).
Hybridoma supernatants were first screened for selective reac-
tivity with human IL-26 by ELISA. The supernatants contain-
ing mAbs that were reactive to human IL-26 were next
screened for neutralization assay. The hybridomas were
cloned by limiting dilution. MAbs were purified from the
supernatants using Protein A IgG Purification Kit (Pierce,
Rockford, IL).

ELISA

The 96-well immunoplates (NUNC, Roskilde, Denmark) were
coated with recombinant human IL-26 or IL-10 in carbonate
bicarbonate buffer (2, 5, 10, 20, 50, 100 ng/well) or buffer
alone as a negative control at 4°C overnight. Each well of the
plate was blocked with 2% BlockAce (DS Pharma Biomedical,
Osaka, Japan) in deionized distilled water for 1 hr at room
temperature (RT), and then incubated with 10 μg/ml of pur-
ified novel mouse anti-human IL-26 mAb (2–2, 20–3, 31–4 or
69–10) or commercial mouse anti-human IL-26 mAb in
RPMI 1640 medium for 1 hr at RT, and subsequently incu-
bated with HRP-conjugated goat anti-mouse Ig pAb (BD
Biosciences) in 1% BlockAce solution for 1 hr at RT.
Tetramethylbenzidine (TMB) Peroxidase Substrate (KPL,
Gaithersburg, MD) was finally added to each well and the
reaction was stopped by 2 N H2SO4. The absorbance at
450 nm/570 nm was measured in a Microplate Reader (Bio-
Rad, Hercules, CA) and data were analyzed with Microplate
Manager 6 software (Bio-Rad).

Flow cytometry

COLO205 cells (5 x 104) were stimulated with recombinant
human IL-26 (20 ng/ml) in the presence or absence of neutralizing
or blocking antibody in 120 μl of RPMI 1640 medium in 96-well
flat-bottom plates for 24 hr at 37°C. After stimulation, cells were
collected and washed in PBS containing 1% FBS and 0.1% sodium
azide (FCM buffer), and stained with phycoerythrin (PE)-labeled
mouse anti-human ICAM-1 mAb (clone 15.2, Bay Bioscience,
Kobe, Japan) or PE-labeled mouse IgG1,κ isotype control (clone
MOPC-21, BioLegend) for 25 min at 4°C. Acquisition was per-
formed using FACSCalibur (BD Biosciences) and data were ana-
lyzed with FlowJo software (Tree Star, Ashland, OR).

Western blotting

To analyze phosphorylation of STAT3, COLO205 cells (1 x 106)
were stimulated with recombinant human IL-26 (20 ng/ml), IL-6
(20 ng/ml) or IL-22 (20 ng/ml) in 1.5ml of RPMI 1640medium in
12-well plates (Corning) for 5, 10, 30 or 60 min at 37°C. After
stimulation, cells were collected and lysed in RIPA buffer supple-
mented with 2% protease inhibitor cocktail (Sigma-Aldrich,
St. Louis, MO) and 1x PhosSTOP (Roche Diagnostics, Tokyo,
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Japan), being resolved by SDS-PAGE in reducing condition
(25 μg/Lane) and immunoblotted using anti-phosphorylated
STAT3 antibody. Themethods forWestern blotting were detailed
previously.42 For reprobing, the membranes were submerged in
a stripping buffer. After a stripping procedure, the membranes
were reprobed with anti-pan STAT3 antibody. The images were
taken using luminescent image analyzer LAS 4000 (GE
Healthcare, Pittsburgh, PA), and data were analyzed with image
reader LAS 4000 and Multi Gauge software (GE Healthcare).

Quantitative real-time RT-PCR

HaCaT cells (3 x 105) were incubated overnight at 37°C in
DMEM medium in 24-well plates (Corning). The next day,
cells were stimulated with recombinant human IL-26 (20 ng/
ml) in the presence or absence of neutralizing antibody in
750 μl of DMEM medium for 6 hr at 37°C. After stimulation,
cells were lysed and total RNA was extracted by the use of
RNeasy Mini kit according to the manufacturer’s instructions
(Qiagen, Valencia, CA). The methods for cDNA synthesis and
quantitative real-time RT-PCR were detailed previously.43

Sequences of primers used in quantitative real-time RT-PCR
analysis are shown in Table S1.

Proliferation assay for HUVEC

HUVEC (5 x 103) were incubated overnight at 37°C in EGM-
2 medium containing 2% FBS and half volume of adjunctive
growth factors in 96-well flat-bottom plates. The next day,
cells were stimulated with recombinant human IL-26 (10 ng/
ml) in the presence or absence of neutralizing antibody in
EGM-2 medium containing 2% FBS and no growth factors for
48 hr at 37°C. Cell growth was measured as cell confluence
using IncuCyte ZOOM (Essen Biosciense, Ann Arbor, MI).

Tube formation assay

HUVEC (1 x 106) were incubated overnight at 37°C in EGM-2
medium containing 2% FBS and no growth factors in 100-mm
dish. The next day, cells (1.5 x 104) were seeded on 50 μl of Cultex
Basement Membrane Extract (R&D Systems) in 96-well flat-
bottom plates. Seeded cells were stimulated with recombinant
human IL-26 (10 ng/ml) in the presence or absence of neutralizing
antibody for 9 hr at 37°C. Cell growth was observed as cell sprouts
formation using IncuCyte ZOOM. Tube form length was mea-
sured using the MetaMorph image analysis system (Molecular
Device, Sunnyvale, CA).

Binding assay

The 96-well immunoplates were coated with 2 μg/ml of
recombinant human IL-10, IL-22 or IL-26 in PBS or PBS
alone as a negative control at 4°C overnight. Each well of
the plate was blocked with 2% BlockAce in deionized distilled
water for 1 hr at RT, and then incubated with ultra-pure LPS
(1, 2, 5 μg/ml) or purified LTA (0.5, 1, 2 μg/ml) in PBS for
2 hr at RT, and next incubated with 1 μg/ml of biotinylated
anti-LPS mAb or 0.2 μg/ml of biotinylated anti-LTA mAb in
PBS for 1 hr at RT, and subsequently incubated with

Streptavidin-HRP (BD Biosciences) in PBS for 1 hr at RT.
Colorimetric methods and data analysis were described in the
ELISA section.

CFU assay

Escherichia coli (ATCC 8739), and Staphylococcus aureus
(ATCC 29213) were cultured overnight at 37°C in trypticase
soy broth (BD Biosciences) in 14-ml polystyrene round-
bottom tube (Corning) to achieve mid-logarithmic phase
growth. Bacterial concentrations were measured by spectro-
photometry at 600 nm and diluted in Mueller-Hinton broth
(BD Biosciences) to a final concentration of 1–2 × 104 CFU/
ml. Fifty μl of the diluted bacterial suspension was cultured in
96-well round-bottom plates (Corning), and then 50 μl of
recombinant human IL-26, LL-37 or hBD3 diluted in
Mueller-Hinton broth was added to these cultures. After 2,
4, 6, 8 or 24 hrs of incubation at 37°C, serial dilutions of
bacterial cultures were plated onto lysogeny broth (LB) agar
plates. The number of colonies formed after overnight incu-
bation was counted by two independent investigators.

IMQ-induced psoriasis model

Mice received a daily topical dose of 20 mg 5% IMQ cream
(Beselna Cream; Mochida Pharmaceutical, Tokyo, Japan) on
their shaved back for 5 consecutive days. For mAb treatment,
IL-26 mAb (31–4 mAb alone, 69–10 mAb alone or combina-
tion of 4 mAbs) or mouse IgG1 isotype control was diluted in
sterile PBS at 1 mg/ml and 200 μl (200 μg) was injected
intraperitoneally on day 0 and day 3. The severity of inflam-
mation of the back skin was measured by an objective scoring
system based on the clinical PASI. Erythema, scaling, and
thickness were scored independently on a score from 0 to 4:
0, none; 1, slight; 2, moderate; 3, marked; 4, very marked. The
cumulative score (erythema plus scaling plus thickness) served
as a measure of the severity of inflammation (score 0–12).44

H&E staining and immunofluorescence staining of skin
lesions, and RNA isolation from skin lesions were conducted
as described previously.13

Statistics

Data were analyzed by two-tailed Student t test for two-group
comparison or by one-way ANOVA test with Tukey’s for
multiple comparison testing. The assay was performed in
triplicates, and data are presented as mean ± S.D. of triplicate
samples of the representative experiment, or mean ± S.E. of
triplicate samples of independent experiments. Significance
was analyzed using GraphPad Prism 6 (GraphPad Software,
San Diego, CA) and values of p < 0.01 were considered
significant and are indicated in the corresponding figures
and figure legends.

Study approval

Animal experiments were conducted following protocols
approved by the Animal Care and Use Committees at
Juntendo University (Tokyo, Japan).
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Abbreviations

BAC bacterial artificial chromosome
CNS conserved noncoding sequence
ELISA enzyme-linked immunosorbent assay
FBS fetal bovine serum
FGF fibroblast growth factor
GVHD graft-versus-host disease
hIL-26Tg human IL-26 transgenic
HRP horseradish peroxidase
IFN interferon
IL interleukin
IMQ imiquimod
hBD3 human β-defensin 3
HUVEC human umbilical vein endothelial cells
LPS lipopolysaccharide
LTA lipoteichoic acid
mAb monoclonal antibody
NK natural killer
pAb polyclonal antibodies
PBS phosphate-buffered saline
RT room temperature
TLR Toll-like receptor
TNF tumor necrosis factor
VEGF vascular endothelial growth factor
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