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Abstract
Psoriasis is considered as a model for chronic immune-
mediated disorders. Th17-cells are pivotal players in those
diseases. Recently, we demonstrated that Th17-cells produce
interleukin (IL)-29 and that IL-29 is highly present in psoriatic
lesions. Whether IL-29, with its action on epithelial cells and
melanocytes, contributes to psoriasis pathogenesis, was un-
known so far. Analysis of IL-29-treated human keratinocytes
revealed induction of the chemokines CXCL10, CXCL11,
and, to a much lesser extent, CXCL9. Unlike these CXCR3A
ligands, known to attract Th1-, CD8+, NK-, and Th1/Th17
transient cells, no influence was found on chemokines
attracting other immune cell populations or on molecules

modulating the CXCR3A/CXCR3A ligand interaction.
CXCR3A ligand expression was also induced by IL-29 in
melanocytes and in epidermis models and explanted skin. Re-
garding other psoriasis-relevant cytokines, interferon-γ and,
less potently, tumor necrosis factor-α and IL-1β shared and
strengthened IL-29’s capacity. Murine IL-29 counterpart
injected into mouse skin provoked local CXCL10 and
CXCL11 expression, T-cell infiltration, and, in consequence,
skin swelling. The elevated IL-29 expression in psoriatic le-
sions was associated with upregulation of CXCR3A ligands
compared to non-lesional skin of these patients and to the skin
of healthy donors and atopic dermatitis patients, which lack
IL-29 production. Importantly, neutralization of IL-29 re-
duced CXCR3A ligand levels in explant cultures of psoriatic
lesions. Finally, elevated blood CXCL11 levels were found in
psoriasis that might be useful for monitoring lesional activity
of the IL-29 axis. In summary, the Th17-cytokine IL-29 in-
duces specific chemokines and, in consequence, provokes
skin infiltration of potentially pathogenic T-cells.

Key messages
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& CXCR3A ligands are IL-29-dependently increased in

lesional skin of psoriasis patients.
& CXCR3A ligand levels in psoriatic skin correlate with

epidermal T-cell numbers.
& Increased blood CXCL11 levels in psoriasis may be a

biomarker for local IL-29 action.
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Introduction

Affecting more than 2 % of the western population, psoriasis
is one of the most common skin diseases [1]. Emerged as an
easy-access model for immune-mediated disorders, pathoge-
netic principles learnt from psoriasis may help to understand a
range of other important conditions.

Skin lesions in psoriasis are characterized by the presence
of different immune cell populations in both the epidermis and
dermis, by hyperproliferation of keratinocyte stem/progenitor
cells, disturbed differentiation of suprabasal keratinocytes, in-
creased angiogenesis of dermal blood capillaries, and high
epidermal, both antibacterial and antiviral, resistance [1]. For
some of these events, the underlying mechanisms are being
progressively clarified. In fact, different mediators including
epidermal growth factor receptor ligands [2] and the
antimicrobial/regenerative protein regenerating islet-derived
protein 3 alpha (REG3A, acting via exostosin-like 3) [3] con-
tribute to the keratinocyte hyperproliferation in psoriasis. IL-
22/IL-20 family members mediate the altered keratinocyte
differentiation. This disturbed keratinocyte proliferation and
differentiation leads to typical changes of the epidermis in-
cluding thickening and hypogranularity of its living part and
thickening of its upper cornified layer with appearance of cell
nucleus remnants [4–10]. The strengthened angiogenesis in
psoriatic plaques, which is responsible for the pronounced
capillary vessel extension in the papillary dermis, seems to
mainly depend on the action of vascular endothelial growth
factor [11]. The antibacterial and antiviral resistance in psori-
atic plaques highly compensates for the disturbed epidermal
barrier function. At this, the antibacterial competence is me-
diated by massive production of antibacterial proteins (ABPs)
including β-defensin 2 and 3, S100A7, S100A8/9 and
S100A12, lipocalin-2, RNase-7, and cathelicidin/LL37,
which are mainly upregulated by the synergistic action of
two T-cell/innate lymphoid cell cytokines: IL-22 and IL-17
[12–15]. We identified the mechanisms underlying the high
antiviral resistance in psoriatic epidermis by demonstrating
overexpression of antiviral proteins (AVPs) such as myxovi-
rus resistance protein 1, bone marrow stromal antigen 2, inter-
feron (IFN)-stimulated gene 15, and 2′-5′-oligoadenylate syn-
thetase [16]. This high AVP expression is induced by IL-29,
which, in that situation, is mainly produced by skin-infiltrated
Th17-cells and, to a smaller extent, also Th1-cells [16]. IL-29,
together with IL-28A and IL-28B (also designated as IFN-λ1,
-2, and -3, respectively) are members of the IL-10—IFN cy-
tokine family, which act via a transmembrane heterodimeric
receptor complex consisting of IL-28R1 and ubiquitous IL-
10R2, and have a restricted target cell range [17–19]. Interest-
ingly, IL-29 is the only IFN-λ present in psoriatic skin [16].
While they do not seem to efficiently influence immune cells,
target cells of IL-29/28 in the skin are clearly keratinocytes
and melanocytes [20]. In contrast to the keratinocyte AVP

expression, IL-29 influenced neither the ABP production nor
the differentiation of these cells, and it did not increase but
rather modestly inhibited their proliferation [16, 21]. So far,
the role of this cytokine in the infiltration of immune cells into
psoriatic plaques remains undefined. We therefore set out the
current study to investigate the role of IL-29 in the cutaneous
chemokine expression and immune cell infiltration.

Materials and methods

Cell, tissue, and explant culture Primary human epidermal
keratinocytes were cultured in KGM-Gold medium (both
from Lonza) and stimulated or not (control) with 40 ng/ml
IL-29 for 24 h, for 72 h (CD26 activity study), or for 6 to
72 h (kinetic study). In some settings, one of the following
cytokines was present during this stimulation period: 10 ng/ml
IL-17A, 20 ng/ml IL-22, 20 ng/ml IL-21, 10 ng/ml IFN-γ,
10 ng/ml IL-1β, 40 ng/ml IL-19, 10 ng/ml tumor necrosis
factor (TNF)-α. Primary human epidermal melanocytes were
cultured in recommended medium (Life Technologies) and
stimulated or not (control) with 40 ng/ml IL-29 for 24 h. Pri-
mary murine keratinocytes (CELLnTEC) were cultured in
Dermalife medium with 0.03 to 0.06 mM calcium (Lifeline
Cell technology) and stimulated or not (control) with 40 ng/ml
murine IL-28A for 24 h. Underdeveloped EpiDerm-201™
reconstituted human epidermis tissues (MatTek Corp.) were
cultured as described previously [8] in the absence (control) or
presence of 20 ng/ml IL-29 for 72 h. Paired 3-mm punch skin
biopsies were either obtained from healthy participants and
cultured in KGM-Gold medium in the presence and absence
of 10 ng/ml IL-29 for 24 h or were obtained from lesional and
non-lesional areas of psoriatic patients and cultured in KGM-
Gold medium in the presence of 5 μg/ml of neutralizing anti-
IL-29 polyclonal antibodies or control goat immunoglobulin
(Ig)G for 72 h. All cytokines and antibodies mentioned above
were purchased from R&D Systems with the exception of IL-
21, which was purchased from Miltenyi.

Mice Depilated 9–11-week-old male 129/SvJ mice were sen-
sitized with 2,4-dinitro-1-fluorobenzene (DNFB, Sigma-
Aldrich) [0.5 %, dissolved in acetone/olive oil (4:1); applica-
tion on the ventral skin] at day 5. At day 0, 2, and 4, 20 μl of
phosphate-buffered saline was intradermally injected into the
right ear and the right back side. Furthermore, phosphate-
buffered saline, 500 ng mIL-28A, 500 ng mIFN-γ, or both
(R&D Systems) in a total volume of 20 μl were injected into
the left ear and the left back side. Ear thickness was measured
at day 0, 4 (both before injection), and 5. At day 5, mice were
sacrificed and ear and back skin punch biopsies were taken.
All experimental protocols were conducted according to the
German animal protection laws and approved by the Berlin
Landesamt für Gesundheit und Soziales.
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Patients Skin biopsies for polymerase chain reaction on re-
verse transcribed RNA (RT-qPCR) and explant cultures as
well as blood for plasma recovery were obtained from adult
control participants [21 to 63 years old (mean±SD: 40.5±
9.6)], patients with plaque psoriasis [19 to 67 years old
(mean±SD: 43.7±13.3), 48.7 % moderate to severe disease
(psoriasis area and severity index >10)], and patients with
atopic dermatitis (AD) [20 to 55 years old (mean±SD: 29.4
±11.1), 90 % moderate to severe disease]. The study protocol
was approved by the clinical institutional review board of the
Charité University Medicine, Berlin. The study was conduct-
ed according to the principles expressed in the Declaration of
Helsinki.

RT-qPCR Tissue homogenization, isolation of total cellular
RNA, mRNA reverse transcription, and qPCR analysis were
done as described previously [22]. Assays using fluorescent
probes were purchased from Applied Biosystems. Analysis of
the house-keeping gene human hypoxanthine-guanine
phosphoribosyltransferase (HPRT) and mHPRTwas included
to normalize expressions.

ELISA CXCL10 and CXCL11 detection in cell culture su-
pernatants was performed using Duoset systems from R&D
Systems. CXCL9, CXCL10, and CXCL11 detection in hepa-
rinized blood plasma was performed using Quantikine sys-
tems from R&D Systems.

CD26 enzyme activity assay Enzymatic activity was ana-
lyzed through the ability of cell culture lysate to convert H-
Gly-Pro-7-amino-4-methyl coumarin into fluorescent 7-
amino-4-methyl coumarin using the fluorometric DPP4 activ-
ity assay from Sigma-Aldrich according to the manufacturer’s
instructions. Units of proteolytic activity are expressed as the
amount of enzyme to yield 1 μmol of product per minute at
37 °C.

Immunohistochemistry Mouse skin biopsies were stained
with anti-CD3 antibody (CD3-12; Acris) or matching isotype
control antibody (rat IgG, Biolegend). Detection was per-
formed using biotinylated polyclonal rabbit anti-rat IgG,
streptavidin horseradish peroxidase, and AEC+ substrate (all
from DAKO). Counter-staining was done with hematoxylin.

Statistical analysis SPSS 19.0 software (SPSS Inc.) was used.
Results of independent samples were analyzed using the
Mann-Whitney U test (two-tailed). Results of paired samples
were analyzed applying the Wilcoxon matched-pairs signed-
rank test (two-tailed).

Results

IL-29 induces a selective release of CXCR3A-binding
chemokines in skin cells

To investigate the role of IL-29 in the cutaneous chemokine
network, we first treated primary human keratinocytes with
the recombinant cytokine for 24 h and screened for the expres-
sion of chemokines using RT-qPCR. Among those
chemokines attracting neutrophilic granulocytes (CXCL1,
CXCL8), eosinophilic granulocytes/Th2-cells (CCL11,
CCL26), Th1-cells/CD8+ T-cells/NK-cells (CXCL11), Th-
cells/basophilic granulocytes (CCL17, CCL22), Th17-cells/
myeloid dendritic cells (CCL20), Th22-cells (CCL27), and
mixed mononuclear leukocytes including monocytes (CCL2,
CCL4), only CXCL11 was found to be significantly induced
by IL-29 (Fig. 1). Together with its siblings CXCL9 and
CXCL10, CXCL11 is known to attract Th1-cells, CD8+ T-
cells, NK-cells, and Th1/Th17 Btransient^ cells via the cellular
Gαi-protein-coupled receptor CXCR3A [23–32]. Investigat-
ing whether IL-29 modulates expression of CXCR3A ligands
in general, we found a significant albeit less pronounced
(CXCL10) or minimal (CXCL9) upregulation of the CXCL11
siblings in the IL-29-stimulated keratinocytes (Fig. 2a).
CXCR3A ligand expression was also upregulated in human
primary melanocytes in response to IL-29, reaching levels that
were 75- (CXCL11) or 10-fold (CXCL10) lower or were com-
parable (CXCL9) to those in keratinocytes (Fig. S1 and data
not shown). The interaction between CXCR3A ligands and
CXCR3A can be prevented by molecules including CD26,
whose dipeptidyl peptidase activity transforms CXCL10 and
CXCL11 into CXCR3A antagonists [33] and by the atypical
chemokine receptor ACKR3, which may scavenge CXCL11
[34]. Our investigation revealed clear expression of CD26 and
ACKR3 in keratinocytes but did not show any transcriptional
influence of IL-29 on these molecules (Fig. 2b).Moreover, IL-
29 did not modulate the catalytic activity of CD26 (Fig. S2).

These data therefore suggest that IL-29, by specifically
attracting CXCR3A-bearing cells, plays a proinflammatory
role in the skin. A sustained IL-29 effect may be deduced from
our observation that elevated CXCR3A ligand levels were
detectable over a considerable period of time (Fig. 3a) and
were not accompanied by negative feedback modulation as
previously shown in Fig. 2b. In order to complement our
results with in vivo-like systems, we first treated three-
dimensional human epidermis models composed of stratified
keratinocytes with IL-29 for 72 h. As demonstrated in Fig. 3b,
IL-29 provoked a clear transcriptional increase of CXCR3A
ligands but not of CCL17 or CCL22 in this system. Second,
paired biopsies of total skin were obtained from healthy do-
nors and were cultured in the presence and absence of IL-29
for 24 h. Again, CXCL11 and CXCL10 expression was reli-
ably increased in response to IL-29 treatment (Fig. 3c).
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IL-29 cooperates with IFN-γ in the induction of CXCR3A
ligands

During skin inflammation, a wide range of different cytokines
is usually present in situ [35]. Consequently, we investigated
the interaction of relevant mediators with IL-29 regarding its

CXCR3A ligand-inducing ability. To this aim, primary
keratinocytes were cultured with a range of keratinocyte-
targeting cytokines including IL-17A, IL-22, IL-21, IFN-γ,
IL-1β, IL-19, and TNF-α, each in the presence and absence
of IL-29 for 24 h. IFN-γ induced CXCL10 (Fig. S3) and
CXCL11 (Fig. 4a) mRNA even more strongly than IL-29,
and some synergy could be suggested with both cytokines.
Assessing a higher number of experiments for secreted
CXCL10 and CXCL11 after 24 and 48 h, a stronger capacity
of IFN-γ and cooperation of both inducers could be confirmed
[fold increase over summed levels induced by the single cy-
tokines: 1.89±0.49 (CXCL10, 24 h); 2.24±0.36 (CXCL11,
24 h); 3.78±1.43 (CXCL11, 48 h), P<0.05] (Fig. 4b and
Fig. S4). Apart from IFN-γ, also TNF-α and IL-1β
(slightly) induced CXCL10 and CXCL11 expressions and
strengthen the IL-29-induced increase (Fig. 4b and Fig. S4).

Murine IL-29 counterpart induces cutaneous T-cell
infiltration in vivo

In the next step, we aimed to investigate the consequence of
the IL-29 effect and of IL-29’s cooperative action with IFN-γ
in vivo. Interestingly, while in humans, the IL-28/29 cytokine
subfamily consists of IL-29, IL-28A, and IL-28B, in the
mouse, only IL-28A and IL-28B exist [36].We therefore com-
pared the effects of the murine (m)IL-28A (on murine
keratinocytes) with the effects of human IL-29 (on human
keratinocytes). As demonstrated in Fig. 5a, b, both cytokines
induced a similar pattern and strength of effects, including the
upregulation of CXCL10, the antiviral protein MX1, and the
signaling molecule signal transducers and activators of
transcription(STAT)1, while having no effect on the

Fig. 1 IL-29 provokes a selective
release of CXCR3A-binding
chemokines in keratinocytes. Pri-
mary human keratinocytes were
treated with IL-29 or were left
without stimulation (control) for
24 h. Expressions were analyzed
by RT-qPCR. Data from 5 to 6
experiments are shown (mean±
SEM). Significance of differences
was analyzed using the Wilcoxon
matched-pairs signed-rank test
(two-tailed; *P<0.05; n.s. not
significant)

Fig. 2 IL-29 induces further CXCR3A ligands without affecting
modulators of the CXCR3A–CXCR3A ligand system. Primary human
keratinocytes were treated with IL-29 or were left without stimulation
(control) for 24 h. a, b Expressions were analyzed by RT-qPCR. Data
from 5 to 6 experiments are shown (mean±SEM). Significance of differ-
ences was analyzed using the Wilcoxon matched-pairs signed-rank test
(two-tailed; *P<0.05; n.s. not significant)

394 J Mol Med (2016) 94:391–400



differentiation marker keratin (K)10 and the ABP S100A9.
We then injected mIL-28A in the presence and absence of
mIFN-γ into the skin of mice that had been topically sensi-
tized to enable immune cell diapedesis. In line with our
in vitro results obtained with the conventional and more com-
plex human systems, mIL-28A induced cutaneous expression
of mCXCL10 and mCXCL11 and amplified the effect of
mIFN-γ in this regard [fold increase over summed levels in-
duced by the single cytokines: 2.21±0.38 (CXCL10); 2.07±
0.32 (CXCL11), P<0.05] (Fig. 6a and data not shown). More-
over, mIL-28A and mIFN-γ cooperatively provoked cutane-
ous T-cell infiltration (Fig. 6b, c) and, in consequence, cyto-
kine expression (Fig. 6d) and skin swelling (Fig. 6e).

In psoriasis, elevated IL-29 expression in lesional skin is
associated with high CXCR3A ligand levels

Finally, we sought to translate our findings into human dis-
ease. First, we investigated whether the known elevated IL-29
expression in psoriasis would be associated with elevated
CXCR3A ligand expression. Skin biopsies were taken from
chronic lesions of respective patients and, for comparison,
from chronic lesions of AD patients as well as from healthy
skin of control donors, both of which lack IL-29 expression
[16]. Actually, the expression of all three chemokines was
found to be elevated in psoriasis compared to healthy and
AD skin, with CXCL11 showing the greatest increase

Fig. 3 The CXCR3A ligand-
inducing effect of IL-29 is long-
lived and recapitulated in com-
plex stratified keratinocyte sys-
tems. a Primary human
keratinocytes were treated with
IL-29 or were left without stimu-
lation (control) for 6 to 72 h. Ex-
pressions were analyzed by RT-
qPCR. Data from 2 experiments
are shown (mean±range). b Hu-
man epidermis models were
treated with IL-29 or were left
unstimulated (control) for 72 h.
Expressions were analyzed by
RT-qPCR. Data from 3 experi-
ments are shown (mean±SEM). c
Skin biopsies obtained from
healthy donors were cultured in
the presence or absence (control)
of IL-29 for 24 h. Individual data
from 5 experiments are shown.
Significance of differences was
analyzed using the Wilcoxon
matched-pairs signed-rank test
(two-tailed; *P<0.05; n.s. not
significant)
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compared to healthy skin (Fig. 7a and Fig. S5a). In line with
the differential IL-29 expression in lesional versus non-
lesional psoriatic skin [16], cutaneous CXCL10 and CXCL11
levels were significantly higher in lesional compared to paired
non-lesional psoriatic skin (Fig. 7b). Correlation analysis re-
vealed a clear association between elevated lesional CXCL10
and CXCL11 levels with epidermal T-cell infiltration in the
patients (Table S1).

To further support the role of IL-29 expression for the ele-
vated cutaneous CXCR3A ligand expression in psoriasis, we

secondly investigated the effect of IL-29 neutralization in skin
biopsies obtained from these patients. Two biopsies obtained
from the same psoriatic lesion were cultured in the presence of
anti-IL-29 or control antibodies for 72 h. As demonstrated in
Fig. 7c, anti-IL-29 antibody actually decreased the expression
of CXCL10 and CXCL11 but did not influence CCL20 ex-
pression. These results clearly demonstrate that IL-29 is an
important mediator of the elevated CXCR3A ligand levels in
psoriatic skin. Third, we asked whether elevated lesional
CXCRA3 ligand levels would reach the circulation and

Fig. 4 IFN-γ amplifies the chemokine-inducing effects of IL-29. a Pri-
mary human keratinocytes were treated with IL-29 in the presence and
absence of psoriasis-relevant cytokines or were left unstimulated (control)
for 24 h. Expression was analyzed by RT-qPCR. Data from 3 experiments
are shown (mean±SEM). b Primary human keratinocytes were treated
with IL-29 in the presence and absence of IFN-γ orwere left unstimulated

(control) for 24 h. Chemokine concentration in supernatant was analyzed
by ELISA. Data from 6 to 9 experiments are shown (mean±SEM). Sig-
nificance of differences between IL-29/IFN-γ group and all other groups
as well as between control and IL-29 group was analyzed using the
Wilcoxon matched-pairs signed-rank test (two-tailed; *P<0.05)

Fig. 5 IL-29 and its murine
counterpart IL-28A show similar
effects. Primary human (a) and
murine (b) keratinocytes were
treated with IL-29 and mIL-28A,
respectively, or were left
unstimulated (controls) for 24 h.
Expressions were analyzed by
RT-qPCR. Data from 5 (mean±
SEM) experiments are shown.
Significance of differences was
analyzed using the Wilcoxon
matched-pairs signed-rank test
(two-tailed; *P<0.05; n.s. not
significant)
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measured blood plasma concentrations of these chemokines in
psoriasis patients versus healthy donors. Indeed, patients’
levels were significantly increased for CXCL11 (Fig. 7d)
and may therefore reflect both the lesional IL-29 production
and the lesional CXCR3A+ cell infiltration in this situation. In
contrast, blood levels of CXCL9 and CXCL10 were not sig-
nificantly increased (Fig. 7d and Fig. S5b).

Discussion

Our study provides evidence that IL-29 contributes to the
infiltration of CXCR3A-bearing immune cells into the psori-
atic skin. First, IL-29 induced the expression of CXCR3A
ligands CXCL9, CXCL10, and CXCL11 in its target cells in
the human skin: in keratinocytes and, with a much less poten-
cy, in melanocytes. Interestingly, we observed a clear grading
of the IL-29 effect with respect to the individual ligands.
Whereas the CXCL9 induction was rather weak, followed
by the level of CXCL10 induction, strong upregulation of
CXCL11 was observed in IL-29-treated keratinocytes.
CXCR3A ligand induction was also seen in complex systems

like three-dimensional epidermis models, whole human skin
explants, and in mouse skin in vivo. Second, IL-29 production
in lesional psoriatic skin was associated with elevated local
CXCR3A ligand expression, and neutralization of IL-29 in
explanted skin from psoriatic lesions markedly reduced abun-
dance of these chemokine transcripts. Third, when injected
into mouse skin, murine IL-29 counterpart provoked local
infiltration of T-cells, T-cell cytokine expression and, as a
consequence of induced inflammation, skin thickening.

CXCR3A is one variant expressed from the CXCR3 gene,
which has been redesignated from the formerly simple
BCXCR3^ upon knowledge of an alternatively spliced tran-
script (CXCR3B), which additionally binds CXCL4 and me-
diates the antiangiogenic activity of CXCL4, CXCL9,
CXCL10, and CXCL11. The expression of CXCR3A is con-
trolled by the transcription factor T-bet. Coupled to Gαi,
CXCR3A mediates pro-migratory signaling [32, 37, 38].
CXCR3A-bearing cells include Th1-cells, CD8+ cells, NK-
cells, and Th1/Th17 Btransient^ cells [23–32]. The latter ex-
press both, Th1-cell features (CXCR3A, T-bet, high IFN-γ
production capacity) and Th17-cell markers (CCR6, RORγt)
([25, 27, 39] and own unpublished data). All of these cells are
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shown. (b, c) Day 5 skin samples were analyzed for epidermal CD3+ cell
numbers by immunohistochemistry. Mean (±SEM) data (per millimeter skin
section length) from 8 mice per group (*P<0.05; Wilcoxon matched-pairs
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present in the psoriatic skin [1], and especially the Th1/Th17
transient cells might be highly pathogenic in human chronic
inflammatory diseases [39–41]. Thus, although IL-29 does
not seem to efficiently influence immune cells directly [20,
42], it may contribute indirectly to the pathogenesis of such
disorders.

IL-29 (and its siblings IL-28A and IL-28B) is known to
bind to the IL-28R1/IL-10R2 receptor complex, which initi-
ates signal transduction mainly via the phosphorylation of
STAT1 and STAT2. Activated STATs form either homodimers
or, involving IRF9, the ISGF3 transcription factor, both of
which translocate in the cell nucleus, where they bind to the
GAS and ISRE sites within the promoters of target genes. IL-
28R1/IL-10R2 receptor complex engagement was additional-
ly described to activate the NFκB pathway [19]. Indeed, the
promoter regions of CXCL10 and CXCL11 contain multiple
GAS and ISRE sites and NFκB response elements [43, 44].
Interestingly, the chemokine induction by IL-29 was quite
selective, with no induction of other chemokines or modula-
tion of molecules interfering with the CXCR3A/CXCR3A
ligand interaction in keratinocytes.

Regarding the CXCR3A ligand induction in keratinocytes,
IL-29 demonstrated cooperative action with IFN-γ and, in a
much less pronounced manner, with IL-1β and TNF-α. Cor-
respondingly, co-administration of murine IL-29 and IFN-γ

counterparts into mouse skin led to amplified T-cell skin infil-
tration and inflammatory response.

Although IL-29 production can be induced by viral and
bacterial stimuli via pattern recognition receptors mainly in
plasmacytoid dendritic cells (pDCs) and myeloid DCs
(mDCs) (mainly those mDCs with high CD141 expression)
[45, 46] and it has become famous for its antiviral role [19,
42], the main IL-29 producers in the psoriatic skin seem to be
skin-infiltrating Th17-cells, Th1-cells, and perhaps Th17/Th1
transient cells or RORγt-expressing innate lymphoid cells
[16]. The support of cutaneous CXCR3A-based cell infiltra-
tion by IL-29 might therefore represent an important positive
feedback regulation in the psoriatic skin. This in turn may
contribute to the maintenance of lesions and is in line with
the elevated IL-29 expression particularly in chronic lesions.

Interestingly, CXCR3A ligand expression in psoriatic skin
was associated with significantly increased CXCL11 blood
plasma levels and a trend to increased CXCL10 levels in these
patients, while the blood concentrations of the ligand with the
lowest induction by IL-29 (CXCL9) were not altered.
CXCL11 blood levels may therefore be useful as a biomarker
for the local action of IL-29 (and IFN-γ). Increased circulating
CXCR3A ligand concentration (CXCL10 and CXCL11) was
also found after single application of pegylated IL-29 into
humans [47].

Fig. 7 CXCR3A ligand expression is elevated in lesional skin of
psoriatic patients in an IL-29-dependent manner. aChemokine expression
was analyzed in biopsies from skin of 10 healthy control donors and
lesional skin of 15 psoriasis and 10 AD patients by RT-qPCR. Mean
data±SEM are shown. b Chemokine expression in paired non-lesional
(nl) and lesional (l) skin biopsies of 8 psoriasis patients was analyzed by
RT-qPCR and is given as individual values. c Biopsies obtained from
lesional skin of psoriasis patient were cultured in the presence of

neutralizing anti-IL-29 or control antibodies for 72 h. Chemokine expres-
sion was analyzed by RT-qPCR and is given as percent of the IgG treated
group. d Chemokine blood plasma levels of 20 healthy control donors
and 20 psoriasis patients were analyzed by ELISA. Mean data±SEM are
shown. Significance of differences was analyzed using either the Mann-
Whitney U test (two-tailed; **P<0.01, ***P<0.001; n.s. not significant)
(a, d) or the Wilcoxon matched-pairs signed-rank test (two-tailed;
**P<0.01) (b). AD atopic dermatitis
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Besides psoriasis, IL-29-induced CXCR3A ligand-
dependent immune cell infiltration might play a pathogenetic
role in cutaneous lupus erythematosus, a disease with superior
cutaneous IL-29 production, as recently demonstrated by the
Wenzel group [48].

Based on the data of this manuscript, we suggest that the
excellent clinical effectiveness of pegylated IL-29, which is
currently under development for the therapy of hepatitis C
infection [49], may be due not only to the direct antiviral effect
(by inducing AVPs and virus-recognizing pattern recognition
receptors) on liver cells but also on its contribution regarding
the infiltration of virus-combating immune cells (CD8+ T-
cells, NK-cells, Th1-cells).

In summary, our data demonstrate that the Th17-cell cyto-
kine IL-29, by specifically inducing the release of CXCR3A
ligands in skin tissue cells, triggers cutaneous immune cell
infiltration and might play a pathogenetic role in chronic in-
flammatory diseases.
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