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Background: A disordered immune regulation contributes to chronic inflammatory skin diseases.
Results: Human keratinocytes show a restricted ability to up-regulate SOCS3.
Conclusion: Keratinocytes miss an important negative feedback mechanism.
Significance: The failure of keratinocytes to up-regulate SOCS3 efficiently may contribute to ongoing proinflammatory epi-
thelial responses that impact on leukocyte infiltration and thus to the maintenance of chronic skin inflammation.

Suppressor of cytokine signaling (SOCS)3 belongs to a family of
proteins that are known to exert important functions as inducible
feedback inhibitors and are crucial for the balance of immune
responses.There is evidence for aderegulated immuneresponse in
chronic inflammatory skin diseases. Thus, it was the aim of this
study to investigate the regulation of SOCS proteins involved in
intracellular signaling pathways occurring during inflammatory
skin diseases and analyze their impact on the course of inflamma-
tory responses. Because we and others have previously described
that the cytokine IL-27 has an important impact on the chronic
manifestation of inflammatory skin diseases, we focused here on
the signaling induced by IL-27 in human primary keratinocytes
compared with autologous blood-derived macrophages. Here, we
demonstrate thatSOCS3iscritically involved inregulatingthecell-
specific response to IL-27. SOCS3 was found to be significantly
up-regulated by IL-27 in macrophages but not in keratinocytes.
Other STAT3-activating cytokines investigated, including IL-6,
IL-22, and oncostatinM, also failed to up-regulate SOCS3 in kera-
tinocytes. Lack of SOCS3 up-regulation in skin epithelial cells was
accompanied by prolonged STAT1 and STAT3 phosphorylation
and enhanced CXCL10 production upon IL-27 stimulation com-
pared with macrophages. Overexpression of SOCS3 in keratino-
cytes significantly diminished this enhanced CXCL10 production
inresponse to IL-27.Weconclude fromourdata thatkeratinocytes
have a cell type-specific impaired capacity to up-regulate SOCS3
whichmaycruciallydetermine the courseof chronic inflammatory
skin diseases.

Inflammatory skin diseases such as chronic eczema or psori-
asis are characterized by an ongoing proinflammatory type 1
deviated immune response and a disordered regulation of the
immune response. A plethora of different mediators are
involved in this process, and their complex interactions are still
incompletely understood.
A recently described important player in chronic inflamma-

tory skin diseases is the cytokine IL-27 (1–3). IL-27 belongs to
the IL-12 family of cytokines and is a heterodimeric cytokine
composed of the subunits p28 and Epstein-Barr virus-induced
gene 3 (4). The unique IL-27 receptor �/WSX-1 and the com-
mon gp130 chain build up the functional IL-27 receptor that is
widely expressed on cells of the immune system, including anti-
gen-presenting cells and keratinocytes. Downstream of the
IL-27 receptor both STAT1 and STAT3 are activated and coor-
dinate the pleiotropic effects of IL-27 on a variety of different
cell types of the innate and adaptive immune systems (2, 5–7).
Initially, IL-27 was identified to act as a Th1 polarizing media-
tor (6, 8), a well known function of IL-12 family members. By
acting directly on naive T cells it sensitizes CD4� T cells to
respond to IL-12 stimulation during early immune responses.
Furthermore, IL-27 promotes a proinflammatory type 1
response by priming human primary keratinocytes, macro-
phages or inflammatory dendritic epidermal cells for IL-6,
TNF�, CXCL10, and IL-23 production, respectively. IL-27 is
therefore significantly involved in initiating and driving the
chronic phase of inflammatory skin diseases (1–3, 7).
Interestingly, as shown by Owaki et al. (9) for CD4� T cells,

the STAT3-responsive molecule SOCS33 is also induced by
IL-27. SOCS3 is a member of the SOCS family of intracellular
proteins that, as inducible feedback inhibitors, are crucial for
regulating signaling responses (10). SOCS3 has been described
to inhibit STAT3 signaling by binding directly to the gp130
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receptor chain and thus preventing JAK phosphorylation (11,
12). It was also shown that SOCS3 directly inhibits JAK2 activ-
ity (13). Of note, SOCS3 is not a common STAT3 inhibitor but
acts in a receptor-specific manner, in particular for gp130. In
this context it has for example been shown that SOCS3 shapes
the specificity of STAT1/STAT3 activation in IL-6 but not
IL-10 signaling (14–16).
The present study was designed to examine cell type-depen-

dent differences in IL-27 signaling with the aim to identify
mechanisms which contribute to skin inflammation becoming
chronic. Using keratinocytes and autologous macrophages, we
found increased SOCS3 expression upon IL-27 stimulation in
macrophages but not in keratinocytes. Consequently, the
restricted ability of skin epithelial cells to up-regulate SOCS3
leads to a prolonged IL-27 activity with increased CXCL10
secretion in this cell type.Manipulation of SOCS3 expression in
keratinocytes could therefore be an interesting approach to
limit epidermal inflammation.

EXPERIMENTAL PROCEDURES

Cytokines and Reagents—IL-27 and IFN� were used as puri-
fied recombinant human preparations and were purchased
from R&D Systems. Actinomycin D and dimethyl sulfoxide
were from Sigma-Aldrich.
Cell Isolation and Culture of Human Macrophages and

Human Primary Keratinocytes—Peripheral blood mononu-
clear cells from healthy donors were separated by Ficoll-
Hypaque density gradient centrifugation and resuspended in
Iscove’s (Biochrom, Berlin, Germany) medium supplemented
with 4%AB serum (IABmedium).Monocytes were enriched by
plastic adherence: 1 � 108 peripheral blood mononuclear cells
were plated in Petri dishes (Heraeus, Hannover, Germany) or in
80-cm2 culture flasks (NuclonTM; Nunc GmbH & Co. AG,
Wiesbaden). After 1 h (37 °C, 5% CO2), nonadherent cells were
carefully removed by several washes with prewarmed phos-
phate-buffered saline (PBS; Pan, Aidenbach, Germany), and
thereafter the adherent cell population was detached using a
cell scraper after culture dishes were incubated on ice for 10
min. Detached cells were washed and resuspended in IAB
medium and then allowed to rest in round bottom 96-well
microtiter plates (Nunc) for 2 days before they were used for
further experiments.
Primary cultures of normal human keratinocytes were pre-

pared from foreskin (17) or from epidermal stem cells of the
hair follicle of anagen head hairs (18). Cells were cultured in
keratinocyte medium (Keratinocyte Growth Medium 2 kit;
PromoCell), which was changed every second day. When cells
reached 70–80% confluence they were used for further exper-
iments or passaged. Before stimulation, hydrocortisone and
EGF were omitted from the medium.
This studywas approved by themedical ethical committee of

the Hannover Medical School and was conducted according to
the Declaration of Helsinki Principles.
Flow Cytometric Analysis of Intracellular Molecules—Prior

to flow cytometric analysis keratinocytes were detached by
using 0.025% EDTA (10 min; PAN Biotech) and HyQTase (10
min; Perbio, Bonn, Germany). For intracellular stainingmacro-
phages and keratinocytes were fixed and permeabilized using

Cytofix/Cytoperm (BD Biosciences). Phycoerythrin-labeled
mAbs (mouse anti-human) or nonconjugated CXCL10 anti-
body used were from R&D Systems. A rabbit anti-human anti-
body was used for SOCS3 detection (Abcam). As secondary
antibody goat anti-mouse or goat anti-rabbit IgG F(ab)�2 frag-
ment-allophycocyanin (BDBiosciences) was used, respectively.
Stained cells were measured by flow cytometry (FACSCalibur)
and analyzed using Cell QuestProTM software (BD Biosci-
ences). Control staining was performed with matched isotypes
used in the same final concentration as corresponding staining
antibodies (phycoerythrin-conjugated mouse IgG1 (Sigma),
unlabeled IgG1, and unlabeled rabbit anti-human antibody
(R&D Systems)).
mRNA Isolation and Quantitative RT-PCR—RNA was iso-

lated using the High Pure RNA Isolation kit (Roche Molecular
Biochemicals). Reverse transcription was performed using the
QuantiTect Reverse Transcription kit (Qiagen). The quantita-
tive RT-PCR was performed on a LightCycler (Roche Molecu-
lar Biochemicals) using the QuantiTect SYBR Green PCR kit
(Qiagen). The primers 5�-AgACTTCgATTCgggACCA and
5�-AACTTgCTgTgggTgACCA (TIB MOLBIOL, Berlin, Ger-
many) were used for SOCS3, and for GAPDH we used Quanti-
Tect Primers (Qiagen). For quantitative analysis targets were
quantified using the Relative Quantification software (Roche
Molecular Biochemicals) as described previously (19).
CXCL10 ELISA—Cell-free supernatants were used for

CXCL10 ELISA. The ELISA kit was purchased from R&D
Systems.
Phospho-STAT and SOCS3 ELISA—A total of 1 � 105 kera-

tinocytes or 1 � 106 macrophages were homogenized inM-Per
Mammalian Extraction Reagent (Thermo Fisher Scientific)
containing protease and phosphatase inhibitor (complete mini
and PhosSTOP; Roche Molecular Biochemicals). After cell
lyses, extracts were centrifuged at 3000 � g for 10 min (4 °C).
Supernatants were collected and used for pSTAT1 and
pSTAT3 ELISA (Cell Signaling, New England BioLabs) or
SOCS3 ELISA (Uscn Life Science Inc., Biozol, Eching, Ger-
many) respectively. All ELISAs were performed according to
the manufacturer’s instructions.
Western Blotting—Cell extracts were obtained as described

for phospho-STAT and SOCS3 ELISA. After centrifugation
(3000 � g for 10 min at 48 ºC), samples were separated on a
4–15% Tris-HCl gel (Ready Gel; Bio-Rad) by using SDS-PAGE
running conditions (Tris/glycine/SDS buffer; Bio-Rad). The
semidry systemwas used to transfer proteins to a nitrocellulose
membrane (25 min at 18 V, room temperature). Membranes
were incubated in blocking buffer composed of TBS (Bio-Rad),
0.1% Tween 20, and 5% nonfat milk powder (2 h at room tem-
perature; RothGmbH,Karlsruhe, Germany). The first antibody
incubation was performed in TBS/0.1% Tween 20 containing
5% BSA (overnight at 4 °C; Sigma-Aldrich). Rabbit anti-STAT1
and rabbit anti-STAT3, respectively, were used to detect total
STAT1 and STAT3, followed by a horseradish peroxidase-con-
jugated goat anti-rabbit secondary antibody. �-Actin was
detected using amouse anti-�-actin antibody and a horseradish
peroxidase-conjugated goat anti-mouse antibody as secondary
antibody. All antibodies were purchased from Cell Signaling.
Second antibody incubation was performed in blocking buffer
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(see above) for 1 h at room temperature. Detection was per-
formed using chemiluminescence for which themembranewas
incubated for 5 min in SuperSignal West Pico substrate
(Thermo Fisher Scientific) according to the manufacturer’s
instructions. Subsequently, the signal was detected using the
MultiImage Light Cabinet and the Alpha DigDoc 1000 Soft-
ware (Alpha Innotech Corporation, Biozym, Hess Oldendorf,
Germany).
Overexpression of SOCS3 inKeratinocytes—Cellswere grown

in a 12-well plate until they reached 80–90% confluence. Then
they were transfected using FuGENEHD (Roche Molecular
Biochemicals) transfection reagent and 2 �g of a plasmid
encoding for human eGFP-SOCS3 fusion (20). Transfection
efficacy was between 8 and 20%.
Statistical Analysis—Data were either analyzed using the t

test (columns: mean values � S.E. are depicted), paired t test
(individual values are depicted), or Wilcoxon Signed Rank test
according to the distribution of the data. The software used to
perform the statistical analyseswasGraphPadPrism forMacin-
tosh version 5.0a.

RESULTS

SOCS3 Is Regulated Differentially in Macrophages and
Keratinocytes—SOCS3 has been described to be induced upon
IL-27 stimulation in naive CD4� T cell (9). Our own previous
data based on microarray analyses (InfHuman) (21) and
CXCL10 protein secretion showed that both cell types, kerati-
nocytes as well as human macrophages, clearly respond to
IL-27 (2, 3). To determine whether SOCS3 is involved in the
regulation of IL-27 signaling in human macrophages and kera-
tinocytes, we investigated SOCS3mRNAexpression profiles by
quantitative real-time PCR and protein expression by FACS
analysis. We performed time kinetic experiments and exam-
ined dose-dependent responses by analyzing mRNA levels. As

shown in Fig. 1, SOCS3 was rapidly up-regulated in macro-
phages withmaximal induction after 30–60min. In contrast to
the 10–20-fold induction of SOCS3mRNAobserved in human
macrophages (Fig. 1A), keratinocytes only showed timely
delayed (e.g. after 60–90 min), minor inducibility of SOCS3
mRNA after stimulation with IL-27 (Fig. 1B). A clear dose-de-
pendent response, analyzed 60 min after stimulation, was
observed in macrophages as depicted in Fig. 1C. Cells
responded with an increase in SOCS3 mRNA expression upon
stimulation with IL-27 up to 50 ng/ml; higher doses of IL-27
were less effective in inducing SOCS3 mRNA levels. Keratino-
cytes showed amodest increase in SOCS3mRNAwith increas-
ing doses of IL-27 (Fig. 1D). Thus, in macrophages we found an
up to 18-fold induction of SOCS3mRNA following IL-27 stim-
ulation whereas in keratinocytes the maximal expression
observed was a 6-fold induction. These results were confirmed
on the protein level by intracellular FACS analysis (Fig. 2A) and
ELISA (Fig. 2B). Using autologous keratinocytes and macro-
phages, the latter showed a significant increase in SOCS3 pro-
tein compared with keratinocytes (Fig. 2A). Absolute protein
levels of SOCS3 are depicted in Fig. 2B andwere in line with the
results obtained by FACS. Interestingly, we observed even
lower basal levels of SOCS3 in keratinocytes than in macro-
phages. Of note, the first increase of SOCS3 was detectable 5
min after IL-27 stimulation on themRNA level and after 15min
on the protein level. Furthermore, other STAT3-activating
cytokines such as IL-6, IL-22, oncostatinM, or IL-31 also failed
to up-regulate SOCS3 in keratinocytes (data not shown), which
points to a general cell-specific impairment of SOCS3 induc-
tion in skin epithelial cells.
IL-27-induced Pattern of STAT1 and STAT3 Phosphoryla-

tion Differs between Keratinocytes and Macrophages—IL-27
induces the phosphorylation of STAT1 and STAT3 in both

FIGURE 1. IL-27 induces higher levels of SOCS3 mRNA in macrophages than in keratinocytes. Macrophages (A) and human primary keratinocytes (B) were
stimulated for the indicated time periods with IL-27 (50 ng/ml) or for 60 min with the indicated concentrations of IL-27 (C and D). Quantitative RT-PCR was
performed for SOCS3. n � 6. Error bars, S.D.
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human monocytes and keratinocytes (2, 5). To investigate
whether SOCS3 influences IL-27 signaling by blocking STAT-
dependent signaling cascades we performed pSTAT1 and
pSTAT3 ELISAs using cell extracts. We focused on the differ-
ences in intensity and duration of STAT1 and STAT3 tyrosine
phosphorylation between both cell types (Fig. 3). 15 min after
stimulation we found for both cell types equal amounts of
pSTAT1 that were up to 10-fold higher than basal levels. By
contrast, both cell types showed a profoundly different
response with regard to STAT3 activation. First, the level of
pSTAT3 was significantly higher in stimulated macrophages
than in stimulated keratinocytes (Fig. 3,A andB). Second, kera-
tinocytes that only showed a 2-fold increase in pSTAT3 after
stimulation were found to express approximately 3-fold higher
basal level of pSTAT3 than macrophages (compare also Fig.
4C). The levels of total STAT1 and STAT3 were checked by
Western blotting and showed a uniform expression for the ana-
lyzed time period. Of note, the pSTAT1/3 response patternwas
not restricted to proliferating keratinocytes because highly con-
fluent, nonproliferating cells showed the same STAT-activat-
ing responses upon IL-27 stimulation (data not shown). Inter-
estingly, the phosphorylation state of both STAT proteins was
found to be considerably prolonged in keratinocytes compared
with macrophages. These results indicate that SOCS3 may be
less efficient in counterregulating STAT pathway activation in
epithelial cells.
Regulation of IL-27-induced STAT1/3 Phosphorylation

Duration Requires Transcription—SOCS3 is known to act as a
feedback inhibitor and was shown to be responsible for the
abrogation of IL-6 signaling (22). However, constitutively
expressed phosphatases such as SHP2 may be involved in the
observed limitation of STAT1/3 phosphorylation patterns in
IL-27 signaling. To show that IL-27 induces a negative feedback
loop that requires the transcription of de novo induced protein
we blocked transcription by actinomycin D treatment. If only
constitutively expressed phosphatases were involved in the reg-
ulation of IL-27-induced STAT1/3 phosphorylation, the acti-
nomycin D treatment would have no or only minor effects on
the phosphorylation pattern. However, as depicted in Fig. 3, C
and D, treatment of macrophages with actinomycin D clearly
prolonged the phosphorylation compared with dimethyl sul-
foxide-treated controls. Taken together, we conclude that the

regulation of IL-27-induced STAT1/3 phosphorylation dura-
tion requires transcription and that this regulation is not solely
dependent on constitutively expressed phosphatases.
SOCS3 Leads to Desensitization toward IL-27 Stimulation in

Macrophages but Not in Keratinocytes—To test whether
SOCS3 is able to block IL-27 signaling, we performed restimu-
lation experiments. Keratinocytes and macrophages were first
stimulated with IL-27 for 1 h. Medium was than changed, and
after another 3 h cells were stimulated again with IL-27 (Fig.
4A). Because SOCS3 up-regulation was observed in macro-
phages, but not in keratinocytes (Fig. 1), we hypothesized that
only macrophages would become unresponsive to secondary
IL-27 stimulation. Cell extracts were prepared for pSTAT1 and
pSTAT3 determinations after a 15-min incubation, and super-
natants were taken 20 h after addition of the second IL-27 stim-
ulation. As shown in Fig. 4, B and C, keratinocytes were able to
respond repeatedly to IL-27 with activation of STAT1. STAT3
activation in restimulated keratinocytes was not higher than in
nontreated cells. By contrast, macrophages completely failed to
respond to a secondary IL-27 stimulation. We confirmed that
the desensitization ofmacrophages to IL-27 requires transcrip-
tional activity because culture in the presence of actinomycinD
abolished the desensitization (Fig. 4, D and E).
In a continuative approach we analyzed a STAT1 down-

streammolecule to understand the functional consequences of
different IL-27 signaling in the investigated cell types. CXCL10,
which has previously been shown to be inducible by IL-27 in
keratinocytes and monocytes (2, 7), was analyzed in superna-
tants of stimulated cells by ELISA. As shown in Fig. 4, F and G,
CXCL10 production paralleled results obtained by pSTAT
ELISA. Keratinocytes were able to respond repeatedly to IL-27
stimulation, resulting in even increasing amounts of CXCL10
whereas macrophages failed to do so.
Overexpression of SOCS3 Results in Decreased Expression of

CXCL10 in Keratinocytes—To prove that SOCS3 is responsible
for the differential production of CXCL10 in keratinocytes and
macrophages, we transfected keratinocytes with a plasmid
encoding for a GFP-SOCS3 fusion protein. Transfected cells
were identified by their subsequent eGFP expression. This pop-
ulation was compared with the eGFP negative population by
FACS analysis as a built-in internal control (Fig. 5A). Trans-
fected keratinocytes were analyzed by FACS for their yield of

FIGURE 2. SOCS3 protein is highly inducible in stimulated macrophages compared with autologous keratinocytes. A, autologous macrophages and
keratinocytes were stimulated for 4 h with 50 ng/ml IL-27 before intracellular FACS staining was performed using rabbit anti-hSOCS3 AB. The percentage of
IL-27-induced SOCS3 increase with regard to percentage positive cells (relative to the nonstimulated value of each independent experiment) is depicted. n �
6. **, p � 0.02. B, macrophages and keratinocytes were stimulated for 4 h as indicated. Cell extracts were taken and analyzed for SOCS3 by ELISA. As control, the
same cell extracts were used to perform �-actin Western blotting. n � 4. *, p � 0.05; n.s., not significant; error bars, S.D.
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SOCS3 and CXCL10 protein. As depicted in Fig. 5B, eGFP-
positive cells expressed significantlymore SOCS3 than the neg-
ative ones. In line with an increase of SOCS3, CXCL10 produc-
tion was significantly reduced in these cells after stimulation
(Fig. 5C). STAT1 expression as detected by pSTAT1 ELISAwas
markedly reduced in eGFP-positive keratinocytes overexpress-
ing SOCS3 (Fig. 5D). Interestingly, overexpression of SOCS3
affected not only IL-27 but also IFN�-induced CXCL10. Taken
together, these results confirm a role of SOCS3 in regulating
CXCL10 production.

DISCUSSION

Here, we show for the first time that skin epithelial cells have
a restricted ability to up-regulate SOCS3. We demonstrated
that SOCS3 regulates the intensity and duration of IL-27 sig-
naling in human macrophages and keratinocytes. This regula-
tion occurs in macrophages in the form of a well known nega-
tive feedback-loop. IL-27 directly induces SOCS3 in this cell
type. By contrast, this feedback mechanism is less evident in
keratinocytes resulting in prolonged tyrosine phosphorylation
of STAT1 and STAT3 as well as enhanced production of pro-
inflammatorymediators includingCXCL10. In the case of kera-
tinocytes, IL-27 failed to up-regulate SOCS3, which might be
due to a reduced sensitivity to gp130-induced STAT3 activa-
tion. This is in line with our findings of higher basal levels of
pSTAT3 but not of pSTAT1 in keratinocytes compared with
macrophages. Apart from a reduced sensitivity to gp130-in-
duced STAT3 activation, epigenetic alterations in the SOCS3

genemight be responsible for the restricted SOCS3 expression.
It has been described that SOCS3 is regulated by promoter-
associated histone modifications as well as by DNA methyla-
tion of the SOCS promoter region (23–25). So far, we have
checked the SOCS3 gene at two different sites for CpG island
methylation status: in the promoter region (Hs_
SOCS3_01_PM PyroMark CpG Assay; Qiagen) and at 18 CpG
sites in intron 1 (the analyzed region extended over the region
�647 to �768 of the SOCS3 gene) but have not found a differ-
ence between macrophages and keratinocytes (data not
shown).
Interestingly, we observed high basal levels of activated

STAT3 in keratinocytes whichmay be due to the reduced basal
levels of SOCS3 in these cells compared with macrophages.
Because keratinocytes are proliferative active cells, the higher
basal levels of pSTAT3 may be necessary for their cell division,
and increased SOCS3 activity could therefore interfere with the
repair of skin defects. Thus, an epigenetic modification of the
SOCS3 gene in keratinocytes could be hypothesized because it
may ensure essential functions of the epidermal compartment.
As described by Pflanz et al. (5) IL-27-induced STAT3 acti-

vation is attributed to gp130 whereas STAT1 activation is
mediated mainly by WSX-1 (26). Interestingly, our data sup-
port that SOCS3 targets the signaling downstream of both
IL-27 receptor subunits gp130 and WSX-1. SOCS3 has been
described to inhibit receptor-specific STAT3 signaling in
human andmurinemacrophages (14, 16, 27). gp130 signaling is

FIGURE 3. Keratinocytes show reduced pSTAT3 induction and prolonged phosphorylation of STAT1/3 upon IL-27 stimulation. Cells were stimulated for
the indicated time periods with 50 ng/ml IL-27 before cell extracts were prepared for pSTAT1 (A and C) or pSTAT3 (B and D) analysis by ELISA. A and B, induction
levels were calculated by referring values of stimulated cells to those of nonstimulated cells for each independent experiment. The respective total levels of
STAT1 and STAT3 are shown exemplarily by Western blotting. C and D, macrophages were preincubated with actinomycin D (5 �g/ml) or corresponding
amounts of dimethyl sulfoxide (DMSO) for 30 min before subsequent IL-27 stimulation. n � 4. Error bars, S.D.
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selectively affected by SOCS3 because IL-6 (via gp130)- but not
IL-10 (via IL-10 receptor)-induced STAT3 activation is blocked
by SOCS3. As shown byNicholson et al. (12), SOCS3 can inter-
act directly with gp130 by binding on its phosphotyrosine 759
motif and therefore compete with SHP2/JAK. Moreover, Song
and Shuai (28) demonstrated that SOCS3 can also inhibit
STAT1 tyrosine phosphorylation and its nuclear translocation.
This finding is also applicable for IL-27-induced SOCS3 as pre-
sented in this study. A major role of SOCS1 (the common reg-
ulator of STAT1 activation) (29) in the inhibition of IL-27-ac-
tivated STAT1 seems unlikely in our experimental setup. This
is because first, real-timePCR showed low expression of SOCS1
compared with SOCS3 with crossing points for SOCS1 above
cycle 30 (keratinocytes) and 34 (macrophages), respectively
(supplemental Fig. S1). Second, manipulation of SOCS3
expression (as shown in Fig. 5) clearly pointed to its functional
role in STAT1 pathway regulation in our experimental
approach. Furthermore, by actinomycinD treatment ofmacro-
phages we excluded receptor internalization or phosphatase
activity as important regulatory mechanisms in this context.

IL-27-induced STAT1 activation appears to have an impor-
tant role in regulating the course of proinflammatory
responses. SOCS3 was rapidly up-regulated by IL-27 in macro-
phages, however, only responded once to IL-27 stimulation,
whereas keratinocytes in which IL-27 failed to increase SOCS3
reacted repeatedlywith proinflammatorymediator production.
We conclude fromour data that SOCS3 plays an important role
in preventing macrophages from prolonged proinflammatory
responses. By contrast, this feedback regulation is notmounted
efficiently in epithelial skin cells. To confirm this we overex-
pressed SOCS3 in keratinocytes which results in an inhibition
of STAT1 and STAT3 activation. Interestingly, overexpression
of SOCS3 not only reduced IL-27 but also IFN�-induced
CXCL10 production. Thus, the impaired ability of keratino-
cytes to up-regulate SOCS3 affects their response to STAT1-
activatingmolecules and results in a prolonged, unleashed pro-
duction of proinflammatory mediators such as CXCL10.
CXCL10 is one of the main chemokines attracting CXCR3�

IFN�-producing T cells into the skin. The infiltration of
CXCR3� Th1 cells characterizes chronic inflammatory dis-

FIGURE 4. Keratinocytes but not macrophages are able to respond to repetitive IL-27 stimulation. As depicted in A, cells were stimulated for 1 h with IL-27
(50 ng/ml) before medium was changed. After another 3 h, cells were stimulated again with IL-27 (50 ng/ml) (repetitive stimulation) and incubated for another
30 min before protein extracts were taken for pSTAT1 (B and D) and pSTAT3 (C and E) ELISA. D and E, macrophages were preincubated with actinomycin D (5
�g/ml) or corresponding amounts of dimethyl sulfoxide (DMSO) for 30 min before subsequent IL-27 stimulation. F and G, autologous human primary
keratinocytes and macrophages were stimulated as described above. After restimulation, cells were incubated for another 20 h before supernatants were
taken for CXCL10 ELISA. n � 3 (B and C), n � 4 (D–G). *, p � 0.05; n.s., not significant; error bars, S.D.
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eases such as psoriasis, cutaneous lupus erythematosus, and
chronic states of eczematous conditions.
Translating these novel findings to clinical relevance, we

conclude that the dysfunctional SOCS3 expression in keratino-
cytes contributes to the chronification of inflammatory Th1/
STAT1-dominated epidermal responses. Recently, we reported
that IL-27 was found to be expressed in the chronic (Th1-dom-
inated) but not in the acute phase of eczema (Th2-dominated)
(2). In addition, Shibata et al. (1) found an infiltration of IL-27-
secreting cells in psoriatic skin lesions. In both cases it may act
as a strong proinflammatorymediator able tomaintain Th1 cell
response in the epidermal compartment. Interestingly, SOCS3
is reported to be mainly expressed under Th2 conditions.
Horiuchi et al. (30) described that SOCS3 was found to be
expressed in lesions of patients suffering from severe atopic
dermatitis (Th2-dominated) but not in lesions from patients
with the Th1/Th17-dominated disorder psoriasis. In addition,
Ekelund et al. (31) linked the SOCS3 gene to atopic dermatitis,
and Seki et al. (32) reported a strong correlation between
SOCS3 expression and the pathology of Th2-mediated asthma

and atopic dermatitis. These data imply that regulation of
SOCS3 expression could be a therapeutic target for Th1-medi-
ated inflammatory skin diseases.
Finally, our data imply that the functional outcome of IL-27

signaling is highly regulated by SOCS3. Cell-dependent differ-
ences of macrophages and keratinocytes in response to these
mediators can be assigned to a different expression pattern of
SOCS3 in both cell types. In addition, previous findings point to
a relative lack of SOCS3 expression in Th1-mediated diseases.
In the case of chronic eczema this is accompanied by an
enhanced expression of IL-27 which results in an abundant
release of CXCL10 by keratinocytes. Therefore, we hypothesize
that the failure to up-regulate SOCS3 expression in keratino-
cytes efficiently contributes to themaintenance of ongoing pro-
inflammatory responses in the skin and probably other epithe-
lial interfaces.
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FIGURE 5. Overexpression of eGFP-SOCS3 in keratinocytes results in a decrease of STAT1 activation and CXCL10 production. A–C, eGFP-SOCS3-
transfected cells were analyzed by FACS. eGFP-positive cells were considered as successfully transfected (pEGFP_SOCS3-positive) (A). This population was
gated and compared with the eGFP-negative cells for the expression of SOCS3 (B) and CXCL10 (C) (50 ng of IL-27, 20 ng of IFN�; n � 6). *, p � 0.05; **, p � 0.02.
D, eGFP-positive or -negative fractions were sorted by FACS. Protein extracts were taken from both sorted fractions and analyzed for their amount of activated
STAT1 by ELISA (50 ng/ml IL-27, 15 min).
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