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Background: Because interleukin-22 is pathogenic in autoimmune inflammation its regulation and blockage by immuno-
modulation is crucial.
Results: Interleukin-22 promoter activation in a T cell model is supported by CREB, NF-AT, and IKK�. Largely by action on
NF-AT, cyclosporin impairs interleukin-22 expression.
Conclusion: Interleukin-22 is a direct cyclosporin target in T cells.
Significance:Observations made likely contribute to cyclosporin efficacy in autoimmunity such as psoriasis.

IL-22 is an immunoregulatory cytokine displaying pathologi-
cal functions inmodels of autoimmunity like experimental pso-
riasis. Understanding molecular mechanisms driving IL-22,
together with knowledge on the capacity of current immuno-
suppressive drugs to target this process, may open an avenue
to novel therapeutic options. Here, we sought to characterize
regulation of human IL22 gene expression with focus on
the established model of Jurkat T cells. Moreover, effects of
the prototypic immunosuppressant cyclosporin A (CsA) were
investigated.We report that IL-22 induction by TPA/A23187
(T/A) or �CD3 is inhibited by CsA or related FK506. Similar
data were obtained with peripheral blood mononuclear cells
or purified CD3� T cells. IL22 promoter analysis (�1074 to
�156 bp) revealed a role of an NF-AT (�95/�91 nt) and a
CREB (�194/�190 nt) binding site for gene induction.
Indeed, binding of CREB and NF-ATc2, but not c-Rel, under
the influence of T/A to those elements could be proven by
ChIP. Because CsA has the capability to impair I�B kinase
(IKK) complex activation, the IKK�/� inhibitor IKKVII was
evaluated. IKKVII likewise reduced IL-22 induction in Jurkat
cells and peripheral blood mononuclear cells. Interestingly,
transfection of Jurkat cells with siRNA directed against IKK�
impaired IL22 gene expression. Data presented suggest that
NF-AT, CREB, and IKK� contribute to rapid IL22 gene
induction. In particular the crucial role of NF-AT detected
herein may form the basis of direct action of CsA on IL-22
expression by T cells, which may contribute to therapeutic
efficacy of the drug in autoimmunity.

IL-22 (1) has been identified as one key component of cyto-
kine profiles associated with differentiation of crucial T cell
lineages, namely Th1, Th17, and Th22 (2–6). In addition,
there is increasing evidence that IL-22 is likewise a vital
product of activated CD8� T cells (7–9). IL-22 is derived

from either T cells or innate sources, specifically natural
killer cells, CD11� dendritic cells, and heterogeneous lin-
eages of innate lymphoid cell populations (10, 11) and appar-
ently fulfills a fundamental function as messenger between
leukocytic and non-leukocytic cell compartments. This
observation is based on restricted cell type-specific expres-
sion of IL-22R1, which is predominantly detected on non-
leukocytic cells, in particular cells of epithelial origin. Once
bound to its heterodimeric receptor, namely IL-22R1/IL-
10R2, IL-22 will engage signal transduction dominated by
activation of STAT3 (3) with subsequent context-specific
amplification of anti-apoptotic, tissue protective, anti-bac-
terial, immunoregulatory, or proinflammatory genes. B cell
lymphoma-2 and B cell lymphoma-xl (12), mucin-1 (13),
�-defensins (14) and lipocalin (15), suppressor of cytokine
signaling-3 (16), as well as CXCL8 (17), CXCL5, matrix met-
alloproteinase-3 (18), and iNOS (19) shall be quoted herein
exemplarily. Immunoregulatory properties of IL-22 are like-
wise strictly context specific and range from protective func-
tions seen in models of infection/microbe-driven inflamma-
tion (15, 20), hepatitis (12), and ventilator-induced lung
injury (16) to a clear pathogenic function seen in models of
autoimmunity, specifically collagen-induced arthritis (21),
and experimental psoriasis (22).
Cytokine networks that determine human T cell differentia-

tion and associated production of IL-22 have attracted consid-
erable attention in recent years. Whereas IL-12 and IFN� pave
the way toward Th1, IL-1, IL-6, and IL-23 are supposed to be
critical for generating the human Th17 subset (23–25). Cur-
rently, circumstances favoring differentiation of skin-homing
Th22 cells, a distinct CD4� cell type producing IL-22 but not
IL-17 or IFN� (5, 7), are only insufficiently defined, although
IL-6 and TNF� have been implicated in induction of this T cell
species (5).
Whereas external signals supporting T cell-derived IL-22

have been characterized in quite detail, gene expression
studies that investigate regulation of the human IL22 pro-
moter are currently lacking. Here, we studied IL22 gene
induction on a molecular level using the well established cell
culture model of human Jurkat T cells. Data are comple-
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mented by experiments on peripheral blood mononuclear
cells (PBMC)2 and isolated CD3� T cells. Because control of
IL-22 by pharmacological means is supposed to be a most
relevant task that relates to pathogenesis and treatment of
inflammatory/autoimmune diseases like psoriasis, a further
focus of the current study lies on modulatory mechanisms
implemented by the immunosuppressive calcineurin/nu-
clear factor of activated T cells (NF-AT) (26, 27) inhibitor
cyclosporin A (CsA). T cells are obviously the major target of
CsA action, although effects on diverse cell types, including
keratinocytes, have been observed in past years (28–30). In
fact, CsA is one major pillar of psoriasis therapy and success-
fully employed to control exacerbations in severe disease
(31).

EXPERIMENTAL PROCEDURES

Reagents—Phorbol 12-myristate 13-acetate (T), A23187 (A),
6-formylindolo[3,2-b]carbazole (FICZ), and FK506 were pur-
chased from Alexis/Enzo Life Sciences (Lörrach, Germany) or
AppliChem (Darmstadt, Germany), respectively. CsA, U0126,
and I�B kinase (IKK) inhibitor VII (IKKVII) were from Calbi-
ochem-Novabiochem (Bad Soden, Germany). �CD3 was from
eBioscience (Frankfurt, Germany). Cycloheximide (CHX), for-
skolin, and �-naphthoflavone (�-NF) were from Sigma.
Cultivation of Jurkat T Cells—Jurkat T cells were obtained

from the American Type Culture Collection (Manassas, VA).
For maintenance, Jurkat T cells were cultured in RPMI 1640
(Invitrogen) supplemented with 100 units/ml of penicillin, 100
�g/ml of streptomycin, and 10% heat-inactivated FCS (Invitro-
gen). For experiments, Jurkat T cells were seeded on 6-well
polystyrene plates (Greiner) at a density of 3 � 106 cells/ml. All
cell cultures in the current study were performed at 37 °C and
5% CO2.
Isolation and Cultivation of Human PBMC Obtained from

Healthy Volunteers—For isolation of PBMC, blood was
taken from healthy donors. This procedure and the respec-
tive consent documents were approved by the “Ethik Kom-
mission” of the University Hospital Goethe-University
Frankfurt (Geschäfts number 170/1998). Informed consent
was obtained from volunteers. Healthy donors had abstained
from taking drugs for 2 weeks prior to the study. PBMC were
freshly isolated from peripheral blood using Histopaque�-
1077 (Sigma) according to the manufacturer’s instructions.
For cultivation, PBMC were routinely resuspended in RPMI
1640 supplemented with 10 mMHEPES, 100 units/ml of pen-
icillin, 100 �g/ml of streptomycin, and 1% human serum
(Invitrogen) and seeded at 3 � 106 cells/ml in round-bottom
polypropylene tubes (Greiner).
Isolation of CD3� Cells from PBMC—CD3� T cells were iso-

lated by using the Pan-T-cell isolation kit II according to the

manufacturer’s instructions (Miltenyi, Bergisch Gladbach,
Germany). Briefly, up to 8 � 107 PBMC were used per column
and were counted again after completion of the isolation pro-
cedure. Cells were resuspended in the aforementioned PBMC
medium and seeded at 3 � 106 cells/ml in round-bottom poly-
propylene tubes. To assess successful isolation, FACS analysis
(FACS Canto, BD Biosciences) was performed with mouse
monoclonal anti-human CD3-PerCP/Cy5.5 (Biozol, Eching,
Germany). FACS data were analyzed by gating on lymphocytes.
CD3� T cell isolation resulted in amean purity of 98.2 � 0.46%
(n � 14).
Cloning of the Human IL22 Promoter, Transient Transfection

of Jurkat T Cells, and Luciferase Reporter Assays—Using
genomic DNA isolated from human KG1 cells, we amplified
5�-flanking regions of the IL22 gene (NM_020525) using Pfu
polymerase (Invitrogen). The following forward primers
(excluding an additional flanking BglII cloning/restriction site)
were used: Prom1 (1230 bp), forward 5�-CAATAGGTATTT-
GCATTTTGATAC-3�; Prom2 (557 bp), forward 5�-GAT-
CACCTCCAATGAGATAAG-3�; Prom3 (457 bp), forward
5�-CTAAATCTGAACTCTACTAAGAC-3�; and Prom4 (299
bp), forward 5�-GTTTTGTGGGCTCCTGTG-3�. The reverse
primer for all fragments (excluding an additional flanking
HindIII cloning/restriction site) was: 5�-TGCAGACAATT-
CTAACTCGAG-3�. Each promoter fragment ends 5� adjacent
to the adenine nucleotide of the IL22 translational start site.
Fragmentswere cloned into pGL3-Basic (Promega,Mannheim,
Germany) and sequenced thereafter (Seqlab, Göttingen, Ger-
many). Site-directed mutagenesis was performed using the
QuikChange site-directed mutagenesis kit (Stratagene) to gen-
erate promoter fragments that show dysfunctional putative
proximalNF-AT,CREB, or STAT5 binding sites. The following
primers were used for that purpose: pGL3-NF-ATS1 (�242/
�235 nt relative to IL22 transcriptional start site), forward, 5�-
GAAAAATATGTAGGGTTTTTAAAATTTCTGGGATTT-
GTCTGTAAAATACC-3�; pGL3-NF-ATS2 (�183/�179 nt),
forward, 5�-GGCTCTAATAGTGACGTTTTAGTTAAACA-
CTTGCATCTCAAGG-3�; pGL3-NF-ATS3 (�161/�157 nt),
forward, 5�-ACACTTGCATCTCAAGGTTTAAAGGATAG-
AGGTGGTGT-3�; pGL3-NF-ATS4 (�95/�91 nt), forward,
5�-GGTCGTTCTCAGAAGACAGTACTTTAAATTAGAT-
AATTGCTGATGTC-3�; pGL3-CRE (�194/�190 nt), for-
ward, 5�-CCCTCCGGGCTCTAATAGTTACATTTTAG-
GGAAACACTTGC-3�; pGL3-STAT5S1 (�266/�258 nt),
forward 1, 5�-CTCTACTAAGACAAAACAATTGTGTTTT-
TTTTAAAATATGTAGGGTTTAG-3�, forward 2, 5�-CTCT-
ACTAAGACAAAACAATTGTGAACTTTGAAAAATAT-
GTAGGGTTTAG-3�; pGL3-STAT5-S2 (�113/�105 nt), for-
ward 1, 5�-CCTGTGGTGGTTAGGTCGTTTTCATTAGAC-
AGTACTGGAAATTAG-3�, forward 2, 5�-CCTGTGGTGG-
TTAGGTCGAACTCAGAAGACAGTACTGGAAATTAG-
3�. The identity of the mutants was confirmed by sequencing
(Seqlab). pGL3-Plasmids or pNFAT-Luc Reporter Plasmid
(Agilent Technologies, Böblingen, Germany) were transiently
transfected into Jurkat T cells using DMRIE-C reagent (Invit-
rogen). For each reaction, 4 �g of the indicated plasmids were
transfected into 2.5 � 106 Jurkat T cells according to the man-
ufacturer’s instructions. 0.1 �g of pRL-TK (Promega) coding

2 The abbreviations used are: PBMC, peripheral blood mononuclear cells; A,
A23187; AhR, aryl hydrocarbon receptor; CRE, cAMP response element;
CREB, cAMP response element-binding protein; CsA, cyclosporin A;
HDAC1, histone deacetylase-1; IKK, I�B kinase; LIF, leukemia inhibitory fac-
tor; NF-AT, nuclear factor of activated T cells; T, phorbol 12-myristate 13-ac-
etate; TCR, T cell receptor; ATF1, activating transcription factor-1; FICZ,
6-formylindolo[3,2-b]carbazole; �-NF, �-naphthoflavone; CHX, cyclohexi-
mide; nt, nucleotide(s); ANOVA, analysis of variance; DMSO, dimethyl
sulfoxide.
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for Renilla luciferase were cotransfected. The transfection was
stopped after 5 h by adding 2 ml of Jurkat culture medium (as
mentioned above) supplemented with 5% heat-inactivated
FCS. After 15 h of resting, cells were stimulated as described in
the figure legends. Thereafter, cells were harvested and lucifer-
ase activity was determined using the dual reporter gene system
(Promega) and an automated chemiluminescence detector
(Berthold, Bad Wildbad, Germany).
Determination of Human IL22 Transcriptional Start Site by

RNA Ligase-mediated Rapid Amplification of 5�-cDNA Ends
(5�-RACE)—To identify the IL22 transcriptional start site in
Jurkat T cells, the Gene Racer and TOPO TA Cloning kits
(Invitrogen) were used according to the manufacturer’s
instructions. We identified a transcriptional start site that was
almost identical to that previously published (see Ref. 32, NCBI
accession number AJ277248.1) with only a 1-nt shift in the 3�
direction. Thus, the human IL22 transcriptional start site as
detected herein is at nt 516 within the sequence given in
AJ277248.1. All topographic information concerning the
human IL22 gene locus refers to this transcriptional start site.
Detection of IL-22 mRNA by Standard and Real Time PCR—

Total RNA was isolated and transcribed using TriReagent
(Sigma), random hexameric primers, and Moloney virus
reverse transcriptase (Applied Biosystems, Weiterstadt, Ger-
many) according to the manufacturer’s instructions. The fol-
lowing sequences were performed for standard PCR: 95 °C for
10min (1 cycle); 95 °C for 1min, 60 °C (GAPDH, IL-22) for 30 s,
and 72 °C for 1min (with the indicated numbers of cycles); final
extension phase was at 72 °C for 7 min. Primer sequences,
length of amplicons, and numbers of cycles were: GAPDH,
forward 5�-ACCACAGTCCATGCCATCAC-3� and reverse
5�-TCCACCACCCTGTTGCTGTA-3�, 452 bp, 25 cycles;
IL-22, forward 5�-CACGGAGTCAGTATGAGTGAG-3�
and reverse 5�-CAAATGCAGGCATTTCTCAGAGA-3�,
299 bp, 34 cycles. Identity of amplicons was confirmed by
sequencing (Seqlab). During real time PCR, changes in fluo-
rescence were caused by the Taq polymerase degrading the
probe that contains a fluorescent dye (FAM used for IL-22,
VIC for GAPDH) and a quencher (TAMRA). For IL-22
(number Hs00220924_m1) and GAPDH (number 4310884E)
pre-developed assay reagents were obtained (Applied Bio-
systems). The assay mixture used was from Thermo Scien-
tific. Real time PCR was performed on AbiPrism 7500 Fast
Sequence Detector (Applied Biosystems). One initial step at
95 °C for 5 min was followed by 40 cycles at 95 °C for 2 s and
60 °C for 25 s. Detection of the dequenched probe, calcula-
tion of threshold cycles (Ct values), and data analysis were
performed by the Sequence Detector software. Relative
changes in IL-22mRNA expression compared with unstimu-
lated control and normalized to GAPDH were quantified by
the 2���Ct method.
Detection of c-Rel, I�B�, pCREB/pATF, IKK�, and IKK� by

Immunoblot Analysis—To detect c-Rel and activated cAMP
responsive element-binding protein (pCREB)/activating tran-
scription factor-1 (pATF-1) (in nuclear extracts) as well as
I�B�, IKK�, and IKK� (in total extracts), cell lysates were gen-
erated as previously described (33). To detect histone deacety-
lase-1 (HDAC1) or �-tubulin on the same blot, the blots were

cut in two parts. Antibodies used were: c-Rel, rabbit polyclonal
antibody; pCREB-Ser-133/pATF-1, rabbit polyclonal antibody
(Cell Signaling, Frankfurt Germany); IKK�, mousemonoclonal
antibody; IKK�, mouse monoclonal antibody (BD Bioscience,
Heidelberg, Germany); HDAC1, goat polyclonal antibody;
I�B�, rabbit polyclonal antibody; �-tubulin, mouse monoclo-
nal antibody (Santa Cruz Biotechnology).
Chromatin Immunoprecipitation (ChIP Analysis)—DNA/

protein samples were generated using an “Enzymatic Shearing
Kit” according to the manufacturer’s instructions (Active
Motif, Rixensart, Belgium). Briefly, cells were fixed (7 min, 1%
formaldehyde), centrifuged (800 � g, RT, 5 min), and resus-
pended in glycine buffer (5 min). After a further centrifugation
(800 � g, 5 min), cells were resuspended in PBS/PMSF (1 mM)
followed by incubation in lysis buffer (supplemented with
PMSF (1 mM) and proteinase inhibitor mixture). After 30 min
on ice, douncing, and centrifugation (16,000 � g, 4 °C, 10 min),
nuclei were resuspendend in digestion buffer. Genomic DNA
was digested by adding enzymatic shearing mixture solution
(200 units/ml). After addition of 20 �l of EDTA (0.5 M), 10 min
on ice, and centrifugation (16,000 � g, 4 °C, 10 min), 1/10 (vol-
ume) of the digested genomic DNAwas removed for control of
shearing efficiency and PCR input. 9/10 (volume) were immu-
noprecipitated and analyzed by ChIP. For ChIP analysis of
DNA binding of NF-ATc1, NF-ATc2 or c-Rel isolates were
incubated for 12 h at 4 °C under slight rotation with either con-
trol antibody (mouse control IgG for NF-ATc1/NF-ATc2 (at 2
�g), rabbit control IgG for c-Rel (1:50 dilution)) or antibodies
specific for NF-ATc1 (2 �g of mouse monoclonal antibody,
SantaCruz Biotechnology), NF-ATc2 (2�g ofmousemonoclo-
nal antibody, Santa Cruz Biotechnology), or c-Rel (rabbit poly-
clonal antibody (1:50 dilution), Cell Signaling). For the pCREB-
ChIP the same general protocol was used along with a pCREB/
pATF-1 antibody (rabbit polyclonal antibody, Cell Signaling) or
a corresponding IgG control (rabbit, Cell Signaling), both in a
dilution of 1:50. Subsequently, the complexes were coupled to
Protein G beads (Roche Diagnostics) at 4 °C for 1.5 h (under
slight rotation). After washing in PBS/RIPA buffer (10mMTris-
HCl, pH 8.0, 140mMNaCl, 1% Triton X-100, 0.1% SDS), DNA-
protein complexes were eluted from the beads twice using 200
�l of 1% SDS (in TE buffer) and 200 �l of 0.67% SDS (in TE
buffer) at 65 °C (10 min). After RNase (4 h, 65 °C) and protein-
ase K (2 h, 42 °C) digestion, sheared genomic DNA was precip-
itated. To amplify the IL22 promoter fragment containing the
NF-AT (located �95/�91 nt relative to the IL22 transcrip-
tional start site) or the CREB binding site (located �194/�190
nt) under investigation, the following primers were used: NF-
ATS4, forward, 5�-CGTTCTCAGAAGACAGTACTGG-3�;
reverse, 5�-GGAAAGAGCTCACAGATTTCTGC-3�; CREB
binding site: forward, 5�-GCAGAGGATATAGGACATGGG-
3�; reverse, 5�-CAGGAGCCCACAAAACACC-3�; PCR condi-
tions were 95 °C for 10 min (1 cycle); 95 °C for 30 s, 60 °C for
30 s, and 72 °C for 1 min (NF-ATS4: 38 cycles; CREB binding
site: 40 cycles); and a final extension phase at 72 °C for 7 min.
Identity of amplicons for the NF-AT (305 bp) and CREB sites
(307 bp) were confirmed by sequencing (Seqlab).
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Reduction of IKK� and IKK� Expression by siRNA
Technology—For experiments, 3.5 � 106 Jurkat cells were elec-
troporated by Nucleofector Technology (Amaxa Cell Line
Nucleofector Kit V, Lonza, Cologne, Germany) according to
the manufacturer’s instructions. The following three siRNA
molecules were used: IKK�- and IKK�-directed siRNA (both
Santa Cruz Biotechnology) as well as control siRNA
(Silencer Negative Control siRNA#1, Ambion, Cam-
bridgeshire, UK). All conditions without siRNA or control
siRNA were mock-transfected by electroporation under the
same conditions. After electroporation cells were seeded in
6-well polystyrene plates (Greiner). After 48 h in culture
medium, cells were stimulated with TPA/A23187 for 4 h and
harvested thereafter. For each siRNA experiment per-
formed, the reduction of IKK�/� expression was verified by

immunoblot analysis. In all cases down-regulation of the
siRNA target protein (IKK�/�) was observed.
Analysis of Cytokine Release by Enzyme-linked Immunosor-

bent Assay (ELISA)—Levels of IL-22 (R&D Systems) and IL-2
(eBioscience) in cell-free culture supernatantswere determined
by ELISA according to the manufacturer’s instructions.
Cytotoxicity Assays—Viability of Jurkat T cells treated with

TPA, A23187, forskolin, CsA, IKKVII, and CHX in comparison
to unstimulated cells wasmonitored by using either theWST-1
assay (Roche Diagnostics GmbH) or trypan blue (Sigma)
according to the manufacturer’s instructions. In all assays, no
significant cytotoxicity was observed within the incubation
periods selected in the current study.
Statistics—Data are shown as mean � S.E. (PBMC) or

mean� S.D. (Jurkat T cells) and are presented as pg/ml, ng/ml,
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fold-induction, or fold of control (% of �CD3 or % of T/A).
Statistical analysis was performed on raw data either by
unpaired Student’s t test, paired Student’s t test, or one-way
ANOVA with post hoc Bonferroni correction (GraphPad 4.0)
as indicated in the figure legends.

RESULTS

IL22 Gene Expression in Jurkat T Cells—For molecular anal-
ysis of human IL-22 expression in T cells, we chose to use the
well established model of CD3� CD4� CD8� Jurkat T cells.
Those were activated by TPA in combination with the Ca2�

ionophore A23187 (T/A). This regime mediates strong PKC
activation along with a robust Ca2� signal and is regarded as a
standard biochemicalmodel of T cell receptor (TCR) activation
(34, 35). As shown by standard (Fig. 1A) and real time PCR (Fig.
1B), fast induction of IL-22 mRNA was detectable in response
to T/A that reached amaximum at a 4-h incubation period and
declined thereafter. mRNA induction of IL-22 by T/A was
inhibited under the influence of CsA (Fig. 1C). We confirm
previous observations concerning modulation of NF-AT and
IKK/NF-�B signaling by CsA in the context of the present
experimental setting (34). In fact, CsA potently blocked degra-
dation of I�B�, nuclear translocation of c-Rel (data not shown),
as well as NF-AT-dependent gene expression as detected by
luciferase reporter assays (Fig. 1C, inset). Significant inhibition
of IL-22 expression was also obtained by coincubation with the
related calcineurin inhibitor FK506 (data not shown). To use an
alternative stimulatory condition, Jurkat T cells were exposed
to a soluble antibody targeting the CD3 TCR complex (�CD3)

(36). In agreementwithT/A, exposure of Jurkat T cells to�CD3
mediated CsA-sensitive IL-22 induction (Fig. 1D). Signal trans-
duction pathways activated in Jurkat T cells exposed to phorbol
esters and Ca2�-mobilizing agents such as A23187 or ionomy-
cin and being modulated by calcineurin inhibitors include in
particular NF-AT and the IKK/canonical NF-�B axis (26, 27,
34, 35, 37). Both of these pivotal signaling pathways are ampli-
fied by activation of the MEK/ERK1/2 kinase pathway (38, 39).
In fact, expression of IL-22 in response to T/A was suppressed
by coincubation of cells with the MEK1/2 inhibitor U0126
(Fig. 1E).
Ligands of the AhR enhance production of IL-22 during

human Th17 development (40). Subsequent studies also dem-
onstrated induction of IL-22 by this pathway in the context of
naive and memory CD4� T cells as well as PBMC (6, 41).
Accordingly, prototypic AhR ligands were tested in the present
model of Jurkat T cells. For that purpose, cells were cultured/
activated in the presence or absence of�-NF or FICZ.As shown
in Table 1, experiments revealed that those AhR ligands did not
up-regulate T/A-induced IL-22 mRNA induction in Jurkat T
cells. AhR ligands used as the sole stimulus were likewise not
capable of mediating induction of IL-22 compared with
unstimulated control. Those present results shall not call into
question that AhR ligands are crucial mediators of human T
cell-derived IL-22. However, these data indicate that AhR
ligands may not act as rapid and direct activators of IL-22
mRNA transcription. Notably, in aforementioned previous
reports up-regulation of IL-22 production has been demon-

FIGURE 1. Rapid IL22 gene expression as detected in Jurkat and primary T cells under the influence of T/A or �CD3. A and B, Jurkat T cells were either kept
as unstimulated control or stimulated with T (100 ng/ml)/A (10 �M). After the indicated time periods, IL-22 mRNA was assessed by standard (A) or real time PCR
(B). A, one representative of three independently performed experiments is shown. B, IL-22 mRNA was normalized to that of GAPDH and is shown as mean
fold-induction compared with unstimulated control (at the respective time point) � S.D. (n � 3); *, p � 0.05, **, p � 0.01 compared with unstimulated control
of the respective time point; raw data were analyzed by Student’s t test. C, Jurkat T cells were either kept as unstimulated control or stimulated with T (100
ng/ml)/A (10 �M) for 4 h. Where specified, cells had been preincubated for 1 h with the indicated concentrations of CsA before T/A addition. After 5 h, IL-22
mRNA was determined by real time PCR analysis. IL-22 mRNA was normalized to that of GAPDH and is shown as percentage of induction by T/A alone � S.D.
(n � 11); **, p � 0.01 compared with unstimulated control; #, p � 0.05; ##, p � 0.01 compared with induction by T/A alone; raw data were analyzed by one-way
ANOVA with post hoc Bonferroni correction. Inset, Jurkat T cells were transfected for 5 h with pNFAT-Luc together with Renilla luciferase as described under
“Experimental Procedures.” After 15 h of rest, cells were either kept as unstimulated control or stimulated with T (100 ng/ml)/A (10 �M). Where specified, cells
had been preincubated for 1 h with 0.1 or 1 �M CsA before T/A addition. After another 8 h, cells were harvested and luciferase reporter assays were performed.
Means of luciferase activity are shown as fold-induction compared with unstimulated control � S.D. (n � 3); **, p � 0.01 compared with unstimulated control;
##, p � 0.01 compared with T/A alone; raw data were analyzed by one-way ANOVA with post hoc Bonferroni correction. A–C, all cultures were adjusted to a final
concentration of 0.1% DMSO (vehicle for T/A, CsA). D, Jurkat T cells were either kept as unstimulated control or stimulated with �CD3 (50 �g/ml) for 12 h. Where
indicated, cells had been preincubated for 1 h with CsA (5 �M) before �CD3 addition. After 13 h, IL-22 mRNA was assessed by standard PCR analysis. One
representative of three independently performed experiments is shown. All cultures were adjusted to a final concentration of 0.01% DMSO (vehicle for CsA).
E, Jurkat T cells were either kept as unstimulated control or stimulated with T (100 ng/ml)/A (10 �M) for 4 h. Where indicated, cells had been preincubated for
1 h with U0126 (10 �M) before T/A addition. All cultures were adjusted to a final concentration of 0.3% DMSO (vehicle for T/A, U0126). After 5 h, IL-22 mRNA was
assessed by real time PCR analysis. IL-22 mRNA was normalized to that of GAPDH and is shown as mean fold-induction compared with unstimulated control �
S.D. (n � 3); *, p � 0.05 compared with unstimulated control; #, p � 0.05 compared with T/A alone; raw data were analyzed by one-way ANOVA with post hoc
Bonferroni correction. F, PBMC were either kept as unstimulated control or stimulated with �CD3 (7 �g/ml) for 24 h. Where specified, cells had been
preincubated for 1 h with the indicated concentrations of CsA before �CD3 addition. All cultures were adjusted to a final concentration of 0.01% DMSO (vehicle
for CsA). After 25 h, IL-22 release was determined by ELISA. Data are expressed as mean � S.E. (n � 3); open square denotes unstimulated control, closed square
denotes CsA (5 �M) alone; **, p � 0.01 compared with unstimulated control; #, p � 0.05 compared with �CD3 alone; raw data were analyzed by one-way ANOVA
with post hoc Bonferroni correction. Inset, PBMC were either kept as unstimulated control or stimulated with �CD3 (7 �g/ml) for 24 h. Where indicated, cells had
been preincubated for 1 h with CsA (5 �M) before �CD3 addition. All cultures were adjusted to a final concentration of 0.01% DMSO (vehicle for CsA). After 25 h,
IL-22 mRNA was assessed by real time PCR. IL-22 mRNA was normalized to that of GAPDH and is shown as mean fold-induction compared with unstimulated
control � S.E. (n � 4); **, p � 0.01 compared with unstimulated control; ##, p � 0.01 compared with �CD3 alone; raw data were analyzed by one-way ANOVA
with post hoc Bonferroni correction. G, PBMC were either kept as unstimulated control or stimulated with �CD3 (7 �g/ml) for 24 h. Where specified, cells had
been preincubated for 1 h with the indicated concentrations of FK506 before �CD3 addition. All cultures were adjusted to a final concentration of 0.05% DMSO
(vehicle for FK506). After 25 h, IL-22 release was determined by ELISA. Data are expressed as mean � S.E. (n � 6); open square denotes unstimulated control,
closed square denotes FK506 (5 �M) alone; **, p � 0.01 compared with unstimulated control; #, p � 0.05; ##, p � 0.01 compared with �CD3 alone; raw data were
analyzed by one-way ANOVA with post hoc Bonferroni correction. H, primary CD3� T cells were either kept as unstimulated control or stimulated with �CD3
(7 �g/ml) for 24 h. Where specified, cells were preincubated for 1 h with the indicated concentrations of CsA before �CD3 addition. All cultures were adjusted
to a final concentration of 0.01% DMSO (vehicle for CsA). After 25 h, IL-22 release was determined by ELISA. Data are expressed as percent of �CD3 stimula-
tion � S.E. (n � 5–13); open square denotes unstimulated control, closed square denotes CsA (5 �M) alone; **, p � 0.01 compared with unstimulated control; ##,
p � 0.01 compared with �CD3 alone. Raw data were analyzed by one-way ANOVA with post hoc Bonferroni correction.
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strated after exposure of T cells to AhR ligands for days (6, 40,
41).
CsA Inhibits IL-22 Expression in PBMC and Primary T Cells—

To extend observations related to CsA to primary cells, exper-
iments with freshly isolated PBMC or primary CD3� T cells
were performed. We and others have recently reported on
IL-22 production by PBMCunder the influence of polyclonal T
cell stimulation as achieved by phytohemagglutinin (42) or
�CD3 (43). Heterogenous T cell subsets of the memory cell
phenotype have been linked to release of IL-22 under those
experimental conditions (43). Here, we report that the cal-
cineurin inhibitors CsA (Fig. 1F) and FK506 (Fig. 1G) dramati-
cally reduce IL-22 production by �CD3-activated PBMC. This
was associated with significant reduction of IL-22 mRNA
expression (Fig. 1F, inset). Similar results were likewise
obtained using primary T cells (Fig. 1H).
AnNF-ATBinding Site Close to the Transcriptional Start Site

of the IL22 Promoter Contributes to Gene Induction in T/A-
activated Jurkat TCells—To further delineatemolecularmech-
anisms driving IL-22 in Jurkat T cells, a human IL22 promoter
fragmentwas cloned that spans fromnt�1074 to�156 (imme-

diately adjacent to the translational start site at �157) relative
to the transcriptional start site. Based on this primary fragment
(Prom1), deletion mutants (Prom2, Prom3, and Prom4) were
generated (Fig. 2), and fragments were analyzed in luciferase
reporter assays performed in the context of T/A-activated Jur-
kat T cells. No differences were detectable between fragments
Prom1 to -3, whereas a significant reduction of luciferase activ-
ity was observed with the shortest fragment, Prom4 (Fig. 3A).
Consequently, further studies focused on the Prom3 fragment.
In accord with its capability to inhibit IL-22mRNA and protein
expression by T cells, Prom3-directed induction of luciferase
activity was likewise suppressed by coincubation of cells with
CsA (Fig. 3B). Sequence analysis actually disclosed the presence
of four potential NF-AT binding sites in the Prom3 sequence.
Those were denoted NF-ATS1–4 (Fig. 2). Mutational analysis
of each site revealed that loss of NF-ATS1, NF-ATS2, or NF-
ATS3 did not affect IL22 promoter activity in T/A-activated
Jurkat T cells. In contrast, mutation of NF-ATS4 (�95/�91 nt)
resulted in a significant 47.8% decrease of luciferase inducibility
(Fig. 3C). In fact, enhanced binding of NF-ATc2, but not of
NF-ATc1, to this specific promoter site was detected by ChIP
(Fig. 3D). A conserved Rel homology domain is used by c-Rel
and NF-AT proteins. Accordingly, both transcription factors
have the potential to couple to identical DNA motifs at pro-
moter sites (44, 45). Because c-Rel in Jurkat T cells is, alongwith
NF-AT, being activated in response to T/A, we also tested for
c-Rel binding to the NF-ATS4 binding site. However, we were
unable to demonstrate binding of c-Rel to NF-ATS4 by ChIP
(Fig. 3D).
A CREB Binding Site Contributes to Gene Induction in T/A-

activated Jurkat T Cells—Thorough inspection of the Prom3
fragment brought to light a specific CRE site (�194/�190
nt) (Fig. 2) with an unusual imperfect nucleotide sequence
(46). In fact, phosphorylated nuclear CREB became detecta-

FIGURE 2. Schematic illustration of human IL22 promoter fragments used in the current study. The transcriptional start site (TPSS) was identified by
5�-RACE and is indicated as �1. Cloned promoter fragments and transcription factor binding sites investigated in the current study are indicated. TLSS denotes
the IL22 translational start site.

TABLE 1
T (100 mg/ml)/A (10 �M)-induced IL-22 mRNA expression under the
influence of AhR ligands
mRNA expression after a 4-h incubation period was determined by real time PCR.
Data are expressed as mean � S.D. (n � 4).

Stimulation IL-22 mRNA

Fold-induction compared to unstimulated control
T/A 219.7 � 36.0a
T/A plus �-NF (1 �M) 212.5 � 53.2a
T/A plus �-NF (3 �M) 220.5 � 50.7a
T/A plus FICZ (0.3 �M) 222.4 � 28.5a
T/A plus FICZ (0.5 �M) 184.4 � 19.7a
�-NF (3 �M) 1.4 � 0.8
FICZ (0.5 �M) 1.3 � 0.4

a p � 0.01 versus unstimulated control.
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ble in T/A-stimulated Jurkat T cells (Fig. 4A), an observation
agreeing with activation of this transcription factor by PKC
(46). T/A-mediated physical binding of CREB to this partic-
ular CRE in the IL22 promoter was confirmed by ChIP (Fig.
4B). Besides PKC, CREB activation is achieved by the cAMP/

PKA axis. To further strengthen a proposed role of CREB for
IL-22 induction, Jurkat T cells were incubated with forsko-
lin, a cAMP elevating agent directly acting on the adenylate
cyclase. Notably, forskolin as the sole stimulus was sufficient
to mediate up-regulation of IL-22 mRNA, although induc-

FIGURE 3. The role of NF-AT for IL-22 expression as detected in T/A-stimulated Jurkat T cells. A, Jurkat T cells were transfected for 5 h with the indicated
pGL3-IL22 promoter constructs (Prom1– 4) together with Renilla luciferase as described under “Experimental Procedures.” After 15 h of rest, cells were either
kept as unstimulated control or stimulated with T (100 ng/ml)/A (10 �M). After another 8 h, cells were harvested and luciferase assays were performed. Means
of luciferase activity are shown as fold-induction compared with unstimulated control (transfected with the same plasmid) � S.D. (n � 5); **, p � 0.01 compared
with unstimulated control (transfected with the same plasmid); ##, p � 0.01 compared with pGL3-Prom3 upon T/A stimulation; raw data were analyzed by
one-way ANOVA with post hoc Bonferroni correction. B, Jurkat T cells were transfected for 5 h with pGL3-Prom3 together with Renilla luciferase as described
under “Experimental Procedures.” After 15 h of rest, cells were either kept as unstimulated control or stimulated with T (100 ng/ml)/A (10 �M) for another 8 h.
Where specified, cells were preincubated for 1 h with the indicated concentrations of CsA before T/A addition. Thereafter, cells were harvested and luciferase
assays were performed. Means of luciferase activity are shown as fold-induction compared with unstimulated control � S.D. (n � 4); **, p � 0.01 compared with
unstimulated control; ##, p � 0.01 compared with T/A alone; raw data were analyzed by one-way ANOVA with post hoc Bonferroni correction. C, Jurkat T cells
were transfected for 5 h with pGL3-Prom3 or pGL3-Prom3 displaying mutated NF-ATS1– 4 (PM) together with Renilla luciferase as described under “Experi-
mental Procedures.” After 15 h of rest, cells were either kept as unstimulated control or stimulated with T (100 ng/ml)/A (10 �M) for 8 h. Thereafter, cells were
harvested and luciferase assays were performed. Means of luciferase activity are shown as fold-induction compared with unstimulated control (transfected
with the same plasmid) � S.D. (n � 3); **, p � 0.01 compared with unstimulated control (transfected with the same plasmid); #, p � 0.05 compared with
unmutated pGL3-Prom3 stimulated with T/A; raw data were analyzed by one-way ANOVA with post hoc Bonferroni correction. D, Jurkat T cells were either kept
as unstimulated control or stimulated with T (100 ng/ml)/A (10 �M). After 4 h, cells were harvested followed by ChIP analysis for detection of NF-ATc1, NF-ATc2,
and c-Rel binding to NF-ATS4 as described under “Experimental Procedures.” One representative of three independently performed experiments is shown. All
cultures were adjusted to a final concentration of 0.1% DMSO (vehicle for T/A, CsA).
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tion was modest compared with that achieved by T/A (Fig.
4C). Mutational analysis of this specific CRE element (�194/
�190 nt) displayed a significant 31.5% reduction of IL22 pro-
moter activity in response to T/A. A Prom3 fragment con-
taining a CRE/NF-ATS4 double mutation reduced IL22
promotor activity by 60.3%. However, this total reduction
achieved by the double mutation actually came out relatively
modest compared with both single mutations that particu-
larly applied to NF-ATS4-PM (Fig. 4D). These results may be
read as an indication that CREB and NF-ATc2 act in a coor-
dinated or interrelated manner on the IL22 promoter. Pro-
moter analysis presented herein altogether implies that
those specific CRE and NF-ATS4 sites to a significant part
mediate rapid induction of IL-22 in the experimental context
of T/A-activated Jurkat T cells.
IKK Activation Contributes to IL-22 Induction—As already

alluded to, IKK/NF-�B activation in T cells is impaired upon
calcineurin blockage (34, 37). Therefore, besides using CsA,
consequences of IKK suppression were investigated in Jurkat T
cells by exposure to the IKK�/� inhibitor IKKVII. As expected,
IKKVII efficiently reduced nuclear translocation of the proto-
typicNF-�B familymember c-Rel (Fig. 5A). This was associated
with reduction of T/A-induced IL-22 expression in a dose-de-
pendent manner (Fig. 5B). Furthermore, coincubation with
IKKVII likewise resulted in significant reduction of the IL22-

Prom3 fragment inducibility by T/A (Fig. 5C). Interestingly,
IKKVII also significantly inhibited promoter activation in the
context of a Prom3 fragment bearing the CRE/NF-ATS4 dou-
ble mutation by a further 69.6%. Notably, this double-mutated
Prom3-CRE/NF-ATS4 fragment lacks obvious NF-�B binding
sites. In total, a significant 79.2% reduction of T/A-induced
IL22 promoter activity was observed in the context of the CRE/
NF-ATS4 double mutation and blockage of IKK activity (Fig.
5C). IKKVII data obtained from T/A-activated Jurkat T cells
did translate into the experimental setting of primary cells.
Accordingly, Fig. 5D demonstrates that IL-22 secretion medi-
ated by �CD3 is suppressed by incubation of PBMC with IKK-
VII. Similar datawere obtained by using isolated primaryCD3�

T cells (data not shown).
To further verify the connection between IKKVII and activa-

tion of IKKkinases in the context of IL-22 expression, IKK� and
IKK� were down-regulated in Jurkat T cells using siRNA tech-
nology.Notably, both kinases are activated inT cells upon stim-
ulation (35). Fig. 5E demonstrates that silencing of both kinases
was achieved although significant residual IKK�/� expression
endured in all experiments performed. Notably, despite resid-
ual expression, reduction of IKK� by siRNA was associated
with reduction ofT/A-induced IL-22mRNAexpression in each
experiment performed (Fig. 5F). In contrast, silencing of IKK�
failed to mediate a significant effect on IL-22 inducibility

FIGURE 4. The role of CREB for IL-22 expression as detected in T/A-stimulated Jurkat T cells. A, Jurkat T cells were either kept as unstimulated control or
stimulated with T (100 ng/ml)/A (10 �M). After 4 h, nuclear pCREB/pATF1 and HDAC1 content was evaluated by Western blot analysis. One representative of five
independently performed experiments is shown. B, Jurkat T cells were either kept as unstimulated control or stimulated with T (100 ng/ml)/A (10 �M). After 4 h,
cells were harvested followed by ChIP analysis as described under “Experimental Procedures.” One representative of three independently performed experi-
ments is shown. C, Jurkat T cells were either kept as unstimulated control or stimulated with the indicated concentrations of forskolin. After 4 h, IL-22 mRNA was
assessed by real time PCR. IL-22 mRNA was normalized to that of GAPDH and is shown as mean fold-induction compared with unstimulated control � S.D. (n �
5); **, p � 0.01 compared with unstimulated control; raw data were analyzed by one-way ANOVA with post hoc Bonferroni correction. D, Jurkat T cells were
transfected for 5 h with either pGL3-Prom3 or pGL3-Prom3 displaying a mutated CRE (�194/�190 nt) (PM) or a mutated NF-ATS4 (�95/�91 nt) (PM) or with
pGL3-Prom3 displaying a CRE/NF-ATS4 double mutation (DM) together with Renilla luciferase as described under “Experimental Procedures.” After 15 h of rest,
cells were either kept as unstimulated control or stimulated with T (100 ng/ml)/A (10 �M) for another 8 h. Thereafter, cells were harvested and luciferase assays
were performed. Means of luciferase activity are shown as fold-induction compared with unstimulated control (transfected with the same plasmid) � S.D. (n �
3); **, p � 0.01 compared with unstimulated control (transfected with the same plasmid); ##, p � 0.01 compared with unmutated pGL3-Prom3 stimulated with
T/A; raw data were analyzed by one-way ANOVA with post hoc Bonferroni correction. All cultures were adjusted to a final concentration of 0.1% DMSO (vehicle
for T/A, forskolin).
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(418.2 � 101.4-fold induction versus 394.6 � 113.6-fold induc-
tion for transfection with control siRNA (siRNAc) versus
transfection with IKK�-siRNA). However, interpretation of
IKK�-siRNA data must take into account that residual IKK�
expression/activity may enhance IL-22 in an indirect manner
via the canonical NF-�B pathway. In fact, I�B degradation was
still detectable in cells transfected with IKK�-siRNA (data not
shown).
To investigate whether induction of a presently unknown

gene product indirectly promotes IL-22 expression, Jurkat T

cells were activated by T/A in the presence or absence of cyclo-
heximide. This hypothesis is actually supported by the observa-
tion of almost complete suppression of T/A-induced IL-22
expression upon blockage of translation by coincubation with
cycloheximide (Fig. 6).
Accordingly, studies were initiated to identify candidate fac-

tors that may support IL22 promoter activation and whose
expression is induced by T/A as well as sensitive to IKK inhibi-
tion. One obvious candidate was IL-2. In fact, two potential
STAT5 binding sites are present in the IL22-Prom3 fragment
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(at �266/�258 and �113/�105 nt). Production of IL-2 was
detectable by T (100 ng/ml)/A (10 �M)-activated Jurkat T cells
within 4 h. Coincubation with IKKVII efficiently suppressed
this response (1555� 945.3 versus 249.8� 121.1 pg/ml for T/A
activation without and with IKKVII at 5 �M, n � 3). However,
we also confirm previous observations (47) that Jurkat T cells
lack responsiveness to IL-2 (data not shown). In addition,muta-
tional analysis revealed that both STAT5 binding sites do not
contribute to T/A-mediated IL22 gene activation as detected in
Jurkat T cells in the context of transfected Prom3 promoter
fragments (data not shown). Another cytokine efficiently
expressed by T/A-activated Jurkat T cells is LIF (48). Notably, a
STAT3 binding site is present in the IL22-Prom3 fragment at
�237/�225 nt. Despite robust STAT3 activation in Jurkat T
cells in response to the cytokine, LIF did not affect expression of
IL-22 by Jurkat T cells, either alone or in combination with T/A
(data not shown).

DISCUSSION

By focusing on thewell establishedmodel of JurkatT cells, we
set out to characterize molecular mechanisms directing instant
induction of the human IL22 gene upon polyclonal stimulation.
Promoter and mRNA expression studies identified a specific
NF-AT binding site (�95/�91 nt) and a CRE site (�194/�190
nt), coupling to NF-ATc2 and pCREB, which along with IKK
activity turned out to be essential for rapid and the most effi-
cient onset of IL-22 induction. In fact, mutation of those two
specific transcription factor binding sites in combination with
pharmacological suppression of IKK activity resulted in 79.2%
reduction of T/A-induced IL22 promoter activity. Coordinated
activation of p65 (data not shown), c-Rel, NF-ATc2, and CREB
as detected herein has regained considerable interest after
recent characterization of a c-Rel-enhanceosome that appar-
ently determines Foxp3 expression and thus development of
regulatory T cells (45). Whether formation of a similar regula-
tory complex also applies to the IL22 locus is currently uncer-
tain. As already pointed out, physical binding of c-Rel to NF-
ATS4 was not observed in the current study.
The present observation of CREB being a significant deter-

minant of IL-22 expression agrees with the view that this tran-
scription factor promotes diverse aspects of T cell activation
and proliferation, among others, production of IL-2 and IFN�
as well as Th1-directed immunity in general (46). In this con-
text, it is noteworthy that IL-22 has been identified as part of the
Th1 cytokine response early on (3). Subsequent to TCR activa-
tion, CREB is supposed to be activated foremost by PKC (46).
In the current study, forskolin was used as a pharmacological
tool to alternatively activate CREB via cAMP/PKA. Although
cAMP is generally regarded as an efficient T cell deactivating
messenger (49), it should be mentioned at this point that vaso-
active intestinal peptide, apparently via cAMP, enhances
release of IL-22 by murine Th17 cells (50).
Diminished IL-22 induction by T/A was observed herein

under the influence of the IKK�/� inhibitor IKKVII. In fact,
both IKK kinases are being activated in stimulated T cells (35).
Using the siRNA approach we sought to discriminate potential
functions of IKK� and IKK�, respectively. Notably, reduction

FIGURE 5. The role of IKK for IL-22 expression as detected in T/A-stimulated Jurkat T cells. A, Jurkat T cells were either kept as unstimulated control or
stimulated with T (100 ng/ml)/A (10 �M) for 4 h. Where indicated, cells were preincubated for 1 h with IKKVII (10 �M) before T/A addition. After 5 h, nuclear c-Rel
and HDAC1 content was evaluated by Western blot analysis. One representative of three independently performed experiments is shown. B, Jurkat T cells were
either kept as unstimulated control or stimulated with T (100 ng/ml)/A (10 �M) for 4 h. Where specified, cells were preincubated for 1 h with the indicated
concentrations of IKKVII before T/A addition. After 5 h, IL-22 mRNA was assessed by real time PCR. IL-22 mRNA was normalized to that of GAPDH and is shown
as mean fold-induction compared with unstimulated control � S.D. (n � 5); **, p � 0.01 compared with unstimulated control; ##, p � 0.01 compared with T/A
alone; raw data were analyzed by one-way ANOVA with post hoc Bonferroni correction. C, Jurkat T cells were transfected for 5 h with either pGL3-Prom3 or
pGL3-Prom3 displaying the aforementioned CRE/NF-ATS4 double mutation (DM) together with Renilla luciferase as described under “Experimental Proce-
dures.” After 15 h of rest, cells were either kept as unstimulated control or stimulated with T (100 ng/ml)/A (10 �M) for another 8 h. Where indicated, cells were
preincubated for 1 h with IKKVII (5 �M) before T/A addition. Thereafter, cells were harvested and luciferase assays were performed. Means of luciferase activity
are shown as fold-induction compared with unstimulated control � S.D. (n � 5); **, p � 0.01 compared with unstimulated control (transfected with the same
plasmid); #, p � 0.05 compared with T/A-activated cells (without IKKVII and transfected with the same plasmid); raw data were analyzed by one-way ANOVA
with post hoc Bonferroni correction. A–C, all cultures were adjusted to a final concentration of 0.2% DMSO (vehicle for T/A, IKKVII). D, PBMC were either kept as
unstimulated control or stimulated with �CD3 (7 �g/ml) for 24 h. Where indicated, cells were preincubated for 1 h with IKKVII (5 �M) before �CD3 addition. All
cultures were adjusted to a final concentration of 0.05% DMSO (vehicle for IKKVII). After 25 h, IL-22 release was determined by ELISA. Data are expressed as
mean � S.E. (n � 6); **, p � 0.01 compared with unstimulated control; ##, p � 0.01 compared with stimulation with �CD3 alone; raw data were analyzed by
one-way ANOVA with post hoc Bonferroni correction. E and F, silencing of IKK�/� in T/A-activated (4 h) Jurkat cells was performed as described under
“Experimental Procedures.” E, after the transfection/stimulation period, expression of IKK�/� under the influence of control siRNA (siRNAc) or siRNA-IKK�
(upper panel) or siRNA-IKK� (lower panel) was verified by immunoblot analysis. One representative experiment for either IKK� or IKK� silencing is shown (n �
9 for each IKK). F, expression of IL-22 mRNA under the influence of siRNA-IKK� is shown. mRNA expression was assessed by real time PCR in the same set of
experiments. IL-22 mRNA was normalized to that of GAPDH and is displayed as absolute values of fold-induction (n � 9); **, p � 0.01 for siRNAc compared with
siRNA-IKK�; raw data were analyzed by paired Student’s t test. E and F, all cultures were adjusted to a final concentration of 0.1% DMSO (vehicle for T/A).

FIGURE 6. Suppression of IL-22 mRNA expression upon blockage of trans-
lation. Jurkat T cells were either kept as unstimulated control or stimulated
with T (100 ng/ml)/A (10 �M) for 3 h. Where indicated, cells were preincubated
for 1 h with CHX (10 �g/ml) before T/A addition. All cultures were adjusted to
a final concentration of 0.1% DMSO (vehicle for T/A, CHX). After 4 h, IL-22
mRNA was determined by real time PCR analysis. IL-22 mRNA was normalized
to that of GAPDH and is shown as mean fold-induction compared with
unstimulated control � S.D. (n � 6); **, p � 0.01 compared with unstimulated
control; ##, p � 0.01 compared with T/A alone; raw data were analyzed by
one-way ANOVA with post hoc Bonferroni correction.
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of IKK� failed to influence IL-22 expression in T/A-activated
Jurkat T cells. However, residual activation of the canonical
NF-�B pathway in IKK�-siRNA-treated cells unfortunately
persisted and may have indirectly promoted IL-22 expression
by immediate induction of regulatory factors. In the present
study, we investigated two such candidates with the potential of
mediating CsA-sensitive indirect NF-�B effects, namely IL-2
and LIF. Particularly the LIF/STAT3 axis appears interesting
because hyper-IgE patients displaying amissense STAT3muta-
tion lack IL-22 production by activated CD4� T cells (51).
However, IL-2 andLIF failed to affect IL-22 expression in Jurkat
T cells.
In contrast, we specifically demonstrate herein thatmodulat-

ing IKK� by siRNA significantly decreases IL-22 expression in
activated Jurkat T cells. Notably, T/A is not capable to effi-
ciently activate the IKK�/non-canonical NF-�B axis in Jurkat T
cells (52). Because blockage of IKK� moreover fails to impair
biological activity of the canonical NF-�B pathway in this cell
type (35), data imply that IKK� promotes IL-22 expression by a
mechanism independent on NF-�B. Such a mechanism is
unlikely related to NF-AT and CREB because IKKVII inhibited
the IL22 promoter in the context of mutated NF-AT and CREB
binding sites. Recently, IKK�was shown to promote IL-17 pro-
duction by histone H3 phosphorylation (53). However, epige-
netic principles are not supposed to determine promoter acti-
vation as detected by luciferase reporter plasmids. Experiments
are currently being designed to further clarify in detail the basis
for up-regulation of IL-22 by IKK�. Notably, whereas CsA cer-
tainly interferes with initiation of the active heterotrimeric IKK
complex (37), IKK� phosphorylation and activation per se
should not be affected by the drug. Although molecular details
of IKK� activation are still cloudy it is noteworthy thatMEKK3
is supposed to be located upstreamof IKKs (54). A recent report
in fact documents the pivotal role of MEKK3 for TCR-driven T
cell activation and subsequent engagement of ERK1/2 as well as
cytokine production (55). The remarkable potency of the
MEK1/2 inhibitor U0126 detected herein to inhibit IL-22
expression is certainly of note in this context. Besides the pro-
posed link to IKK�, MAK kinase signaling is crucial for NF-AT
function. Notably, inhibition of MEK1 suppresses T/ionomy-
cin-mediated activation of Jurkat T cells as detected by NF-AT
function and subsequent IL-2 expression (38, 56). Likewise,
overexpression of the MEK1 downstream kinase ERK1 associ-
ates with up-regulated NF-AT activity in Jurkat T cells (39).
Altogether data presented herein indicate that NF-AT,MAP

kinase signaling, CREB, and IKK� activity determine rapid gene
induction of IL-22 as detected in Jurkat cells. The crucial role of
NF-AT and MAP kinase signaling shows striking similarity to
the regulation of IL-17 in Jurkat T cells. Also for IL-17 those two
signaling principles, NF-AT andMAP kinases, display a pivotal
role (57). This correspondence of regulatory mechanisms may
actually reflect partly overlapping functions of IL-17 and IL-22
in host defense and inflammation (11, 58, 59).
Psoriasis is an autoimmune, T cell-driven, inflammatory dis-

ease of the skin that is characterized by disturbances of kerati-
nocyte terminal differentiation (60, 61). As already alluded to,
IL-22 has been identified as a key pathogenicmolecule in exper-
imental psoriasis (22). In fact, IL-22 is up-regulated in psoriasis

patients’ sera (62) and highly expressed in lesional skin tissue
(63). Biological functions possibly underlying disease promo-
tion by IL-22 include modulation of keratinocyte differentia-
tion and induction of proinflammatory cytokines, chemokines,
and matrix metalloproteinases, among others IL-20, CXCL5,
and matrix metalloproteinases-1/3 (18, 61, 62, 64, 65). Alto-
gether, basic research and so far available clinical data suggest
IL-22 as a prime target for neutralizing therapy in psoriasis
patients. As IL-22 is not involved in leukocyte activation, such
immunomodulatory intervention may not be associated with
overt immunosuppression.
Exacerbations in hard-to-treat psoriasis patients are cur-

rently an indication for CsA therapy (31). Analysis of cutaneous
cytokine expression profiles in such patients identified IL-22,
besides IL-1� and IL-23 (p19/p40), as being down-regulated
most efficiently after 14 days of oral CsA therapy. IL-17 likewise
displayed down-regulation, albeit with a somewhat delayed
kinetic (66). Whether suppression of IL-22 in vivo is secondary
to a general CsA-mediatedT cell deactivation and immunosup-
pression or possibly a direct effect of the drug on the IL22 pro-
moter level remained open. In the current study, we provide
evidence for direct action of CsA on the IL22 locus. CsA, like
the related drug FK506, impaired expression of IL-22 as
detected in activated Jurkat T cells and in the setting of primary
cells, specifically PBMC or isolated CD3� T cells. We demon-
strate that by impairing NF-AT, CsA has the capability to
directly suppress IL22promoter activation inT cells. Thus, data
presented hereinmay form the basis for effectivemodulation of
IL-22 that is observed in psoriasis patients undergoing CsA
therapy (66).
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