
HAL Id: hal-00637155
https://hal.science/hal-00637155

Submitted on 31 Oct 2011

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

IFN-gamma activated JAK-1 shifts CD40-induced
cytokine profiles in human antigen-presenting cells

toward high IL-12p70 and low IL-10 production
Michael Conzelmann, Andreas H. Wagner, Anke Hildebrandt, Elena

Rodionova, Michael Hess, Annika Zota, Thomas Giese, Christine S. Falk,
Markus Hecker, Anthony D. Ho, et al.

To cite this version:
Michael Conzelmann, Andreas H. Wagner, Anke Hildebrandt, Elena Rodionova, Michael Hess, et al..
IFN-gamma activated JAK-1 shifts CD40-induced cytokine profiles in human antigen-presenting cells
toward high IL-12p70 and low IL-10 production. Biochemical Pharmacology, 2010, 80 (12), pp.2074.
�10.1016/j.bcp.2010.07.040�. �hal-00637155�

https://hal.science/hal-00637155
https://hal.archives-ouvertes.fr


Accepted Manuscript

Title: IFN-gamma activated JAK-1 shifts CD40-induced
cytokine profiles in human antigen-presenting cells toward
high IL-12p70 and low IL-10 production

Authors: Michael Conzelmann, Andreas H. Wagner, Anke
Hildebrandt, Elena Rodionova, Michael Hess, Annika Zota,
Thomas Giese, Christine S. Falk, Markus Hecker, Anthony D.
Ho, Peter Dreger, Thomas Luft

PII: S0006-2952(10)00578-2
DOI: doi:10.1016/j.bcp.2010.07.040
Reference: BCP 10673

To appear in: BCP

Received date: 1-6-2010
Revised date: 28-7-2010
Accepted date: 29-7-2010

Please cite this article as: Conzelmann M, Wagner AH, Hildebrandt A, Rodionova E,
Hess M, Zota A, Giese T, Falk CS, Hecker M, Ho AD, Dreger P, Luft T, IFN-gamma
activated JAK-1 shifts CD40-induced cytokine profiles in human antigen-presenting
cells toward high IL-12p70 and low IL-10 production, Biochemical Pharmacology
(2010), doi:10.1016/j.bcp.2010.07.040

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.

dx.doi.org/doi:10.1016/j.bcp.2010.07.040
dx.doi.org/10.1016/j.bcp.2010.07.040


Page 1 of 36

Acc
ep

te
d 

M
an

us
cr

ip
t

 1

IFN-gamma activated JAK-1 shifts CD40-induced cytokine profiles in human antigen-

presenting cells toward high IL-12p70 and low IL-10 production 

 

Michael Conzelmann*#, Andreas H. Wagner$, Anke Hildebrandt$, Elena Rodionova*#, 

Michael Hess*#, Annika Zota*, Thomas Giese∆, Christine S. Falk∆, Markus Hecker$, Anthony 

D. Ho#, Peter Dreger#, and Thomas Luft*# 

 

*From the German Cancer Research Center, Dept. of Molecular Oncology/Hematology, 

Heidelberg, #Dept. of Medicine V, University of Heidelberg, $Institute of Physiology and 

Pathophysiology, University of Heidelberg, and ∆National Center for Tumor Diseases and 

Institute of Immunology, University of Heidelberg, Germany. 
 

 

 

Running title: CD40 and JAK1 in human APC 

 

Key words: Dendritic cells, monocytes, B-cells, endothelial cells, CD40, 

CD40L, JAK, Tyk2, STAT, NF-κB, IRF-1, IRF-8, IL-12, IL-10 

 

Word count: Abstract –  194 words  

Main text – 4067 words 

 

Corresponding author: 

 

     Thomas Luft, MD, PhD 

University of Heidelberg 

Dept. of Medicine V 

Im Neuenheimer Feld 410 

69120 Heidelberg, Germany 

    Tel. 49 6221 56 8001, FAX 49 6221 56 4920 
    Email: thomas.luft@med.uni-heidelberg.de 



Page 2 of 36

Acc
ep

te
d 

M
an

us
cr

ip
t

 2

Abstract 

CD40Ligand (CD40L) represents a strong endogenous danger signal associated with chronic 

inflammatory disease. CD40L induces activation of antigen-presenting cells (APC) such as 

DCs, monocytes, B-cells and endothelial cells. However, CD40 activation alone, whilst 

inducing IL-10 production, is insufficient to induce interleukin (IL)-12p70 release in human 

APCs suggesting that additional cytokine signals (e.g. GM-CSF, IL-4 or IFN-γ) are required 

for the induction of a pro-inflammatory cytokine profile. We demonstrate that IFN-γ-induced 

Janus kinase 1 (JAK1) enhances CD40-induced IL-12p70 release whilst simultaneously 

inhibiting IL-10 synthesis, resulting in a pro-inflammatory phenotype of CD40L-activated 

dendritic cells (DCs). JAK2 mediated enhancing effects on IL-12p70 but did not inhibit IL-10 

release, whereas Tyk2 mediated inhibitory effects on IL-12p70 release in this system. 

The mechanism by which complementary IFN-γ/JAK activities affect IL-12p70 production 

involves STAT1 activation and de novo induction of interferon-responsive factors (IRF)-1 

and IRF-8. Simultaneously, JAK1 was unique in inhibiting IL-10 synthesis via STAT1 and 

IRF-8 with both transcription factors binding to the IL-10 promoter.  

We demonstrate that CD40- and JAK/STAT/IRF-signalling pathways are strictly 

complementary for the induction of a pro-inflammatory cytokine profile in human APCs. This 

suggests that a number of CD40 effects in chronic inflammatory diseases might be weakened 

by targeting JAK/STAT. 
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Introduction 

 

The CD40/CD40L system is increasingly recognized as a crucial cellular activation system of 

immune and non-immune cells. CD40 ligand (CD40L) induces pro-inflammatory activation 

of CD40-expressing antigen-presenting cells (APCs) such as dendritic cells (DCs), 

monocytes, B-cells and endothelial cells 1. CD40 is a 45-50 kDa type I transmembrane protein 

with homology to the tumor necrosis factor (TNF) receptor 2. In addition to its expression on 

the surface of immune cells such as B-cells, monocytes, macrophages and DCs, it is also 

found on non-immune cells such as epithelial and mesenchymal cells, haematopoietic 

progenitor cells, and platelets 3. Activated endothelial cells also express CD40 together with 

numerous antigen-presenting features (MHC-I and –II, CD86, secretion of cytokines and 

chemokines), suggesting that endothelial cells are part of the antigen-presenting cell network 

that bridges innate and adaptive immunity 4.  

 

CD40L is a 39 kDa type II transmembrane protein member of the TNF gene superfamily 5. It 

is preferentially expressed on activated CD4+ T-cells and activated platelets, however, it can 

also be expressed on monocytes, macrophages, DCs, natural killer cells, B-cells, CD8+ T- 

cells, mast cells, basophils and even endothelial cells 6,7. Following binding of CD40L, CD40 

forms a trimer that triggers a signalling cascade involving binding to members of TRAFs 

(TNF receptor associated protein family), phosphorylation of cascades of kinases such as 

ERK, p38K and JNK and eventually leading to activation of transcription factors such as NF-

κB, AP-1 and NFAT 8. The best studied biological effect of CD40 signalling is the switch in 

recombination and synthesis of immunoglobulins by B-cells 1,3. The CD40 pathway also plays 

a significant role in a variety of immune-mediated disorders such as inflammatory bowel 

disease 6, systemic lupus erythematosus and rheumatoid arthritis 9,10, acute and chronic graft 

versus host disease (GVHD) 11, and various infectious diseases such as leprosy, leishmaniasis, 

and tuberculosis 12.   

 

Cytokine receptors are multi-subunit transmembrane complexes that utilize associated 

tyrosine kinases of the Janus kinases (JAK) and members of the signal transducer and 

activator of transcription (STAT) family of transcription factors for signal transduction. Four 

family members have been described for the JAKs that are differentially recruited to specific 

cytokine receptors. For instance, the IL-4 receptor has been reported to bind JAK1, JAK2, 
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JAK3 and Tyk2 depending on the cell type studied 13-16, whereas the GM-CSF receptor 

activates JAK2 and the IFNγ receptor binds JAK1 and JAK2 17.  

 

We and others have reported that CD40L triggers pro-inflammatory differentiation of human 

monocyte-derived DCs. In particular, CD40L-induced IL-12p70 release is enhanced by 

cytokines such as IFN-γ, IL-4, IL-1β and IFN-α, and inhibited by PGE2/cAMP 18-24. Strength 

and persistence of the CD40L activation signal also modified DC differentiation 25. Although 

the interactions between CD40L and cytokines such as IFNγ and IL-4 in the activation of 

human DCs have been recognized, the molecular mechanism and specifically the influence of 

distinct JAK family members have not yet been analysed in this context. The capacity of IL-4 

to induce the release of IL-12p70 (composed of a p35 and a p40 chain coupled by two 

disulfide bonds 26) is especially remarkable, as IL-12p70 is known to be one of the strongest 

Th1-type cytokines inducing IFNγ as well as cytotoxic maturation of NK-cells and cytotoxic 

T-lymphocytes (CTLs) 26-28. 

 

In this study we show that in a variety of human APCs, CD40L-induced IL-12p70 release 

strictly depends on complementary, cytokine-mediated JAK signalling. Performing siRNA 

knockdown studies on non-immortalized human cells, we define a so far unrecognized role 

for JAK1 (that was unique when compared to the other JAK family members) in the synthesis 

of both pro- and anti-inflammatory cytokines (IL-12p70 and IL-10). 
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Materials and Methods 

Media  

Monocytes, DCs, peripheral mononuclear cells (PBMCs) and B-cells were cultured in 

complete medium: RPMI 1640 (Sigma-Aldrich, Taufkirchen, Germany) supplemented with 

60 mg/L penicillin G, 12.6 mg/L streptomycin, 2 mM L-glutamine, 1% nonessential amino 

acids, and 10% heat-inactivated fetal calf serum (FCS; Sigma-Aldrich) in a 5% CO2 

incubator. 

 
Monoclonal antibodies, enzyme-linked immunosorbent assays (ELISA), cytokines, 

chemokines and inhibitors  

Flow cytometric analyses of DCs were performed using the following monoclonal antibodies 

(mAb): fluorescein isothiocyanate (FITC)-conjugated IgG1 isotype control; phycoerythrin 

(PE)-conjugated IgG1 isotype control, PE-conjugated IgG2a isotype control; anti-

CD86(B70/B7-2)-PE, anti-CD83-PE, anti-CD80(B7-1)-FITC, anti-HLA-A,B,C-FITC, anti-

HLA-DR-PE (BD Biosciences Pharmingen, Heidelberg, Germany). Cytokine ELISA kits 

(OptEIA) for IL-12p40, IL-12p70 and IL-10 were purchased from BD Pharmingen. The 

following cytokines were added to DC cultures: recombinant human (rh) GM-CSF (40 ng/ml, 

Berlex, Seattle, WA), rhIL-4 (50 U/ml; AL Immunotools, Friesoythe, Germany) and IFNγ 

(1000 IU/ml; PromoCell, Heidelberg, Germany).  

Cytokine secretion by stimulated MoDCs was measured by ELISA. IL-12p40, IL-12p70 and 

IL-10 ELISA were performed on supernatants of monocyte and MoDC cultures according to 

the manufacturer's instructions using Maxisorp plates (Nunc, Wiesbaden, Germany). The HRP 

substrate was tetramethylbenzidine (TMB) peroxidase (BD Pharmingen); the color reaction 

was terminated by adding 100 µl sulphuric acid (2 N). Plates were read in a Sunrise 

microplate reader (Tecan, Salzburg, Austria).  

 

Cell culture 

PBMCs were obtained from buffy coat preparations of healthy donors from the Red Cross 

Blood Bank (IKTZ, Heidelberg, Germany) or from whole blood of healthy donors (after they 

had given their informed written consent) and used to produce MoDCs. CD14+ monocytes 

were affinity-purified using the MACS CD14 isolation kit (Miltenyi Biotech, Bergisch-

Gladbach, Germany) and either activated immediately or cultured at 0.5-1x 106 cells/mL in 

culture medium supplemented with GM-CSF (40 ng/mL) and IL-4 (50 U/mL) in 24-well 

plates. By day 5-7, MoDCs represented more than 95% of cultured cells. On day 5-7, cells 
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were washed and readjusted to 2-3 x 105 DCs per mL in cytokine-free medium. Isolation of 

human B-cells from whole blood of healthy donors was performed using the CD14- flow-

through after CD14+ affinity purification. B-cells were isolated by magnetic depletion of non-

B-cells (MACS B Cell Isolation Kit II, Miltenyi Biotech). 

The BHK cell line expressing CD40L was a gift of Dr. E. Leo, Dept. of 

Haematology/Oncology, University of Heidelberg. Expression of CD40L was confirmed by 

flow cytometry using an anti-CD40L mAb (BD Pharmingen), whereas the mock-transfected 

control BHK cell line did not express CD40L. Mock-transfected BHK cells did not induce IL-

10 or IL-12p70 in human DC. The pan-JAK inhibitor I (Pyridone 6) (Calbiochem, Merck, 

Darmstadt, Germany) was titrated to define the maximal non-toxic concentration and added to 

the cell cultures 30 minutes prior to stimulation at a concentration of 500 nM.  

 

Human endothelial cells  

Human endothelial cells were isolated from umbilical cord veins (HUVECs) and cultured as 

described in detail elsewhere 29 ; they were employed as a primary culture throughout. Briefly, 

cells were isolated from freshly collected umbilical cords by treatment with 1.6 U/mL dispase 

(Roche Diagnostics, Germany) for 30 minutes at 37°C, and seeded into gelatin-coated 24-well 

plates in M199 medium containing 20% fetal bovine serum (Invitrogen, Karlsruhe, Germany), 

50 U/ml penicillin, 50 µg/ml streptomycin, 10 U/ml nystatin and endothelial cell growth 

supplement (Promocell, Heidelberg, Germany). They reached confluence and exhibited the 

typical “cobblestone” morphology after 5-6 days before commencing of the experiments. 

Primary HUVECs were essentially free of contaminating CD45+ (<0.1%) or CD14+ (<1.0%) 

leukocytes, as judged by FACS analysis. They were further identified by positive 

immunofluorescence for von Willebrand factor and negative immunofluorescence for smooth 

muscle α-actin. 

For co-incubation experiments (24 and 48 hours at 37°C) cells were seeded into gelatin-

coated 24-well plates (Greiner-Bio-One, Germany) and baby hamster kidney cells stably 

transfected with human CD40L (BHK-CD40L) or mock-transfected control cells were added 

both at 5x105 cells/well. As similar cytokine levels were measured in 24 and 48 hour cultures, 

only the results of the 24-hour time point are shown. 

 

Western blot analysis 

MoDCs activated for 1 hour with the indicated stimuli were harvested, washed, resuspended 

and lysed at a density of approx. 5x106 cells/mL in Western Blot Sample Buffer (50mM Tris 



Page 7 of 36

Acc
ep

te
d 

M
an

us
cr

ip
t

 7

pH 7.5, 1% BriJ 96V, 10 mM NaF, 1mM  Na-orthovanadate, 1µg/ml Leupetin, 1,5µg/ml 

Pepstatin, 100 mM PMSF) and snap frozen. Protein concentrations of the lysates were 

determined by a modified Bradford method (Bio-Rad Laboratories). Cell lysates were 

analysed by SDS-PAGE and Western blots as described previously 25 using antibodies 

specific for phospho-JAK1, phospho-JAK2 (Cell Signaling, New England Biolabs, Frankfurt 

am Main, Germany) , phospho-JAK3 (Santa Cruz Biotechnology, Heidelberg, Germany) and 

phospho-Tyk2 (Calbiochem), JAK1 (Chemicon, Millipore, Schwalbach, Germany), JAK2, 

JAK3 and Tyk2 (all from Cell Signaling), pSTAT1 (tyr701), pSTAT3 (tyr705) (Cell 

Signaling), IRF1 (sc-497, Santa Cruz Biotechnology), IRF-8 (Abnova GMBH, Heidelberg, 

Germany). For ECL based detection, Western blots were developed with ECL plus Western 

blot system (Santa Cruz Biotechnology) and the secondary HRP-conjugated antibodies goat-

anti-rabbit IgG or goat-anti-mouse IgG were used (Santa Cruz Biotechnology). For 

quantitative Western blot analysis, the Odyssey detecting system was used (LI-COR 

Biosciences, Bad Homburg, Germany). For detection, the secondary antibodies goat anti-

mouse IRDye 680 nm and goat anti-rabbit IRDye 800 nm (both from LI-COR Biosciences) 

were used. Blots were imaged with the Odyssey infrared imager in both 700 and 800 nm 

channels in a single scan. Quantification was performed with the analysis software provided 

(Odyssey v2.1). 

 

DC electroporation 

For electroporation of MoDCs, a protocol adapted and modified from Prechtel et al. 30 was 

used. Two strategies were applied: A) For constitutively expressed signalling proteins (JAKs, 

STATs, NEMO, NF-κB family members), DCs were harvested after 5 days of cultivation in 

IL-4 and GM-CSF, washed twice and resuspended in RPMI 1640 and 2×106 cells were 

transferred to a 4-mm cuvette (Bio-Rad Laboratories), 4.5 µg siRNA was added and filled up 

with RPMI to a final volume of 200 μL. Cells were immediately pulsed in a GenePulser II 

(Bio-Rad Laboratories) with 300V, 150 μF, 100 Ω. Following electroporation, cells were 

rested in complete medium (no cytokines) for 24-48 hours. After rest, DC lysates were 

produced to control for transfection efficiency. The remaining cells were then activated for 

additional 36-48 hours and supernatants were collected afterwards to measure cytokine 

production. B) For proteins which are induced in response to DC activation (IL12p35, IL-10, 

IRF-1, IRF-8, NF-κB family members), DCs were electroporated (using the above protocol) 

following the 24-48-hour rest period in cytokine-free medium and activated immediately after 

transfection. DCs lysates and supernatants were then collected 36-48 hours post activation. 
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All siRNAs were purchased from Ambion (Austin, TX, USA). Electroporation was performed 

using the following siRNAs: human JAK1 218 (results shown), human JAK1 219, human 

JAK2 608, human JAK2 609 (results shown), human JAK3 42, human JAK3 43, human 

JAK3 44, human TYK2 399, human TYK2 400 (results shown), human IL12p35 144654, 

human IL-10 4019, human STAT1 s277, human STAT3 s743, human IRF-1 s7501, human 

IRF-8 s7100, silencer negative control. If available, validated siRNAs were used and at least 2 

different types for the same target mRNA were tested.  

 

Real-Time RT-PCR quantification 

2 x106  cells were collected in 400 µL lysis buffer from the MagnaPure mRNA Isolation Kit I 

(RAS, Mannheim, Germany) supplemented with 1% (w/v) DTT, and mRNA was isolated 

with the MagnaPure-LC device using the mRNA-I standard protocol. The elution volume was 

set to 50 µL. An aliquot of 8.2 µL RNA was reverse transcribed using AMV-RT and oligo-

(dT) as primer (First Strand cDNA synthesis kit, RAS) according to the manufacturer’s 

protocol in a thermocycler. After termination of the cDNA synthesis, the reaction mix was 

diluted to a final volume of 500 µL and stored at –20˚C until PCR analysis. 

Primer sets specific for the sequences of IL-12p35, IL-12p40 and IL-10 optimized for the 

LightCycler (RAS) were developed and provided by SEARCH-LC GmbH, Heidelberg 

(www.search-lc.com). The PCR was performed with the LightCycler FastStart DNA SYBR 

Green I kit (RAS) according to the protocol provided in the parameter specific kits. To control 

for specificity of the amplification products, a melting curve analysis was performed. No 

amplification of unspecific products was observed. The copy number was calculated from a 

standard curve, obtained by plotting known input concentrations of four different plasmids at 

log dilutions to the PCR cycle number (CP) at which the detected fluorescence intensity 

reaches a fixed value. This approach dramatically reduced variations due to handling errors 

over several logarithmic dilution steps.  

To correct for differences in the content of mRNA, the calculated copy numbers were 

normalized according to the average expression of two housekeeping genes, cyclophilin B 

and β-actin. Values were thus given as input adjusted copy number per µL of cDNA.  

 

Quantitative phospho-protein detection by the Luminex multiplex technology  

DCs were plated on 24-well plates (2x105/well/1mL) and activated for 1 hour as indicated in 

Figure 7A (control, CD40L, CD40L+IFNγ). Cells were then harvested and washed with PBS. 

Protein lysates were prepared adding cell lysis buffer with phenylmethylsulfonyl fluoride and 
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protease inhibitors according to the manufacturer’s instructions (Bio-Rad Laboratories) to the 

pellets. Phosphorylated as well as total protein were detected with a Bio-Rad phosphoprotein 

immunoassay kit using the Luminex 100 system and the BioPlex Manager 4.1.1 software. The 

targeted phosphorylated proteins included Akt (Ser473), GSK-3α/β (Ser21/Ser9), IκB-α 

(Ser32/Ser36), NF-κB p65 (RelA) (Ser536), Tyk2 (Tyr1054/Tyr1055), ATF-2 (Thr71), c-Jun (Ser63), 

ERK1/2 (Thr202/Tyr204, Thr185/Tyr187), HSP27 (Ser78), JNK (Thr183/Tyr185), MEK1 

(Ser217/Ser221), p38 MAPK (Thr180/Tyr182), CREB (Ser133). If available, total protein 

quantification was performed in a parallel assay (except for Tyk2, GSK-3α/β and RelA). The 

assays were performed according to the manufacturer’s instructions. Data acquisition and 

analysis were performed using Bio-Plex Manager software version 4.1.1, the data are 

represented as mean fluorescence intensity of 50 beads measured for each phosphorylated or 

total protein in each well.  

 

Electrophoretic mobility shift analysis (EMSA) 

Preparation of nuclear extracts from the cultured cells (1 h and 6 h stimulation time) and 

subsequent non-denaturing 4% polyacrylamide gel electrophoresis were carried out as 

described previously4. The double-stranded gel shift oligonucleotides (Santa Cruz) for Sis-

inducible element (SIE) and NF-κB were end-labelled with [γ-32P]-ATP by using the 5’-end 

labelling kit from GE Healthcare, formerly Amersham Biosciences4. The specificity of the 

binding reaction was monitored by performing the assay in parallel with the same samples in 

the presence of a 100 fold excess of the non-labelled oligonucleotide4. For supershift 

analyses, the appropriate gel supershift antibody (STAT1α p91, sc-591; STAT3, Sc-482; NF-

κB p65, sc-109; from Santa Cruz Biotechnology, Germany) and nuclear extracts were pre-

incubated at ambient temperature for 60 min before the EMSA was performed. The sequence 

of the SIE gel shift ODN can bind STAT1/STAT1 homodimers, STAT1/STAT3 heterodimers 

as well as STAT3/STAT3 homodimers 31,32. Band intensities were quantified by using the 

Quantity One 1-D Analysis Software (BioRad, Germany) after scanning of the 

autoradiograms with a Canon CanoScan 9900F scanner.  
 

Chromatin immune-precipitation (ChIP) 

ChIP assay was performed using a ChIP kit (17-295, Millipore) containing protein A 

agarose/salmon sperm DNA and all necessary buffers as described by the manufacturer. Cells 

were treated with 1% (v/v) formaldehyde for 30 min at 37°C to cross-link proteins to the 
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DNA. Afterwards cells were washed and lysed on ice. The chromatin was sheared by 

sonication (UP50H sonicator, Hielscher, Germany). One percent of the diluted cell 

supernatant was kept as the input material to quantify the DNA content of the samples. The 

supernatants were immunoprecipitated overnight at 4 °C with an antibody against IRF-8 (sc-

6058X from Santa Cruz Biotechnology) and mixed with protein A agarose/salmon sperm 

DNA. For a negative control a no-antibody immunoprecipition was performed in parallel. 

Following different washing steps the resulting immune complexes were resuspended in 

elution buffer and pooled. The cross-links were removed and the remaining protein was 

degraded by proteinase K treatment. DNA was isolated using the QiaQuick-PCR Purification 

Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions and used for the 

subsequent PCR analysis. 

Amplification of the IL-10 promoter fragments (GenBank accession No. AF295024) was 

carried out by real-time PCR using the QuantiTect SYBR Green RT-PCR Kit (Qiagen) in a 

LightCycler instrument (Roche Diagnostics, Mannheim, Germany). Results were confirmed 

by conventional PCR (32 cycles) and agarose gel electrophoresis. The following primer pairs 

were used for the GAS elements: GAS1 (position 721-838) 5’-

GTGTTGGCATTCATGTCTCAG-3’ (sense) and 5’-

CAAACAGGACTCCTATTTCTCAAG-3’ (antisense); GAS2 (position 1864-1965) 5’-

GTAAGCACAAGGCAAGATG-3’ (sense) and 5’-GAAGTGGACTCAGCATGG-3’ 

(antisense); GAS3 (position 2899-2983) 5’-CCAAGACAACACTACTAAGGCTTC-3’ 

(sense) and 5’-TGGAGGCTGGATAGGAGGTC-3’ (antisense); GAS4 (position 3553-3646) 

5’-AGGAGAAGTCTTGGGTATTCATC-3 (sense) and 5’-

CAGTGACGTGGACAAATTGC-3’ (antisense). The STAT1-ChIP analysis was performed 

by using the primer pair and anti-STAT1 antibody (sc-346X, Santa Cruz Biotechnology) as 

previously described 33. PCR signals obtained from the immunoprecipitated DNA were 

visualized and analyzed with a GelDoc™ XR molecular imager and the Quantity One 1-D 

analysis software (BioRad, Munich, Germany). Signals from the control IgG antibody were 

subtracted from the PCR signals and normalized relative to the signals of non-

immunoprecipitated input DNA. 

 

Bioinformatic analysis 

Analysis of the human IL-10 promoter (GenBank accession No. AF295024) for potential 

STAT1 and GAS consensus sequences was performed by using the MatInspector tool 

provided by Genomatix (Munich, Germany).  The small palindromic consensus sequence 
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TTCN2-4 GAA (for review see 34) that defines a GAS element was identified by manual 

inspection at positions 789-797, 1963-1970, 2914-2924 and 3616-3623 upstream of the 

transcription start site. 

 

Statistical analyses 

Statistical analyses were performed using the paired Student’s t-test with a p-value of 0.05 or 

less considered significant. Standard errors of the mean (SEM) were calculated if the mean of 

replicate samples of the same blood donor was used to calculate the mean value of all donors 

(ELISAs). Standard deviations (SD) were calculated if single data points of each donor were 

used to calculate the means of all donors (Western blots, RT-PCR).  
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Results  

 

CD40L-induced IL-12p70 release requires complementary cytokine signalling in human DCs 

MoDCs are generated by culturing CD14+ monocytes for 5-7 days in GM-CSF and IL-4 

(GM/IL4) and produce high levels of IL-12p70 in response to CD40L (similarly when CD40L 

was provided as a soluble trimer or expressed on the cell surface of a BHK cell line) 21. We 

and others have shown that IL-4 can enhance CD40L-induced IL-12p70 release from human 

and murine DCs 18. We therefore examined if the presence of IL-4 and GM-CSF is required 

for the cytokine induction by CD40L. In fact, when MoDCs were washed and rested (w&r) 

for 48 hours in cytokine-free medium, their capacity to release IL-12p70 in response to 

CD40L was virtually lost (Figure 1A). Similarly, non-toxic concentrations of a pan-JAK 

inhibitor (Pyridone 6) completely blocked release of IL-12p70 from MoDCs conventionally 

activated with CD40L (without w&r) (Figure 1A). Re-exposure to GM/IL4 restored the 

cytokine synthesizing capacity in w&r MoDCs (Figure 1B). Both GM-CSF and IL-4 had 

significant effects on their own and synergized when added together, whereas IFN-γ was the 

strongest inducer of IL-12p70 release after 24-36 hours activation (Figure 1B). The pan-JAK 

inhibitor completely abrogated IL-12p70 release induced by CD40L plus any of these 

cytokines (IL-4, GM-CSF/IL-4 or IFN-γ) (Figure 1C). 

 

Activity and function of individual JAK family members 

The functional contribution of the different JAK family members to the formation of IL-

12p70 was studied using siRNA targeting the different JAKs. We were capable of reducing 

protein expression of one specific JAK family member without influencing expression of the 

others 48 hours after electroporation of the siRNA (Figure 2A and E). Electroporation 

reduced viability by 20%, however, no differences in viability were found between negative 

control siRNA (=scrambled (scr) siRNA)) and the JAK-specific siRNAs. Activation of 

MoDCs with CD40L plus cytokines 48 hours post-siRNA transfection demonstrated that 

JAK1 and JAK2 enhance whereas Tyk2 inhibits IL-12p70 release (Figure 2 B-D). No 

significant effects were observed using three different JAK3-siRNAs (Figure 2F).  

 

Reciprocal regulation of IL-12p70 and IL-10 formation by IFN-γ/JAK1 

In response to CD40L activation alone, w&r MoDCs produced little or no IL-12p70 (see 

above), but significant levels of IL-10 (Figure 3A). Activation of w&r MoDCs with CD40L 

in combination with IL-4, GM/IL4 or IFNγ significantly reduced IL-10 release (Figure 3A). 
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This effect was mediated at least in part by the JAK/STAT pathway, as the pan-JAK inhibitor 

reversed the inhibitory effect of IFNγ on IL-10 release (Figure 3B). Similarly, JAK1 siRNA 

(Figure 3C) (but not JAK2, JAK3 or Tyk2 siRNA enhanced IL-10 release from CD40L plus 

IFNγ-activated MoDCs. These data demonstrate that IFN-γ/JAK1 activation reciprocally 

influences CD40L-induced pro- and anti-inflammatory cytokines by enhancing IL-12p70 and 

inhibiting IL-10 formation. 

One possible mechanism of this reciprocal regulation might be inhibition of an autocrine 

feedback loop, as IL-10 is known to reduce IL-12p70 release. Indeed, titration of the pan-JAK 

inhibitor revealed that IL-12p70 levels drop to a similar degree as IL-10 levels rise (Figure 

3D). However, when directly suppressing IL-10 synthesis by using siRNA for IL-10, we 

observed that although IL-10 abundance was strongly suppressed, there was no effect on IL-

12p70 release in DCs activated with CD40L plus IFN-γ (Figure 3E). In contrast, a significant 

but mild increase of IL-12p70 was observed in DCs transfected with IL-10 siRNA and 

activated with CD40L only (Figure 3F). Therefore, autocrine feedback loops appear to play a 

minor role in the reciprocal regulation of IL-12p70 and IL-10 synthesis by JAK1. 

 

IFN-γ/JAK1 effects on IL-12p70 and IL-10 synthesis are mediated by STAT1, IRF-1 and IRF-

8 regulating mRNA transcription 

Exploring the effects of siRNAs for STAT1, STAT2, STAT3, STAT4, STAT5 and STAT6, 

we found that only STAT1 siRNA reduced IL-12p70 production whilst enhancing IL-10 

formation (Figure 4A). Therefore, STAT1 appears to be the target transcription factor 

regulated by the panJAK inhibitor and JAK1 siRNA (see Figures 1C, 2B and 3C). In contrast, 

STAT3 siRNA did not affect IL-12p70 but reduced IL-10 production in this experimental 

setting (Figure 4A). Moreover, siRNA knockdown of STAT2, STAT4, STAT5 and STAT6 

did neither influence IL-12p70 nor IL-10 formation (n=4, data not shown).  

STAT1 effects on IL-12 transcription are mediated by interferon-regulated factors 1 and 8 

forming heterodimers at the IL-12p35 promoter 35,36. Indeed, siRNA for both, IRF-1 and IRF-

8 strongly inhibited IL-12p70 release (Figure 4B). Interestingly with regard to IL-10 it was 

IRF-8 but not IRF-1 siRNA treatment that enhanced IL-10 release (Figure 4B), suggesting 

that IL-10 gene expression is not regulated by IRF-1/8 heterodimers as is IL-12p35. 

Direct binding of STAT1 to the IL-10 promoter has recently been shown for the human 

RPMI-8826.1 B-cell line 33, however this has not been reported so far for non-immortalized 

cells. Performing ChIP analyses with human DC lysates we observed JAK-dependent binding 
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of STAT1 to an IL-10 promoter fragment containing the STAT binding site at position -120 

(Figure 4C). 

In contrast, IRF-8-mediated inhibition of IL-10 expression has not been reported so far. 

Performing ChIP analyses of 4 GAS sites that cover a large section of the IL-10 promoter 

(GAS1 (position -721 to -838), GAS2 (position -1864 to -1965), GAS3 (position -2899 to  

-2983) and GAS4 (position -3553 to -3646)), we demonstrate IFN-γ-dependent recruitment of 

IRF-8 to the IL-10 promoter region containing GAS sites number 2 and 3 (Figure 4D), 

suggesting that IRF-8 binds in a direct or indirect manner to the IL-10 promoter. 

STAT1, IRF1 and IRF8 regulate mRNA expression. Figure 4E in fact substantiates that IL-

12p35 and IL-10 mRNA expression are transcriptionally regulated by CD40L and IFN-γ 

whereas IL-12p40 was induced by CD40L alone. 

 

JAK/STAT is the major CD40-complementing pathway induced by IFN-γ 

Complementary activity of CD40 and cytokine-induced signalling was investigated in w&r 

MoDCs activated with CD40L and/or IFN-γ. Complementary CD40- and IFN-γ-dependent 

STAT1 and NF-κB signalling could be demonstrated upon examining DNA-binding activities 

of both transcription factors in MoDC nuclear extracts by electrophoretic mobility shift 

analysis. STAT1-binding activity was exclusively found in the presence of IFN-γ (Figure 

5A,C,E), whereas NF-κB-p65 activity was observed with CD40L alone as well as with the 

combination of CD40L plus IFN-γ (Figure 5B,D). These results demonstrate that induction of 

non-overlapping, complementary CD40 (p65) and cytokine (JAK/STAT) signalling correlates 

with the release of IL-12p70. Similarly, early induction of IRF-1 and IRF-8 expression was 

inefficient with CD40L alone and also depended on additional IFN-γ (Figures 5F,G). 

Does phosphorylation of JAK/STAT represent the only complementary effect of cytokine 

signalling on CD40L activation? Performing phosphoplex analyses of DC lysates 1 hour 

following activation we observed that CD40L alone was sufficient to induce maximum 

phosphorylation of all signalling pathways examined (CREB, MEK1, ERK1/2, p38K, JNK, 

Akt-1, GSK-3 (Ser), NFκB-p65 and IκBα) with no enhancing effects of additional IFNγ 

(Figure 5H). Total protein concentrations were not different in the lysates with the exception 

of IκBα that was degraded in CD40L-activated MoDCs (Figure 5I).  

These results suggest that JAK/STAT activation is the major, CD40-complementing effect of 

cytokines after 1 hour of stimulation.  
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JAK dependent IL-12p70 production by human APCs 

We next examined whether the strict need of complementary CD40 and JAK/STAT signalling 

for pro-inflammatory activation is a general characteristic of CD40-expressing APCs. In fact, 

when exposing human monocytes, human B-cells, or human umbilical vein endothelial cells 

(HUVECs) to CD40L and/or cytokines, significant release of IL-12p70 was observed only in 

the presence of both, CD40L and one of the cytokines IFNγ, IL-4 or GM/IL4 (Figures 6 A-

C). As in DCs, the pan-JAK inhibitor virtually abolished IL-12p70 secretion in all cell types 

studied (Figure 6D). This demonstrates that JAK/STAT activation generally enhances IL-

12p70 production in human APCs activated with CD40L plus cytokines.  
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Discussion 

 

This study defines a specific role for JAK1 as compared to the other JAK family members in 

complementing a CD40 signal for the induction of a pro-inflammatory phenotype (high IL-

12p70 – low IL-10) of human APCs. We further show that the strict requirement of 

complementary CD40 and JAK/STAT signalling for IL-12p70 release is a common feature of 

human CD40-expressing APCs, including DCs, monocytes, B-cells and endothelial cells. We 

performed successful siRNA knockdown studies of all JAK/STAT family members and of 

IRF1 and IRF8 using human DC that represent a non-proliferating, non-immortalized cell 

population. Our results show that although CD40L alone is capable of inducing phenotypic 

DC maturation and cytokine production including high levels of IL-10, IL-12p70 protein 

synthesis required simultaneous activation of JAK1 or JAK2. This requirement of a “second 

signal” for a full pro-inflammatory activation might serve as an additional point of control for 

the immune system. If CD40 and CD40L are expressed at the site of inflammation, IL-12p70 

will only be released in the case of additional cytokine-mediated JAK activation.  

 

The mechanism of IFN-γ/JAK1/2-induced IL-12 expression involves STAT1 phosphorylation 

and induction of both IRF-1 and IRF-8 expression. IRF-1 was shown to be involved in IL-

12p35 transcription 30,31. IRF-8 was reported to physically interact with IRF-1 at the IRF-E 

site in the promoter of the IL-12p35 gene enhancing its transcription 35,36. We found that IRF-

1 and IRF-8 expression in MoDCs was in fact rapidly induced by CD40L plus IFNγ (but not 

by CD40L alone), and siRNA for IRF-1 and IRF-8 strongly inhibited IL-12p70 release. 

Although transcriptional regulation of cytokine mRNA is clearly one mechanism of the 

complementary IFN-γ/JAK1/STAT1/IRF-1/IRF-8 and CD40 signalling, additional 

mechanisms such as mRNA stabilization cannot be excluded.  

 

With regard to IL-10, our study shows for the first time that IFN-γ mediated inhibition of IL-

10 expression is a specific characteristic of JAK1 and involves direct binding of STAT1 as 

well as direct or indirect binding of IRF-8 to the promoter of the IL-10 gene. Interestingly, 

although JAK1 and STAT1 both inhibited IL-10 expression, this effect was not mediated by 

IRF-1. In contrast, siRNA inhibition of IRF-8 mimicked the effects of JAK1 and STAT1 

inhibition on both IL-12p70 and IL-10 production, arguing for a common and so far 

unrecognized IFN-γ/JAK1/STAT1/IRF-8 pathway. IRF-8 itself has only weak DNA binding 

affinity 37,38. However, the binding of IRF-8 to DNA is dramatically increased following 
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interaction with IRF-1, IRF2- or Ets-like transcription factors 38,39. Although it remains open 

which cofactors are involved and what the exact binding sequence might be, we provide 

evidence that IRF-8 binds to the promoter of the human IL-10 gene.  

 

Although JAK1 and JAK2 both enhanced IL-12p70 secretion as shown by siRNA knock-

down, enhanced IL-10 production was only observed with JAK1-siRNA. The weak IL-4 

mediated phosphorylation of JAK1 and JAK2 (as compared with IFN-γ) suggests that the 

combined synergistic activities of both JAK1 and JAK2 can mediate IL-4-stimulated IL-

12p70 secretion. However, IL-4-induced JAK1 activity alone may be too weak to fully 

activate the inhibitory JAK1/STAT1/IRF-8 pathway. Alternatively, we cannot exclude 

additional, JAK-independent mechanisms that differentially regulate IL-10 production in 

response to IL-4.  

 

The distinct characteristics of the JAK family members on IL-12p70 (JAK1 and JAK2 both 

enhance, Tyk2 inhibits) and IL-10 (JAK1 alone inhibits) again underline the functional 

complexity of these pathways. Cytokines activate distinct sets of JAK /STAT family members 

in a cell type-specific manner. The net outcome of a type I interferon signal for instance 

(activating JAK1 and Tyk2) is hard to predict and might depend on the intracellular context 

(such as the preceding signal transduction history of the cell). Indeed, controversial results 

have been reported as to how type I interferons influence IL-12p70 production 40,41. Similarly, 

IL-4, a Th-2-inducing cytokine, has been reported to enhance IL-12p70 release in a variety of 

human APCs in vitro 18. The undeniable but ill-defined presence of other cytokines and 

cytokine networks in vivo but also in vitro (e.g. in fetal bovine serum or autocrine cytokines 

of the cells in culture) will pose a caveat to conclusions of what a specific cytokine “does” to 

a defined cell type. In contrast, interfering with JAK signalling will target the first common 

denominators of most cytokine signals and therefore has promise for clinical applications. 

 

In summary, our results support the concept that JAK1 and JAK2 signalling directly influence 

the cytokine panel of a CD40L-induced immune response. This suggests that the in vivo use 

of JAK inhibitors might indirectly modulate the effects of CD40 signalling on a global scale. 

In particular IFN-γ-induced JAK1 is enhancing IL-12p70 and inhibiting IL-10 release and 

therefore represents a promising target for immunosuppressive strategies. Although specific 

JAK1 inhibitors have not been reported as yet, the high resolution crystal structure of the 
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active form of the JAK1 PTK domain has been reported 42 and oral JAK1/2 inhibitors (e.g. 

INCB18424) are already under clinical investigation. 
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Figure legends 

 

Figure 1: CD40L-induced IL-12p70 release requires complementary cytokine-induced 

JAK signals  

CD14+ monocytes were cultured for 5 days in GM-CSF plus IL-4 to generate MoDCs. 

Thereafter, cells were washed twice and either activated immediately or rested in cytokine-

free medium for an additional 48 hours (w&r) before activation. Activation was performed for 

an additional 36 hours using a baby hamster kidney (BHK) cell line transfected with CD40L 

(CD40L) in a ratio of DCs to BHK cells of 20:1 (no cytokines were induced by the mock-

transfected BHK line). The pan-JAK inhibitor Pyridone 6 was used at a non-toxic 

concentration of 500 nmol/L. Cytokine concentrations: IL-4 (50 U/mL), IFNγ (1000 U/mL), 

GM-CSF (40 ng/mL). A. IL-12p70 release by non-rested DC, w&r DCs; and effects of pan-

JAK inhibition on non-rested DCs (means±SEM, n=3-6, **p<0.01 vs. non-rested DCs). B. 

Synergism of CD40L and cytokines for IL-12p70 release from w&r DCs (means±SEM, n=5-

22, * p<0.05; ** p<0.01 vs. CD40L). C. IL-12p70 formation by w&r DCs activated with the 

indicated protocols in the presence and absence of Pyridone 6. Means±SEM, n=11, * p<0.05, 

** p<0.01 vs. activation without inhibitor. D. Western Blots of phospho-JAK1,2,3 and -Tyk2 

expression in MoDC activated with CD40L and cytokines for one hour. Representative of 3 

experiments. 

 

Figure 2: siRNA inhibition of JAK family members 

Electroporation of day 5 DCs with scrambled (=negative control (scr)) or JAK-specific 

siRNAs. Cells were then rested for 48 hours in cytokine-free medium (w&r). Thereafter, 

lysates were produced to analyse protein expression (A, E), or cells were washed and 

activated for an additional 36-hour period (as in Figure 1). Supernatants were then collected 

to measure IL-12p70 release from DCs using ELISAs. Shown are the means±SEM, (B-D): 

JAK1, JAK2, Tyk2 (n=8) and (F): JAK3 (n=5), * p<0.05; ** p<0.01 vs. scrambled siRNA.  

 

Figure 3: Regulation of IL-10 by cytokines and JAK1 

A. IL-10 release into supernatants of w&r DCs 36 hours following activation with protocols 

as in Figure 1 (means±SEM, n=11, ** p<0.01 vs. CD40L). B. IL-10 release from w&r DCs 

activated with the indicated protocols in the presence and absence of the pan-JAK inhibitor 

Pyridone 6. Means± SEM, n=8, ** p<0.01 vs. activation without inhibitor. C. IL-10 release 

from MoDCs transfected with scrambled siRNA or siRNA for JAK1 48 hours prior to 
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activation with CD40L and IFNγ. Means±SEM, n=7, * p<0.05 vs. scrambled siRNA. D. 

Titration of the pan-JAK inhibitor increases IL-10 and reduces IL-12p70 release from w&r 

DCs activated with CD40L+IFNγ (3 individual experiments are shown). E,F. Production of 

IL-10 and IL-12p70 by w&r DCs transfected with siRNA for IL-10 or scrambled siRNA 4 

hours prior to activation. (E) Activation with CD40L and IFNγ and (F) activation with 

CD40L alone. Means±SEM, n=6, ** p<0.01 vs. scrambled siRNA. 

 

Figure 4: STAT1, IRF-1 and IRF-8 mediate complementary IFN-γ/JAK effects on 

cytokine mRNA 

Effects of siRNA inhibition of (A) STAT1 and STAT3 (n=9) and (B) IRF-1 and IRF-8 (n=5) 

on IL-12p70 and IL-10 secretion by DC activated with CD40L plus IFN-γ. Efficiency of 

siRNA inhibition is demonstrated by representative Western Blots. STATs are constitutively 

expressed; therefore siRNAs were used as for JAK inhibition (see Figure 2). IRFs are 

transcriptionally regulated; therefore activation protocols were added to w&r DC 2 hours 

following electroporation. Supernatants were harvested 36 hours following activation in all 

protocols. Shown are the means±SEM, ** p<0.01, * p<0.05 vs. scrambled siRNA. 

C, D: ChIP assays of DC lysates activated for 6 hours with the indicated protocols 

demonstrating JAK-dependent binding of STAT1 to the IL-10 promoter. IPs were performed 

using anti-STAT1 (C) or anti-IRF-8 mABs (D). Normalization of the PCR signals relative to 

the CD40L plus IFN-γ protocol = 100%. Means±SD of 4 experiments, * p<0.05 vs. CD40L 

plus IFNγ. As IRF-8 is regulated at the protein level (see Figure 5D), promoter binding was 

investigated comparing non-activated DCs and CD40L plus IFN-γ activated DCs and could 

only be demonstrated for DNA fragments containing the 2nd and 3rd GAS site (D).  

E: Real-time RT-PCR quantification of IL-12p35, IL-12p40 and IL-10 mRNA in w&r DCs at 

0, 3, 12 and 24 hours following activation with protocols as in Figure 1. Means±SD of copy 

numbers/µl cDNA normalized to cyclophilin B expression, n=3.  

 

Figure 5: JAK/STAT is the major CD40-complementing pathway induced by cytokines 

A-D: EMSAs and supershift analyses of nuclear extracts of w&r DCs activated with BHK-

CD40L, IFN-γ or both or control medium for 1 hour up to 6 hours (E). No signal was 

observed with BHK-CD40L cells in the absence of DCs (not shown). Shown are the 

means±SEM (C,D; n=3, * p<0.05; ** p<0.01 vs. control DCs) and 1 representative 

experiment (A, B).  
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F,G: Time course of IRF-1 (F) and IRF-8 (G) protein expression in DC lysates (normalized 

for β-actin expression) following activation. One representative of 3 experiments is shown. 

H: Quantitative Multiplex analysis of phospho-proteins in w&r DC lysates activated for 1 

hour with BHK-CD40L, BHK-CD40L plus IFNγ or control medium. Means±SEM of 3 

experiments are shown. I: Controls for (H): Protein expression in w&r DC lysates activated 

for 1 hour with BHK-CD40L, BHK-CD40L plus IFNγ or control medium (controls for A). 

Means±SEM of 3 experiments are shown. No changes in total protein levels were observed 

with the exception of IκBα (reduced in CD40L and CD40L+IFN-γ).  

 

Figure 6: JAK-dependent IL-12p70 release from human monocytes, B-cells and 

endothelial cells 

Monocytes (A) and B-cells (B) were purified from peripheral blood of normal healthy 

volunteers in two sequential MACS separation steps (first CD14+ enrichment, second 

negative B-cell isolation from CD14- fraction). Immediately following purification, cells were 

activated at a density of 106/ml with the activation protocols as in Figure 1. (C) Human 

umbilical vein endothelial cells (HUVECs) were used as a primary culture after reaching 

confluence one week after isolation. Supernatants were analysed by ELISA 24-36 hours later. 

Means±SEM are shown, n=16 (monocytes), n=7-10 (B cells), n=6 (HUVECs). D. Inhibition 

of JAKs by the pan-JAK inhibitor Pyridone 6 blocked IL-12p70 formation in all three cell 

types tested. Means± SEM are shown, n=3 (monocytes and B-cells), n=6 (HUVECs). 
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