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Abstract

In patients with cancer the effi cacy of Dendritic Cell (DC)-targeted tumor vaccines is 
hampered by high levels of tumor-derived suppressive cytokines which interfere with optimal 
DC development and maturation. A major tumor-associated suppressive cytokine is IL-10. 
Interference in intracellular signaling cascades downstream from the IL-10 receptor might 
improve DC development and activation and thus enhance vaccination effi cacy. We performed 
exploratory functional screens on arrays consisting of >1000 human kinase peptide substrates 
to identify pathways involved in DC development and its inhibition by IL-10. The resulting 
alterations in the kinome substrate profi le pointed to glycogen-synthase kinase-3β (GSK3β) as 
a pivotal kinase in both DC development and suppression. GSK3β inhibition blocked human 
DC differentiation both from CD34+ precursors in a human cell line model and from monocytes, 
which was refl ected in maintained expression of CD14, accompanied by decreased levels of 
IL-12p70 secretion and a reduced capacity for T cell priming. More importantly, adenoviral 
transduction of monocyte-derived DC with a constitutively active form of GSK3β induced 
resistance to the suppressive effects of IL-10, i.e. prevented trans-differentiation of maturing 
DC to a CD14+ macrophage-like state. Induction of GSK3β activity might thus provide a means 
to bolster the effi cacy of DC-targeted vaccines. 
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Introduction

Dendritic cells (DC) are the most powerful antigen-presenting cells of the immune system, and 
play a crucial role in the induction and maintenance of immune responses 1. A growing number 
of pre-clinical reports show the feasibility of targeting DC in vivo as a means of anti-tumor 
vaccination 2-4. Employing antibodies or other DC-targeting motifs coupled to tumor vaccines 
based on peptides, proteins, viral vectors or nanoparticles, DC are selectively pulsed in vivo 
(most often in skin or lymph nodes). These off-the-shelf vaccines are widely applicable and 
exploit physiological DC functions to effi ciently induce antitumor immunity while avoiding any 
unwanted tolerance induction through off-target antigen loading of non-professional antigen-
presenting cells. Moreover, they also offer the possibility of targeting specifi c DC subsets with 
optimal T cell activation-inducing properties 5.
Unfortunately, under tumor conditions hampered DC differentiation and activation have been 
reported that may interfere with the effi cacy of in vivo DC-targeted vaccines. The major reason 
for disturbed DC development and functionality in tumor patients is the production of high levels 
of suppressive cytokines. One of the predominant tumor-associated suppressive cytokines 
is IL-10 6-9. IL-10 can effectively block DC functionality in all developmental stages, during 
differentiation as well as maturation 6;8-11. We and others have shown that adding IL-10 during 
DC differentiation from CD14+ monocytes to CD1a+ DC completely blocked differentiation 
resulting in DC with a disturbed cytokine secretion profi le and a reduced capacity to stimulate 
T cell proliferation 12. We have also shown that addition of IL-10 to fully differentiated 
CD1a+CD14- DC during maturation induces re-expression of the monocytic marker CD14, 
which is accompanied by a reduced capacity to stimulate T cell proliferation and a disturbed 
cytokine secretion profi le 13. Even fully mature DC migrating from skin can trans-differentiate to 
CD14+CD163+ M2 macrophage-like cells with T cell-suppressive features under the infl uence 
of high intradermal levels of IL-10 14,15. These studies indicate that high IL-10 levels, which 
are very prevalent in a wide range of tumor types and different stages of tumor growth, will 
interfere with the possibility to effectively target immunocompetent mature DC. Indeed, as 
IL-10 was identifi ed to be uniquely able to impair even fully differentiated DC in their T cell 
stimulatory capacities, it is of particular importance for effi cient DC targeting in cancer patients 
to counteract its suppressive effects.
One way to increase the effi cacy of in vivo DC-targeted anti-cancer vaccines, is presented by 
the possibility to interfere in signaling cascades down-stream from receptors for suppressive 
cytokines present on DC. Local conditioning of the vaccination site or incorporation of 
modulatory signaling elements in the actual vaccine might make targeted DC more resistant to 
the detrimental effects of tumor-derived suppressive factors and enhance the vaccine’s effi cacy. 
The JAK2/STAT3 pathway has been shown to be involved in cancer-induced suppression of 
DC development 16-19. However, we recently showed an additional role for p38-MAPK in tumor-
associated inhibition of DC differentiation from monocytes 12. We have so far been unable 
to specifi cally link these signaling events to IL-10 or indeed to any other tumor-associated 
cytokine. This is most likely due to the complex, concerted, and possibly synergistic effects of 
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multiple soluble suppressive factors effects contained within tumor-derived supernatants.  
Here, we carried out exploratory analyses on arrays consisting of >1000 functional kinase 
peptide substrates to map pathways involved in DC differentiation and in particular inhibition 
thereof by IL-10. We also explored the down-stream signaling events of IL-6 as another major 
cancer-associated cytokine with powerful DC-suppressive effects. Beside the STAT3 and MAPK 
pathways, we identifi ed glycogen-synthase kinase-3β (GSK3β) as a key signaling element 
vital for proper DC differentiation, the activity of which was down-regulated both in IL-10 and 
IL-6 conditioned DC precursors. Indeed, adenovirus-mediated delivery of a gene encoding 
constitutively active GSK3β made DC resistant to the inhibitory effects of IL-10 in vitro and 
ensured their proper maturation. We conclude that therapeutic interference in tumor-related 
inhibition of GSK3β activity may provide a means to render DC and their precursors refractory 
to suppression mediated by tumor-derived factors like IL-10, and enhance the effi cacy of DC-
targeted cancer vaccines.

Materials and Methods

MUTZ-3 culture, lysate preparation and kinase activity measurements
The human acute myeloid leukemia-derived cell line MUTZ-3 (DSMZ, Braunschweig, 
Germany), that can be differentiated to fully functional DC (MUTZ-DC) 20-22, was maintained 
in culture medium, consisting of MEM-α (Gibco, Grand Island, NY) supplemented with 20 % 
Fetal Calf Serum (FCS; HyClone), 100 IU/ml sodium penicillin (Yamanouchi Pharma), 100 
μg/ml streptomycin sulfate (Radiumfarma-Fisiopharma), 2 mM L-glutamine (Invitrogen Life 
Technologies), 0.01 mM 2-Mercapto-Ethanol (2-ME, Merck), and 10 % conditioned medium 
from the human renal cell carcinoma cell line 5637, as described 20,22. Prior to kinase profi ling, 
MUTZ-3 cells were washed and placed in low serum (1 % FCS) culture medium before 
overnight culture at a density of 1 million/ml (to a total of 5 million cells per condition) in 6-well 
tissue culture plates (Greiner). Subsequently cytokines were added for 90 minutes to study the 
effects of cytokine-dependent differentiation induction or inhibition on kinase activity in the DC 
precursors. Either a differentiation-inducing cocktail consisting of 100 ng/mL GM-CSF (Berlex), 
2.5 ng/mL TNFα (R&D Systems) and 20 ng/mL IL-4 (R&D Systems) was added, or IL-10 
(Strathmann Biotec, Hamburg, Germany) or IL-6 (R&D Systems), both at 50 ng/ml, which were 
concentrations at which DC differentiation was completely blocked 12,23. Cells not exposed to 
cytokines served as negative control for baseline activity. After 90 minutes of incubation cells 
were harvested and washed twice with ice cold PBS and processed further essentially as 
described 24,25. The PepChip kinomics Array (Pepscan, Lelystad, The Netherlands) consisting 
of 1024 peptides representing specifi c human Tyrosine, Threonine and Serine phosphorylation 
sites was used to comprehensively evaluate the effects of the different cytokines on the 
kinome of the MUTZ-DC progenitors. In short, the cells were harvested in 200 μl lysis buffer 
(Mammalian Protein Extraction Reagent) containing HALT protease inhibitor cocktail (1:100) 
and HALT phosphatase inhibitor cocktail (1:100) (all from Pierce Biotechnology). The cell 
lysates were diluted (1:2) in dilution buffer (50 mM HEPES-KOH, pH 7.5, 10 mM MgCl2, 10 
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mM MnCl2), centrifuged, and 10 μl of the activation mix (50 % glycerol, 5 mM DTT, 50 mM 
MgCl2, 50 mM MnCl2, 250 μg/ml PEG8000, 250 μg/ml BSA) with 20 μCi μl 33P-ATP (Amersham 
Biosciences) was added to 70 μl lysate. The mixture was centrifuged at 14000 rpm for 5 min 
at RT, and loaded on the PepChips. The slides were incubated at 37 °C for 2 hours in a closed 
humid box to allow for phosphorylation to take effect. The PepChips were than washed 3 
times for 10 min with PBS, 1 % SDS, 1mM DTT, followed by 3 times Milli-Q (Merck Millipore). 
Subsequently, the slides were dried and exposed to a phosphor imager plate for 72 hours. 

PepChip data acquisition and statistical analyses
Data acquisition and analysis was performed as described previously 25,26. In short, the acquisition 
of the peptide array was performed using a phosphor-imager (StormTM, GE Life Sciences, 
Piscataway, NY). Each PepChip kinomics array contained 1024 human peptide sequences 
spotted in triplicate. An exploratory screen with one set of arrays was performed, followed by a 
second, independent set, which was included for statistical signifi cance testing. Spot densities, 
corrected for individual background distributions, were analyzed using grid tools provided by 
the manufacturer (http://www.pepscan.com/products-services/kinase-profi ling/). Exposed 
phosphorimager screens were scanned and the obtained images from the phosphorimager (in 
.GEL format, i.e. with square rooted intensity fi gures [Fluorescence Imaging - principles and 
methods, Amersham Biosciences handbook 2002-10, p.134] were exported for quantitation 
by ScanAlyse Software. Data were exported to Excel for further analysis. Control spots 
included on the array served to standardize array intensities between the different samples. 
Inconsistent data sets (i.e., SD between the different data points exceeding 1.96 of the mean 
value) were excluded from further analysis. Spots were averaged and included for dissimilarity 
measurement to identify induced or reduced kinase activities in the cytokine-exposed DC 
precursors relative to unexposed precursors. A list of peptides was generated by ranking the 
spots, resulting in an “up” or “down” assignation for each peptide’s phosphorylation status, 
which in turn was used to explore cytokine-induced changes in signalling networks 25,26.

PepChip data visualisation
Upstream kinases for substrate peptides from PepChip (provided by the manufacturer, www.
pepscan.com) were mapped from HPRD (Human Protein Reference Database, http://www.
hprd.org/) to Swissprot accessions using Biomart (http//www.biomart.org). In case multiple 
substrate peptides mapped to the same upstream kinases, the median fold change of IL-4/GM-
CSF/TNFα vs control and IL-10 vs control were used. Upstream kinases detected in the IL-4/
GM-CSF/TNFα condition and the IL-10 condition were combined and a non-redundant kinase 
list was imported in STRING (http//string-db.org) to derive the protein-protein connectivity 
table. The connectivity table was loaded in Cytoscape version 2.7 (http//www.cytoscape.org) to 
visualize protein-protein interactions constructed around GSK3β; nodes were intensity-colored 
by fold change (attribute table) for the IL-4/GM-CSF/TNFα condition and the IL-10 condition, 
respectively.
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MUTZ-3 and monocyte-derived DC culture
MUTZ-3 cells were differentiated to DC as described previously 27. In short, cells were 
differentiated for 6 days in the presence of GM-CSF (100 ng/mL), TNFα (2.5 ng/mL) and IL-4 (20 
ng/mL), in the presence or absence of 10 μM SB 415286 (Sigma-Aldrich) a selective inhibitor of 
GSK3β. Cytokines and GSK3β inhibitor were refreshed at day 3. After 6 days the differentiated 
DC were harvested and the phenotype of the DC was determined by fl owcytometric analysis. 
Monocyte-derived DC (MoDC) were generated as described previously 13. Peripheral 
blood mononuclear cells (PBMC) were isolated from healthy human volunteers by density 
centrifugation over Lymphoprep (Nycomed AS, Oslo, Norway). CD14+ monocytes were isolated 
from PBMC by CD14+ MACS (Miltenyi Biotec). After washing, the cells were differentiated for 
5-7 days in Iscove’s Modifi ed Dulbecco’s Medium (IMDM) (Lonza BioWhittaker) supplemented 
with 10 % fetal bovine serum (FBS; HyClone), 100 IU/ml sodium penicillin (Yamanouchi 
Pharma), 100 μg/ml streptomycin sulfate (Radiumfarma-Fisiopharma), 2 mM L-glutamine 
(Invitrogen Life Technologies), and 0.01 mM 2-ME (Merck), 100 ng/ml GM-CSF (Berlex) and 
10 ng/ml IL-4 (Strathmann Biotec, Hamburg, Germany). To inhibit GSK3β signaling during 
DC differentiation 10 μM SB 415286 was administered to the monocytes, 30 minutes prior to 
administration of GM-CSF and IL-4. After 6 days of differentiation, DC were harvested and 
analyzed by fl owcytometric analysis or cultured together with T cells in a mixed leukocyte 
reaction. 
To determine the effects of GSK3β activation on IL-10-hampered DC maturation 13, immature 
DC were harvested and transduced with an adenovirus containing the cDNA encoding a 
constitutively active form of GSK3β at a multiplicity of infection (MOI) of 500 (a kind gift of Dr 
Hyo-Soo Kim and co-workers, Seoul, Korea) 28. After 24 hours, the maturation mix consisting of 
50 ng/ml TNFα (R&D Systems), 100 ng/ml IL-6 (R&D Systems), 25 ng/ml IL-1β (R&D Systems) 
and 1 μg/ml PGE2 (Sigma-Aldrich) was added (with or without 40 ng/ml IL-10) and cells were 
harvested after another 48 hours for fl owcytometric analysis. 

Flow cytometry 
APC-, PE- or FITC-labeled antibodies directed against human CD14, CD34, CD1a, CD40, 
(BD Biosciences), CD83 (Coulter Immunotech, Marseilles, France), CD209/DC-specifi c ICAM-
grabbing nonintegrin (DC-SIGN; BD PharMingen), and CD141/BDCA3 (Miltenyi Biotec), were 
used for fl owcytometric analyses. Antibody staining was performed in PBS supplemented with 
0.1 % BSA and 0.02 % sodium-azide for 30 minutes at 4 oC. To determine DC transduction 
effi ciency of Ad.CA.GSK3β (which also encodes the hemagglutinin (HA) marker gene), DC 
were harvested and permeabilized using the BD Fix-Perm kit, following manufacturer’s 
guidelines. After fi xation and permeabilization, a FITC-labeled anti-HA antibody was added (BD 
Biosciences). After 30 minutes incubation, cells were washed and analyzed on a FACSCalibur 
using Cellquest-Pro analysis software (BD Biosciences).

Mixed Leukocyte Reaction
Mixed leukocyte reaction (MLR) was performed with 5-7 day-differentiated immature 
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MoDC that were added as stimulator cells to round-bottom, 96-well, tissue-culture plates 
at 104/well. As responder cells, 104 peripheral blood lymphocytes (PBL) labeled with 3 μM 
5(6)-Carboxyfl uorescein (CFSE, Sigma Aldrich) per well were used, which were obtained from 
PBMC after CD14+ monocyte depletion by MACS (Miltenyi Biotec). Stimulation of PBL was 
performed in triplicate. Unstimulated PBL were used as negative controls. Cells were cultured 
in IMDM (Lonza) supplemented with 10 % pooled human serum (Sanquin Blood Supply, 
Amsterdam, The Netherlands), 100 IU/ml penicillin and 100 μg/ml streptomycin. At day 6, 
samples were taken from each well and T cell proliferation (by CFSE dilution) was determined 
by fl owcytometric analysis. 

Cytokine measurement 
Immature or mature MoDC cultured in the presence or absence of the GSK3β inhibitor SB 
415286 were stimulated for 24 hours with interferon (IFN)-γ (Sanquin Blood Supply, Amsterdam, 
The Netherlands) and irradiated J558 cells transfected with CD40L as described previously 29. 
The levels of IL-12p70 and IL-10 produced by the MoDC were determined by Cytometric Bead 
Array (CBA) analysis (BD Biosciences, San Diego CA). 

Statistical analyses
Differences between test conditions were analyzed by paired or unpaired 2-sided Student’s 
T-test, in the case of the PepChip data in conjunction with False Discovery Rate analysis, using 
Microsoft Excel or Prism GraphPad v4.0 software. Differences were considered signifi cant 
when p<0.05.
 
Results

PepChip Kinomics Array analyses of human DC differentiation and suppression 
A kinase peptide substrate array consisting of 1,024 peptides with specifi c human phosphorylation 
sites (PepChip kinome array, Pepscan Systems, Lelystad, the Netherlands), plotted in triplicate, 
was used to comprehensively explore the effects of the DC-suppressive cytokine IL-10 on 
the kinome of DC in a parallel and comparative analysis with a DC differentiation-inducing 
cocktail consisting of GM-CSF, IL-4 and TNFα. To avoid donor-dependent variability, we 
resorted to the use of the human MUTZ-3 DC cell line model that we previously developed and 
described. The validity of this model for DC differentiation has been demonstrated in a number 
of functional studies and by comparative genome-wide transcriptional profi ling analyses, side 
by side with primary Langerhans Cells (LC) and Dermal Dendritic Cells (DDC) 20-22;27,30. MUTZ-
3 DC precursors consisting of CD34+ and CD14+ cells were exposed to the cytokines for 90 
minutes, which in a time range yielded the highest number of modulated kinase activities (data 
not shown). Figure 1A shows a detail of the developed chips after incubation with lysates 
of DC precursors unexposed to cytokines or exposed to a cocktail of differentiation-inducing 
cytokines; examples of increased and decreased phosphorylation of substrates under the 
infl uence of cytokine-modulated kinase activities are indicated by up- or downward arrowheads 
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Figure 1. Cytokine exposure alters the kinome of MUTZ-3 DC precursors. A) Representative details 
from developed PepChip kinomics arrays loaded with lysates from MUTZ-3 DC precursors exposed to 
plain medium (base line kinase activity) or a DC differentiation-inducing cytokine cocktail consisting of 
GM-CSF, IL-4 and TNFα (GM/IL-4/TNFα). Each dot represents phosphorylation of a specifi c peptide 
substrate; increased or decreased phosphorylation levels upon cytokine exposure are clearly visible 
by eye: respective examples are demarcated by surrounding up- or downward oriented arrow heads. 
B) Factors of down- or up-regulated phosphorylation levels of all altered peptide substrates (relative to 
medium exposed controls) on PepChip arrays loaded with lysates from MUTZ-3 DC precursors exposed 
to GM/IL-4/TNFα or IL-10 (numbers of altered substrates out of 1024 total substrates are listed).
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Figure 2. GSK3β network related kinase activities deduced from Pepchip analyses of cytokine-exposed 
MUTZ-3 DC precursors. STRING analysis of the PepChip upstream kinase data was performed to visu-
alize differential kinase network activities. Fold-change of GM-CSF, IL-4 and TNFα (GM/IL-4/TNFα) or 
IL10, both vs. medium control: Red is “up” (fold-change stimulus vs control >1), Green is “down” (fold-
change stimulus vs control <-1); color intensities refl ect levels of up- or down-regulation. Double circles 
indicate p38α (MAPK14), JAK2, and GSK3β signalling nodes.
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encompassing the spots of interest. Phosphorylation per substrate spot was quantifi ed on 
a phosphor imager and corrected for individual background levels using a digital grid and 
algorithms provided by the manufacturer. Data were normalized between replicates on a chip 
and between chips by intensities of control substrate spots included in the arrays. For further 
information on data acquisition and analysis we refer to “Materials and Methods”. For both 
test conditions a ranked list was made of up- or down-regulated kinase activities relative to 
unexposed precursors. Upon differentiation-inducing cytokine exposure, rates of more than 
2-fold increased or decreased kinase activities were both around 19 %; for IL-10 these rates 
were 13 % and 23 %, respectively (Figure 1B). In Tables I and II the top 15 of peptide substrates 
with increased or decreased phosphorylation levels and their putative upstream kinases are 
listed for GM/IL-4/TNFα and IL-10, representing 10-15 % of all evaluable substrates. For a 
complete list of peptide substrates spotted on the PepChip and upstream kinases we refer to

Table I. Top 15 of up- and down-regulated kinase activities according to Pepchip analysis in MUTZ-3 DC 
precursors treated with GM-CSF+IL-4+TNFα

1Over untreated MUTZ-3 DC precursors, *p<0.1, **p<0.05 by unpaired Student’s T-test based on 6-pli-
cate data from two independently tested Pepchips, NB: False Discovery Rate (FDR)>0.1 in all cases.
2Bold font indicates target proteins and/or upstream kinases associated with the JAK2/STAT3, MAPK, 
or GSK3β/β-catenin pathways.
3According to the Human Protein Reference Database.
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the manufacturer’s website (http://www.pepscan.com/products-services/kinase-profi ling/). 
Most notably, in this exploratory screen GSK3β was identifi ed as a promising target involved 
in DC differentiation and suppression: its activity was increased when applying the stimulatory 
GM-CSF/IL-4/TNFα cytokine cocktail (three hits in the top 15 of ranked kinases with 4.4-, 4.5- 
and 67-fold increases in activity, Table I) and down-modulated when applying IL-10 (ranked 
3rd with a 6.7-fold decrease in activity, Table II). Of note, also in IL-6-treated DC precursors 
modulated GSK3β activity featured prominently (ranked 1st with a 50-fold decrease in activity, 
see Supplementary Table I). A role for MAPK signalling was also indicated by apparently 
modulated activity of multiple signalling elements implicated in these pathways in all three 
of the test conditions (i.e. GM-CSF/IL-4/TNFα, IL-10 and IL-6). A possible role for the JAK2/
STAT3 pathway in IL-10-mediated effects was confi rmed by an apparent 3.3-fold increase in 
JAK2 activity based on phosphorylation of a CCL2-derived peptide substrate (Table II). 
In view of this clear and opposite modulation of GSK3β kinase activity between differentiation-

Table II. Top 15 of up- and down-regulated kinase activities according to Pepchip analysis in MUTZ-3 
DC precursors treated with IL-10

1Over untreated MUTZ-3 DC precursors, *p<0.1, **p<0.05 by unpaired Student’s T-test based on 6-pli-
cate data from two independently tested Pepchips, NB: False Discovery Rate (FDR)>0.1 in all cases.
2Bold font indicates target proteins and/or upstream kinases associated with the JAK2/STAT3, MAPK, 
or GSK3β/β-catenin pathways.
3According to the Human Protein Reference Database.
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inducing and -inhibitory cytokines, differential kinase network activities between GM-CSF/IL-4/
TNFα and IL-10 were further visualized around the GSK3β signalling node by STRING analysis 
(see Figure 2). The resulting networks unveiled additional differentially modulated kinase 
activities. Most notably, upregulated activity of both JAK2 (of which STAT3 is a prominent 
substrate) and p38-MAPK in the IL-10 condition became apparent, which was in line with our 
previous in vitro observations in IL-10 and tumor-induced DC suppression and thus supported 
the validity of our data set 12,13,15.
It is important to note that the signifi cance levels indicated in Tables I-II (and Supplementary 
Table I) were based on a T-test performed with data from two independent PepChip analyses 
encompassing 2x3 data points, but that the apparent signifi cance of some of these fi ndings was 
not supported by False Discovery Rate (FDR) analysis which yielded FDR values exceeding 
0.1 for all data sets. This indicates the limited predictive power of the performed analyses in 
terms of mapping signalling pathways and that they should rather be regarded as exploratory 
hypothesis-generating screens, the fi ndings of which should be further validated. This we next 
set out to do for GSK3β in the context of IL-10-hampered DC development.

GSK3β inhibition hampers DC differentiation and functionality
To confi rm the possible role of GSK3β in DC differentiation and suppression, GSK3β was 
inhibited during MUTZ-3 DC differentiation using a small molecule inhibitor, SB 415286. After 
7 days of culture immature MUTZ3-DC were analyzed by fl ow cytometry and shown to be 
inhibited in their development by GSK3β inhibition, demonstrated by high CD14 levels and 
absence of the DC-specifi c expression of CD1a and DC-SIGN (Figure 3A and B). Inhibition 
of GSK3β activity during differentiation thus mimics the effects of IL-10 (and IL-6) on DC 
differentiation. Moreover, these data show that GSK3β’s kinase activity is essential for the 
differentiation of DC from CD34+ progenitor cells. 
To further demonstrate the validity of our fi ndings for primary DC, CD14+ monocytes were 
differentiated with GM-CSF and IL-4 into CD1a+ immature MoDC in the presence or absence 
of the GSK3β inhibitor SB 415286. As shown in fi gure 4A, inhibiting GSK3β completely blocked 
DC differentiation, evident by the absence of CD1a expression and the maintained expression 
of the monocytic marker CD14. Of note, this inhibition was accompanied by up-regulation of 
CD16 and CD141/BDCA3, both previously identifi ed by us as part of an IL-10-induced marker 
profi le signifying the development of immature macrophage-like DC with impaired capacity for 
T cell stimulation 12,13,15. This observation was further confi rmed by down-regulated expression 
of the co-stimulatory marker CD40 (Figure 4B). Upon CD40L-mediated stimulation, DC 
differentiated in the presence of GSK3β inhibitor released signifi cantly lower levels of IL-12p70 
and increased levels of the suppressive cytokine IL-10 (Figure 4C). This disturbed phenotype 
and cytokine secretion profi le led to a reduced capacity to induce allogeneic T cell proliferation 
(Figure 4D). Interestingly, combined addition of IL-10 and GSK3β inhibitor to MoDC cultures 
resulted in a more profound inhibition of differentiation (see Figure 4E), suggesting that GSK3β 
kinase activity renders DC permissive for the suppressive effects of IL-10. 
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Constitutively active GSK3β renders DC maturation refractory to the suppressive effects 
of IL-10 
As it appeared that in order for IL-10 to fully suppress DC differentiation GSK3β activity needed 
to be shut down, we hypothesized that, vice versa, enforced constitutive GSK3β activation 
might render DC resistant to the suppressive effects of IL-10. To investigate whether this 
principle might be applied to bolster the effi cacy of DC-targeted vaccines, fully differentiated 

Figure 3. Inhibition of GSK3β hampers the differentiation of DC from MUTZ-3. A) FACS dot plots show-
ing the expression of CD14, CD34, CD1a and DC-SIGN of immature MUTZ-3 DC differentiated in the 
presence or absence of the GSK3β inhibitor SB 415286 (GSK3βi). B) Overview of the average per-
centages of CD14+ or CD1a+DC-SIGN+ cells in control DC and DC differentiated in the presence of the 
GSK3β inhibitor (n=4), means ± SD are shown, asterisk indicates statistical signifi cance at p<0.05.
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Figure 4. Inhibition of GSK3β hampers the differentiation of MoDC. A) Expression of the monocytic 
marker CD14 and the DC marker CD1a by DC differentiated with or without the GSK3β inhibitor SB 
415286 (GSK3βi). Shown are mean ±SD from 3 experiments. B) FACS histograms for the markers 
CD40, CD16 and BDCA3 on MoDC differentiated in the presence or absence of the GSK3β inhibitor. 
The numbers listed in the graphs are the mean fl uorescence intensities and markers indicate Ig isotype 
control levels. Results are representative of three experiments. C) Secretion of relative IL-12p70 and IL-
10 levels by DC treated with or without the GSK3β inhibitor; absolute average IL-12p70 and IL-10 levels 
in the control MoDC cultures are listed. Shown are mean ± SD from 5 experiments. D) Differentiation 
in the presence of the GSK3β inhibitor induces the development of immature DC that have a reduced 
capacity to stimulate T cell proliferation as determined by allogeneic MLR. Day-6 results shown are 
from 3 experiments (n=3); ratio peripheral blood lymphocytes to DC was 1:1. (E) IL-10 combined with 
the GSK3β inhibitor leads to more profound inhibition of MoDC differentiation than IL-10 or the inhibitor 
separately. Shown are CD14 vs CD1a expression data (FACS dot plots) from one representative experi-
ment out of three. Asterisks in the bar graphs indicate statistical signifi cance at p<0.05.
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MoDC were transduced with an adenovirus containing cDNA encoding a constitutively 
active form of GSK3β 28. One day after transduction, a maturation-inducing cytokine cocktail 
consisting of IL-6, TNFα, IL-1β and PGE2 was added to the DC, with or without 40 ng/mL IL-

Figure 5. Constitutively active GSK3β 
renders MoDC resistant to the sup-
pressive effects of IL-10 during matura-
tion. A) Representative FACS dot plots 
showing the expression of CD14 and 
HA-tagged GSK3β in untransduced 
MoDC and adenovirally transduced 
MoDC (Ad-CA.GSK3β) expressing con-
stitutively active GSK3β by DC matured 
(by a cocktail of IL-6, PGE2, IL-1β, and 
TNFα) in the absence or presence of 
IL-10. Percentages of CD14+ cells are 
indicated; NB: in the two lower dot plots 
percentages CD14+ cells among trans-
duced MoDC (i.e. HA+) are listed. B) 
Expression of CD1a (closed bars) and 
CD14 (open bars) on MoDC, matured in 
the absence or presence of IL-10, the 
latter also for transduced MoDC (Ad-
CA.GSK3β), expressing constitutively 
active GSK3β. Shown are means ±SD 
from 4 experiments. C) Overview of the 
relative percentages of cells express-
ing CD14 in control MoDC (set at 100 
%) and IL-10 exposed MoDC, untrans-
duced or transduced by Ad-CA.GSK3β, 
expressing constitutively active GSK3β. 
Shown are means ±SD from 4 experi-
ment. Asterisks indicate statistical sig-
nifi cance at p<0.05.
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10. We previously showed that exposure of DC to IL-10 during their maturation could lead to 
their trans-differentiation into CD14+ macrophage-like cells with immunoregulatory qualities 
13. As shown in Figure 5A, in transduced cells (identifi ed by expression of the HA trans-gene 
marker) constitutively active GSK3β indeed appeared to block the de novo development of 
such a CD14+ population. In fi gure 5B an overview of the results of 4 different experiments is 
shown, which clearly demonstrates the preservation of a typical CD1a+CD14- DC phenotype 
by adenoviral transduction of constitutively active GSK3β (Ad-CA.GSK3β). Because of 
variations in the percentage of cells re-expressing CD14 after maturation in the presence 
of IL-10, the relative percentage of CD14 expressing cells was calculated and shown to be 
signifi cantly lower in Ad-CA.GSK3β-transduced DC (Figure 5C). These data thus demonstrate 
that inclusion of a gene encoding constitutively active GSK3β may enhance the effi cacy of 
DC-targeted tumor vaccines by rendering the targeted DC resistant to the suppressive effects 
of cancer-associated IL-10.
 
Discussion

The ability to modulate human DC development and maturation by interfering in signalling 
pathways opens the way to enhance the effi cacy of in vivo DC-targeted immunotherapy in 
cancer patients through genetic vaccines or the use of clinically applicable kinase inhibitors. 
In this study we therefore explored signalling events downstream of known differentiation-
inducing or -suppressing cytokines. Using a peptide array of over 1000 known human kinase 
substrates allowed us to take a functional “snap shot” of the kinome of DC precursors derived 
from the human MUTZ-3 cell line and ascertain how it was modulated by a cocktail of DC 
differentiation inducing cytokines (GM-CSF, IL-4, TNFα) or by the cancer-associated and 
immune suppressive cytokines IL-10 and IL-6. 
Of note, the strengths and weaknesses of the employed PepChip system for functional kinome 
screens should be recognized. While the number of included kinase substrates allows for a 
comprehensive signalling analysis, the limited robustness of the system (indicated by high FDR 
values) and the promiscuity of most kinases (i.e. one peptide substrate may be phophorylated 
by multiple kinases, including as yet unidentifi ed ones), limit the PepChip’s power in terms 
of defi nitive pathway analysis. Nevertheless, our data demonstrate its utility for screening 
for novel kinase targets in conjunction with subsequent functional validation. As such it had 
previously also proven its worth in the identifi cation of signalling events accompanying cancer 
development and metastasis 25,26.
In our exploratory screens in particular GSK3β stood out for its altered activity after cytokine 
exposure with three separate hyper-phosphorylated substrates in the top 15 of the ranked 
list of peptides with a modulated phosphorylation state after exposure to the differentiation-
inducing cytokine cocktail. This was a clear indication of its relevance to DC development. 
Moreover, the inferred down-regulation of GSK3β activity after exposure to either IL-10 or IL-6 
further suggested that cytokine-mediated suppression of DC in general might require a shut-
down of GSK3β. We were able to validate these PepChip fi ndings by inhibition of both MUTZ-
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3- and monocyte-derived DC differentiation by a selective GSK3β inhibitor, thus mimicking 
the effects of IL-10 and IL-6 12,23. Of note, this inhibition was accompanied by up-regulation of 
CD16 and BDCA3, both previously identifi ed by us as part of the tumor-suppressed DC marker 
profi le 12-15 and also resulted in decreased IL-12p70 release and reduced proliferation induction 
in allogeneic T cells. Strikingly, addition of the GSK3β inhibitor to DC differentiation cultures 
enhanced the suppressive effects of IL-10 in line with our upfront hypothesis that effective DC 
suppression might require GSK3β shut-down. More importantly, by transducing MoDC with 
an adenoviral vector encoding constitutively active GSK3β, we were able to prevent de novo 
expression of CD14 during IL-10-exposed maturation. This fi nding indicates that inclusion of a 
trans-gene encoding constitutively active GSK3β in DC-targeted genetic vaccines might render 
the in situ transduced DC resistant to the tumor-conditioned suppressive cytokine environment 
and enhance their T cell activation potential.
Phosphoinositide-3 Kinase (PI3K) and Akt have been reported as upstream signaling elements 
controlling GSK3β activity in MoDC 31. However, Akt, of which substrates were present on 
the PepChip, was not up- or down regulated in our experiments, nor could we modulate IL-
10-conditioned DC differentiation by various Akt inhibitors (data not shown). Our PepChip 
data did point to co-regulation of Aurora kinase A (AURKA) and GSK3β (see Figure 2), in 
line with a previously observed regulation of GSK3β by AURKA 32. In this context, upstream 
GSK3β regulation may differ in steady state DC differentiation from proliferative precursors, as 
compared to infl ammatory differentiation from precursors with a limited proliferative potential 
(i.e. monocytes), since AURKA is involved in regulation of spindle assembly and cell cycle 
progression. Also, it is important to keep in mind that MUTZ-3 is a cell line derived from Acute 
Myeloid Leukemia and will have leukemia specifi c properties which may account for the 
appearance of the ABL1 oncogene in the STRING network analysis presented in Figure 2. 
Moreover, AURKA may be activated by Bcr-Abl 33. Thus, all fi ndings from the PepChip analyses 
require validation in primary DC and their precursors. Also, it is important to keep in mind that 
different signalling pathways may be differentially involved in the development of different DC 
subsets.  
GSK3β is part of a wide range of signal transduction cascades regulating cellular processes 
such as glycogen metabolism, differentiation, cytoskeletal organization, cell cycle regulation, 
proliferation, and apoptosis. GSK3β can phosphorylate several different substrates that each 
plays a role in different cellular signalling pathways. As the employed PepChip array did not 
comprise all these substrates, this precluded the defi nition of the exact pathways downstream 
from GSK3β that were involved in DC differentiation. Nevertheless, from literature it is well 
known that GSK3β controls the Wnt/β-catenin signalling pathway, which is involved in cell-
cell communication, embryonic development and cancer, and has also been implicated in DC 
differentiation 31. Active (i.e. non-phosphorylated) GSK3β promotes degradation of β-catenin 
and thereby acts as a negative regulator of Wnt signaling. The involvement of the Wnt pathway 
in regulation of DC development was indeed suggested by  our PepChip kinome analyses 
revealing down-regulation by the differentiation-inducing cytokine cocktail of Casein Kinase 
2 (CK2) activity, based on phosphorylation of a substrate derived from T cell Transcription 



170

Factor-4 (Tcf) (ranked 1st with a signifi cant 16.7-fold decrease in activity, Table I); Tcf together 
with Lymphoid enhancer binding factor (Lef) forms a transcription factor complex activating 
transcription of target genes downstream from Wnt and β-catenin 34. Furthermore, presenilin, 
a GSK3β substrate with a 4.51-fold increased phosphorylation level under infl uence of the 
differentiation-inducing cytokine cocktail (Table I), has been reported to interfere with β-catenin 
signalling 35,36. 
Contrasting observations regarding the role of GSK-3β and Wnt signaling in DC differentiation 
have been published 31;37-39. Of note, these seemingly contradictory observations may be 
explained by differences in intracellular and environmental contexts between studies, resulting 
in the activation of different signalling cascades which in turn may be differentially affected 
by GSK3β kinase activity 31. Indeed, most GSK3β substrates require priming/phosphorylation 
by other kinases. Differential priming of GSK3β substrates (e.g. by elements of the MAPK 
pathways involved in DC maturation) may lead to opposing effects of GSK3β activity and Wnt 
signalling on DC development and maturation under infl ammatory or suppressed conditions. 
This possibility of different outcomes of GSK3β activation depending on the underlying 
signalling context warrants careful further investigation and calls for caution in therapeutic 
modulation of GSK3β activity in infl ammatory diseases, transplantation, or cancer. 
Both the JAK2/STAT3 and p38-MAPK pathways were previously implicated in disturbed DC 
differentiation by us and by others 12;16-19;39-42 and both were found upregulated upon IL-10 
exposure as demonstrated by our Pepchip analysis (see fi gure 2). Mostly from murine studies, 
the JAK2/STAT3 signaling pathway has emerged as a “master switch” in tumor-induced immune 
suppression 19. Interestingly, we previously found that siRNA-mediated knock-down of STAT3 
effectively prevented the generation of CD14+ cells during IL-10-modulated DC maturation 
induction 13. As this was also achieved by transduction of the DCs with constitutively active 
GSK3β this is consistent with cross-talk between these pathways. Also, p38-MAPK signalling 
is known to lead to GSK3β inactivation and activation of the canonical Wnt/β-catenin signalling 
pathway, although the exact signalling intermediates are as yet unknown 43; p38/ERK1/2 
signalling can also induce COX2 activity and release of PGE2 44, which in turn can induce 
GSK3β phophorylation and Wnt signalling 45, and thus suppress DC differentiation. Recently, 
Qian et al. demonstrated that ERK mediated inactivation of GSK3 in regulatory DC led to high 
levels of β-catenin resulting in the secretion of IL-10 and IP-10 46. Altogether, accumulating data 
point to different tumor-associated factors (e.g. IL-10, IL-6, PGE2) exerting their suppressive 
effects at various stages of myeloid DC development through converging and communicating 
signalling elements encompassing the JAK2/STAT3, p38-MAPK and GSK3β/Wnt pathways. 
To specifi cally address DC suppression in various types of tumors it is important to further 
dissect these pathways and possible cross-talk between them in functionally characterized 
and clinically relevant therapeutic models. 
In conclusion, our data indicate that GSK3β is an attractive target to counteract tumor-induced 
suppression of DC development and activation. By enforcing GSK3β activity in DC they may 
acquire resistance to tumor-imposed immune suppression in microenvironments with high IL-
10 levels. This knowledge may be applicable in the design of DC-targeted tumor vaccines.
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Supplementary Table I. Top 15 up- and down-regulated kinase activities according to Pepchip 
analysis in MUTZ-3 DC precursors treated with IL-6 (50 ng/ml)

1Over untreated MUTZ-3 DC precursors, *p<0.1, **p<0.05 by unpaired Student’s T-test based on 6-pli-
cate data from two independently tested Pepchips, NB: False Discovery Rate (FDR)>0.1 in all cases.
2Bold font indicates target proteins and/or upstream kinases associated with the JAK2/STAT3, MAPK, 
or GSK3β/β-catenin pathways.
3According to the Human Protein Reference Database.
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