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Abstract Multiple approaches presently aim to combine

targeted therapies using tyrosine kinase inhibitors with

immunotherapy. Ex vivo-generated dendritic cells are fre-

quently used in such strategies due to their unique ability to

initiate primary T-cell immune responses. Besides gov-

erning tumor cell growth, many kinases targeted by tyro-

sine kinase inhibitors are involved in the development and

function of dendritic cells and thus tyrosine kinase inhibitor

therapy may cause immunoinhibitory side effects. We here

report that exposure of developing human monocyte-

derived dendritic cells to the BCR–ABL inhibitors imati-

nib, dasatinib, and nilotinib results in profound upregula-

tion of the transmembrane glycoprotein osteoactivin that

has recently been characterized as a negative regulator of

T-cell activation. Thus, in line with osteoactivin upregu-

lation, exposure to tyrosine kinase inhibitors resulted in

significantly reduced stimulatory capacity of dendritic cells

in mixed lymphocyte reactions that could be restored by

the addition of blocking anti-osteoactivin antibody. Our

data demonstrate that tyrosine kinase inhibitor-mediated

inhibition of dendritic cell function is, at least in great part,

mediated by upregulation of the immune inhibitory mole-

cule osteoactivin.
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Introduction

Targeted therapies using tyrosine kinase inhibitors (TKI)

have significantly improved the treatment of cancer

patients [1]. Imatinib (Glivec�, Gleevec�, STI 571; Nov-

artis) was the first TKI to be established in the treatment of

chronic myelogenous leukemia (CML). It efficiently blocks

the tyrosine kinase (TK) activity of c-ABL, a non-receptor

TK that is pathologically activated in Philadelphia

chromosome-positive (Ph?) CML due to the reciprocal

translocation between chromosomes 9 and 22 [2–4]. In

clinical trials, imatinib has shown impressive results in the

treatment of Ph? CML and acute lymphoid leukemia

(ALL) [5, 6]. Nilotinib (Tasigna�; Novartis) and dasatinib

(Sprycel�; Bristol-Myers Squibb) are second-generation

TKI that preferentially target c-ABL and have shown

efficacy in the treatment of Ph? CML resistant or intolerant

to at least one prior therapy, including imatinib [7–9].

Recently it was reported that in some patients CML

might be cured with TKI [10]. However, molecularly

detectable disease persists in the majority of patients, and

long-term complete molecular remissions after discontin-

uation of TKI treatment remain exceptional [11]. Thus,

multiple approaches presently aim to combine TKI treat-

ment with immunotherapy [12]. Due to their unique ability

to initiate powerful anti-tumor T-cell responses, dendritic
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cells (DC) are pivotal in immunotherapeutic strategies with

the potential to effectively eradicate the malignant cell

population. Upon activation, DC change their expression

pattern of various cell surface molecules and secreted

mediators like cytokines and chemokines, a process called

DC maturation. This is, among others, achieved upon

recognition of pathogen-associated molecular patterns

(PAMP) through pattern recognition receptors (PRR), of

which the family of Toll-like receptors (TLR) has been

studied most extensively [13–15].

DC development and function are mediated by multiple

TK, of which some may also be inhibited by TKI used for

CML and ALL treatment. Thus, TKI therapy may cause

immunoinhibitory side effects, and we previously demon-

strated that imatinib reduces expression of surface antigens

and the T-cell stimulatory capacity of DC [16–18]. Con-

sequently, the specific question of interaction between TKI

and immunotherapies is certainly of great interest.

Osteoactivin (glycoprotein NMB (GPNMB), DC-asso-

ciated transmembrane protein (DC-HIL)) is a type I

transmembrane glycoprotein that is expressed in various

cell types, including osteoclasts, macrophages, and DC.

The extracellular region of osteoactivin contains a heparin-

binding motif and an integrin recognition RGD domain,

while the cytoplasmic region includes an immunoreceptor

tyrosine-based activation motif (ITAM) [19–22]. Chung

et al. identified the osteoactivin/syndecan-4 (SD-4) path-

way as essential for the inhibition of T-cell activation by

antigen-presenting cells (APC) [20, 23]. We recently

reported on the upregulation of osteoactivin in human APC

in the presence of the immunosuppressive and anti-

inflammatory cytokine IL-10 upon activation by TLR

ligands [24]. In the present study, we observed that expo-

sure of human peripheral blood monocytes to therapeutic

concentrations of TKI during differentiation into mono-

cyte-derived DC (moDC) leads to significant upregulation

of osteoactivin expression at the transcript and protein level

in vitro. Furthermore, we thoroughly examined the

expression of this immune inhibitory receptor in the pres-

ence of relevant maturation signals such as TLR ligands or

IFN-c. To evaluate the role of osteoactivin in TKI-triggered

effects on moDC function, we performed mixed lympho-

cyte reactions (MLR) with allogenic T cells. In line with

osteoactivin upregulation, exposure to imatinib, dasatinib,

or nilotinib resulted in significantly reduced T-cell stimu-

latory capacity of moDC. The reduced proliferation of T

cells could be overcome by the addition of blocking anti-

osteoactivin antibody.

In summary, our data demonstrate that osteoactivin

expression is upregulated not only upon exposure of

developing immature moDC to the immunosuppressive

cytokine IL-10 but also by TKI and that the upregulation of

osteoactivin is critically involved in the inhibition of DC

function. These findings are of great importance for future

combinatory approaches using TKI and DC-based immu-

notherapy and indicate that inhibition of osteoactivin

expression or function may serve as a novel strategy to

enhance the efficacy of immunotherapeutic interventions in

cancer patients.

Materials and methods

Generation of monocyte-derived dendritic cells

(moDC)

Ex vivo generation of moDC was performed as described

previously [25, 26]. In brief, adherent monocytes from

PBMC of healthy donors (blood bank of the University of

Tübingen) were cultured in the presence of human

recombinant granulocyte macrophage colony-stimulating

factor (GM-CSF, 100 ng/ml; Leukine Liquid Sargramo-

stim; Bayer HealthCare Pharmaceuticals, Richmond, CA),

and IL-4 (20 ng/ml; R&D Systems, Wiesbaden, Germany)

added every 2nd day for 7 days. IL-10 (10 ng/ml, R&D

Systems), imatinib (3 lM, Cayman Chemical Company,

Biomol, Hamburg, Germany), nilotinib (3 lM, Cayman),

or dasatinib (10, 20, 50 nM, Selleck Chemicals, Biomol)

were added starting from day 0 of cell culture to every 2nd

day. Maturation was induced on day 6 by adding one of the

following TLR ligands: LPS (TLR4L, 100.0 ng/ml; Sigma-

Aldrich, Deisenhofen, Germany), Pam3Cys (TLR2L,

5.0 lg/ml; EMC Microcollection, Tübingen, Germany), Poly

I:C (TLR3L, 50.0 lg/ml; Sigma, Deisenhofen, Germany),

and R848 (TLR7/8L, 2.0 lg/ml; InvivoGen, San Diego,

USA) or one of the following pro-inflammatory agents: TNF

(10 ng/ml, R&D Systems), CD40L (100 ng/ml, tebu-Bio,

Le-Perray-en-Yvelines, France), IFN-c (10 lg/ml, R&D

Systems). Cells were harvested on day 7 as mature moDC for

further use.

Quantitative real-time RT–PCR (qRT–PCR)

Total RNA was isolated from DC lysates using RNeasy Mini

anion-exchange spin columns (Qiagen, Hilden, Germany)

according to the manufacturer’s protocol. The quantity and

purity of RNA were determined by UV spectrophotometry.

Then, 0.5 lg of total RNA were subjected to a 20.0 ll cDNA

synthesis reaction using Transcriptor First Strand cDNA

Synthesis Kit (Roche, Mannheim, Germany) and random

primers.

Osteoactivin gene transcripts were quantified by qPCR

using a LightCycler carousel-based system and Light-

Cycler TaqMan Master chemistry (Roche). In two separate

PCRs, osteoactivin and glucose-6-phosphatase dehydroge-

nase (G6PDH) used as housekeeping gene were amplified
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from the same cDNA. Primer sequences were the follow-

ing: osteoactivin forward primer 50 tgcgtccgtgagaattcag 30,
reverse 50 ccagcacatcatgaaatcgt 30 in combination with

Universal ProbeLibrary probe #68 (Roche), G6PDH

forward primer 50 gcaaacagagtgagcccttc 30, reverse 50

ggccagccacataggagtt 30, and probe #65 (Roche). The rela-

tive level of osteoactivin mRNA in a sample was expressed

as the ratio osteoactivin/G6PDH [27]. Values were pre-

sented as percentage of the value with IL-4-and GM-CSF-

treated moDC (=100%).

Flow cytometry (FACS)

For the detection of cell surface antigens, moDC were

stained using FITC- or PE-conjugated mouse monoclonal

antibodies (Ab) against CD1a (Dako, Hamburg, Germany),

CD14, CD80, HLA-DR (Becton–Dickinson, Heidelberg,

Germany), CD86 (PharMingen, Hamburg, Germany),

CD83 (Immunotech, Marseille, France), DC-SIGN and

CCR7 (R&D Systems), and mouse IgG isotype control

(Becton–Dickinson). Osteoactivin was detected using

monoclonal mouse anti-human osteoactivin Ab (R&D

Systems) followed by a goat anti-mouse PE-conjugate Ab

(Dako) against monoclonal mouse anti-human osteoactivin

Ab (R&D Systems). Cells were analyzed on a FACSCali-

bur cytometer (Becton–Dickinson). All FACS analyses

were performed at least 3 times.

Western blotting

For the preparation of whole-cell lysates, cells were lysed

in 19 RIPA buffer (Pierce Biotechnology, Thermo Fisher

Scientific, Bonn, Germany) containing 25 mM Tris–HCl

pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxy-

cholate, 0.1% SDS. To prevent proteolytic degradation

during cell lysis, Halt Protease Inhibitor Cocktail (Pierce

Biotechnology) containing 100 mM AEBSF, HCl, 80 lM

aprotinin, 5 mM bestatin, 1.5 mM E-64, 2 mM leupeptin,

1 mM pepstatin A was added to the lysis buffer. Total

protein concentrations were determined using a BCA assay

(Pierce Biotechnology). The protein expression levels of

human osteoactivin were determined by separating

20.0–40.0 lg whole-cell lysates on a 9% SDS–polyacryl-

amide gel and subsequent transfer of protein to nitrocel-

lulose membranes (Whatman GmbH, Dassel, Germany).

The blot was probed with the following primary antibodies:

polyclonal goat anti-human osteoactivin antibody (R&D

Systems) as well as a monoclonal rabbit-anti-ß-actin anti-

body (LI-COR Biotechnology, Bad Homburg, Germany).

The Odyssey Infrared Imaging System (LI-COR Biotech-

nology) was used for Western blot analysis. Corresponding

secondary antibodies were purchased from LI-COR Bio-

technology: IRDye 800CW Donkey anti-goat IgG and

IRDye 680 Donkey anti-rabbit IgG. All experiments were

performed 3–10 times.

Mixed lymphocyte reaction (MLR)

moDC were inactivated by c radiation at 30 GY, 100%,

and were seeded into 96-well flat-bottomed microplates

(Greiner Bio-One, Frickenhausen, Germany) at concen-

trations of 1 9 104 cells/well. Where indicated blocking

polyclonal osteoactivin Ab (R&D Systems) was added

with goat IgG serving as control. A total of 105 responding

cells from freshly isolated allogenic PBMC were added to

the previously prepared 104 stimulator cells. Thymidine

incorporation was measured on day 5 by a 16-h pulse with

[3H]thymidine (0.5 lCi [0.0185 MBq]/well; GE Health-

care, Munich, Germany).

Statistical analysis

The Student’s t-test (paired, two-sided, equal variance) was

used to compare proliferation of target cells in MLR with

untreated DC as stimulators and DC incubated with TKI

and/or anti-osteoactivin antibody.

Results

IL-10 effectively upregulates osteoactivin expression

in human moDC

We recently discovered that osteoactivin is upregulated in

human APC in the presence of the immunosuppressive and

anti-inflammatory cytokine IL-10 upon activation by TLR

ligands [24]. To further extend these findings, we generated

immature moDC in the presence or absence of IL-10

(added in parallel with GM-CSF and IL-4) in vitro.

Osteoactivin expression was monitored at the level of mRNA

by qRT–PCR and at the level of protein by western blot-

ting. Additionally, cell surface osteoactivin was detected

by FACS analysis. The untreated immature moDC showed

a weak but significant expression of osteoactivin at the

level of mRNA and protein (Fig. 1a, b). Notably, this basal

expression level showed considerable donor-to-donor var-

iability in all experiments conducted. However, the pres-

ence of IL-10 caused a marked upregulation of osteoactivin

at the level of transcript and protein (Fig. 1a, b) as com-

pared with the untreated controls in all donors analyzed.

These findings were confirmed by cell surface staining for

osteoactivin, as FACS analysis showed a significant

increase in the median fluorescence upon treatment with

IL-10 (Fig. 1c).

Together, these results indicate that the immune inhib-

itory molecule osteoactivin is expressed at a basal level in
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immature moDC and is upregulated by IL-10. This sug-

gests that effects of the immunosuppressive and anti-

inflammatory cytokine IL-10 may, at least in part, be

mediated by upregulation of osteoactivin expression in

moDC.

Maturation signals control osteoactivin expression

in human moDC

In the following experiments, we analyzed the effects of

various maturation signals on the osteoactivin expression

of moDC. In first series of experiments, maturation of

moDC was induced on day 6 by adding TLR ligands. As

shown representatively in Fig. 2a–c, LPS, Poly I:C,

Pam3Cys, or R848 nearly abolished osteoactivin expression

compared with untreated control cells at the level of tran-

scription and translation in all healthy donors analyzed.

These findings indicate that the basal expression of the

immunosuppressive molecule osteoactivin is down-regu-

lated significantly in parallel with TLR ligand-induced

maturation in moDC.

Several cytokines are also able to trigger DC activation/

maturation via autocrine (e.g. TNF) and paracrine (e.g.

type I IFN) pathways. Furthermore, the interaction between

DC-expressed CD40 and CD40 ligand (CD40L, CD154)

plays a crucial role in the induction of T-cell effector

functions and activation of DC. Therefore, we next

evaluated the effects of these factors on osteoactivin

expression by moDC. IFN-c and TNF slightly reduced

osteoactivin mRNA expression, as shown representatively

in Fig. 2d. Interestingly, CD40L increased the steady-state

mRNA concentrations in all donors analyzed. At the level

of protein, neither of the cytokines reduced osteoactivin

expression significantly below the basal level in at least

five donors analyzed as assessed by western blotting and

FACS assays (Fig. 2e, f).

Thus, osteoactivin expression at the level of protein is,

in contrast to TLR ligands, not significantly affected by

maturation signals mediated by TNF, IFN-c, or CD40L.

Furthermore, the qRT–PCR data obtained for CD40L

suggest a mechanism of gene expression regulation beyond

transcription and/or mRNA stability.
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expression. Representative results from at least three independent
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Fig. 2 Regulation of osteoactivin expression by maturation factors in

human moDC. a–c In vitro-generated moDC were stimulated with the

indicated TLR ligands on day 6 of culture prior to analysis of

osteoactivin expression. Representative results from at least three

independent experiments using different donors are presented.

a qPCR analysis: relative level of osteoactivin mRNA. The mean

(±SD) of duplicate measurements is shown. Osteoactivin protein

levels were analyzed by b western blotting and c flow cytometry.

Open histograms represent staining with osteoactivin antibody;

shaded histograms indicate isotype controls. d–f moDC were

stimulated with TNF, IFN-c, or CD40L on day 6 and analyzed for

osteoactivin expression as described above (d qPCR, e western blot,

f flow cytometry)
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TKI inhibit moDC differentiation

To assess the impact of TKI treatment on the expression of

typical DC surface molecules, we generated immature

moDC and, beginning with the first day of culture, added

the BCR–ABL inhibitors imatinib, dasatinib, or nilotinib.

Phenotypic analysis by FACS staining on day 7 revealed

that cells treated with the TKI consistently retained a

CD14? phenotype and exhibited a significantly reduced

expression of CD1a (Fig. 3). Other typical surface markers

necessary for T-cell activation, such as the costimulatory

molecules CD80, CD86, the T-cell adhesion receptor

DC-SIGN, or the chemokine receptor CCR7, were not

constantly affected by distinct TKI treatment in all donors

analyzed (data not shown).

Taken together, analyses of human moDC revealed that

addition of any of the TKI from day 0 of culturing the cells

resulted in a blockade of the differentiation of monocytes

into moDC to a certain degree. However, molecules

involved in T-cell activation were not constantly affected

by distinct TKI treatment.

TKI upregulate osteoactivin expression in immature

moDC

We previously reported that imatinib impairs the functional

capabilities of moDC including the ability to initiate pri-

mary T-cell responses [17]. To evaluate the contribution of

osteoactivin to this TKI-induced immunosuppressant phe-

notype, we generated immature moDC in the presence or

absence of pharmacological concentrations of BCR–ABL

inhibitors. As illustrated representatively in the Fig. 4a–c

and Supplementary Figure (available on-line), we observed

a significant upregulation of osteoactivin at the level of

transcript and protein upon exposure to all three TKI as

compared with the basal expression level of the untreated

immature moDC. Importantly, analyses of moDC for cell

surface expression of osteoactivin by FACS showed an

increase in the median fluorescence in all donors analyzed.

Interestingly, the qRT–PCR assays showed the highest

upregulation of osteoactivin upon treatment with imatinib

whereas at the level of protein, no significant differences

were observed between the TKI used.

Thus, TKI, alike IL-10, lead to osteoactivin overex-

pression in moDC. The upregulation of both steady-state
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Fig. 3 TKI modify the phenotype of moDC. Phenotypic changes of

immature moDC generated in vitro in the presence or absence

(‘‘none’’) of 3 lM imatinib, nilotinib, or 10 nM dasatinib were

analyzed by flow cytometry. Open histograms represent staining with

the specific antibody; shaded histograms indicate isotype controls.

Representative results from at least three independent experiments

using different donors are shown
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Fig. 4 TKI effectively upregulate osteoactivin expression in moDC.

Immature moDC were generated in vitro in the presence or absence

(‘‘none’’) of imatinib, nilotinib, or dasatinib and analyzed for

osteoactivin expression. Representative results from at least three

independent experiments using different donors are presented.

a qPCR analysis: relative level of osteoactivin mRNA. The mean

(±SD) of duplicate measurements is shown. Osteoactivin protein

levels were analyzed by b western blotting and c flow cytometry.

Open histograms represent staining with osteoactivin antibody;

shaded histograms indicate isotype control staining
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mRNA concentration and protein expression suggests

regulation of osteoactivin expression by TKI at the level of

mRNA transcription, processing, and/or stability.

PAMP recognition overcomes osteoactivin

upregulation by TKI

Only mature DC are potent in stimulating T-cell

responses by providing costimulatory signals and T-cell

adhesion molecules. Here, we aimed to determine whe-

ther upregulation of osteoactivin by TKI or IL-10 could

be overcome by maturation signals. Thus, we incubated

moDC that had been exposed to imatinib or IL-10 with

the archetypal DC stimulus LPS (TLR4L). As demon-

strated representatively in Fig. 5a, b, presence of LPS

reduced osteoactivin protein upregulation induced by

both imatinib and IL-10. We next analyzed the influence

of TNF or IFN-c on imatinib-induced osteoactivin

expression in moDC and observed that both significantly

reduced osteoactivin expression at the level of transcript,

assessed by qRT–PCR and at the level of translation,

assessed by western blotting (Fig. 5c, d). This was also

true for IL-10 at the level of mRNA, but to a much

lower extent. In contrast, FACS analyses did not show

reduced cell surface osteoactivin expression in the pres-

ence of TNF or IFN-c for both imatinib and IL-10

(Fig. 5e).

These experiments demonstrate that the maturation

stimuli TNF and IFN-c are, in contrast to the PAMP LPS,

not sufficient to prevent osteoactivin (over-) expression

induced by TKI or IL-10 on the protein and thus functional

level. The discrepancy between total protein levels and cell

surface staining was probably due to slower turnover rate

of cell surface protein.
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Fig. 5 PAMP recognition compensates osteoactivin upregulation by

TKI. Osteoactivin protein expression was analyzed in moDC that

were generated in vitro in the presence of imatinib and additionally

stimulated with LPS (TLR4L), TNF, or IFN-c. Representative results

from at least three independent experiments using different donors are

presented. a Western blot and b FACS analysis of moDC incubated

with imatinib and LPS. Open histograms represent staining with

osteoactivin antibody; shaded histograms indicate isotype control.

c qPCR analysis of moDC incubated with imatinib and TNF or IFN-c:

relative level of osteoactivin mRNA. The mean (±SD) of duplicate

measurements is shown. d Western blot analysis of moDC incubated

with imatinib and TNF or IFN-c. e Flow cytometry assay of moDC

incubated with imatinib or IL-10 and TNF or IFN-c
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TKI-induced reduction of moDC T-cell stimulatory

capacity is restored by blocking osteoactivin

To evaluate the role of osteoactivin on the effects of TKI

treatment on moDC function, we performed MLR assays. To

achieve this, moDC cultured with or without the different TKI

(3 lM imatinib or nilotinib, 10 nM dasatinib) were cocultured

with allogeneic peripheral blood mononuclear cells (PBMC)

for 5 days and then incubated with 3H-thymidine. Treatment

with imatinib, nilotinib, or dasatinib resulted in significantly

reduced capacity of moDC to stimulate proliferation of allo-

geneic T cells, as shown in Fig. 6a–c (without antibody).

Thus, in parallel to the effects on moDC development and

osteoactivin upregulation, all three BCR–ABL inhibitors

significantly impaired moDC function.

Chung et al. previously reported that osteoactivin on

APC inhibits human allogeneic T-cell responses via the

SD-4 pathway [20, 23]. We therefore aimed to determine

the specific role of osteoactivin upregulation upon TKI

treatment on the stimulatory capacity for allogeneic T-cell

responses. Accordingly, moDC were generated in the

presence or absence of TKI, and osteoactivin was specifi-

cally inhibited by blocking anti-osteoactivin antibody. As

observed in the MLR assays shown in Fig. 6a–c, presence

of anti-osteoactivin antibody restored the capacity of TKI-

treated moDC to stimulate proliferation of T cells, while

the IgG antibody control had no relevant effect. In control

experiments, the antibody alone did neither alter the typical

moDC phenotype, as assessed by FACS analysis, nor

induce proliferation of T cells, confirming the specificity of

our assays (data not shown). Interestingly, moDC treated

with TKI and incubated with anti-osteoactivin antibody

were even more potent stimulators than untreated moDC.

This was probably due to the inhibition of constitutive

osteoactivin protein expression. In line, the results shown

in Fig. 6d demonstrate that incubation of untreated moDC

with anti-osteoactivin antibody resulted in significantly

higher proliferation rates in MLR.

none + dasatinib + IgG ab + dasatinib + anti-OA ab

cp
m

none + lgG ab none + anti-OA ab

cp
m

cp
m

cp
m

antibody concentration [µg/ml]

none + imatinib + IgG ab + imatinib + anti-OA ab none + nilotinib + IgG ab + nilotinib + anti-OA ab

a

c

b

d

Fig. 6 TKI reduce the capacity of moDC to induce T-cell responses.

MLR of imatinib-, nilotinib-, or dasatinib-treated moDC with

allogenic T cells were performed in the presence or absence (‘‘none’’)

of blocking anti-osteoactivin antibody (black bars) with goat IgG

serving as isotype control (gray bars). moDC were incubated with or

without a 3 lM imatinib, b 3 lM nilotinib or c 10 nM dasatinib.

Untreated moDC were included in each experiment (white bars).

d Incubation of untreated moDC with anti-osteoactivin antibody.

Means with standard deviations of quadruple results are shown. Stars
indicate significance (*P \ 0.05, **P \ 0.01, ***P \ 0.003, n.s. not

significant). Representative results from at least three independent

experiments using PBMC of different donors are shown
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Taken together, these results demonstrate that upregu-

lation of osteoactivin is critically involved in the inhibitory

effect of TKI treatment on DC function.

Discussion

Imatinib efficiently blocks the activity of c-ABL, a non-

receptor TK [2–4]. It is also active against platelet-derived

growth factor receptor (PDGF-R), c-Kit, ABL-related

gene, and their fusion proteins [5, 6, 28]. Nilotinib and

dasatinib are second-generation TKI that preferentially

target c-ABL and have shown efficacy in the treatment of

Ph? CML resistant or intolerant to at least one prior ther-

apy, including imatinib [7–9]. Nilotinib is a chemical

derivate of imatinib that has been rationally designed to be

more selective against BCR–ABL than imatinib, but the

target spectrum is identical to that of imatinib [29–31].

Dasatinib is structurally unrelated to imatinib and has been

developed as a dual SRC/ABL inhibitor [30, 32]. However,

preclinical studies have shown that dasatinib has potent

activity against other tyrosine and serine/threonine kinases.

Among the detected kinases were the cognate targets of the

ABL (ABL and ARG) and SFK (SRC, LYN, YES and

LCK) families of TKI [29, 33].

We have previously shown that exposure of human

CD14? monocytes to imatinib during differentiation into

moDC affects their phenotype, cytokine secretion, and

T-cell stimulatory capacity due to inhibition of nuclear

factor-jB (NF-jB) and Akt signaling pathways [16, 17].

On the other hand, we observed that IL-10 abolished the

differentiation of monocytes to moDC [34]. In the present

work, we found that imatinib, dasatinib, and nilotinib

resulted in a conservation of CD14? phenotype of moDC

and reduced expression of CD1a. However, regarded

together, distinct TKI treatment did not constantly affect

the expression of the co-stimulatory molecules CD80,

CD86, and the DC marker CD83 as described for IL-10

[35, 36].

Osteoactivin plays a key role in osteoclast differentia-

tion and activity. Nevertheless, no experimental evidence

was obtained that cells differentiated in the direction of

osteoclast that can be generated in vitro by the addition of

M-CSF and RANKL (data not shown) [37].

In order to further determine the mechanisms underlying

the inhibition of DC function, we tested the expression of

the transmembrane receptor osteoactivin that was shown to

inhibit allogeneic T-cell responses via the SD-4 pathway

[20, 21, 23]. In a recent work, we reported on the signifi-

cant upregulation of osteoactivin in APC upon IL-10 and

TLR ligand treatment. In the present study, we confirmed

osteoactivin overexpression in immature moDC treated

with IL-10 [24]. Other groups demonstrated that IL-10

impairs the capacity of DC to induce responses of primed

and naive CD4? T cells in allogeneic MLR and clonal

proliferation assays [35, 36]. These data suggest that the

osteoactivin/SD-4 pathway may be a major mediator of the

immunosuppressive effects of IL-10.

According to these findings, we sought to determine

whether osteoactivin is also involved in immunosuppres-

sion induced by TKI. We observed significant upregulation

of osteoactivin in moDC at the level of mRNA and trans-

lation upon treatment with imatinib, nilotinib, or dasatinib

relative to untreated immature moDC in all healthy donors

analyzed. Remarkably, the basal expression of osteoactivin

in untreated moDC showed marked interdonor variability.

However, the factors that might be due to this variability

(e.g. immune status, administration of pharmaceuticals)

remain speculative. Our results showed an overall positive

correlation between the steady-state osteoactivin mRNA

concentration and protein expression levels assessed by

western blotting and cell surface protein detected by FACS

analysis indicating regulation of gene expression by

increased mRNA synthesis and/or stability and/or

decreased mRNA degradation.

TLR binding of PAMP initiates specific signaling

pathways that lead to distinct immune responses of DC

[38]. For this reason, we analyzed the effects of different

TLR ligands and found significant down-regulation of

osteoactivin expression in moDC. These findings are in

accordance with their physiologic function, as mature DC

should achieve a more immunogenic phenotype and

enhanced T-cell stimulatory capacity by the shutdown of

osteoactivin expression.

DC have been found to infiltrate several types of tumors,

and interactions between these APC and dying tumor cells

may be critical for the induction of anti-tumor immunity by

immunotherapeutical approaches. In this context, several

stimuli including inflammatory cytokines have been shown

to mediate DC activation. Moreover, we previously dem-

onstrated that TNF can antagonize the inhibitory effect of

IL-10 on DC development and function [34]. Conse-

quently, we examined the influence of these agents on the

osteoactivin expression and found that in contrast to

PAMP, the inflammatory cytokines IFN-c or TNF did not

significantly abolish osteoactivin protein expression. Thus,

cytokines involved in the interaction between APC and

tumor cells may not be sufficient to prevent osteoactivin

expression on the protein and thus functional level.

Accordingly, upregulation of osteoactivin by TKI may be

of high relevance in the context of therapeutic approaches

aiming to combine treatment with TKI and DC-based

immunotherapy.

To assess its contribution to the inhibition of T-cell

responses, we initially intended to specifically knockdown

osteoactivin expression by siRNA treatment of moDC
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incubated with TKI. In these experiments, we observed

unspecific down-regulation of osteoactivin even in the cells

treated with the control siRNA (data not shown). These

effects seem to be intrinsic to DC as other groups found

that externally delivered siRNA or shRNA signal through

TLR3 and activate sequence-independent inhibition of

gene expression [39, 40]. Furthermore, these findings are in

accordance with our experiments in which poly I:C, as a

surrogate for double-stranded RNA, dramatically down-

regulated osteoactivin expression (Fig. 2a–c). For these

reasons, we used antibodies for specific inhibition of os-

teoactivin in MLR. moDC generated in the presence of

either one of the TKI and thus displaying osteoactivin

overexpression showed significantly reduced T-cell stim-

ulatory capacity, and this could be restored by treatment

with anti-osteoactivin antibody, which demonstrates the

functional relevance of osteoactivin overexpression. Inter-

estingly, incubation of moDC with anti-osteoactivin anti-

body not only restored the stimulatory capacity impaired

by TKI treatment, but also enhanced the proliferation of

target cells at least twofold. An explanation for this phe-

nomenon is that the antibody not only blocks osteoactivin

following upregulation by BCR–ABL inhibitors, but also

the basal expression present on untreated moDC. Thus, our

data indicate that blocking osteoactivin may serve to

enhance the immunostimulatory capacity of DC, especially

in combinatory approaches of TKI and immunotherapy.

An outstanding question is how osteoactivin expression

is controlled in response to the different stimuli. IL-10

receptor signaling is transmitted through the Jak/Stat path-

way. It previously was proposed that Stat3 would function

as an adapter protein binding to the interferon alpha

receptor 1 (IFNAR1), thereby providing a binding site on

the receptor for PI3 kinase [41]. On the other hand, the ABL

TK is connected to the PI3 kinase and other messenger

systems such as Jak/Stat kinases. However, the regulation

of osteoactivin gene expression in DC by these overlapping

pathways has still to be elucidated in further studies.

Beyond its potent anti-tumor effects, evidence that TKI

can induce clinical remissions of autoimmune diseases like

rheumatoid arthritis is accumulating, but the underlying

mechanisms are yet ill defined [42–46]. A role for auto-

reactive T cells in this disease is supported by the presence

of T-cell infiltrates in rheumatoid synovium and the effi-

cacy of CTLA4-inhibition [47]. As imatinib can attenuate

T-cell activation via osteoactivin upregulation, well-direc-

ted manipulation of osteoactivin expression by TKI to

achieve inhibition of pathogenic cellular responses may

provide a novel approach to treat T-cell-driven autoim-

mune diseases. Further studies will show whether nilotinib

or dasatinib exert comparable clinical effects as imatinib.

Our study reveals a basic mechanism by which TKI

modulate the immunostimulatory properties of DC and

thus influence T-cell activity by upregulation of osteoac-

tivin. These findings are not only of great relevance for

further development of combinatory approaches using TKI

and DC-based immunotherapies for the treatment of can-

cer. We also envisage potential mechanisms to modulate

DC-T-cell interaction in autoimmune diseases. Our data

indicate that TKI may mediate yet unrecognized effects on

immune responses which clearly deserve further

elucidation.
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Kanz L et al (1998) Generation of functional human dendritic

cells from adherent peripheral blood monocytes by CD40 ligation

in the absence of granulocyte-macrophage colony-stimulating

factor. Blood 92:4238–4247

26. Brossart P, Schneider A, Dill P, Schammann T, Grünebach F,
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