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ABSTRACT 29 

Midostaurin, a tyrosine kinase inhibitor, has been shown efficacy against acute 30 

myeloid leukemia and various other malignancies in clinical trials. Prior studies 31 

indicate midostaurin affects the function of immune cells such as lymphocytes and 32 

macrophages. To understand the effect of midostaurin on human myeloid dendritic 33 

cells (DCs), we conducted an ex vivo study using immature DCs differentiated from 34 

CD14
+
 monocytes and further maturated using lipopolysaccharide. Addition of 35 

midostaurin to a culture of starting CD14
+
 monocytes markedly and dose-dependently 36 

reduced DC recovery. Mature DCs differentiating in the presence of midostaurin had 37 

fewer, shorter cell projections than those differentiating in the absence of midostaurin. 38 

Changes in morphological features characteristic of apoptotic cells were also evident. 39 

Moreover, midostaurin affected DC differentiation and maturation patterns; CD83 40 

expression levels decreased, whereas CD14 and CD80 expressions increased. 41 

Additionally, DCs derived in the presence of midostaurin possessed a lower 42 

endocytotic capacity and less allostimulatory activity on naïve CD4 CD45
+
RA  T cell 43 

proliferation than those derived in its absence, suggesting that midostaurin redirects 44 

DC differentiation toward a less mature stage and that this effect is not solely due to 45 

its cytotoxicity. Whether this effect underlies immune suppression or tolerance to 46 

disease treatments with unwanted immune reactions needs further evaluation. 47 
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Abbreviations 49 

CFSE carboxyfluorescein succinimidyl ester 50 

CTLA-4 cytotoxic T-lymphocyte antigen-4 51 

DCs  dendritic cells 52 

DMSO  dissolved in dimethyl sulfoxide 53 

FBS  fetal bovine serum 54 

FITC fluorescein isothiocyanate 55 

IL-1  interleukin-1 56 

LPS  lipopolysaccharide 57 

mAbs monoclonal antibodies 58 

MHC major histocompatibility complex 59 

PBS  phosphate buffered saline 60 

SD  standard deviation 61 

PKC  protein kinase C 62 

TNF-  tumor necrosis factor- 63 
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1. Introduction 64 

     Dendritic cells (DCs) are specialized leukocytes that present antigens to naïve T 65 

cells; they play a pivotal role in both cell-mediated and humoral immune responses in 66 

vivo (Banchereau and Steinman, 1998). The exceptional ability of DCs to stimulate T 67 

cells in vitro and in vivo has been attributed, at least in part, to their ability to capture 68 

antigens, migrate into lymphoid organs, and express high levels of 69 

immunostimulatory molecules such as major histocompatibility complex (MHC) class 70 

II, B7.1 (CD80), B7.2 (CD86), and IL-12 (Banchereau and Steinman, 1998). Upon 71 

exposure to various microbial and inflammatory products (e.g., lipopolysaccharide 72 

[LPS], interleukin-1 [IL-1], or tumor necrosis factor- [TNF-]), DCs mature and 73 

migrate into lymphoid tissues to interact with T and B cells (Jonuleit et al., 1997; 74 

Labeur et al., 1999; Cella et al., 1996; Kato et al., 1997).  75 

Midostaurin (PKC412; N-benzoyl staurosporine), which is derived from the 76 

naturally occurring alkaloid staurosporine (Fabbro et al., 2000), is a small-molecule 77 

inhibitor of protein kinase C (PKC) isoforms , , , , , and  (Dekker and Parker, 78 

1994; Goekjian and Jirousek, 2001). Midostaurin has also been shown to inhibit a 79 

variety of tyrosine kinases, including fms-like tyrosine kinase 3 (FLT3), 80 

platelet-derived growth factor- and - receptors, and c-kit (Furukawa et al., 2007; 81 

Levis and Small, 2005). Given that the kinases inhibited by midostaurin play key roles 82 
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in proliferation and differentiation of cells such as lymphocytes and hematopoietic 83 

stem cells, it is possible that they have roles in other cellular processes, such as 84 

immune cell response to stimuli. For example, midostaurin has been reported to 85 

inhibit proliferation of murine RAW 264.7 macrophages via induction of G2/M cell 86 

cycle arrest and apoptosis (Miyatake et al., 2007). Also, it significantly suppressed the 87 

LPS-induced release of TNF- and nitric oxide, but enhanced IL-6 secretion 88 

(Piemonti et al., 1999). Furthermore, midostaurin has been reported as a FLT3 89 

inhibitor. Previous reports showed that the administration of recombinant FLT3 ligand 90 

dramatically increased the number of DCs within the bone marrow and periphery in 91 

humans (Angelov et al., 2005; Diener et al., 2008; Shaw et al., 1998). On this basis, it 92 

was therefore reasonable to hypothesize that midostaurin may modulate the 93 

development of DCs. 94 

 Toward this end, we used human monocyte-derived DCs as an experimental 95 

model to examine the effect of midostaurin on the morphology, phenotype, and 96 

allostimulatory activity of mature DCs. 97 
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2. Materials and methods 98 

2.1. Reagents 99 

Midostaurin was provided by Novartis Pharma AG (Basel, Switzerland). It was 100 

dissolved in dimethyl sulfoxide (DMSO) and stored at –20°C until further use. 101 

 102 

2.2. Generation of human dendritic cells  103 

Human peripheral blood mononuclear cells were isolated from healthy donors by 104 

density gradient centrifugation with Histopaque (Amersham Pharmacia Biotech, 105 

Piscataway, NJ, USA). Erythrocytes were lysed by treating with 0.9% ammonium 106 

chloride for 3 min at 37°C. Subsequently, CD14
+
 cells were purified by high-gradient 107 

magnetic sorting using the miniMACS system with anti-CD14 microbeads (Miltenyi 108 

Biotec, Bergisch Bladbach, Germany). After incubating for 2 hours at 37°C, 109 

nonadherent cells were removed, and adherent cells were collected. The purity of 110 

isolated CD14
+
 monocytes was over 90% on flow cytometric analysis. Immature DCs 111 

were generated from the CD14
+
 monocytes by culturing in RPMI 1640 medium 112 

supplemented with 10% fetal calf serum, 100 ng/ml GM-CSF (Schering-Plough, 113 

Munich, Germany), 50 ng/ml IL-4 (R&D Systems, Minneapolis, MN, USA), and 114 

midostaurin in concentrations of 0, 0.5, and 1.0 M every 3 days for 6 days in a 115 

humidified 5% CO2 incubator. The stability of midostaurin during 3 days is not 116 
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impaired noted in our previous report on its effect on megakaryocytic differentiation 117 

(Huang et al., 2009). To trigger DC maturation, immature DCs were incubated with 118 

LPS (Sigma, St Louis, MO, USA) for a further 24 hours. In some experiments, 119 

midostaurin was added to immature DCs (cells harvested on day 6 prior to LPS 120 

stimulation) to evaluate its sole effect on DC maturation.  121 

 122 

2.3. Number of viable cells 123 

DCs were harvested on day 7, and the numbers of viable cells were counted 124 

using the trypan blue dye exclusion test. The recovery rate of DCs was estimated by 125 

dividing the number of harvested DCs by the total number of sorted CD14
+
 126 

monocytes. 127 

 128 

2.4. Flow cytometric analysis 129 

Dual-color immunolabeling was performed using fluorescein isothiocyanate 130 

(FITC)- and phycoerythrin (PE)-conjugated monoclonal antibodies (mAbs). The 131 

mouse anti-human mAbs IgG1:FITC/mouse IgG1:PE, along with the appropriate 132 

isotype controls anti-CD14 (for IgG-FITC), anti-CD1a-PE, anti-CD80-PE, 133 

anti-CD86-PE, anti-CD83-PE, CD184-PE, CCR5-PE, CCR7-PE, anti-HLA-DR-PE, 134 

and anti-DC-sign-PE, were purchased from Serotec (Oxford, UK) and used for 135 
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characterization of DCs. After washing twice with phosphate buffered saline (PBS), 136 

10
6
 cells were processed by a FACSCalibur flow cytometer (BD Biosciences, San 137 

Jose, CA, USA). Data were collected and analyzed using the CellQuest Software (BD 138 

Biosciences). 139 

 140 

2.5. Morphological observations 141 

For morphological examination, DCs were cytocentrifuged onto a microscope 142 

slide using a Cytospin
4
 (Shandon Southern Instrument Inc., Sewelicky, PA, USA), 143 

then stained with Liu’s stain, and observed under an upright microscope (Olympus, 144 

Tokyo, Japan) at a magnification of 1000×. 145 

 146 

2.6. Allogeneic naïve T cell proliferation and cytokine secretion 147 

To purify CD4
+
CD45RA

+
 T cells, nonadherent cells from an isolated culture of 148 

mononuclear cells were used. Naïve T cells were enriched with a CD4
+
CD45RA

+ 
T 149 

cell isolation kit (Miltenyi Biotec) using the MiniMACS system with magnetic Abs by 150 

a negative selection technique. Monocyte-derived DCs were harvested and irradiated 151 

(3,000 cGy) with 6 MeV X-rays generated by a linear accelerator (Clinac


 1800, 152 

Varian Associates, Inc., CA, USA) at a dose of 4.0 Gy/min in a single fraction. Full 153 

electron equilibrium was ensured for each fraction by using a parallel plate PR-60C 154 
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ionization chamber (CAPINTEL, Inc., Ramsey, NJ, USA). DCs irradiated at 30 Gy 155 

were incubated with 10
6
 allogeneic naive T cells at ratios of 1:10 or 1:30 for 7 days; 156 

thereafter, 5-M carboxyfluorescein succinimidyl ester (CFSE) was added to the 157 

T-cell cultures. These T cells were then collected, and the incorporated CFSE was 158 

detected using flow cytometry. 159 

 160 

2.7. Endocytosis assay 161 

For the uptake of FITC-dextran, DCs were incubated with 1 mg/ml of 162 

FITC-dextran in PBS supplemented with 10% fetal bovine serum (FBS) for 1 h at 163 

37°C or at 4°C (as a control for background binding). Samples were analyzed by flow 164 

cytometry. 165 

 166 

2.8. Statistical analysis 167 

Results are presented as mean ± standard deviation (SD) and are from at least 168 

three independent experiments. Differences among multiple groups were examined 169 

for statistical significance using one-way ANOVA tests. P value for trend was 170 

analyzed using the General Linear Model procedure. Statistical analyses were 171 

performed using the SPSS software package, version 17.0 (SPSS Inc, Chicago, IL, 172 

USA); a p value less than 0.05 were considered significant. 173 

174 
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3. Results 175 

3.1. Effect of midostaurin on recovery rate of DCs 176 

As shown in Figure 1, midostaurin added to the starting cells at the beginning of 177 

DCs differentiation reduced the recovery rates of LPS-triggered mature DCs in a 178 

dose-dependent manner (p value for trend = 0.018). To exclude the effect of LPS on 179 

DC viability, we also compared DC viability in culture with or without LPS at day 6. 180 

The viable cell counts were similar in the absence or presence of LPS at a midostaurin 181 

concentration of 1.0 M (1.47×10
5
 versus 1.41×10

5
), indicating that LPS was unlikely 182 

to have a significant cytotoxic effect. Intriguingly, when midostaurin was added along 183 

with LPS at day 6, it did not affect the recovery rate of mature DCs (Fig. 1). These 184 

data suggest that midostaurin modulated the development of DCs at the differentiation 185 

stage, but not at the maturation stage. It also indicates that the target cells of 186 

midostaurin are likely the starting DC precursors rather than immature DCs. 187 

 188 

3.2. Morphological changes 189 

By observing Liu’s staining under a light microscope, we observed the 190 

morphology of immature DCs collected on day 6 before the LPS trigger showed 191 

round contours without evident dendrites (data not shown). The LPS-triggered DCs 192 

observed on day 7 had morphological characteristics typical of mature DCs, including 193 
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loose adherence and multiple cytoplasmic projections with abundant cytoplasm (Fig. 194 

2a and 2c). The majority of DCs derived from midostaurin-treated CD14
+
 cells at the 195 

beginning of the DCs differentiation manifested fewer and shorter cell projections, 196 

indicating an inhibited DC differentiation (Fig. 2b). Moreover, cells with 197 

morphological features of apoptosis were also evident. However, no features typical 198 

of macrophages, such as pseudopods or abundant cytoplasmic vacuoles, could be 199 

noted. When midostaurin was added along with LPS at day 6, it did not affect the 200 

morphology of mature DCs (Fig. 2d). This suggests that, in terms of morphological 201 

changes, midostaurin inhibited differentiation of DCs, and did not induce 202 

dedifferentiation toward macrophages.  203 

 204 

3.3. Modulation by midostaurin of DC surface marker expression  205 

As shown in Table 1, the expression of CD83, a marker of mature DCs, was 206 

upregulated upon LPS treatment and was profoundly inhibited by treatment with 207 

midostaurin (p < 0.05). Midostaurin also increased the expression of CD14 (p < 208 

0.001). The expression of CD80, a costimulatory molecule known as B7.1, was low in 209 

LPS-triggered mature DCs. In contrast, midostaurin treatment markedly increased the 210 

expression of CD80. Consistent with the recovery rate, when midostaurin was added 211 

along with LPS at day 6, it did not significantly affect expression of the above surface 212 
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markers. Thus, there was no difference in the expression of CD1a, CD86, HLA-DR, 213 

DC-sign, CD184, CCR5, and CCR7 with or without midostaurin treatment. 214 

 215 

3.4. Effect of midostaurin on the capacity of DCs to stimulate allogeneic naive T cells  216 

As demonstrated in Figure 3, midostaurin suppressed the allostimulatory activity 217 

of DCs by stimulating proliferation of naïve CD4 CD45
+
RA  T cells. Again, the 218 

impaired stimulation of allogeneic T cells by DCs could only be noted when 219 

midostaurin was added to the starting CD14
+
 monocytes, but not when added to the 220 

immature DCs. Since midostaurin-treated cells possessed the allostimulatory activity, 221 

an important function of viable DCs, it suggests that the suppressed DC phenotype 222 

may not be solely due to cytotoxicity of midostaurin. 223 

 224 

3.5. Effect of midostaurin on the endocytotic capacity of DCs  225 

DCs lost their endocytotic capacity during maturation. Thus, immature DCs 226 

usually possess greater endocytotic capacity than do mature DCs. By assessing the 227 

uptake of FITC-dextran, we found that midostaurin diminished the endocytotic 228 

capacity of DCs (Fig. 4). This supports that the target of midostaurin is differentiating 229 

DCs at the stage before mature DCs.  230 

231 
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4. Discussion 232 

The findings of the present study suggest that midostaurin, an effective, 233 

multitarget, small-molecule therapeutic against acute myeloid leukemia and various 234 

malignancies, modulates the differentiation and maturation of human myeloid DCs. 235 

Treatment of CD14
+
 monocytes with midostaurin suppressed the generation of DC 236 

and caused deviation of standard DC differentiation toward a state of suppressed 237 

phenotype maturation; this was accompanied by strikingly enhanced expression of 238 

CD80. Midostaurin treatment of naïve CD4 CD45
+
RA  T cells inhibited the 239 

endocytotic capacity and allostimulatory activity of DCs.  240 

There is growing evidence that different stimuli skew the differentiation of 241 

monocytes into DCs with distinct phenotypes and functions. Dexamethasone at a low 242 

concentration (10
-8

 M) has been shown to direct the differentiation of human DCs to a 243 

less mature stage (Piemonti et al., 1999). DCs differentiated in the presence of 244 

platonin, an NF-kappa B inhibitor, were less mature in terms of CD83 expression and 245 

stimulatory effect on naïve T cells, but expressed more CD80 (Lee et al., 2006). This 246 

suggests that the changes in phenotype and function under modulation of DC 247 

differentiation by various treatments may not be parallel. In this study, midostaurin 248 

also had differential effects on the endocytotic ability and allostimulatory function of 249 

myeloid DCs.  250 
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The B7-1/B7-2–CD28/cytotoxic T-lymphocyte antigen-4 (CTLA-4) 251 

costimulatory pathway plays a crucial role in regulating T-cell differentiation, 252 

activation, and tolerance (Linsley et al., 1991b; Linsley et al., 1991a). CD28 and 253 

CTLA-4 are thought to have opposite functions in T-cell stimulation. It is known that 254 

CD28 can promote T-cell response, while conversely, CTLA-4 can inhibit T-cell 255 

response (Doyle et al., 2001; Linsley et al., 1991a). Notably, CD28 and CTLA-4 share 256 

two structurally homologous ligands, CD80 and CD86, which are expressed by 257 

antigen-presenting cells, including DCs. It has been suggested that CD80 might be the 258 

initial ligand responsible for maintaining immune tolerance through interaction with 259 

CTLA-4 (Fallarino et al., 1998). The inhibitory activity of CD80 could be overridden 260 

by the upregulation of CD86 on DCs as a result of inflammatory stimuli, leading to 261 

immune activation (Sansom et al., 2003). Our previous study demonstrated that 262 

platonin exhibited a similar effect to midostaurin (Lee et al., 2006). On this basis, 263 

platonin has been further testified as an effective immunosuppressant for preventing 264 

reject of skin allograft (Lee et al., 2006). In our study, midostaurin enhanced the 265 

expression of CD80, but not CD86, on mature DCs. Whether this increase in CD80 266 

expression favors immune activation or tolerance remains to be determined.  267 

     Midostaurin has been demonstrated to be toxic to murine RAW 264.7 268 

macrophages in vitro at an IC50 of 0.95–3.82 M (Miyatake et al., 2007). In our study, 269 
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midostaurin at a relatively lower concentration of 0.25–1.0 M inhibited the 270 

formation of DCs from human CD14
+
 monocytes. However, the effect of midostaurin 271 

on DC differentiation does not seem to be attributable to cytotoxicity against the 272 

starting monocytes because the viability of CD14
+
 monocytes was not affected (data 273 

not shown). DCs differentiated in the presence of midostaurin still possessed 274 

allostimulatory activity, supporting that midostaurin is not solely cytotoxic. 275 

Pharmacokinetic data obtained from 32 patients given between 12.5 and 300 mg of 276 

midostaurin per day for advanced cancer indicated that mean plasma concentrations 277 

on day 1 were in the range of 0.3–7.0 mol/l (Propper et al., 2001). Therefore, the 278 

tested concentrations used in this in vitro study, 0–1.0 M, might be relevant to the 279 

interpretation of this drug’s clinical effects.  280 

In conclusion, our data suggest that midostaurin modulates the differentiation, 281 

maturation, and function of DCs. This raises the interesting possibility that 282 

midostaurin may have novel pharmacological activities other than the current clinical 283 

indications in cancer. Thus, further investigation is warranted in order to understand 284 

the implications of DC modulation in the treatment of disorders with unwanted 285 

immune reactions, such as transplantation rejection or autoimmune diseases.  286 

287 
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Figure Legends 371 

Fig. 1. Cell viability of DCs assessed by trypan blue exclusion assay. DCs were 372 

treated with DMSO and midostaurin at concentrations of 0.5 and 1.0 M on day 0 or 373 

day 6 and collected after 7 days. Results expressed as the mean cell count ± SD (bars) 374 

of at least three independent experiments. 375 

 376 

Fig. 2. Morphological observation of DCs on day 7. Cells were stained by Liu’s 377 

method for morphological examination under light microscope (Magnification 1000×). 378 

DCs treated with (a) DMSO and (b) 1.0 M midostaurin at the beginning of 379 

monocyte-derived DCs (day 0). DCs treated with (c) DMSO and (d) midostaurin at 380 

1.0 M concentration on day 6. All LPS-triggered DCs treated on day 6. 381 

 382 

Fig. 3. Proliferation of allogeneic CD4
+
CD45RA

+
 naïve T cells stimulated by mature 383 

DCs generated at different dosages of midostaurin. DCs irradiated at 30 Gy were 384 

incubated with 1x10
6
 allogeneic naïve T cells at ratios of 1:10 or 1:30 for 7 days, after 385 

which 5 M carboxyfluorescein succinimidyl ester (CFSE) was added to T cell 386 

cultures. The cells were then collected and the incorporated CFSE was detected using 387 

flow cytometry. Data from at least three independent experiments are expressed as 388 

mean ± SD. 389 
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Fig. 4. Endocytotic capacity of DCs. Uptake of FITC-dextran was used to assess the 390 

endocytotic capacity of DCs. DCs were incubated with 1 mg/ml of FITC-dextran in 391 

PBS supplemented with 10% FBS for 1 h at 4°C (as a control for background binding) 392 

or at 37°C. Samples were analyzed by flow cytometry. Data from at least three 393 

independent experiments are expressed as mean ± SD. 394 

395 
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Table 1. Effect of midostaurin on expression of surface markers in dendritic cells 396 

(DCs) 397 

*ANOVA test 398 

Surface  

marker 

midostaurin  

concentration 

(M) 

midostaurin added to starting 

CD14
+
 cells 

midostaurin added to immature 

DCs 

Mean ± SD (%) p value* Mean ± SD (%) p value* 

CD14 0 21.6 ± 5.1  < 0.001 19.8 ± 4.7  0.848  

 0.5 72.5 ± 8.1  19.1 ± 5.9   

 1.0 68.6 ±17.3   17.6 ± 6.4   

CD1a 0 9.9 ± 2.7 0.403  10.9 ± 1.9  0.564  

 0.5 6.2 ± 2.4  9.8 ± 2.4  

 1.0 9.0 ± 5.7   11.3 ± 1.8   

CD83 0 48.1 ± 7.5  0.044  43.8 ± 12.9  0.653  

 0.5 22.0 ± 21.7   48.8 ± 9.0   

 1.0 16.4 ± 15.3   50.7 ± 9.7  

CD80 0 55.3 ± 20.0 0.034  49.9 ± 18.1  0.985  

 0.5 73.6 ± 2.6    52.0 ± 23.6   

 1.0 82.9 ± 8.1  52.2 ± 10.3   

CD86 0 95.0 ± 1.6 0.622  95.0 ± 3.8  0.538  

 0.5 93.3 ± 2.9  96.5 ± 2.6   

 1.0 93.0 ± 4.2  97.2 ± 1.1   

HLA-DR 0 94.6 ± 2.6 0.067  95.1 ± 4.4 0.610  

 0.5 97.2 ± 1.7  92.2 ± 5.9  

 1.0 98.2 ± 1.2   95.2 ± 3.3   

DC-sign 0 73.7 ± 18.8 0.480  82.9 ± 7.5  0.209  

 0.5 89.6 ± 9.5   75.4 ± 23.0   

 1.0 82.7 ± 22.7  53.3 ± 30.7   

CD184 0 27.3 ± 18.2  0.682  26.9 ± 18.1  0.334  

 0.5 38.1 ± 27.2  28.2 ± 9.0   

 1.0 42.6 ± 28.1  43.3 ± 19.8   

CCR5 0 5.0 ± 3.8 0.756  6.3 ± 4.9 0.850  

 0.5 9.1 ± 10.6  5.4 ± 6.0  

  1.0 8.0 ± 7.7   4.1 ± 4.7   

CCR7 0 13.5 ± 19.1 0.909  12.9 ± 20.3  0.941  

 0.5 19.4 ± 36.1  8.7 ± 13.0  

 1.0 24.3 ± 44.1  11.3 ± 17.5   
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