
Yao and Tseng ﻿Journal of Biological Engineering            (2023) 17:6  
https://doi.org/10.1186/s13036-023-00325-z

RESEARCH

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

Journal of
Biological Engineering

The synergistic and enhancive effects 
of IL‑6 and M‑CSF to expand and differentiate 
functional dendritic cells from human 
monocytes under serum‑free condition
Chao‑Ling Yao* and Tsung‑Yu Tseng 

Abstract 

Background  Dendritic cells (DCs) are differentiated from monocytes, and have a strong ability to perform phago‑
cytosis, present antigens and activate T cell immune response. Therefore, DCs are one of the key factors in fighting 
cancer in immunotherapy, and it is an important issue to develop a serum-free system for DC differentiation and 
expansion in vitro for clinical application.

Results  In this study, IL-6 and M-CSF were determined and a concentration combination of cytokines was opti‑
mized to develop an optimal DC serum-free differentiation medium (SF-DC Optimal) that can effectively differentiate 
CD14+ monocytes into CD40+CD209+ DCs. After differentiation, the morphology, growth kinetics, surface antigen 
expression, phagocytosis ability, cytokine secretion, mixed lymphocyte reaction and stimulation for maturation of the 
differentiated DCs were checked and confirmed. Importantly, this research is the first report finding that the addition 
an extra low concentration of IL-6 and M-CSF exhibited a synergistic effect with GM-CSF and IL-4 to generate higher 
numbers and more fully functional DCs than the addition of GM-CSF and IL-4 only under serum-free condition.

Conclusion  A large number of functional DCs can be generated by using SF-DC Optimal medium and provide an 
alternative source of DCs for related basic research and clinical applications.
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Background
Therapy that affects the immune system to cure disease 
has been summarized as immune therapy. The low inva-
sion rate, side effects, and recurrence rates are advantages 
of immune therapy, which provides a new method to cure 
disease and cancer [1–3]. Antigen-presenting cell (APC) 
injection is one of the immunotherapies used to activate 

the immune response. APCs can capture antigens, process 
antigens and present antigens to T cells and can enhance 
the immune and cytolytic ability against pathogen invasion 
and cancer occurrence. Dendritic cells (DCs) have been 
proven to be the most powerful APCs and have played an 
important role in immunotherapy in recent years [4, 5]. In 
humans, DCs mainly differentiate from CD14+ monocytes, 
express CD1a, CD11c, CD40 and CD209, and release inter-
leukin (IL) − 1β, IL-8, IL − 10 and IL − 12 to communicate 
with other cells in immune system. After stimulation by the 
uptake of antigens (such as short nucleic acids and lipopol-
ysaccharide (LPS)) or cytokines (such as tumor necrosis 
factor-α (TNF-α)), CD80, CD83 and CD86 expressions 

*Correspondence:
Chao‑Ling Yao
yao8@gs.ncku.edu.tw; s897601@oz.nthu.edu.tw
Department of Chemical Engineering, National Cheng Kung University, 
No. 1, University Road, Tainan 70101, Taiwan

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13036-023-00325-z&domain=pdf


Page 2 of 16Yao and Tseng ﻿Journal of Biological Engineering            (2023) 17:6 

on DCs are enhanced, and the ability of DCs to stimulate 
T-cell proliferation is enhanced [6–10].

In practice, the major limitation of DC immunotherapy 
is an insufficient number of DCs and 10 [8] DCs per treat-
ment is required [11–16]. Currently, the common method 
to differentiate DCs from monocytes is to add high concen-
trations of IL-4 and granulocyte-macrophage colony-stim-
ulating factor (GM-CSF) under serum-containing culture 
conditions [17–20]. Although serum contains many growth 
factors and nutrition that are commonly added to cell culture 
medium to support cell growth and differentiation, serum 
also might contain unclear pathogens that is not suitable to 
produce cells for clinical application. Especially for DC cul-
ture, the uptake of allogeneic or xenogeneic proteins from 
serum into DCs may affect the growth, characteristics and 
biological functions of DCs. Therefore, the development of a 
monocyte-derived DC differentiation culture system under 
serum-free conditions is an urgent and important issue for 
studies of DC differentiation and immunotherapy.

In a previous study, we determined thirteen serum sub-
stitutes to replace the role of serum for DC differentia-
tion from monocytes in the presence of GM-CSF and IL-4 
(named SF-DC Control medium) [21]. After 5 days of differ-
entiation in SF-DC Control medium, one DC was generated 
from every nine CD14+ monocytes on average. We noted 
that adding only GM-CSF and IL-4 may not be enough for 
DC differentiation under serum-free conditions. Therefore, 
the aim of this study was to select more effective cytokines 
and optimize concentration of cytokines under serum-free 
condition (SF-DC Optimal medium) to generate a large 
number of functional DCs from monocytes. In this study, 
the effective cytokines in the SF-DC Optimal medium were 
screened and optimized by factorial design and the steep-
est ascent method. In addition to GM-CSF and IL-4, our 
results demonstrated that IL-6 and macrophage colony-
stimulating factor (M-CSF) are also necessary for DC dif-
ferentiation under serum-free condition. After the SF-DC 

Optimal medium was developed, the characteristics and 
functionalities of differentiated DCs were analyzed and 
were furtherly compared with DCs differentiated in SF-DC 
Control medium with or without serum. Finally, our results 
demonstrated that IL-6 and M-CSF exhibit synergistic and 
enhancive effects with GM-CSF and IL-4 on DC differentia-
tion, and SF-DC Optimal differentiation medium can effi-
ciently generate a large number of functional DCs for basic 
research and clinical application.

Results
Cytokine screening for DC differentiation from CD14+ 
monocyte‑ factorial design
In our previous study, we developed an SF-DC Control 
medium comprising RPMI 1640, two cytokines (GM-
CSF and IL-4) and thirteen serum substitutes for DC 
differentiation from human monocytes [21]. To explore 
more cytokines that were beneficial for DC differen-
tiation under serum-free condition, fifteen cytokines 
(IL − 1β, IL-2, IL-3, IL-6, IL-7, IL − 12p70, IL-15, IL-16, 
IL − 17A, Flt3-ligand, SCF, HGF, TGF-β, IFN-β and 
M-CSF) were selected to test the effects based on exten-
sive review and previous experience [22–32]. Each 
cytokine was added individually to the SF-DC Control 
medium. In our preliminary testing and results, IL − 1β, 
IL-6, IL-7 and M-CSF showed significant effects on the 
differentiated CD40+CD209+ DC number or the per-
centage of CD40+CD209+ DCs in total cells, and other 
cytokines did not show a positive effect on DC genera-
tion from monocytes (data not shown). Subsequently, a 
24 full factorial matrix (Table 1) was adopted to identify 
the individual and interactive effects of IL − 1β, IL-6, 
IL-7 and M-CSF on the total cell number, percentage of 
CD40+CD209+ DCs in the total cells and CD40+CD209+ 
DC number after 5 days of differentiation in SF-DC Con-
trol medium (containing GM-SCF and IL-4), and the 
first-order model was regressed and is listed below.

(1)Total cells∕1.5 mL
(

×104
)

= 4.24 − 0.63x1 + 0.11x2 − 0.19x3 − 0.23x1x2 − 0.03x1x3 − 0.14x1x4 − 0.06x2x3

− 0.23x2x4 + 0.13x1x2x3 + 0.39x1x2x4 + 0.19x1x3x4 − 0.23x2x3x4 − 0.04x1x2x3x4

(2)Percentage of CD40+CD209+ DCs in the total cells (%) = 67.26 + 0.36x1 + 1.39x2 + 0.51x3 + 5.54x4
− 2.11x1x2 − 7.86.x1x4 − 0.16x2x3 − 3.94x2x4
− 0.93x3x4 − 0.48x1x2x3 + 4.01x1x2x4
+ 0.14x1x3x4 + 0.23x2x3x4 + 0.31x1x2x3x4

(3)
CD40

+
CD209

+
DCs∕1.5 mL

(

×104
)

= 2.94 − 0.45x1 + 0.09x2 − 0.10x3 + 0.26x4 − 0.20x1x2 − 0.45.x1x4

− 0.05x2x3 − 0.31x2x4 − 0.03x3x4 + 0.09x1x2x3 + 0.43x1x2x4

+ 0.28x1x3x4 − 0.15x2x3x4
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In Eqs.  1, 2 and 3, x1 to x4 are coded variables for 
IL − 1β, IL-6, IL-7 and M-CSF, respectively, and only 
listed significant terms (p < 0.05). Equation  2 specifies 
that IL − 1β, IL-6, IL-7 and M-CSF had positive coef-
ficients to enhance the percentage of CD40+CD209+ 

DCs in the total cells after differentiation. However, 
Eq. 1 indicated that IL − 1β and IL-7 had negative coef-
ficients to decrease the total cell numbers after differen-
tiation. Taken together, Eq. 3 indicated that the addition 
of IL-6 and M-CSF could increase CD40+CD209+ DC 

Table 1  Matrix of the 24 full factorial design and experimental results of cytokine screening for CD40+CD209+ cells differentiated from 
CD14+ monocytes in the SF-DC Control mediuma,b

a The initial cell seeding density was 5 × 105 CD14+ cells in 1.5 ml differentiation medium containing 50 ng/ml GM-CSF and 50 ng/ml IL-4
b  + 1: the adding concentration of indicating cytokine was 50 ng/ml; − 1: no added cytokine
c Cell numbers in 1.5 ml differentiation medium and CD40+CD209+ percentage at day 5 (n = 3)

Trial IL-1β IL-6 IL-7 M-CSF Total cells (×104 
cells)c

CD40+CD209+ (%)c CD40+CD209+ 
cells (×104 
cells)c

1 -1 -1 -1 -1 3.8 ± 0.7 40.8 ± 5.0% 1.6 ± 0.3

2 + 1 -1 -1 -1 4.8 ± 0.9 68.3 ± 1.8% 3.3 ± 0.4

3 -1 + 1 -1 -1 5.7 ± 0.9 62.9 ± 1.3% 3.6 ± 0.5

4 + 1 + 1 -1 -1 3.6 ± 0.1 69.1 ± 2.9% 2.5 ± 0.1

5 -1 -1 + 1 -1 3.8 ± 0.4 43.3 ± 5.5% 1.7 ± 0.3

6 + 1 -1 + 1 -1 3.3 ± 0.6 73.1 ± 2.4% 2.5 ± 0.3

7 -1 + 1 + 1 -1 5.7 ± 1.2 67.0 ± 1.4% 3.8 ± 0.4

8 + 1 + 1 + 1 -1 3.4 ± 0.7 69.2 ± 2.7% 2.4 ± 0.3

9 -1 -1 -1 + 1 5.2 ± 0.9 85.5 ± 1.0% 4.5 ± 0.4

10 + 1 -1 -1 + 1 3.2 ± 0.2 66.2 ± 2.7% 2.2 ± 0.2

11 -1 + 1 -1 + 1 5.4 ± 0.7 76.1 ± 2.1% 4.2 ± 0.4

12 + 1 + 1 -1 + 1 3.7 ± 0.5 65.1 ± 2.0% 2.4 ± 0.3

13 -1 -1 + 1 + 1 5.3 ± 0.8 84.0 ± 2.2% 4.6 ± 0.5

14 + 1 -1 + 1 + 1 3.6 ± 0.6 65.7 ± 2.1% 2.4 ± 0.3

15 -1 + 1 + 1 + 1 4.0 ± 0.6 75.6 ± 1.7% 3.1 ± 0.3

16 + 1 + 1 + 1 + 1 3.3 ± 0.3 64.2 ± 2.0% 2.2 ± 0.2

Table 2  The concentrations of cytokines along the steepest ascent path and the numbers of CD40+CD209+ DCs differentiated from 
CD14+ monocytesa

a The initial cell seeding density was 5 × 105 CD14+ cells in 1.5 ml differentiation medium
b Cell numbers in 1.5 ml differentiation medium and CD40+CD209+ percentage at day 5 (n = 3)

Step IL-6 (ng/ml) M-CSF (ng/ml) GM-CSF (ng/ml) IL-4 (ng/ml) Total cells 
(104 cells)b

CD40+CD209+ (%) b CD40+CD209+ 
cells (104 cells)b

1 0 0 50.0 50.0 4.1 ± 0.4 38.7 ± 6.1% 1.6 ± 0.1

2 0.5 1.0 50.0 50.0 6.8 ± 0.7 57.8 ± 1.2% 3.9 ± 0.6

3 0.9 2.0 50.0 50.0 6.9 ± 0.8 70.6 ± 2.0% 4.9 ± 0.8

4 1.4 3.0 50.0 50.0 7.2 ± 1.0 74.5 ± 1.0% 5.4 ± 0.7
5 1.9 4.0 50.0 50.0 7.1 ± 1.1 74.4 ± 2.9% 5.3 ± 0.6

6 2.3 5.0 50.0 50.0 6.8 ± 1.3 74.1 ± 0.5% 5.0 ± 0.9

7 2.8 6.0 50.0 50.0 7.0 ± 1.0 74.9 ± 2.1% 5.2 ± 0.9

8 3.3 7.0 50.0 50.0 6.9 ± 0.9 77.4 ± 2.2% 5.3 ± 0.8

9 3.7 8.0 50.0 50.0 6.8 ± 0.8 74.0 ± 2.7% 5.1 ± 0.9

10 4.2 9.0 50.0 50.0 6.3 ± 0.8 74.8 ± 2.2% 4.7 ± 0.8

11 4.7 10.0 50.0 50.0 6.4 ± 0.8 76.6 ± 2.8% 4.9 ± 0.7

12 5.9 12.5 50.0 50.0 6.6 ± 1.0 73.6 ± 2.2% 4.9 ± 0.7

13 7.0 15.0 50.0 50.0 6.6 ± 0.8 73.5 ± 2.0% 4.8 ± 0.8

14 9.4 20.0 50.0 50.0 6.7 ± 0.8 73.2 ± 2.8% 4.9 ± 1.0



Page 4 of 16Yao and Tseng ﻿Journal of Biological Engineering            (2023) 17:6 

numbers after 5 days of differentiation in SF-DC Con-
trol medium.

Concentration optimization of IL‑6 and M‑CSF‑steepest 
ascent path
The steepest ascent path was determined by the coef-
ficients in Eq.  3 to optimize the concentrations of 
IL − 1β and M-CSF for maximal CD40+CD209+ DCs 
differentiated from monocytes in SF-DC Control 
medium (Table  2). The total cell number, percentage of 
CD40+CD209+ DCs in the total cells and CD40+CD209+ 
DC number initially increased along the steepest ascent 
path, reaching 7.2 ± 1.0 × 104 cells/1.5 mL, 74.5 ± 1.0% 
and 5.4 ± 0.7 × 104 cells/1.5 mL at step 4 after a 5-day dif-
ferentiation under the indicated condition, respectively. 
After step 4, there were no additional increases in total 
cell number, percentage of CD40+CD209+ DCs in the 
total cells or CD40+CD209+ DC number. Consequently, 
the optimal cytokine concentration for DC differen-
tiation from monocytes was to add 1.4 ng/mL IL-6 and 
3.0 ng/mL M-CSF to the SF-DC Control medium (named 
SF-DC Optimal medium).

Growth kinetics and morphology of DC differentiation 
from CD14+ monocytes
After developing the SF-DC Optimal medium for DC 
differentiation from human CD14+ monocytes, the total 
cell numbers, the percentage of CD40+CD209+ DCs 
in the total cells and differentiated CD40+CD209+ DC 
numbers differentiated in the SF-DC Optimal medium 
were monitored and compared with those in the SF-DC 
Control medium and SF-DC Control + Serum medium 
(Fig. 1).

Our results showed that freshly isolated CD14+ mono-
cytes did not express CD40 or CD209 (Fig. 1A, Day 0). As 
the differentiation time increased, the total cell numbers 
in the SF-DC Optimal medium, SF-DC Control medium 
and SF-DC Control + Serum medium all decreased 
rapidly and continuously (Fig.  1B). This phenomenon 
means that the DC differentiation process inevitably 
accompanies apoptosis. Meanwhile, the percentage of 
CD40+CD209+ DCs in the total cells and differenti-
ated CD40+CD209+ DC numbers began to increase 
(Fig. 1A). After 5 days of differentiation, the percentages 
of CD40+CD209+ DCs in the total cultured cells and 
the CD40+CD209+ DC density in the SF-DC Optimal 
medium on Day 5 were 65.2 ± 7.9% and 5.75 ± 0.84 × 104 
cells/1.5 mL, respectively, and reached approximately 
twofold greater than those in the SF-DC Control medium 
and SF-DC Control + Serum medium (Fig. 1B). Impor-
tantly, the differentiated CD40+CD209+ DCs in the 
SF-DC Optimal medium exhibited dendritic-like tenta-
cle morphology (Fig. 1C). This finding indicated that IL-6 

and M-CSF were necessary for DC differentiation from 
monocytes and exhibited a synergistic effect with GM-
CSF and IL-4 to enhance DC differentiation with correct 
morphology under serum-free condition.

Expression of DC‑related surface markers and stimulation 
by TNF‑α or LPS
After confirming the importance and necessity of IL-6 
and M-CSF for DC differentiation, the other DC-related 
surface marker expression levels, including CD1a, 
CD11c, CD14, CD40, CD80, CD83, CD86 and CD209, 
of differentiated DCs before (on Day 5) and after (on Day 
7) stimulation by TNF-α or LPS in the SF-DC Optimal 
medium were also checked and compared with those 
in the SF-DC Control medium and SF-DC Control + 
Serum medium (Figs. 2, 3 and 4).

After 5 days of differentiation in the SF-DC Optimal 
medium, the expression of the abovementioned DC-
related surface markers, except CD14, was obviously 
expressed on the differentiated cells compared to those 
on the initial CD14+ monocytes (on Day 0). In addition, 
the expression of these DC-related surface markers on 
the differentiated cells in the SF-DC Optimal medium 
was higher or comparable to that in the SF-DC Control 
medium and SF-DC Control + Serum medium. Dif-
ferentiation of monocytes into DCs was accompanied 
by downregulation of CD14 expression. These decreas-
ing trends were observed in all differentiation meth-
ods (Fig. 3E). After stimulation with TNF-α or LPS, our 
results showed that the expression of CD80, CD83 and 
CD86 on the differentiated DCs (on Day 7) was signifi-
cantly higher than that on DCs before stimulation (on 
Day 5) (Figs. 2 and 3). It is worth noting that the differen-
tiated DCs (on Day 7) stimulated by LPS exhibited more 
obvious DC-related surface marker expressions (such as 
CD1a, CD80, CD83 and CD86) and lower CD14 expres-
sion than those by TNF-α (Figs.  2 and 4). These results 
demonstrated that the differentiated DCs expressed cor-
rect surface markers and could be further activated to 
mature DCs by TNF-α and LPS, and the differentiated 
DCs in the SF-DC Optimal medium with LPS stimula-
tion are competent to fully mature into DCs.

Endocytosis analysis
The endocytosis abilities of differentiated DCs were 
analyzed by treatment with dextran and latex beads to 
represent the uptake of small and large molecules (par-
ticles), respectively (Fig.  5A). The percentage results 
showed that almost all differentiated DCs and approxi-
mately 75% of differentiated DCs exhibited endocytotic 
uptake of dextran and latex beads, respectively, in the 
SF-DC Optimal medium (on Day 5) and were similar to 



Page 5 of 16Yao and Tseng ﻿Journal of Biological Engineering            (2023) 17:6 	

those in the SF-DC Control medium and SF-DC Control 
+ Serum medium. Importantly, the mean fluorescence 
intensity (MFI) results indicated that the uptake amount 
of dextran per differentiated DC on Day 5 in the SF-DC 

Optimal medium (MFI: 16.1 × 105) was significantly 
higher than that in the SF-DC Control medium (MFI: 
7.5 × 105) and SF-DC Control + Serum medium (MFI: 
9.6 × 105) (Fig.  5B). In addition, the uptake MFIs of the 

Fig. 1  CD40 and CD209 profiles, growth kinetics and morphologies on DC differentiation from human monocytes. DCs were differentiated from 
CD14+ monocytes (5 × 105 cells/1.5 mL) in SF-DC Optimal medium, SF-DC Control medium and SF-DC Control + Serum medium for 5 days. A The 
differentiated cells in SF-DC Optimal medium at the indicated time points were stained with CD40 and CD209-PE. The numbers within the dot 
plots represent the percentages of the indicated cells in the total cell population by flow cytometry analysis. B The accumulated total cell number, 
percentage of CD40+CD209+ DCs in the total cells and CD40+CD209+ DC number differentiated from CD14+ monocytes at the indicated time 
points were determined by flow cytometry analysis (n = 5). (I) Representative morphologies of the differentiated DCs on Day 5 in SF-DC Optimal 
medium under scanning electron microscopy observation. Scale bars are 10 μm (left figure) and 5 μm (right figure)
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differentiated DCs on Day 7 were decreased compared 
with those on Day 5 due to maturation by TNF-α or LPS 
stimulation. It is worth noting that the uptake MFIs of 
the differentiated DCs on Day 7 stimulated by LPS (MFI: 
1.0 × 105 and 0.9 × 105 for uptake of dextran and latex 
beads, respectively) were significantly lower than those 
by TNF-α (MFI: 13.5 × 105 and 1.4 × 105 for uptake of 
dextran and latex beads, respectively) (Fig.  5B). This 
meant that the DCs differentiated in the SF-DC Optimal 
medium maintained excellent endocytotic ability and 
maintained the ability to be activated to mature, espe-
cially by stimulation of LPS.

Mixed Leukocyte Reaction (MLR)
The immunostimulatory capacity of DCs is an important 
and practical indicator in clinical use. In this study, the 
T cell expansion stimulated by DCs was evaluated by an 
MLR assay using carboxyfluorescein succinimidyl ester 
(CFSE) staining (Fig. 6A and B) and T cell number count-
ing (Fig. 6C). Before (on Day 5) and after stimulation (on 
Day 7), the coculture results showed that the differenti-
ated DCs in the SF-DC Optimal medium (percentage of 
proliferating T cells on Day 5: 35.2%, and Day 7: 52.6 and 

60.6% by stimulation of TNF-α and LPS, respectively) 
exhibited superior capacities to trigger CD3+ T cell pro-
liferation than those in the SF-DC Control medium (per-
centage of proliferating T cells on Day 5: 27.4% and Day 
7: 42.7% by stimulation of TNF-α) and DF-DC Control 
+ Serum medium (percentage of proliferating T cells on 
Day 5: 30.3% and Day 7: 38.8% by stimulation of TNF-α). 
In addition, the results indicated that the immunostimu-
latory capacity of the differentiated DCs could be further 
enhanced after TNF-α and LPS stimulation. After 96 h 
of coculture, the expansion fold of CD3+ T cell number 
cocultured with the differentiated DCs in the SF-DC 
Optimal medium on Day 5, Day 7 stimulation by TNF-α 
and Day 7 stimulation by LPS was approximately 12.6-, 
14.9- and 18.0-fold, respectively (Fig.  6C). This result 
once again demonstrated that the differentiated DCs in 
the SF-DC Optimal medium maintained the ability to 
mature by TNF-α or LPS stimulation and exhibited a 
strong immunostimulatory capacity.

Cytokine secretion
Cytokines play an important and complex role in the reg-
ulation of the immune system. In this study, the cytokines 

Fig. 2  Representative histograms of DC-related surface marker expressions on differentiated DCs from human monocytes in SF-DC Optimal 
medium. DCs were differentiated from CD14+ monocytes (5 × 105 cells/1.5 mL) in SF-DC Optimal medium for 5 days (Day 0 to Day 5), and then, 
20 ng/ml TNF-α or 1 μg/mL lipopolysaccharide (LPS) was added to stimulate maturation for 2 days (Day 5 to Day 7). After differentiation, the 
generated cells at the indicated time points (Day 0: black peaks; Day 5: red peaks; Day 7 with TNF-α: blue peaks; Day 7 with LPS: green peaks) were 
stained with antibodies against (A) CD40, B CD209, C CD1a, D CD11c, E CD14, F CD80, G CD83 and H CD86. The histogram of the indicated surface 
marker expression in the total cell population was analyzed by flow cytometry
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secreted from the differentiated DCs in the various DC 
differentiation media before and after stimulation were 
determined by cytometric bead array (Figs. 7 and 8). Our 
results showed that IL − 1β, IL-8, IL − 10 and IL − 12p70 
secreted from differentiated DCs on Day 5 were obvi-
ously detected in the conditioned SF-DC Optimal 
medium, SF-DC Control medium and SF-DC Control 
+ Serum medium. Importantly, the differentiated DCs 
in the SF-DC Optimal medium on Day 5 secreted higher 
amounts of IL-8, IL − 10 and IL − 12p70 than those in the 
SF-DC Control or SF-DC Control + medium (Fig. 7). In 
addition, after TNF-α stimulation, the secretion amount 
of IL-8 and IL − 10 from differentiated DCs on Day 7 in 
the SF-DC Optimal medium significantly increased and 
was significantly higher than those in the SF-DC Control 
or SF-DC Control + medium. The secretion of IL − 1β in 
all media was maintained at a similar level. The secretion 
amounts of IL-8 and IL − 10 by the differentiated DCs in 
the SF-DC Control medium were significantly lower than 
those in the SF-DC Control + Serum medium. These 
results indicated that the components in the SF-DC 
Control medium could not completely replace the role 
of serum for DC differentiation, and the addition of IL-6 
and M-CSF was necessary to differentiate functional DCs 
under serum-free condition. It is worth noting that the 

differentiated DCs (on Day 7) stimulated by LPS secreted 
significantly higher amount of IL − 1β, IL-8, IL − 10 and 
IL − 12p70 than those by TNF-α (approximate 2.6-, 
3.4-, 1.7- and 17.9-fold) (Fig.  8). These results demon-
strated that the differentiated DCs secreted DC-related 
cytokines and the differentiated DCs in the SF-DC Opti-
mal medium could be furtherly stimulated by LPS to 
mature.

Combined with the growth kinetics, surface marker 
expression, endocytosis analysis, T-cell immunostimula-
tory capacity and cytokine secretion, these results indi-
cated that the SF-DC Optimal medium containing IL-6 
and M-CSF developed in this study could be efficiently 
used to differentiate monocytes into DCs with correct 
function.

Discussion
DCs are one of the major APCs in the human immune 
system and have the strongest abilities to perform phago-
cytosis, present antigens and stimulate T proliferation. 
Therefore, DCs are considered to play an important 
role in immunotherapy. However, insufficient cell num-
ber and low function of DCs are the major bottleneck in 
bench research and immunotherapy application. Cur-
rently, the common method to differentiate DCs from 

Fig. 3  Expression of DC-related surface markers on differentiated DCs from human monocytes. DCs were differentiated from CD14+ monocytes 
(5 × 105 cells/1.5 mL) in SF-DC Optimal medium, SF-DC Control medium and SF-DC Control + Serum medium for 5 days (Day 0 to Day 5), and then, 
20 ng/ml TNF-α was added to the corresponding medium to stimulate maturation for 2 days (Day 5 to Day 7). After differentiation, the generated 
cells at the indicated time points were stained with antibodies against (A) CD40, B CD209, C CD1a, D CD11c, E CD14, F CD80, G CD83 and H CD86. 
The mean fluorescence intensity (MFI) of the indicated cells in the total cell population was analyzed by flow cytometry. *, ** and *** represent 
significant differences of p < 0.05, p < 0.01 and p < 0.005, respectively (n = 5)
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monocytes is to add high concentrations (80–100 ng/mL) 
of GM-CSF and IL-4 under serum-containing culture 
condition. However, the number and the function of the 
differentiated DCs still need to be improved. Therefore, 
the development of a cytokine-optimized and serum-
free DC differentiation medium that can efficiently dif-
ferentiate DCs from monocytes is important and urgent 
for DC research and application. In our previous study, a 
SF-DC Control medium was proposed [21]. SF-DC Con-
trol medium contained high concentrations of GM-CSF 
(80 ng/ml) and IL-4 (80 ng/ml), and thirteen serum sub-
stitutes were used to replace the role of serum. In the pre-
sent study, our results indicated that although the growth 
kinetics of differentiated DCs in the SF-DC Control 
medium were very similar to those in the SF-DC Control 
+ Serum medium, some functions, such as small mole-
cule uptake and cytokine secretion, were different. These 
results indicated that the formula of the cytokine cock-
tail and serum substitutes in the SF-DC Control could 

not completely replace serum. One cytokine might act on 
different types of cells and have different effects, depend-
ing on the target cells, its concentration, and the presence 
of other cytokines. Serum is a mixture containing many 
trace cytokines (such as IL-6 and M-CSF) that may ben-
efit or inhibit DC differentiation. To further increase the 
cell number and improve the function of differentiated 
DCs under serum-free condition, fifteen cytokines were 
screened and added to SF-DC Control medium using 
systematic and statistical methods to test their effect on 
DC differentiation in this study [22, 23, 33–39]. Finally, 
a SF-DC Optimal medium was proposed, and the num-
ber and the functions of differentiated DCs in the SF-DC 
Optimal medium were analyzed to compare with those 
in the SF-DC Control medium and SF-DC Control + 
Serum medium.

SF-DC Optimal medium comprised of RPMI 1640 
medium, the same thirteen serum substitutes as SF-DC 
Control medium, lower concentrations of GM-CSF 

Fig. 4  Comparison of DC-related surface marker expression on differentiated DCs from human monocytes in SF-DC Optimal medium with TNF-α 
and lipopolysaccharide stimulation. DCs were differentiated from CD14+ monocytes (5 × 105 cells/1.5 mL) in SF-DC Optimal medium for 5 days 
(Day 0 to Day 5), and then, 20 ng/ml TNF-α or 1 μg/mL lipopolysaccharide (LPS) was added to stimulate maturation for 2 days (Day 5 to Day 7). After 
differentiation, the generated cells on Day 7 were stained with antibodies against (A) CD40, B CD209, C CD1a, D CD11c, E CD14, F CD80, G CD83 
and (H) CD86. The mean fluorescence intensity (MFI) of the indicated cells in the total cell population was analyzed by flow cytometry. *, ** and *** 
represent significant differences of p < 0.05, p < 0.01 and p < 0.005, respectively (n = 5)
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(50 ng/ml) and IL-4 (50 ng/ml), and extra trace amounts 
of IL-6 (1.4 ng/ml) and M-CSF (3 ng/ml). Previous lit-
eratures demonstrated that M-CSF can enhance MHC-
restricted antigen presentation in DCs and IL-6 had the 
anti-apoptotic effect and were served as a common matu-
ration cytokine cocktail supplement [39, 40]. Our results 
demonstrated that the cytokine cocktail was modified 
successfully, which generated more DCs with superior or 
comparable functions compared to the serum-contain-
ing method. According to other reports, the concentra-
tions of M-CSF and IL-6 in serum have been analyzed 
[41–44] and these cytokines might be beneficial for cell 
development even though the concentrations were very 
low, especially in serum-free culture condition. Hence, 
it is necessary to modify the medium composition by 
the addition of trace cytokines. This research is the first 
report finding that a combination of an extra low con-
centration of IL-6 and M-CSF exhibited a synergistic and 
enhancive effect with GM-CSF and IL-4 to efficiently 
differentiate more human DCs from monocytes and 

enhance functions of DCs, such as phagocytosis ability, 
cytokine secretion and mixed lymphocyte reaction under 
serum-free condition.

After 5-day differentiation in SF-DC Optimal 
medium, the average number of differentiated DCs was 
5.75 ± 0.84 × 104 cells from the initial 5.00 × 105 mono-
cytes, which was two times more than those in SF-DC 
Control medium and SF-DC Control + Serum medium. 
The differentiated DCs highly expressed DC-related sur-
face markers. In addition, the expression of DC-related 
surface markers was significantly upregulated after 
TNF-α or LPS stimulation. This means that the differ-
entiated DCs maintained the ability to mature. Notably, 
most DC-related surface marker expression of DCs after 
LPS stimulation in the SF-DC Optimal medium was sig-
nificantly higher than that after TNF-α stimulation. Tak-
ing the growth kinetics and surface marker expression 
together, these results demonstrated that trace amounts 
of IL-6 and M-CSF were necessary for DC differentia-
tion from monocytes under serum-free condition and 

Fig. 5  Endocytosis analysis of the differentiated DCs from monocytes. DCs were differentiated from CD14+ monocytes (5 × 105 cells/1.5 mL) 
in SF-DC Optimal medium, SF-DC Control medium and SF-DC Control + Serum medium for 5 days (Day 0), and then, 20 ng/ml TNF-α or 1 μg/
mL lipopolysaccharide (LPS) was added to the corresponding medium to stimulate maturation for 2 days (Day 5 to Day 7). After differentiation, 
the cells were treated with 1 mg/mL dextran-fluorescein isothiocyanate (dextran-FITC) or 1 mg/mL fluorescent latex beads and stained with a 
CD209 fluorescence antibody. The endocytosis ability was determined by the CD209+ cells that expressed the fluorescence of dextran-FITC or 
latex beads using flow cytometry. A Representative endocytosis analysis of the differentiated DCs in SF-DC Optimal medium before (Day 5) and 
after (Day 7) TNF-α or LPS stimulation for maturation by flow cytometry. B The percentages and the mean fluorescence intensity (MFI) of the cells 
with dextran-FITC or fluorescent latex bead uptake in total CD209+ DCs at the indicated time points were analyzed by flow cytometry. ** and *** 
represent significant differences of p < 0.01 and p < 0.005, respectively (n = 3)
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could induce DCs to be more mature than those without 
IL-6 and M-CSF. Generally, CD14 expression should be 
downregulated abruptly during the DC differentiation 
process. However, our results showed that even though 
all DC-related surface markers were obviously present, 
there was only a slight decrease in CD14 expression (on 
Day 5 or on Day 7 stimulation by TNF-α) compared to 
monocytes (on Day 0). Several reports have indicated 
that monocyte-derived DCs may retain CD14 expres-
sion in an intermediate grade or are present at variable 
levels according to the environment or steady state in 
tissue [24, 25]. The retention of CD14 expression in the 
differentiated DCs in the SF-DC Optimal medium might 
be caused by the addition of IL-6 [26]. The other reason 
might be that TNF-α could suppress some functions of 
DCs, especially in the IL-4/GM-CSF/TNF-α protocol 
and could not induce full maturation of DCs [27]. In 
addition, previous studies had proven that CD14 expres-
sion and binding affinity of LPS with toll-like receptor 4 
(TLR4) are highly correlated [28]. Therefore, the pres-
ence of CD14 indicated that differentiated DCs in SF-DC 
Optimal medium might exhibit high affinity for LPS for 
maturation.

For functional analysis of DCs, the differentiated DCs 
in SF-DC Optimal medium exhibited stronger phagocy-
tosis ability and immunostimulatory capacity than those 
in SF-DC Control and SF-DC Control + Serum media. 
These results indicated that IL-6 and M-CSF exhibited 
a synergistic effect with GM-CSF and IL-4 to enhance 
the abilities of DCs to stimulate T-cell proliferation and 
proved that the differentiated DCs in SF-DC Optimal 

medium were more mature than those in SF-DC Control 
and SF-DC Control + Serum media.

For cytokine secretion analysis, the differentiated 
DCs in SF-DC Optimal medium on Day 7 stimulated 
by TNF-α showed an equivalent ability for IL − 12p70 
and IL − 1β secretion but a higher ability for IL-8 and 
IL − 10 secretion compared to those in the SF-DC Con-
trol medium. In addition, the cytokine secretion abili-
ties, except IL-8, of the differentiated DCs in the SF-DC 
Optimal medium stimulated by TNF-α were much more 
similar to those in the SF-DC Control + Serum medium. 
Importantly, the differentiated DCs in the SF-DC Opti-
mal medium on Day 7 stimulated by LPS released sig-
nificantly higher amount of IL − 12p70 and higher ratio 
of IL − 12p70/IL − 10 than by TNF-α. The polarization of 
the immune response toward a type 1 T helper (Th1) cell 
or a Th2 cell profile is mediated by the cytokines secreted 
from DCs following antigen presentation and interaction 
with T cells. Our results indicated that the differentiated 
DCs in the SF-DC Optimal medium tend to be immuno-
genic DCs (might be efficient in inducing Th1 polariza-
tion) by stimulation of LPS (higher ratio of IL − 12p70/
IL-10) and tend to be tolerogenic DCs (might be efficient 
in inducing Th2 polarization) by stimulation of TNF-α 
(lower ratio of IL-12p70/IL-10) [29–31]. Immunogenic 
DCs and tolerogenic DCs both play important roles 
in basic research and immunotherapy. Several reports 
have shown that the microenvironment of DCs modu-
lates subtype differentiation and CD1a expression. The 
two subsets of CD1a+ (designated mDC1) and CD1a− 
(designated mDC2) monocyte-derived DCs have been 

Fig. 6  Mixed leukocyte reaction of the differentiated DCs from monocytes. DCs were differentiated from CD14+ monocytes (5 × 105 cells/1.5 mL) 
in SF-DC Optimal medium, SF-DC Control medium and SF-DC Control + Serum medium for 5 days (Day 0 to Day 5), and then, 20 ng/ml TNF-α or 
1 μg/mL lipopolysaccharide (LPS) was added to the corresponding medium to stimulate maturation for 2 days (Day 5 to Day 7). After differentiation, 
CD209+ DCs were isolated from the differentiated cells using anti-CD209 microbeads on a VarioMACS separator. Then, the isolated CD209+ DCs 
were cocultured with allogenic CFSE-stained CD3+ T cells at a ratio of 1:2 for mixed leukocyte reactions. After 4 days of coculture, total cells were 
harvested, and proliferating CD3+ T cells were determined using flow cytometry. A Representative analysis of CFSE expression in cocultured cells. 
The cells in the dotted boundary represent proliferating CD3+ T cells with decayed CFSE expression. B The percentages of proliferating CD3+ T cells 
among the total CD3+ T cells. * and *** represent a significant difference of p < 0.05 and p < 0.005, respectively (n = 3). C Growth kinetics of CD3+ 
T-cell expansion stimulated by coculture with various differentiated DCs (n = 3). The initial CD3+ T-cell density was 1 × 105 cells/mL
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described to have different profiles of cytokine secretion 
that result from the existence of serum lipoproteins [26, 
32]. CD1a+ and CD1a− DCs stand out for their capa-
bility to secrete high amounts of IL-12p70 and IL-10, 
respectively [32]. Therefore, the differentiated DCs in 
SF-DC Optimal medium stimulated by TNF-α tend to 
secrete IL-10 with low expression on CD1a, which might 
correspond to the features of mDC2s. On the other 
hand, the differentiated DCs in SF-DC Optimal medium 
stimulated by LPS tend to secrete IL-12p70 with high 
expression on CD1a, which might correspond to the fea-
tures of mDC1s.

The differentiated DCs in SF-DC Optimal medium 
secreted high amounts of IL-8, which was caused by the 
addition of IL-6 and M-CSF, might have different func-
tions compared to other DCs. IL-8 plays a complex role 
in the immune system. IL-8 is a chemokine that is initially 
characterized by leukocyte chemotaxis and is well known 

to possess proangiogenic and tumorigenic properties [45, 
46]. Macrophages, epithelial cells, endothelial cells and 
tumor cells are common IL-8 producers, and DCs have 
been observed to generate IL-8 in an autocrine or par-
acrine fashion in the intratumoral setting [47]. In addi-
tion to IL-8 generation, DCs also express receptors, such 
as CXCR1 and CXCR2, which can be downregulated by 
the IL-8 microenvironment caused by autocrine signaling 
[48]. According to the effect of IL-8, therefore, the IL-8 
produced from tumor cells not only affects metastasis 
and angiogenesis [49] but also attracts and retains DCs 
to repress their function by tumor-derived factors, which 
do not functionally affect T cell stimulation activity but 
restrict the migration ability of antigen-presenting cells 
[50]. Although IL-8 produced by tumor cells may affect 
the antigen-presenting ability of DCs, IL-8 also plays an 
important role in the immune response by its leukocyte 
chemotaxis. IL-8 secreted from DCs itself can regulate its 

Fig. 7  Cytokine secretion of the differentiated DCs from monocytes. DCs were differentiated from CD14+ monocytes (5 × 105 cells/1.5 mL) in SF-DC 
Optimal medium, SF-DC Control medium and SF-DC Control + Serum medium for 5 days (Day 0 to Day 5), and then, 20 ng/ml TNF-α was added to 
the corresponding medium to stimulate maturation for 2 days (Day 5 to Day 7). After differentiation, the conditioned media at the indicated time 
points were collected, and the secreted amounts of (A) IL-1β, B IL-8, C IL-10 and D IL-12p70 were analyzed by flow cytometry. *, ** and *** represent 
significant differences of p < 0.05, p < 0.01 and p < 0.005, respectively (n = 3)
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receptor presentation and attract neutrophils, which is 
dependent on IL-8 levels [47, 50].

Conclusions
Taken together, our results are the first to demonstrate that 
IL-6 and M-CSF exhibit synergistic effects with GM-CSF 
and IL-4 on DC differentiation and that SF-DC Optimal dif-
ferentiation medium can efficiently generate a large number 
of functional DCs for basic research and clinical application.

Methods
Purification of CD14+ monocytes
Cord blood (CB) samples were collected and processed 
according to governmental regulations -“Guidelines for 
collection and use of human specimens for research”, 

Ministry of Health and Welfare, Taiwan and after obtain-
ing approval from the institutional review board of Taoy-
uan General Hospital, Ministry of Health and Welfare, 
Taiwan. Briefly, after obtaining the mother’s consent, CB 
was harvested and processed within 24 h. Mononuclear 
cells (MNCs) were isolated by Ficoll-Paque (Amersham 
Biosciences, Uppsala, Sweden) density gradient centrifu-
gation. Fresh CD14+ monocytes were purified with CD14 
microbeads by a Mitenyi VarioMACS device (Miltenyi 
Biotec Gmbh, Bergisch Gladbach, Germany) according 
to the manufacturer’s instructions.

Formulations of DC differentiation media
In this study, three formulations of media, SF-DC Control, 
SF-DC Control + Serum and SF-DC Optimal, were used, 
and their performances in inducing DCs from CD14+ 

Fig. 8  Comparison of cytokine secretion of the differentiated DCs from human monocytes in SF-DC Optimal medium with TNF-α and 
lipopolysaccharide stimulation. DCs were differentiated from CD14+ monocytes (5 × 105 cells/1.5 mL) in SF-DC Optimal medium for 5 days (Day 
0 to Day 5), and then, 20 ng/ml TNF-α or 1 μg/mL lipopolysaccharide (LPS) was added to stimulate maturation for 2 days (Day 5 to Day 7). After 
differentiation, the conditioned media on Day 7 were collected, and the secreted amounts of (A) IL-1β, B IL-8, C IL-10 and D IL-12p70 were analyzed 
by flow cytometry. ** and *** represent significant differences of p < 0.01 and p < 0.005, respectively (n = 3)
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monocytes were compared. SF-DC Control medium 
was developed and described previously as RPMI 1640 
medium (Gibco, Carlsbad, CA) supplemented with thir-
teen serum substitutes (including 1.5 mg/ml human serum 
albumin (CSL Behring, King of Prussia, PA), 4.39 μg/ml 
human insulin (Sigma–Aldrich, St Louis, MO), 60 μg/
ml human transferrin (Sigma–Aldrich), 25.94 μM 2-mer-
captoethanol (Sigma–Aldrich), 1 mg/ml fetuin (Sigma–
Aldrich), 0.013 μg/ml biotin (Sigma–Aldrich), 0.108 mM 
sodium pyruvate (Sigma–Aldrich), 0.136 mM L-glu-
tamine (Sigma–Aldrich), 2.06 U/ml heparin (Sigma–
Aldrich), 0.072 mM ascorbic acid (Sigma–Aldrich), 1% 
v/v nonessential amino acids (Sigma–Aldrich), 10 mM 
β-glycerolphosphate (Sigma–Aldrich), 10 nM dexametha-
sone (Sigma–Aldrich)), cytokine cocktail (80 ng/ml GM-
CSF (PeproTech Inc., Rocky Hill, NJ) and 80 ng/ml IL-4 
(PeproTech Inc.)) [21]. SF-DC Control + Serum medium 
was the SF-DC Control medium plus 10% fetal bovine 
serum (FBS, HyClone, Logan, UT). SF-DC Optimal 
medium was used in the following experimental designs 
and was RPMI 1640 medium supplemented with thirteen 
abovementioned serum substitutes plus 50 ng/ml GM-
CSF, 50 ng/ml IL-4, 1.4 ng/ml IL-6 (PeproTech, Inc.) and 
3 ng/ml M-CSF (PeproTech, Inc.).

DC differentiation and maturation
For DC differentiation, CD14+ monocytes were initially 
seeded at 5 × 105 cells/well (in 6-well plates, 1.5 mL 
medium per well, Corning, Glendale, AZ) in the indi-
cated DC differentiation medium at 37 °C in a 5% CO2 
humidified atmosphere. After 5 days of differentia-
tion, 20 ng/mL TNF-α (PeproTech Inc.) or 1 μg/mL LPS 
(Sigma–Aldrich) was added to the medium to stimulate 
DC maturation for 48 h [40, 51–54]. After differentia-
tion, cells were analyzed with the following assays at the 
indicated time points before (on Day 5) and after (on 
Day 7) stimulation with TNF-α or LPS.

Experimental design of the SF‑DC optimal medium 
formula ‑ fractional factorial design and steepest ascent 
method
In this study, a two-level fractional factorial design and 
the steepest ascent method were combined to determine 
the optimal concentration of cytokines for DC differen-
tiation from monocytes in the SF-DC Control medium. 
Factorial design data were regressed by Design Expert 
statistical software (Stat-Ease Inc., Minneapolis, MN) to 
obtain the polynomial. Statistical significance was deter-
mined by an F test, and the significance of the regres-
sion coefficients was analyzed by a t test. The polynomial 
takes the form of

Equation (4) is a simplified equation, where α repre-
sents the fitted constants, and x represents the coded 
variables for the tested cytokines. The constants αi, αij, 
and αijk correspond to the main effect, second-order 
interaction, and third-order interaction terms, respec-
tively. We considered statistically significant main or 
interaction terms (p < 0.05) and neglected insignifi-
cant higher-order terms. Each positive constant in the 
equation can be used to screen the effective factors and 
provide information to construct the steepest ascent 
path to optimize the cytokine concentration for DC 
generation.

Strategies for the development of the SF-DC Opti-
mal medium were as follows: (1) screen the effective 
cytokines from IL-1β, IL-2, IL-3, IL-6, IL-7, IL-12p70, 
IL-15, IL-16, IL-17A, Flt3-ligand, stem cell factor (SCF), 
hepatocyte growth factor (HGF), transforming growth 
factor-β (TGF-β), interferon-β (IFN-β) and M-CSF 
by factorial design in the SF-DC Control medium; (2) 
optimize the concentration of each effective cytokine 
(including IL-6 and M-CSF) by the steepest ascent path 
in the SF-DC Control medium; and (3) compare cell 
performance in the SF-DC Optimal medium with that 
in the SF-DC Control medium and SF-DC Control + 
Serum medium.

Flow cytometry assay
Before and after differentiation, the cells were collected, 
washed and resuspended in Dulbecco’s phosphate-
buffered saline (D-PBS, HyClone). To analyze surface 
antigens, anti-CD1a (BD Biosciences, San Jose, CA), anti-
CD11c (BD Biosciences), anti-CD14 (Miltenyi Biotec 
Gmbh), anti-CD40 (BD Biosciences), anti-CD80 (Milte-
nyi Biotec Gmbh), anti-CD83 (Miltenyi Biotec Gmbh), 
anti-CD86 (Miltenyi Biotec Gmbh) and anti-CD209 (BD 
Biosciences) fluorescence monoclonal antibodies were 
used. Matched labeled isotypes were used as controls. 
The labeled cells were analyzed using flow cytometry 
(Accuri C6, BD Biosciences). The screening criterion of 
monocyte-derived DCs was defined as CD40+CD209+ 
cells in this study [55, 56].

Cell morphology observation: scanning electron 
microscopy assay
The morphology of the differentiated cells was observed 
using scanning electron microscopy (SEM). After dif-
ferentiation, the differentiated cells were harvested and 

(4)

CD40+CD209+ DCs (cells∕mL) = α0 + Σαixi
+ Σαijxixj

+ Σαijkxixjxk
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transferred to a porous membrane for culture. Then, 
the cells were fixed with 4% glutaraldehyde (Sigma) and 
dehydrated stepwise with mixtures of ethanol and water 
that were progressively richer in alcohol. Finally, the cells 
on the porous membrane were sputter coated with gold 
for 100 s and observed under an SEM operated at 10 kV.

Endocytosis analysis
After differentiation at the indicated time points, the dif-
ferentiated cells were washed and seeded in 24-well plates 
at a final concentration of 2 × 105 cells/ml in 1 mL/well. 
Dextran-fluorescein isothiocyanate (dextran-FITC, 1 mg/
mL, Sigma–Aldrich) [57–59] or 1 mg/mL fluorescent latex 
beads (Sigma–Aldrich) [60] was added and incubated with 
cells in RPMI medium for 1 h at 37 °C in a 5% CO2 humidi-
fied atmosphere. Then, the cells were washed and stained 
with CD209-PE. The endocytosis ability was determined 
by the CD209+ cells that expressed the fluorescence of 
dextran-FITC or latex beads using flow cytometry.

Cytokine secretion
To determine the cytokine secretion of the differenti-
ated cells, the conditioned medium at the indicated time 
points was collected, and the secreted amounts of IL-1β, 
IL-8, IL-10 and IL-12p70 were analyzed by a human 
inflammatory cytokine cytometric bead array kit (BD 
Biosciences) using a flow cytometer according to the 
manufacturer’s protocol [61, 62].

Mixed Leukocyte Reaction (MLR)
To test the allogeneic stimulatory activity of differ-
entiated DCs, the differentiated cells were collected 
at the indicated time points and purified with anti-
CD209 magnetic microbeads and a Vario-MACS 
Separator. The isolated CD209+ DCs that served as 
effector cells were preinactivated with 50 mg/mL 
mitomycin-C (Sigma–Aldrich) for 3 h to completely 
stop DC proliferation. CD3+ T cells were isolated 
from MNCs using CD3 microbeads (Miltenyi Biotec 
Gmbh) and the VarioMACS Separator. Then, CD3+ 
T cells were stained with carboxyfluorescein suc-
cinimidyl ester (CFSE, Sigma–Aldrich) to serve as 
the target cells. CD209+ DCs were cocultured with 
allogenic CFSE-stained CD3+ T cells at a ratio of 1:2 
in RPMI medium supplemented with 20% FBS for 
4 days at 37 °C in a 5% CO2 humidified atmosphere. 
Before coculturing, the mitomycin-C treated DCs 
were washed by D-PBS three times to completely 
remove mitomycin-C. After coculturing, total cells 
were harvested, and the percentage of proliferating 
CD3+ T cells in total T cells was determined using 
flow cytometry [63].

Statistical analysis
All experimental results were from at least three inde-
pendent experiments and are shown as the mean ± stand-
ard error. P < 0.05, P < 0.01 and P < 0.005 were considered 
to indicate statistical significance using the paired sam-
ples t test and are represented by *, ** and ***, respectively.
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