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Abstract. Thymic dendritic cells (TDCs) are a type of dendritic 
cell (DC) in the thymus, which can enhance the proliferation 
of thymic T  lymphocytes, regulate negative selection and 
induce central tolerance through autoantigen presenta-
tion. However, further investigations using TDCs has been 
restricted due to insufficient numbers. Therefore, an effective 
expansion method for TDCs in vitro is urgently required to 
further examine their biological characteristics. In the present 
study, a novel system was established using fetal thymus organ 
culture (FTOC) and a hanging drop culture system in the 
presence of fms‑like tyrosine kinase 3 ligand (Flt3L), termed 
the Flt3L/FTOC system. TDCs were successfully generated 
and expanded from CD117+ bone marrow hematopoietic 
progenitor cells. Conventional DCs (cDCs; CD11c+B220‑ DCs) 
and plasmacytoid DCs (pDCs; CD11c+B220+ DCs) were found 
in the TDCs generated using the Flt3L/FTOC system. These 
cells exhibited the specific morphological features of DCs, 
which were confirmed using Giemsa staining. Furthermore, 
the cytokine and surface marker profiles were also analyzed. 

Higher expression levels of interferon‑α and interleukin‑12 
were observed in the pDCs, compared with the cDCs, and 
higher expression levels of toll‑like receptor (TLR)7 and 
TLR9 were found in the pDCs than in the cDCs. In addition, 
the Flt3L/FTOC‑derived TDCs also exhibited the ability to 
stimulate the allogenic T cell response. In conclusion, a novel 
in vitro culture system of thymic cDCs and pDCs using Flt3L 
was established, and this may provide a methodological basis 
for understanding the properties of TDCs.

Introduction

Dendritic cells (DCs) include a range of subtypes, which can 
induce T cell immune responses, and are the key regulators of 
the human immune system (1,2). However, the origin of DCs 
and the growth factor requirements during their development 
remain to be fully elucidated. Studies have demonstrated that 
substantial numbers of functional DCs can be obtained from 
the peripheral blood or bone marrow (BM) precursor cells 
through the effects of different cytokines (3,4). Additionally, 
DCs can also arise from intrathymic progenitor cells, which 
are able to form T lymphocytes (5,6). In the mouse, at least 
two DC subpopulations have been identified in the thymus, 
based on the expression of CD11c and B220, which are 
termed conventional DCs (cDCs; CD11c+B220‑DCs) and 
plasmacytoid DCs (pDCs; CD11c+B220+DCs), respectively. 
Among these, cDCs exhibit a high capacity for antigen 
processing and presentation through major histocompatibility 
complex class I and II molecules to T cells (7). In addition 
pDCs are potent type  I interferon (IFN) producers  (7‑9), 
which are critical in protecting the thymus against viral 
infection (10,11) and thymocytes positive selection through 
the secretion of IFN‑α (12,13). However, the exact properties 
of thymic DCs (TDCs) remain to be fully elucidated due 
to the current limitations in the expansion method in vitro. 
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In previous years, considerable efforts have been made to 
improve this. Varas et al (14) demonstrated that interleukin 
(IL)‑7 can increase the production of DCs using fetal thymus 
organ culture (FTOC).

Fms‑like tyrosine kinase 3 ligand (Flt3L), also termed 
fetal liver kinase‑2, is a receptor tyrosine kinase expressed 
on hematopoietic stem cells and early precursors (15). Flt3L 
represents a key factor in Type I IFN‑producing cell (pDC 
precursor) differentiation. Studies have demonstrated that 
Flt3L treatment can significantly increase the number of 
CD11c+ myeloid DCs and type I IFN‑producing cells (16‑18). 
The Flt3L pathway is, therefore, critical in DC homeostasis. 
However, few studies have focused on the effect of Flt3L in 
DC differentiation and development in the thymus. In the 
present study, FTOC was used to imitate the thymic micro-
environment, in which TDCs are required. Combined with 
the method of hanging drop culture, the effect of Flt3L on 
the differentiation of BM‑derived hematopoietic progenitor 
cells (HPCs) into DCs in the thymus was further examined. 
The present study hypothesized that a large number of cDCs 
and pDCs may be routinely generated from a small number 
of CD117+ HPCs by adding Flt3L. The investigation aimed 
to provide novel insight into the differentiation and devel-
opment of TDCs, which may have significant potential in 
translational medicine.

Materials and methods

Mice. C57BL/6 mice and BALB/c mice were purchased from 
the Experimental Animal Center of the Chinese Academy of 
Sciences (Shanghai, China). In all experiments, 8‑12 week old 
mice (25-30  g) were used. A total of 40  male mice and 
60 female mice were used. All mice were bred in the animal 
facility of the Institute of Medical Biotechnology (Jiangsu, 
China) under pathogen‑free conditions (18-22˚C/lighting 
10‑14 h with pelleted food). The present study was approved 
by the Ethics Committee of Soochow University (Suzhou, 
China).All methods were performed in accordance with the 
approved guidelines and experimental protocols, approved by 
the Ethical Review Board of Soochow University, and the mice 
used in the present study were handled in strict accordance 
with recomended animal practices. The day of identification of 
the vaginal plug was designated as day 0 of gestation. Mouse 
fetuses at day 15 of gestation were obtained from timed preg-
nancies.

FTOC. The thymic lobes were aseptically removed from 
15‑day‑old mouse fetuses using a stereoscopic microscope 
(Olympus SZX7; Olympus Corporation, Tokyo, Japan). The 
lobes were trimmed of surrounding mesenchyme and were 
organ‑cultured as follows: A total of 4‑6 individual thymic 
lobes were placed on the surface of 0.8‑µm polycarbonate 
filters (EMD Millipore, Madrid, Spain), which rested on 
stainless steel screen sections attached to the central well of 
organ tissue culture dishes (BD Biosciences, San Diego, CA, 
USA). The lobes were cultured in 2 ml RPMI 1640 medium 
supplemented with sodium pyruvate (1 mmol/l), strepto-
mycin (100 mg/ml) and penicillin (100 U/ml; all purchased 
from Invitrogen Life Technologies, Carlsbad, CA, USA), 
and 10% fetal bovine serum (FBS; Gibco Life Technologies, 

Carlsbad, CA, USA). FTOC medium was also added with 
2‑deoxyguanosine (2‑dGuo; Sigma‑Aldrich, St. Louis, MO, 
USA), which was used to remove thymocytes within the 
embryonic thymic lobes. The organ cultures were treated at 
a concentration of 1.35 mmol/l 2‑dGuo. The peripheral well 
of the culture dishes was filled with 2 ml sterile distilled 
water. The cultures were incubated at 37˚C in a humidified 
incubator containing 5% CO2, and the medium was replaced 
daily. The cultures were incubated at 37˚C for 5-7 days in a 
humidified incubator containing 5% CO2, and the medium 
was replaced every 2 days.

HPC purification and hanging drop culture. A total of six male 
C57BL/6 mice were sacrificed by cervical dislocation. The BM 
cells from the 12 femurs and tibias of the sacrificed mice were 
collected and centrifuged using Ficoll‑Paque centrifugation at 
450 g for 20 min to pellet granulocytes and erythrocytes at 
25˚C. The BM monocytes (6-10x106) were washed twice with 
phosphate‑buffered saline (PBS).The HPCs were purified via 
magnetic‑activated cell sorting (MACS) using a MiniMacs 
equipment (Miltenyi Biotec GmbH, Teterow, Germany). 
The cells were pelleted and incubated with anti‑CD117 
phycoerythrin (PE)-conjugated cross-reactive rat anti-mouse 
monoclonal antibodies (clone 3C11; 20 µl/107 cells; Miltenyi 
Biotec GmbH) in the presence of 0.5% FBS in PBS at 
4˚C for 15 min.  The marked cells were washed with PBS 
and incubated with anti‑phycoerythrin (PE) microbeads 
(100 µl/107 cells; Miltenyi Biotec Inc, Auburn, CA, USA) in 
the presence of 0.5% FBS in PBS at 4˚C for 15 min. The 
cells were washed, resuspended and purified via MACS. The 
purity of the sorted cells was determined by re‑analyzing a 
small sample of collected cells and a purity of >95% was 
observed. The sorted CD117+HPCs and embryonic thymic 
lobes from the 2‑dGuo‑treated FTOC system were seeded in 
a Terasaki plate (Sumitomo Bakelite Co., Ltd., Tokyo, Japan). 
Subsequently, the plate was turned over and incubated for 
48 h at 37˚C in a humidified incubator containing 5% CO2. 
After 48 h culture, the lobes in each well were collected 
and cultured using the FTOC system. For following experi-
ments, the lobes were divided into two groups, consisting of 
a control group and the Flt3L group. In the control group, the 
thymic lobes were cultured with complete RPMI 1640 media 
(20 mmol/l HEPES buffer, 50 μmol/l 2‑ME, 100 U/ml peni-
cillin, 100 mg/ml streptomycin, 2 mM glutamine, 1 mmol/l 
sodium pyruvate and 20% FBS) at 37˚C in a humidified 
incubator containing 5% CO2 for 12 days. In the Flt3L group, 
the lobes were cultured with the aforementioned complete 
RPMI  640 media containing Flt3L (R&D Systems Europe, 
Ltd., Abingdon, UK) at a concentration of 100 ng/ml for 
12 days. The medium was replaced daily.

TDC isolation. Single cell suspensions were obtained by passing 
the disrupted thymic lobes from the 12‑day‑FTOC system 
through a 25‑gauge hypodermic needle (BD Biosciences, 
Franklin Lakes, NJ, USA), and washed in PBS containing 1% 
FBS prior to use. A total of 1x106 thymocytes were incubated 
with rat anti-mouse CD11c‑PE monoclonal antibodies (clone 
N418; 10µl/107 cells; Miltenyi Biotec, Inc.) for 15 min at 4˚C. 
Following staining, the cells were washed once  with PBS and 
incubated with anti‑PE microbeads (Miltenyi Biotec, Inc.) for 
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15 min at 4˚C. The marked cells were washed, resuspended 
in PBS and purified using MACS. Subsequently, the CD11c+ 
thymocytes were resuspended in PBS containing 1% FBS 
prior to staining. The CD11c+ thymocytes were separately 
incubated with monoclonal Bio‑conjugated mouse B220 
antibody (clone RA3-6B2; 10 µl/107 cells; Miltenyi Biotec, 
Inc.) for ~20  min and strepavidin‑microbeads (Miltenyi 
Biotec, Inc.) for ~20 min at 4˚C. Finally, the CD11c+B220‑ 
DCs (cDCs) and CD11c+B220+ DCs (pDCs) were isolated 
using MACS.

Immunofluorescence staining and flow cytometric analysis. 
The thymic lobes from the 12‑day‑FTOC system were homog-
enized in PBS, and a suspension of thymocytes was derived by 
passing the sample through a cell filter. A total of 2x105 subsets 
of embryonic thymocyte cells were incubated with satu-
rating quantities of fluorescein isothiocyanate (FITC)‑ and 
PE‑labeled monoclonal antibodies for 30 min at 4˚C. The anti-
bodies included anti‑CD11c‑FITC (clone N418), anti‑CD4‑PE 
(clone GK1.5), anti‑CD8‑PE (clone 53‑6.7), anti‑CD117‑PE 
(clone 2B8; anti‑Ia‑PE (clone NIMR-4), anti‑CD8‑FITC (clone 
53-6.7) and B220‑biotin (clone RA3-6B2; all from eBiosci-
ence, San Diego, CA, USA), anti‑CD11c PE (clone HL3) 
and anti‑B220 FITC (clone RA3-6B2; BD Pharmingen, San 
Diego, CA, USA). Following staining, the cells were washed 
twice and resuspended in PBS for analysis. Subsequently, the 
cells were analyzed using a FACScalibur (BD Biosciences, 
Mountain View, CA, USA).

Optical microscopy. The thymic lobes from the 12‑day‑FTOC 
system were homogenized and sorted into cDCs(~5x105) and 
pDCs (~5x105) using MACS. Subsequently, the cDCs and 
pDCs were stimulated in vitro with CpG2006 (GenScript, 
Nanjing, China) for 24 h at 37˚C, in a humidified incubator 
containing 5% CO2. Following culture for 24 h, the mature 
cDCs and pDCs stained with Giemsa (Sigma‑Aldrich) 
were observed and images were captured under an optical 
microscope (Olympus CKX41; Olympus Corporation, Tokyo, 
Japan).

Mixed leukocyte cultures for assaying DC function. The 
culture system used in the present study has been described 
previously (19). Allogenic CD4+ T cells from the BALB/c mice 
were used as responders (14). Briefly, the adherent cells were 
initially removed by incubating splenic mononuclear cells 
(MNCs) at 37˚C for 2 h in RPMI 1640 containing 10% FBS. 
The nonadherent splenic MNCs (1x107) were incubated with 
microbead‑conjugated anti‑mouse CD4 monoclonal antibody 
(clone L3T4; 10 µl/107 cells; Miltenyi Biotec GmbH) and 
the CD4+ T cells were separated using MACS. The cDCs 
and pDCs from the FTOC system were used as stimulators. 
Graded doses of stimulator cells (between 100 and 3x104 cells) 
were added to the T cells (3x105) in a 96‑well round‑bottom 
tissue‑culture plate (Corning Incorporated, Corning, NY, 
USA). Following incubating with or without CpG2006 at 
37˚C for 4 days, the cell proliferation was determined using 
3‑(4,5‑dimethyl thiazolyl‑2)‑2,5‑diphenyltetrazolium bromide 
(Sigma‑Aldrich). The resultant absorbance at 490 nm was read 
using a Dynatech MR7000 microtiter plate reader (Dynatech 
Laboratories, Chantilly, VA, USA).

Cytokine detection. The sorted cDCs (3x105) and pDCs (3x105) 
were cultured with CpG2216 for 24 h to stimulate cytokine 
production. Following the 24 h culture, the supernatants were 
collected and quantified using an enzyme‑linked immunosor-
bent assays (ELISA). The color development was measured at 
490 nm using a Dynatech MR7000 microtiter plate reader. The 
mouse IL‑12 p70 ELISA kit was purchased from BioSource 
International (Camarillo, CA, USA), whereas the mouse IFN‑α 
ELISA kit was purchased from PBL Biomedical Laboratories 
(Piscataway, NJ, USA).

Reverse transcription‑polymerase chain reaction (RT‑PCR). 
Total RNA was extracted from 1x106 of the indicated 
cells using TRIzol reagent (Invitrogen Life Technologies), 
according to the manufacturer's instructions. First‑strand 
complementary DNA (cDNA) was synthesized from 
200 ng total RNA in a 25 µl reaction volume with the use 
of random primers (Takara Biotechnology Co., Ltd., Dalian, 
China) using Bio‑Rad gradient PCR (Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA). Subsequently, the cDNA was ampli-
fied for 25 cycles consisting of 94˚C for 30 sec, 58˚C for 30 sec 
and 72˚C for 45 sec, with a pair of oligonucleotide primers 
for the corresponding toll‑like receptor (TLR). A glyceralde-
hyde‑3‑phosphate dehydrogenase (GAPDH) transcript was 
amplified in parallel as a control. The corresponding oligo-
nucleotide primer sequences were as follows: TLR7, forward 
5'‑AGA​GGC​CCA​TGT​GAT​CGTG‑3' and reverse 5'‑CGA​
GGG​CAA​TTT​CCA​CTT​AGG‑3'; TLR9, forward 5'‑AAC​
ATG​GTT​CTC​CGT​CGA​AGG‑3' and reverse 5'‑GTA​GAT​
GCA​GTT​CCC​GTCC‑3'; and GAPDH, forward 5'‑CCT​AAG​
GCC​AAC​CGT​GAA​AAG‑3' and reverse 5'‑TCT​TCA​TGG​
TGC​TAG​GAG​CCA‑3'. The PCR products were fractionated 
on a 1.5% agarose gel (Sigma-Aldrich) and visualized using 
ethidium bromide (0.5 µg/ml; Sigma‑Aldrich) staining.

Statistical analysis. All data are expressed as the mean ± stan-
dard error of the mean. Student's t‑test and a one‑way analysis 
of variance were used to assess the difference between the two 
groups or among multiple groups, respectively. All data were 
analyzed using SPSS 16.0 (SPSS, Inc., Chicago, IL, USA). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

BM‑derived CD117+ HPCs differentiate into TDCs in the 
FTOC system in the presence of Flt3L. To determine the effect 
of Flt3L on the differentiation of HPCs into TDCs, BM CD117+ 
HPCs were cultured using the FTOC system in the presence 
of Flt3L. The number of thymocytes from the Flt3L‑treated 
group was twice the number observed in the control group. 
This suggested that Flt3L contributed to HPC proliferation in 
the FTOC system.

To further characterize the subset of proliferated thymic 
cells, different cell surface markers on the thymocytes were 
detected following 12 days of culture with or without Flt3L. 
Flow cytometric analysis revealed that the expression of 
CD11c in the Flt3L group was approximately nine times 
higher tha that in the control group (Fig. 1A). The propor-
tion of CD8‑CD11c+ thymocytes increased in the presence of 
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Flt3L (Fig. 1B). Similarly, the Ia+CD11c+ thymocytes from the 
Flt3L‑treated FTOC proliferated faster than those in control 
cultures. In addition, the proportion of cDCs was also nine times 
higher in the Flt3L‑treated group than in the control group, and 
the proportion of pDCs was eight times higher (Fig. 1B). These 
results confirmed the existence of a large number of TDCs 
(cDCs and pDCs) in the Flt3L‑treated group.

Morphological examination was performed to confirm the 
nature of the identified cells. Freshly isolated CD11c+B220+ 
pDCs from the FTOC system exhibited a round shape with few 
membrane projections, whereas the CD11c+B220‑cDCs exhib-
ited a large, cytoplasm‑rich, irregular shape with numerous 
membrane projections. Followin overnught culture in the pres-
ence of CpG2006, these two types of TDCs were observed to 
exhibit a typical DC morphology with irregular membranes, 
bean‑like nuclei and fine dendritic processes (Fig. 2). The results 
of the Giemsa staining indicated that the matured thymic cDCs 
and pDCs presented with the specific morphology of DCs.

TDCs from Flt3L‑administered FTOC promote CD4+ T cell 
proliferation. To assess the functional properties of TDCs 
from Flt3L‑treated FTOC, purified CD4+T cells were used 
as responder cells to evaluate the allostimulatory capacity of 
the thymocytes generated in the 12‑day Flt3L‑treated FTOC 
system. As shown in Fig. 3, the CD11c+ DCs were capable 
of stimulating the proliferation of allogeneic T cells with or 
without CpG2006 treatment. However, CD11c+ DCs without 
Cp2006 treatment exhibited a relatively poor stimulatory 
capacity. This indicated that the thymocytes cultured in 
Flt3L‑treated cultures were efficient antigen‑presenting cells.

To further examine the potential of cDCs and pDCs in 
stimulating the proliferation of allogeneic T cells, mixed leuko-
cyte cultures were performed. As shown in Fig. 4, the cDCs 
subjected to CpG2006 treatment proliferated faster than the 
pDCs. Therefore, cDCs and pDCs from the Flt3L‑administered 
FTOC system exhibited different potentials in stimulating the 
proliferation of allogeneic T cells.

Figure 1. Phenotypic analysis of thymocytes recovered from FTOC, treated with or without Flt3L. Phenotype of the thymocytes following 12 days of culture 
in the absence or presence of Flt3L. Cells were recovered from fetal thymic lobes following 12 days of culture and were (A) single‑ or (B) double‑labeled for 
flow cytometric analysis. A minimum of 10,000 cells were analyzed for the expression levels of CD4, CD8, CD11c, Ia and B220. The results are representative 
of a series of three independent experiments. The BM-derived CD117+ HPCs differentiated into TDCs in the FTOC system in the presence of Flt3L. FTOC, 
fetal thymus organ culture; Flt3L, Fms‑like tyrosine kinase 3 ligand; MHC, major histocompatibility complex.

Figure 2. Morphology of thymic cDCs and pDCs. Giemsa staining was performed on the sorted thymic cDCs and pDCs from the Fms‑like tyrosine kinase 3 
ligand‑treated fetal thymus organ culture, which were then cultured overnight with CpG2006. The results are representative of three independent experiments. 
(magnification, x200). The cDCs were large, cytoplasm-rich and irregular in shape with numerous membrane projections; pDCs exhibited a round shape with 
few membrane projections. cDC, conventional dendritic cell; pDC, plasmacytoid dendritic cell.

  A

  B
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Cytokine production by thymic cDCs and pDCs. The produc-
tion of particular cytokines is an indication of the intrathymic 
role of TDCs, aside from antigen presentation. However, only 
a small number of cytokines produced by TDCs in situ in a 
steady state have been observed until now. In the present study, 
thymic cDCs and pDCs were stimulated with CpG oligonucle-
otides (CpG2216) to assess their cytokine secretion capacities. 
As shown in Fig. 5, the cDCs secreted a low level of IL‑12 
and IFN‑α, whereas the pDCs secreted substantial quantities 
of IFN‑α, but not IL‑12. This indicated that the thymic pDCs 
and cDCs exhibited diverse capacities in IFN‑α and IL‑12 
production.

In addition, RT‑PCR was applied to assess the expression 
of levels of TLR7 and TLR9 in the thymic cDCs and pDCs 
stimulated by CpG2216. It was found that the thymic pDCs, 
but not the cDCs, expressed high levels of TLR7 and TLR9 

(Fig. 6). These results are consistent with those of previous 
studies (20). Therefore, the thymic cDCs and pDCs from the 
culture system presented with functional capacities in cyto-
kine production.

Discussion

DCs are critical in immunotherapy against infections. However, 
the limited availability of DCs is the predominant restric-
tion in biological or clinical investigations. Several reports 
have used in vitro differentiated myeloid‑derived DCs (21), 
which are induced principally by granulocyte‑macrophage 

Figure 4. Allogenic mixed lymphocyte reaction. The allogenic mixed lym-
phocytes reaction was performed using purified CD4+ T cells (3x105 cells/well 
in 96‑round‑well plate) as responder cells. Thymic pDCs from Flt3L‑treated 
FTOC with and without CpG2006 stimulation, and thymic cDCs from 
Flt3L‑treatd FTOC with and without CpG2006, stimulation were examined. 
All the indicated cell subpopulations were purified or generated. The results 
are representative of three independent experiments. *P<0.05 and **P<0.01, 
pDCs with CpG2006, vs. pDCs without CpG2006; *P<0.05 and **P<0.01, 
cDCs with CpG2006, vs. cDCs without CpG2006. ##P<0.01, pDCs with 
CpG2006, vs. cDCs with CpG2006. FTOC, fetal thymus organ culture; 
Flt3L, Fms‑like tyrosine kinase 3 ligand; cDC, conventional dendritic cell; 
pDC, plasmacytoid dendritic cell; OD, optical density.

Figure 5. Comparison of cytokine production between thymic pDCs and 
cDCs following CpG2216 stimulation. Thymic cDCs and pDCs were puri-
fied and were stimulated with CpG2216 overnight. Following 24 h culture, 
the supernatants were assayed for IL‑12 and IFN‑α using enzyme‑linked 
immunosorbent assays. Comparison of cytokine production between the 
thymic pDCs and cDCs following CpG2216 stimulation is shown (**P<0.01, 
compared with the cDCs). Results are representative of thee independent 
experiments and are expressed as the mean ± standard error of the mean. 
IL‑12, interleukin‑12; IFN‑α, interferon‑α; cDC, conventional dendritic cell; 
pDC, plasmacytoid dendritic cell; OD, optical density.

Figure 6. TLR profiles of thymic cDCs and pDCs. The expression of TLR7, 
TLR9 and GAPDH in the thymic pDCs and cDCs from Fms‑like tyrosine 
kinase 3 ligand‑treated fetal thymus organ culture were purified. The expres-
sion of GAPDH, TLR7 and TLR9 in the thymic pDCs are shown on the left; 
expression of GAPDH, TLR7 and TLR9 in the thymic cDCs are shown on the 
right. Total RNAs were extracted from 1x106 of the indicated cells. Reverse 
transcription‑polymerase chain reaction was performed. The results are rep-
resentative of three independent experiments. cDC, conventional dendritic 
cell; pDC, plasmacytoid dendritic cell; TLR, toll‑like receptor; GAPDH, 
glyceraldehyde‑3‑phosphate dehydrogenase.

Figure 3. Mixed lymphocyte reaction‑stimulatory capacity of TDCs gener-
ated using FTOC in the presence of Flt3L. TDCs derived from the 12‑day 
Flt3L‑treated FTOC were seeded in a series of dilutions as stimulators 
for allogeneic T cells (3x105) isolated from lymph nodes with or without  
CpG2006. After 5 days, the cultures were pulsed for 4 h with MTT. The 
resultant absorbance at 490 nm was read using an enzyme‑linked immuno-
sorbent assay instrument. The results are expressed as the mean of pooled 
data from three independent experiments, with five cultures at each dilution. 
*P<0.05 and **P<0.01,  TDCs with CpG2006, vs. without CpG2006. TDCs, 
thymic dendritic cells; OD, optical density; FTOC, fetal thymus organ cul-
ture; Flt3L, Fms‑like tyrosine kinase 3 ligand.
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colony‑stimulating factor (GM‑CSF) in combination with 
other cytokines, including tumor necrosis factor‑α, IL‑4 and 
stem cell factor (16,22,23). Flt3L and GM‑CSF are important 
cytokines during DC development in a steady state, and the 
two are expressed in DC progenitors (24). Notably, GM‑CSF 
is expressed predominantly in monocytes, cDCs and skin 
DCs, whereas Flt3 is expressed in cDCs and pDCs (25). In 
the thymus, Flt3 is expressed by a subset of early T lineage 
progenitors (ETPs), and these Flt3+ ETPs represent the earliest 
intrathymic T  lineage progenitors identified thus far  (26) 
In addition, HPCs exhibit different mobilization kinetics 
in response to Flt3L, resulting in the preferential mobiliza-
tion of HPCs at day  5 followed by HPC mobilization at 
day 10 (27). Although DCs are traditionally generated in vitro 
with cytokine cocktails containing GM‑CSF, with or without 
IL‑4, the in  vivo expansion of DC populations is usually 
accomplished through the administration of the Flt3L growth 
factor (3,4). Additionally, DCs can arise from lymphoid‑ and 
myeloid‑committed BM precursors, which lack markers 
of differentiated immune lineage cells and express the Flt3 
receptor (lin‑flt3+) (28). Few studies have used Flt3L in DC 
expansion in vitro.

In the present study, comprehensive analysis of the role of 
Flt3L on the development of thymic DCs (cDCs and pDCs) 
from BM‑derived HPCs was performed. In order to remove 
pre‑thymocytes in the embryonic thymic lobes, freshly 
collected thymic lobes were treated with 2‑dGuo prior to 
seeding the BM‑derived HPCs within a hanging drop culture 
system. In the Flt3L‑FTOC system, two distinct DC subsets 
(cDCs and pDCs) were characterized from the BM‑derived 
HPCs, which were separately identified as CD11c+B220‑ and 
CD11c+B220+ in the mouse thymus. Notably, Flt3L treatment 
was capable of expanding cDCs and pDCs, particularly, pDCs. 
Following overnight culture in the presence of CpG2006, 
the cDCs and pDCs generated by the Flt3L‑FTOC system 
exhibited a typical DC morphology with irregular membranes, 
bean‑like nuclei and fine dendritic projections. Functionally, 
these TDCs (cDCs and pDCs) from the Flt3L‑FTOC system 
stimulated allogenic T cell proliferation.

The present study also observed that the pDCs, but not the 
cDCs, from the Flt3L‑FTOC system expressed high levels 
of TLR7 and TLR9. This suggested that thymic pDCs are 
a major component of TLR7‑ and TLR9‑dependent inflam-
mation. The TLR7/9‑dependent pathway appears to be a 
predominant mode of nucleic acid sensing in pDCs, although 
additional DNA sensors, including DHX9/DHX36 have 
been suggested (29). pDCs are innate immune cells, which 
circulate in the blood and lymphoid tissues and, upon stimu-
lation by unmethylated CpG DNA through the engagement 
of TLR7 and TLR9, pDCs can be specialized to produce 
substantial quantities of IFN‑α (30,31). The present study 
also observed that these pDCs secreted higher levels of IL‑12 
and IFN‑α, compared with the cDCs following stimulation 
with CpG2216. These findings suggested that pDCs are more 
important in protecting the thymus against viral infection 
than cDCs.

In conclusion, the current limitations in isolating large 
numbers of DCs has been the predominant obstacle in inves-
tigating the biological functions and clinical applications of 
DCs. The present study demonstrated that the Flt3L‑FTOC 

system was able to support in vitro expansion of a novel 
TDC lineage in culture from a number of CD117+ HPCs. 
Notably, this culture system provided the distinct expan-
sion of thymic pDCs, however, it was not able to produce 
pure cDCs or pDCs. Therefore, this culture system requires 
improvement to produce a single subset of DCs. These find-
ings have important implications for the current opinion that 
in vitro‑generated pDCs may offer potential in translational 
medicine.
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