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Abstract. Modulation of differentiation of dendritic cells 
(DCs), which are derived from bone marrow cells, may 
influence their maturation and consequently regulate their 
ability to present antigens to alloreactive T lymphocytes. 
B  lymphocyte‑induced maturation protein‑1 (Blimp1) is a 
master regulator of immunocyte differentiation, which has 
been investigated for its effect on DCs. In the present study, 
a lentivirus was used as a vector to transduce Blimp1‑short 
hairpin (sh)RNA into primary bone marrow cells during their 
differentiation to DCs. Lentiviral‑mediated Blimp1‑shRNA 
(lenti‑shRNA‑Blimp1) had a transduction efficiency of 
>60% in DC precursors. Lenti‑shRNA‑Blimp1 significantly 
downregulated the expression levels of Blimp1 and modulated 
the expression of its target proteins, including class II major 
histocompatibility complex (MHC) transactivator, c‑myc 
and interleukin‑6. Although lenti‑shRNA‑Blimp1 did not 
interfere with the differentiation of bone marrow cells to 
DCs, it inhibited DC maturation by decreasing the expression 
of surface MHC‑II molecules, but not the expression of 
MHC‑I molecules and co‑stimulatory molecules [cluster of 
differentiation (CD)80/CD86]. Subsequently, alloreactive 

T cell proliferation was alleviated and regulatory T cells were 
expanded in response to lenti‑shRNA‑Blimp1. A toxicity assay 
indicated that the morphology and proliferation of cultured DCs 
were mildly influenced by the lentiviral vector, indicating that 
the use of alternative vectors with minimal or no toxicity could 
be investigated in future studies. In conclusion, transduction 
with lenti‑shRNA‑Blimp1 modulated the maturation of DCs 
via MHC‑II molecule suppression and inhibited alloreactive 
T cell activation. The present findings supported the application 
of Blimp1‑based intervention as a novel approach to induce 
immature DCs for further immunological research.

Introduction

Dendritic cells (DCs) are commonly derived from the bone 
marrow, spleen, lymph glands and peripheral blood. The 
conventional and stable method for obtaining DCs is the culti-
vation and differentiation of DC precursors (pre‑DCs), which 
are derived from the primary cells of the bone marrow (1). DCs 
serve pivotal roles in the immune response. Immature DCs 
exhibit potent antigen‑uptake and weak antigen‑presenting 
activities, whereas mature DCs possess weak antigen‑uptake 
and potent antigen‑presenting activities (2).

B lymphocyte‑induced maturation protein‑1 (Blimp1) is 
a transcriptional inhibitor with five zinc finger motifs that is 
known to act as a master regulator of B‑cell terminal differen-
tiation. Blimp1 modulates plasmocyte differentiation (3,4), and 
regulates the development and stability of T cells, including 
T helper cells and regulatory T cells (Tregs) (5,6). In addi-
tion, Blimp1 modulates lipopolysaccharide (LPS)‑induced 
differentiation of primary B lymphocytes  (7), induces the 
differentiation of macrophages (8) and affects the matura-
tion of DCs by regulating various signaling cascades (9). 
Furthermore, it affects stem cell development and tissue 
formation by regulating sagittal axis development and head 
structure formation (10,11). Although the basal expression of 
Blimp1 is low in bone marrow‑derived DCs, Blimp1 serves 
a critical role in the tolerogenic function of DCs; diminished 
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Blimp1 expression in DCs can result in aberrant activation of 
the adaptive immune system (12‑14), which may be associated 
with DC differentiation and maturation.

Genetic manipulation is a notable method for modu-
lating the function of target cells. Each vector, non‑viral or 
viral, has distinct features. Although the liposome method is 
conventional and cheap, it has low efficiency in primary and/or 
non‑dividing cells, and can alter the expression of certain genes 
by affecting the physiological function of cells (15). Although 
electroporation has high transfection efficiency, it causes 
severe cell damage. Adenoviral vectors have high efficiency 
during cell infection, but can lead to immune responses due 
to their immunogenicity (16,17). Lentiviral vectors have the 
ability to efficiently transduce non‑dividing and dividing cells 
by inserting a large genetic segment in the host chromatin, 
in order to sustain stable long‑term transgene expression. 
Furthermore, lentiviral vectors can be used to generate the 
induction of pluripotent stem cells (18,19). Lentiviruses have 
recently been accepted as promising transduction vectors for 
stem cells  (20). Their applications have been examined in 
bone marrow cells, which contain numerous stem cells and 
precursor cells, which possess the potential to differentiate 
into a wide range of cells (21).

Based on previous studies, it was hypothesized that 
lentiviral‑mediated Blimp1 short hairpin RNA (shRNA) 
(lenti‑shRNA‑Blimp1) gene transduction may affect the 
differentiation and maturation of DCs, and consequently 
regulate subsequent antigen presentation to T cells. In the 
present study, primary bone marrow cells were harvested from 
mice and the cells were transduced with lenti‑shRNA‑Blimp1. 
During the differentiation of pre‑DCs to DCs, transduction 
efficiency, and the mRNA and protein expression levels of 
Blimp1 were assessed. The effects of Blimp1 downregulation 
on differentiation, maturation and alloreactive T cell 
stimulation of DCs were also elucidated. In addition, the 
disadvantages of this method were identified. The findings of 
the present study may aid the establishment of a novel model 
for generating immature DCs from marrow‑derived cells, in 
order to regulate immune reactions.

Materials and methods

Animals. Male C57BL/6 and BALB/C mice (weight, ~20 g; 
age, 6‑8 weeks) were purchased from Beijing HFK Bioscience 
Co. Ltd. (Beijing, China) and were maintained under specific 
pathogen‑free conditions (humidity, 50‑60%; temperature, 
18‑22˚C; 12‑h light/dark cycle; free access to food and water). 
Six C57BL/6 mice were used for reverse transcription‑quan-
titative polymerase chain reaction (RT‑qPCR). Six C57BL/6 
mice were used for western blotting. Six C57BL/6 mice and 
two BALB/C mice were used for mixed lymphocyte reaction 
(MLR). Six C57BL/6 mice were used for ELISA and flow 
cytometry. All experiments were approved by the Institutional 
Animal Care and Use Committee at Tongji Medical College, 
Huazhong University of Science and Technology (Wuhan, 
China; ethical approval no. TJ‑A201111211).

Culture of DCs. The culture of DCs from mouse bone marrow 
cells has been reported previously (22‑25). Briefly, the femurs 
and tibiae of male C57BL/6 mice were removed, purified and 

maintained in RPMI 1640 (cat. no. SH30809.01B; HyClone; 
GE Healthcare, Logan, UT, USA) supplemented with 
10% inactivated fetal bovine serum (FBS; cat. no. 16000044; 
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). 
Both ends were then cut and the bone marrow was flushed. 
The clusters within the marrow suspension were disinte-
grated by vigorous pipetting and the red blood cells were 
lysed using red blood cell lysis buffer (cat. no. R1010; Beijing 
Solarbio Science & Technology Co., Ltd., Beijing, China). 
Approximately 1‑1.5x107 bone marrow‑derived mononuclear 
cells (BMDMCs) were obtained per femur and/or tibia. On 
day 0, 1x106 BMDMCs were added to each well (6‑well 
plate) in 2.5 ml medium consisting of complete RPMI 1640, 
20 ng/ml recombinant mouse (rm) granulocyte‑macrophage 
colony‑stimulating factor (GM‑CSF; cat. no.  315‑03) and 
10 ng/ml rm interleukin (IL)‑4 (cat. no. cat. no. 214‑14; both 
PeproTech, Inc., Rocky Hill, NJ, USA). On day 3, the medium 
containing non‑adherent cells was discarded and 2.5 ml fresh 
medium with supplemented GM‑CSF and IL‑4 was added for 
further culture. On day 6, the medium containing non‑adherent 
cells was collected and centrifuged at 300 x g for 5 min at 25˚C. 
The cell pellet was resuspended and incubated in 2.5  ml 
RPMI 1640 supplemented with 10% inactivated FBS (25‑28). 
On day 7, 500 ng/ml LPS (cat. no. L2630; Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany) was added to the culture 
for 24 h, in order to induce DC maturation. On day 8, cell 
culture was terminated and the cells were harvested for further 
investigation. The morphology and proliferation of cultured 
cells were observed and recorded under a microscope (Nikon 
Eclipse TE2000‑E; Nikon Corporation, Tokyo, Japan).

Design and synthesis of shRNA. The shRNA sequence that 
was designed for Blimp1 interference was 5'‑GGA​AAG​GAC​
CUC​UAC​CGU​UTT‑3'  (29). The negative control shRNA 
sequence was 5'‑TTC​TCC​GAA​CGT​GTC​ACG​T‑3'. The loop 
structure in the shRNA template was selected as TTC​AAG​
AGA, in order to avoid the termination signal, and the shRNA 
sequence of transcriptional termination was selected as the 
T6 structure. The CACC sequence was added at the 5'‑end in 
the sense strand, which could combine with the sticky end of 
BbsI, which was produced by enzyme digestion. The GATC 
sequence was added at the 5'‑end in the antisense strand, 
which could combine with the sticky end of BamHI, which 
was produced by enzyme digestion. DNA oligos (shRNA 
sequences) were dissolved in TE (pH 8.0) solution at a concen-
tration of 100 µM. PCR amplification was used to complete the 
annealing process and the products were preserved at 4˚C (30). 
The shRNA samples were obtained following the annealing 
process. Their concentration was 10 µM and they were diluted 
500 times to a final concentration of 20 nM, which was used 
for ligation.

Construction of lentiviral vectors. The shRNA was 
ligated into the pGPU6/GFP/Neo vector to establish the 
pGPU6/GFP/Neo‑shRNA vector. The green fluorescent 
protein (GFP) gene uses a separate CMV promoter, which 
is different from the U6 promoter. For transformation, 
shRNA vectors (100 ng) were mixed with 50 µl Escherichia 
coli (TOP10; Invitrogen; Thermo Fisher Scientific, Inc.) 
and incubated in LB culture medium containing 10  g 
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tryptone, 5 g yeast extract and 5 g sodium chloride per 1 l 
(cat. nos. LP0042B, LP0021T and LP0005B; Thermo Fisher 
Scientific, Inc.) at 37˚C for 90 min with constant agitation at 
200 rpm. Five positive transformant colonies were selected 
on LB agar plates (cat. no. 22700041; Invitrogen; Thermo 
Fisher Scientific, Inc.) containing 50 µg/ml kanamycin (cat. 
no.  E004000; Sigma‑Aldrich; Merck KGaA) following 
incubation at 37˚C for 14 h. The pGPU6/GFP/Neo‑shRNA 
vector plasmids were extracted using the alkaline lysis method 
and were identified by BamHI and PstI enzyme digestion. 
Subsequently, 9 µg lentiviral packaging plasmid (Virapower™ 

Packaging Mix; cat. no. K497500; Thermo Fisher Scientific, 
Inc.) and 3 µg lentiviral vector were each diluted in 1.5 ml 
Opti‑minimum essential medium (MEM) culture medium (cat. 
no. SH30024.01; HyClone; GE Healthcare). The two compo-
nents were then mixed. Typically, 36 µl Lipofectamine® 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.) was diluted in 
1.5 ml Opti‑MEM culture medium and was then mixed with 
the viral vector dilution after 5 min. The mixture was incubated 
for 20 min at room temperature and was then transfected into 
293T cells (CRL‑3216; American Type Culture Collection, 
Manassas, VA, USA), which were cultured in high‑glucose 
Dulbecco's Modified Eagle's Medium (cat. no. SH30022.01B; 
HyClone, GE Healthcare) supplemented with 10% inactivated 
FBS (cat. no. 16000044; Gibco; Thermo Fisher Scientific, 
Inc.) for 24 h at 37˚C in an atmosphere containing 5% CO2 
and 95% humidity. The supernatant containing the virus was 
collected between 48 and 72  h post‑transfection and was 
centrifuged at 300 x g for 5 min at 4˚C. The cellular debris 
was removed using Lenti‑X™ Maxi Purification kit (cat. 
no. 631233; Takara Bio Inc., Otsu, Japan) and viruses were 
preserved at ‑80˚C. The viral titer was detected in the 293T 
cell line. Positive colonies were selected, and the lentiviral titer 
was calculated by crystal violet staining.

Lentiviral transduction of bone marrow cells. On culture day 
1, the lentiviral solution (1x109 TU/ml) was thawed at 37˚C and 
added to the cultures (80 µl/well, 8x107 TU) at a multiplicity of 
infection of 100. Furthermore, polybrene was added at a final 
concentration of 5 µg/ml. On day 2, the medium was replaced 
to remove the residual virus, and cells were incubated with 
20 ng/ml GM‑CSF and 20 ng/ml IL‑4.

Grouping. According to lentiviral transduction, cultured cells 
were divided into the following three groups: Empty‑control 
group, in which the cells received no intervention; lenti‑control 
group, in which the cells received blank lentiviral transduc-
tion; and lenti‑shRNA‑Blimp1 group, in which cells received 
lenti‑shRNA‑Blimp1‑shRNA transduction.

Detection of mRNA expression by RT‑qPCR. A total of 72 h 
post‑transduction, total RNA was extracted from the imma-
ture cells in each group using TRIzol® (cat. no. 15596018; 
Invitrogen; Thermo Fisher Scientific, Inc.) and RNA 
concentration was adjusted to 1  g/l. β‑actin, which is a 
housekeeping gene for normalization, served as an internal 
reference. The primers used for detection of the corre-
sponding gene transcripts were as follows: β‑actin (accession 
no. NC_000071) forward, 5'‑AGT​GTG​ACG​TTG​ACA​TCC​
GTA‑3' and reverse,  5'‑GCC​AGA​GCA​GTA​ATC​TCC​T 

TC​T‑3'; Blimp1 (accession no. NC_000076) forward, 5'‑GTA​
TTG​TCG​GGA​CTT​TGC​GGA​G‑3' and reverse, 5'‑TCA​CTA​
CTG​TAT​TGC​TTT​GGG​TTG​C‑3'; class II major histocom-
patibility complex (MHC) transactivator (CIITA) (accession 
no. NC_000082) forward, 5'‑TGC​AGG​CGA​CCA​GGA​GAG​
ACA‑3' reverse,  5'‑GAA​GCT​GGG​CAC​CTC​AAA​GAT‑3'; 
and c‑myc (accession no. NC_000081) forward, 5'‑CAC​CAG​
CAG​CGA​CTC​TGA​A‑3' and reverse,  5'‑GCC​CGA​CCT​C 
TT​G‑3'. Total RNA was reverse transcribed into cDNA using 
the PrimeScript™ RT reagent kit (Perfect Real Time; cat. 
no. RR036A; Takara Bio Inc.), according to manufacturer's 
protocol, which was then used as a template for PCR amplifica-
tion. qPCR was conducted using TransStart Top Green qPCR 
SuperMix (+Dye I) (cat. no. AQ132‑11; Beijing TransGen 
Biotech Co., Ltd., Beijing, China), with the following reaction 
conditions: Pre‑denaturation at 95˚C for 1 min, followed by 
40 cycles of denaturation at 95˚C for 15 sec, annealing at 58˚C 
for 20 sec and extension at 72˚C for 20 sec, and a final exten-
sion step at 72˚C for 5 min. Relative quantity (RQ) was used to 
determine the mRNA expression levels, according to melting 
curve analysis. The detection was performed in triplicate (31).

Detection of protein expression by western blotting. Blimp1, 
and its direct target proteins CIITA and c‑myc, were examined 
by western blotting. A total of 96 h post‑transduction, the 
immature cells in each group were lysed in lysis buffer 
(cat. no.  P0013; Beyotime Institute of Biotechnology, 
Shanghai, China) and the total protein was quantified as 
previously described (32,33). The protein concentration was 
adjusted to 1.5 g/l and the proteins were stored at ‑80˚C. 
Subsequently, 30 µg proteins were loaded per lane, separated 
by 10% SDS‑PAGE, subjected to electrophoresis (80 V for 
30 min and 110 V for 30 min) and electrotransferred onto 
a polyvinylidene fluoride membrane at a constant current 
of 200 mA for 150 min. The membrane was blocked with 
nonfat milk for 2 h at 37˚C in order to reduce nonspecific 
binding, and was then incubated with the following primary 
antibodies (1:500) at 4˚C overnight: Blimp1 (cat. no. 9115; 
Cell Signaling Technology, Inc., Danvers, MA, USA), CIITA 
(cat. no. sc‑13556; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA) and c‑myc (cat. no. 5605; Cell Signaling Technology, 
Inc.). Subsequently, the membrane was washed three times 
in Tris‑buffered saline‑0.1% Tween‑20 (15 min/wash) and 
incubated with secondary antibodies (1:6,000; cat. nos. A0216 
and A0208; Beyotime Institute of Biotechnology) at 37˚C 
for 1.5 h. The membrane was then treated with enhanced 
chemiluminescence reagents (cat. no. P0018AM; Beyotime 
Institute of Biotechnology), in order to visualize the bands, 
which were scanned and densitometrically analyzed by 
ImageJ 1.6.0_20 (National Institutes of Health, Bethesda, 
MD, USA). Densitometric values were normalized to β‑actin 
(1:1,000; cat. no.  3700; Cell Signaling Technology, Inc.) 
immunoreactivity, in order to correct for loading and transfer 
differences among the samples. The detection procedure was 
repeated in triplicate.

ELISA. The concentration levels of a direct target of Blimp1, 
IL‑6, were detected in the culture supernatant on culture day 7 
by ELISA. The IL‑6 ELISA kit (cat. no. DKW12‑2060‑096; 
Dakewe Biotech Co., Ltd., Shenzhen, China) was used 
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according to the manufacturer's protocol. The detection was 
repeated in triplicate.

MLR. Lymph nodes from BALB/C mice were harvested 
from the armpits, groin and mesenteric lymph nodes. Lymph 
nodes were minced and filtered through a 70‑µm cell strainer 
(cat. no. 352350; BD Biosciences, Franklin Lakes, NJ, USA) 
to obtain alloreactive T cells (22,34‑36). Total T cells were 
stained with 2 µM PKH26 (cat. no. MINI26; Sigma‑Aldrich; 
Merck KGaA) at room temperature for 5 min. On day 8, the 
transduced C57BL/6 DCs were harvested and co‑cultured with 
105 alloreactive T cells at a ratio of 1:5 in 96‑well round‑bottom 
plates in triplicate; non‑transduced C57BL/6 DCs were used 
as a control. After 96  h incubation at 37˚C, 5%  CO2 and 
95% humidity, T cell proliferation was measured by flow 
cytometry. T cells that were cultured with non‑stimulated 
DCs were used as a negative control. As a positive control, 
at the beginning of MLR, T cells were stimulated by cluster 
of differentiation (CD)3 and CD28 antibodies (1:2,000; cat. 
nos. 16‑0032‑85 and 16‑0281‑85; eBiosciences; Thermo Fisher 
Scientific, Inc.) at 37˚C for 96 h.

Flow cytometry. At the end of DC culture, the cells in each 
group were centrifuged at 300 x g for 5 min. The supernatant 
was removed and the cells were washed with PBS (cat. 
no.  SH30256.01B; HyClone; GE Healthcare) containing 
0.5% bovine serum albumin (cat. no. B2064; Sigma‑Aldrich; 
Merck KGaA) at room temperature for 5 min, after which 
they were incubated with anti‑mouse CD11c, CD80, CD86, 
MHC‑I and MHC‑II antibodies (1:100; cat. nos. 17‑0114‑82, 
17‑0801‑82, 12‑0860‑83, 17‑5958‑82 and 12‑0920‑82; 
eBiosciences; Thermo Fisher Scientific, Inc.) in the dark 
at 4˚C for 30 min. Subsequently, the cells were centrifuged 
at 300 x g for 5 min at 4˚C, resuspended in 1 ml PBS, and 
analyzed by flow cytometry and FlowJo 7.6 (FlowJo LLC, 
Ashland, OR, USA). Alloreactive T cells were collected at 
the end of MLR and were stained with a CD4 antibody (cat. 
no. 45‑0042‑82; eBiosciences; Thermo Fisher Scientific, Inc.) 
in 1 ml PBS in the dark at 4˚C for 30 min. With regards to 
intracellular staining, the cells were fixed and permeabilized 
with Fixation & Permeabilization Buffer (cat. no. 88‑8824‑00; 
eBiosciences; Thermo Fisher Scientific, Inc.) at 4˚C for 30 min, 
stained with forkhead box P3 (Foxp3) antibodies (1:50; cat. 
no. 17‑5773‑82; eBiosciences; Thermo Fisher Scientific, Inc.) 
at 4˚C for 30 min, and were then analyzed by flow cytometry. 
All antibodies were diluted in PBS. Forward scatter and side 
scatter were employed to gate the lymphocytes and exclude 
other types of cells. Green fluorescence was detected in cells 
by flow cytometry using the 530/40 filter (GFP); these cells 
were defined as GFP+ cells. The proportion of CD11c+, CD80+, 
CD86+, MHC‑I+, MHC‑II+, CD4+, Foxp3+ and GFP+ cells was 
estimated. Mean fluorescence intensity (MFI) of MHC‑II+ 
cells, DC transduction efficiency, proportion of DCs, cell 
surface marker expression and T cell MLR were analyzed 
by FlowJo 7.6 (FlowJo LLC). The procedure was repeated in 
triplicate.

Statistical analysis. Data were analyzed with one‑way analysis 
of variance followed by a Student Newman Keuls‑q post hoc 
test, or with a Pearson correlation analysis using SPSS 22.0 

(IBM Corporation, Armonk, NY, USA). Data are presented 
as the means ± standard deviation. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Lenti‑shRNA‑Blimp1 exhibits high transduction efficiency 
in pre‑DCs. The cells demonstrated green fluorescence on 
day 3 following lenti‑shRNA‑Blimp1 gene transduction (day 4 
of culture), and its intensity gradually increased, exhibiting 
continuous GFP protein expression (Fig. 1A). The transduc-
tion efficiency was calculated as the proportion of GFP+ 
cells by flow cytometry. The values were 60.83±1.39 and 
60.64±0.65% in the lenti‑Blimp1 and lenti‑control groups 
(n=3/group), respectively. No significant differences were 
observed with regards to the transduction efficiency between 
the two groups (Fig. 1B). No green fluorescence was detected 
in the empty‑control group.

Lenti‑shRNA‑Blimp1 gene transduction downregulates 
Blimp1 expression. A total of 72 h post‑transduction, the 
cells were harvested in order to assess the mRNA expression 
levels of Blimp1, CIITA and c‑myc (Fig. 2A). The RQ values 
of Blimp1 mRNA were 0.59±0.16, 7.69±0.02 and 7.33±0.28 
in the lenti‑shRNA‑Blimp1, lenti‑control and empty‑control 
groups (n=3/group), respectively (P<0.01). The RQ values 
of CIITA mRNA were 2.29±0.35, 2.71±0.03 and 2.71±0.02, 
respectively (P>0.05). The RQ values of c‑myc mRNA were 
1.20±0.11, 1.50±0.01 and 1.16±0.06, respectively (P>0.05).

A total of 96 h post‑transduction, the cells were 
harvested in order to examine the protein expression levels 
of Blimp1, and its direct target proteins CIITA and c‑myc 
(Fig. 2B). The relative protein expression levels of Blimp1 
in the lenti‑shRNA‑Blimp1, lenti‑control and empty‑control 
groups were 0.09±0.01, 0.24±0.01 and 0.35±0.05 
(n=3/group), respectively (P<0.05). The relative protein 
expression levels of CIITA were 1.53±0.16, 1.08±0.12 and 
0.97±0.08, respectively (P<0.05). The relative expression 
protein levels of c‑myc were 1.00±0.12, 0.54±0.09 and 
0.67±0.08, respectively (P<0.05) (Fig. 2B). Furthermore, the 
relative expression levels of IL‑6, which is another direct 
target protein of Blimp1, were as follows: 18.20±0.57x103, 
5.52±2.38x103 and 7.92±1.13x103  pg/ml, respectively 
(P<0.01; Fig. 2C). Furthermore, a significant correlation 
was identified between Blimp1 and CIITA, c‑myc and IL‑6 
expression, with the following r‑values: ‑0.819, ‑0.622 and 
‑0.745, respectively.

Lenti‑shRNA‑Blimp1 gene transduction has no effect on 
the differentiation of bone marrow cells to DCs. On day 8, 
the percentage of CD11c+MHC‑II+ cells was 73.80±1.69, 
75.35±0.42 and 68.97±1.23% in the lenti‑shRNA‑Blimp1, 
lenti‑control and empty‑control groups (n=3/group), respec-
tively (Fig. 3A). No significant differences (P>0.05) were 
observed between the lenti‑shRNA‑Blimp1 group and the two 
control groups.

Lenti‑shRNA‑Blimp1 gene transduction induces a 
downregulation in MHC‑II expression on DCs, whereas 
it has no effect on the expression levels of CD80/CD86 
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and MHC‑I. With regards to antigen presentation, DCs 
transfer signals to T cells through signal 1 molecules 
(MHC‑I/MHC‑II) and signal 2 molecules (CD80/CD86). 
On day 8, CD11c+ cells were harvested and were examined 
with regards to their maturation. The percentage of MHC‑I+ 
cells was 96.78±1.30, 95.38±0.51 and 96.46±0.75% in the 
lenti‑shRNA‑Blimp1, lenti‑control and empty‑control 
groups (n=3/group), respectively (P>0.05). The percentage of 
MHC‑II+ cells was 38.46±4.71, 42.58±5.52 and 54.48±3.67%, 
respectively (P<0.05). MFI of MHC‑II+ DCs was 393.50±9.19, 
478.00±31.11 and 516.36±23.34, respectively (P<0.05; 
Fig. 3B). Furthermore, a significant correlation was identified 
between Blimp1 expression and the MFI of MHC‑II, with an 
r‑value of 0.966 (data not shown). The percentage of CD80+ 

cells was 69.17±0.3, 58.00±3.95 and 60.30±1.01%, and of 
CD86+ cells was 51.17±4.82, 44.00±4.95 and 51.30±0.91% 
in the lenti‑shRNA‑Blimp1, lenti‑control and empty‑control 
groups, respectively (P>0.05).

Stimulation by lenti‑shRNA‑Blimp1‑transduced DCs 
alleviates alloreactive T cell proliferation and induces Treg 
expansion. To clarify the effects of DCs on alloantigen 
presentation, alloreactive T cells were stimulated by DCs. At 
the end of the MLR, the proportion of divided alloreactive 
T cells in the empty‑control group was 6.46±3.59 under a 
DC:alloreactive T cell ratio of 1:10, compared with 18.05±0.92 
under a ratio of 1:5 (data not shown). Therefore, 2x104 DCs 
were co‑cultured with 1x105 alloreactive T cells in a 96‑well 

Figure 1. Transduction efficiency of lenti‑shRNA‑Blimp1 in DCs. (A) GFP expression in lentivirus‑transduced cells. On day 1 of cell culture, the cells were 
transduced. GFP was detected on days 4, 5 and 6 (3, 4 and 5 days post‑transduction). Scale bar, 100 µm; magnification, x200. (B) Transduction efficiency was 
estimated as the proportion of GFP+ cells, as determined by flow cytometry. n=3 per group. **P<0.01. Blimp1, B lymphocyte‑induced maturation protein‑1; 
GFP, green fluorescent protein; shRNA, short hairpin RNA.
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round‑bottom plate. The proportion of divided T cells was 
15.35±0.50, 17.67±0.35, 18.05±0.92 and 54.32±0.82 in the 
lenti‑shRNA‑Blimp1, lenti‑control, empty‑control and 
positive control groups (n=3/group), respectively (Fig. 4A). 

Significant differences (P<0.05) were observed between the 
lenti‑shRNA‑Blimp1 group and all of the control groups.

The yield of Tregs was detected following stimula-
tion of alloreactive T cells by DCs transduced with 

Figure 2. Lenti‑shRNA‑Blimp1 gene transduction downregulates the expression of Blimp1. (A) mRNA expression levels of Blimp1, CIITA and c‑myc in 
cultured DCs 72 h following lentiviral transduction in the empty‑control, lenti‑control and lenti‑shRNA‑Blimp1 groups. (B) Protein expression levels of 
Blimp1, CIITA and c‑myc in the cultured DCs 96 h following lentiviral transduction. (C) IL‑6 levels in the supernatant 96 h following lentiviral transduction. 
n=3 per group. *P<0.05; **P<0.01. Blimp1, B lymphocyte‑induced maturation protein‑1; CIITA, class II major histocompatibility complex transactivator; IL‑6, 
interleukin‑6; shRNA, short hairpin RNA.
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lenti‑shRNA‑Blimp1. The percentage of Tregs was 4.13±0.33, 
2.56±0.09 and 2.62±0.26% in the lenti‑shRNA‑Blimp1, 
lenti‑control and empty‑control groups (n=3/group), respec-
tively. Significant differences (P<0.01) were observed between 
the lenti‑shRNA‑Blimp1 group and the control groups 
(Fig. 4B). Furthermore, a significant correlation was identi-
fied between Blimp1 expression and Tregs with an r‑value 
of ‑0.719, whereas the r‑value between Blimp1 and divided 
T cells was 0.937.

Lentiviral vectors cause mild damage to DC morphology. 
On culture day 2, cells in the empty‑control group were 
round, granular and suspended in medium, whereas the 
number of adherent cells was increased. From day 2, the 
size of cells increased. On day 5, the suspended cells were 
round, whereas the adherent cells were irregular in shape 
or spindle‑shaped. On day 8, the adherent cells reached 

~90% confluence, and were similar in size and morphology, 
and the majority of the cells had dendritic features. In the 
lenti‑control and lenti‑shRNA‑Blimp1 groups, certain frag-
mented cells appeared on day 2 and cell density was lower 
than that in the empty‑control group. Subsequently, the 
suspended cells varied in size, and the adherent cells were 
irregular in shape and/or spindle‑shaped. The morphology 
on day 6 is shown in Fig. 5A. Cells in the lenti‑control and 
lenti‑shRNA‑Blimp1 groups exhibited similar morpho-
logical features.

Lentiviral vector, but not Blimp1, mildly suppresses the 
proliferation of DCs. Untransduced cells exhibited loga-
rithmic growth within 3 days, and the highest number of cells 
(1.26±0.33x106/well) was evident on day 4. This number was 
decreased to 1.16±0.28x106/well on day 6, and was maintained 
at 1.13±0.23x106/well on day 8. Cells in both the lenti‑control 

Figure 3. Lenti‑shRNA‑Blimp1 gene transduction exhibits no influence on the differentiation of DCs, although it inhibits their maturation. (A) Proportion 
of CD11c+ cells in the empty‑control, lenti‑control and lenti‑shRNA‑Blimp1 groups at the end of culture (culture day 8). (B) Proportion of MHCI+, MHCII+, 
CD80+ and CD86+ cells in the groups. n=3 per group. *P<0.05. Blimp1, B lymphocyte‑induced maturation protein‑1; CD, cluster of differentiation; MFI, mean 
fluorescent intensity; MHC, major histocompatibility complex; shRNA, short hairpin RNA.
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Figure 4. Lenti‑shRNA‑Blimp1 gene transduction alleviates alloreactive T‑cell proliferation and expands Tregs. (A) Proportion of divided T cells was used to 
evaluate T‑cell proliferation in the lenti‑shRNA‑Blimp1, lenti‑control, empty‑control and positive control groups. (B) Proportion of cluster of differentiation 
4+ forkhead box P3+ alloreactive T cells (Tregs). n=3 per group. *P<0.05; **P<0.01. Blimp1, B lymphocyte‑induced maturation protein‑1; shRNA, short hairpin 
RNA; Tregs, regulatory T cells.
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and lenti‑shRNA‑Blimp1 groups did not proliferate further on 
day 2 and all remained at a level <0.83±0.19x106/well (Fig. 5B). 
A significant difference (P<0.05) was obtained following 
comparison of the lenti‑control and lenti‑shRNA‑Blimp1 
groups with the empty‑control group. The detection procedure 
was repeated six times. No significant difference (P>0.05) 
was noted between the lenti‑control and lenti‑shRNA‑Blimp1 
groups.

Discussion

DCs have been recognized as pivotal elements in the 
determination of either an immunogenic or tolerogenic effect, 
according to their mature states (37,38). The establishment of 
a reliable culture system for the generation and manipulation 
of DCs is required to serve as a cornerstone for immunological 
studies (23‑26,34,38). It is well known that large numbers of 
myeloid‑derived DCs can be generated from bone marrow 
cultures. The present study used an 8‑day DC culture system 
derived from bone marrow cells  (22). On day 3, all of the 
non‑adherent cells were discarded, since the suspended cells 
consisted of heterogeneous clusters including granulocytes, 
red blood cells and DCs, whereas the adherent cells consisted 
mainly of pre‑DCs. Removing the suspended cells from the 
culture decreased the yield but increased the final purity of the 
DCs; this is a key procedure performed at various time points 

(from hour 3 to day 4) in different protocols (22‑26). On day 6, 
both non‑adherent and adherent cells predominantly consisted 
of DCs and therefore were restored for further culture under 
LPS stimulation for maturation. The present strategy is 
reasonable and operable with a superior final DC yield of 
1‑1.5x108 DCs raised from a single mouse, a number 20‑30 
folds higher than that reached in previous studies (22,25,34). 
Based on this procedure, bone marrow cells were induced to 
differentiate into pre‑DCs and DCs with a large yield.

Lentiviral‑mediated Blimp1‑shRNA gene transduction 
was used to effectively downregulate Blimp1 expression in 
DCs. Firstly, it was verified that the lentiviral vector had a high 
efficiency to transduce bone marrow cells. GFP was detected 
3 days post‑transduction and was noted in ~60.83±1.39% 
cells 8 days post‑transduction in both the lenti‑control and 
lenti‑shRNA‑Blimp1 groups. Furthermore, Blimp1 expres-
sion levels were detected in pre‑DCs that were transduced 
with lenti‑shRNA‑Blimp1. The RQ of Blimp1 mRNA was 
reduced to 8.0% (0.59/7.33) 72 h post‑transduction, which 
suggested that RNA interference was successful. Following 
24 h of incubation, the relative protein expression levels of 
Blimp1 were downregulated to 22.5% (0.09/0.40) of the 
normal level. To date, Blimp1 has been identified as an essen-
tial factor for cell growth, and it has been reported that, in 
mammals, complete Blimp1 knockout leads to mortality (5). 
Therefore, lenti‑shRNA‑Blimp1 transduction was used for the 

Figure 5. Lentiviral vector exerts mild toxicity on DCs. (A) Morphology of cultured DCs on day 6 in the empty‑control, lenti‑control and lenti‑shRNA‑Blimp1 
groups. Suspended cells are indicated by white arrows, and adherent cells are indicated by black arrows. Scale bar, 100 µm; magnification, x200. (B) Proliferative 
curve of cultured cells. The cell number was counted in each well between days 1 and 8. n=6 per group. *P<0.05. Blimp1, B lymphocyte‑induced maturation 
protein‑1; DCs, dendritic cells; shRNA, short hairpin RNA.
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immunological modulation of DCs as an appropriate strategy 
to partially downregulate Blimp1 expression. The present study 
further detected the expression levels of downstream target 
proteins of Blimp1, namely CIITA, c‑myc and IL‑6 (39‑41), 
demonstrating that the expression of these proteins was 
regulated accordingly. Notably, this modulation may be a 
post‑transcriptional effect, since the mRNA expression levels 
of these target proteins were stable in the presence and/or 
absence of lenti‑shRNA‑Blimp1. Collectively, these findings 
confirmed the efficiency and safety of lenti‑shRNA‑Blimp1 
transduction.

The present study demonstrated that the decrease in Blimp1 
expression had no effect on the committed differentiation of 
DCs. At the end of the culture procedure, the proportion of 
CD11c+ cells in the lenti‑control and lenti‑shRNA‑Blimp1 
groups indicated no difference compared with in the 
empty‑control group. However, downregulation of Blimp1 
during the differentiation process from bone marrow cells 
to DCs exhibited an impact on the maturation of DCs. 
The expression of MHC‑II, but not MHC‑I, molecules on 
the surface membrane of DCs was significantly decreased 
by lenti‑shRNA‑Blimp1 gene transduction, thus indicating 
the immature status of the cultured DCs. The process of 
antigen presentation to T‑cell receptors (signal 1) may be 
hampered by the decreased amount of MHC‑II molecules 
on the surface membrane of immature DCs, which may 
result in inactivation of antigen‑specific alloreactive T cells. 
Notably, the expression of the co‑stimulatory molecules 
CD80 and CD86 were not affected, thus suggesting that 
the inactivation of alloreactive T cells was not mediated 
via a co‑stimulatory (signal 2) mechanism. Subsequently, 
MLR was employed to examine the effects of the induced 
immature DCs; the results revealed that alloreactive T cell 
proliferation was alleviated following stimulation of cells 
with lenti‑shRNA‑Blimp1‑transduced DCs compared with 
non‑transduced DCs. Furthermore, CD4+ FoxP3+ Tregs 
were expanded following stimulation by immature DCs, 
which may partly contribute to the alteration in alloreactive 
T cell proliferation. Taken together, these data indicated 
that lenti‑shRNA‑Blimp1 gene transduction inhibited DC 
maturation via MHC‑II molecule suppression, which in turn 
inhibited the subsequent alloreactive T cell reaction.

In the present study, lentiviral vectors exhibited mild 
toxicity on DCs during culture. Without intervention, the 
cultured cells exhibited a marked increase in burr‑like protru-
sions, changed from a circular to dendritic morphology, and 
reached 90% confluence by the end of cell culture. Lentiviral 
transduction, either with lenti‑vector or lenti‑shRNA‑Blimp1, 
induced variations in size and irregular shapes, with a 
decreased density in certain types of cells. Furthermore, the 
proliferation curves demonstrated that the cell number was 
slightly lower following lentiviral transduction compared 
with in cultures without intervention. Lenti‑vector and 
lenti‑shRNA‑Blimp1 transduction arrested proliferation of 
DCs at similar levels, thus suggesting that the toxicity was 
derived from the lentiviral vector itself, and not Blimp1 
shRNA. The toxicity of the lentiviral vector on DCs, although 
mild, requires further technical improvement. Furthermore, 
additional caution should be exercised with regards to the 
biosecurity of the lentivirus (42‑44).

In conclusion, lenti‑shRNA‑Blimp1 transduction was able to 
modulate the maturation of DCs via the suppression of MHC‑II 
molecules, and inhibited the subsequent alloreactive T cell acti-
vation. The findings of the present study support a Blimp1‑based 
intervention as a novel approach and mechanism for inducing 
immature DCs, which may be adopted for certain aims, such as 
modulating the immunological alloreaction of T cells.
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