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Abstract
AIM: To investigate the function of PU.1-silenced semi-
mature dendritic cells (DCs) and the possibility of utiliz-
ing cell immunity in rat intestinal transplantation.

METHODS: DCs were isolated from the bone marrow 
of F344 rats and cultured using the adherent method. 
The PU.1  gene was knocked down in DCs using small 
interfering RNAs (siRNAs) for 24 h, and the cells were 
then incubated with lipopolysaccharide for 48 h. The 
PU.1 siRNA that had the highest silencing efficiency 
was screened using reverse transcription-polymerase 
chain reaction and Western blot for further study. The 
tolerance capacity was analyzed and compared be-
tween PU.1-silenced DCs (siRNA PU.1 group), negative 
control-silenced DCs (siRNA NC group) and immature 
DCs (control group) both in vitro  and in vivo .

RESULTS: Blocking expression of the PU.1  gene in 
vitro  led to a reduction in DC maturation and an in-
creased tolerance capability. PU.1-silenced DCs ex-
pressed moderate levels of major histocompatibility 
complex (MHC)-Ⅱ and low levels of co-stimulatory 
molecules, and produced more interleukin (IL)-10, but 
less IL-12. Compared with the negative control group, 
surface molecules cluster of differentiation 80 (CD80), 
CD86 and MHC-Ⅱ in the siRNA PU.1 group were 27.0% 
± 5.6%, 23.6% ± 4.8% and 36.8% ± 6.8%, respec-
tively, and showed a significantly lower trend (P < 0.05). 
In vivo  treatment of recipients with PU.1-silenced DCs 
injected before intestinal transplantation (siRNA PU.1 
group), significantly prolonged allograft survival and 
resulted in better tissue histopathology compared with 
the siRNA NC group and control group. Mean survival 
time after transplantation was 14.3 ± 3.3 d in the siR-
NA PU.1 group (P  < 0.05).

CONCLUSION:  PU.1-silenced semi-mature DCs in-
duced partial immune tolerance both in vitro  and in 
vivo , which could be used as a new strategy to promote 
transplantation tolerance.

© 2013 Baishideng Publishing Group co., Limited. All rights 
reserved.
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Core tip: The inhibition of dendritic cells (DCs) maturation 
can promote their tolerogenicity in transplantation. PU.1 
is a newly discovered transcription factor which is re-
quired for the regulation of dendritic cell maturation in all 
DCs subsets. We silenced the PU.1 gene using siRNA and 
showed, for the first time, that PU.1-silenced DCs had im-
mune tolerance. This may be a new strategy to prevent 
graft rejection following intestinal transplantation.
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INTRODUCTION
Dendritic cells (DCs) are key antigen-presenting cells, 
which play an important role in regulating adaptive im-
mune responses. Studies have shown that whether 
immune responses are induced or suppressed greatly 
depends on the degree of  DC maturation and specific 
subsets[1,2]. Immature DCs, which express low levels of  
major histocompatibility complex (MHC-Ⅱ) and co-
stimulatory molecules, such as cluster of  differentiation 80 
(CD80), CD86 and CD40, have a lower ability to capture 
antigens for presentation to specific T cells[3,4]. Therefore, 
various approaches have been explored to inhibit the 
maturation of  DCs and to promote their tolerogenicity[5].

MicroRNA-155 has emerged as an important regula-
tor in the immune system[6,7]. MicroRNA (mRNA)-155 
knockout mice showed aberrant immune functions, such 
as defective B and T cell immunity, abnormal function of  
antigen-presenting cells, and a failure in the production 
of  high-affinity Immunoglobulin G (IgG)1 antibodies[8,9]. 
These phenotypes are related to the impaired ability of  
mRNA-155 to target the E-twenty six transcription factor 
PU.1, which was first discovered to have multiple roles 
in hematopoiesis. PU.1 is an essential regulator of  both 
cDC and pDC lineages[10,11], and can regulate numerous 
genes within the myeloid and lymphoid lineages[12]. Re-
cent studies have shown that PU.1 can partially direct the 
important cytokine receptor Flt3 and play a critical role 
in DC development and function. Therefore, PU.1 is a 
major and critical regulator of  DC maturation. 

In this study, we silenced PU.1 expression in rat bone 
marrow DCs (BM cells) using small interference RNA 
(siRNA) molecules and stimulated the cells with lipo-
polysaccharide (LPS) to obtain semi-mature DCs. These 
semi-mature DCs were then used to determine whether 
they could induce tolerance and have an effect on intesti-
nal transplantation in rats.

MATERIALS AND METHODS
Animals
F344 and Wistar rats (weighing 180-220 g) were pur-
chased from the Vital River Corporation (Beijing, China) 
and kept under specific-pathogen-free conditions. Animal 
experiments and maintenance were approved and regulat-
ed by the Ethics Committee of  Jinling Hospital (Nanjing, 
China).

In vitro generation of bone marrow-derived immature 
DCs
BM cells of  F344 rats were used for DC generation fol-

lowing the method described by Lutz et al[13] and Yang et al[14]. 
Briefly, the femur and tibia were mechanically obtained, 
and the marrow cells were flushed out using phosphate-
buffered saline (PBS). The obtained single cell suspen-
sions were centrifuged, treated with 0.15 mol/L NH4Cl 
for 5 min and washed twice. The harvested BM cells 
were cultured in six-well plates (density, 4 × 106/mL) in 
RPMI1640 with 5 ng/mL recombinant rat granulocyte-
macrophage colony-stimulating factor and 5 ng/mL 
interleukin (IL)-4 (Peprotech, NJ, United States). Non-
adherent granulocytes were removed after 48 h of  cul-
ture. From day 3, half  of  the medium was replaced with 
fresh medium every other day. On day 7, non-adherent 
and loosely adherent cells were harvested and identified 
as immature DCs, which were ready for transfection, and 
the supernatants were used for cytokine detection.

Treatment of DCs
For in vitro studies, siRNAs targeting the PU.1 gene were 
synthesized by Jima Corporation (Shanghai, China)[10,15]. 
The siRNAs were transiently transfected into the cells 
using Lipofectamine 2000 (Invitrogen, United States) 
for 24 h according to the manufacturer’s instructions. 
The sequences of  a PU.1-specific siRNA were: sense, 
5’-AGCGAUCACUAUUGGGAUUTT-3’; and antisense, 
5’-AAUCCCAAUAGUGAUCGCUTT-3’. The sequences 
of  a negative control siRNA were: sense, 5’-UUCUCC-
GAACGUGUCACGUTT-3’; and antisense, 5’-AC-
GUGACACGUUCGGAGAATT-3’. Transfected DCs 
were cultured in the presence of  10 μg/mL LPS (Sigma-
Aldrich, United States) for a further 48 h. Cells and 
supernatants were harvested for later use, and the cells 
were designated as PU.1-silenced-LPS DCs (siRNA PU.1 
group), negative control-silenced-LPS DCs (siRNA NC 
group) or immature DCs (control group).

Real-time PCR
Total RNA was extracted from cells using Trizol (Invitro-
gen, United States). RNA (1 pg) was reverse transcribed 
using an oligo-(dT) primer and reverse transcriptase 
(Invitrogen). All the measurements were performed in 
triplicate for each sample and normalized to the β-actin 
gene. The primer sequences for PU.1 were: forward, 
5’-GAGTTTGAGAACTTCCCTGAG-3’; and reverse, 
5’-TGGTAGGTCATCTTCTTGCGG-3’. Primer se-
quences for β-actin were: forward, 5’-ATGGATGAC-
GATATCGCT-3’; and reverse, 5’-ATGAGGTAGTCT-
GTCAGGT-3’[15].

Western blot
Cells were homogenized in RIPA lysis buffer and used 
for Western blot assays. Briefly, equal amounts of  protein 
extracts were boiled in sodium dodecyl sulfate (SDS)-
sample buffer for 5 min before being electrophoretically 
resolved on SDS polyacrylamide gels and transferred to 
nitrocellulose membranes (Bio-Rad). The membranes 
were blocked with 5% fat-free dried milk and bovine 
serum albumin dissolved in Tris Buffered Saline with 
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Tween-20 for 1 h at room temperature and incubated 
overnight at 4 ℃ with antibodies raised against PU.1 
(Santa Cruz, United States) according to the manufac-
turer’s instructions. Binding of  these primary antibodies 
was visualized with goat anti-rabbit secondary antibodies 
(1:2000 dilution; Santa Cruz, Texas, United States). Final-
ly, the membranes were washed and an emitter-coupled 
logic signal detection kit was used (Amersham, IL, United 
States) for signal detection.

Flow cytometric analysis 
The following antibodies were purchased from eBiosci-
ence Corporation (CA, United States): phycoerythrin 
(PE)-coupled anti-CD86, PE-coupled anti-CD80 and 
fluorescein isothiocyanate-coupled anti-MHC-Ⅱ. OX62-
Alexa Fluor was obtained from BioLegend (CA, United 
States). After 7 d of  cultivation, the prepared cells 
mentioned above were stained using the above antibod-
ies at 4 ℃ for 30 min in PBS containing 0.1% sodium 
azide. Phenotypic analysis of  DCs was performed on a 
fluorescence activated cell sorter Calibur flow cytometer 
equipped with Cell Quest (Becton Dickinson, New Jersey, 
United States).

Purification of T cells and mixed lymphocyte reaction
T cells (2 × 105) purified from rat splenocytes (responder 
cells) were plated with immature DCs, PU.1-silenced DCs 
or negative control-silenced DCs (stimulator cells) at vary-
ing ratios. Cells were cultured for 3 d and pulsed with 1 
μCi of  [3H] thymidine (PerkinElmer, Woodbridge, United 
States) for the final 18 h. The cells were subsequently har-
vested onto glass fiber filters, and incorporated radioactiv-
ity was quantified using a liquid scintillation counter. 

Detection of IL-12p70 and IL-10 
The supernatants from each group as described above 
were collected and the cytokines IL-12p70 and IL-10 
were measured by enzyme-linked immunosorbent assay 
according to the manufacturer’s instructions (R and D 
Systems, Minneapolis, United States).

Intestinal transplantation and treatment
Recipient Wistar rats, six in each group, were treated with 
PU.1-silenced DCs, negative control-silenced-LPS DCs 
or immature DCs from donor F344 rats (1 × 106 cells), 
seven days prior to intestinal transplantation via tail vein 
injection. Heterotopic intestinal transplantation was per-
formed using the technique described by Zhang et al[16]. The 
state of  intestinal health/rejection was monitored and 
evaluated daily by examining the color of  the graft and 
secretions from the stoma. Recipient rats that died within 
three days were regarded as technical failures and exclud-
ed from further analysis. The allografts were collected 
from a location 5 cm from the origin of  the jejunum on 
day 5 after transplantation. Tissues from the three groups 
were sectioned and subjected to HE staining to evaluate 
morphologic changes.

Statistical analysis
Data were reported as mean ± SD. One-way analysis of  
variance was used for data analysis within groups. P val-
ues less than 0.05 were considered significant.

RESULTS
In vitro silencing of PU.1 with siRNAs
In order to silence the PU.1 gene in DCs, we constructed 
three pre-siRNA vectors targeting PU.1 and one vector 
carrying a negative control siRNA. We incubated syn-
thetic siRNAs with DCs which were induced with GM-
CSF and IL-4 for 7 d to validate the efficiency of  gene 
silencing. The most efficient plasmid to silence PU.1 was 
selected by assaying the PU.1 mRNA and protein expres-
sion. Forty-eight hours after transfection, PU.1 expression 
in the siRNA PU.1 group was reduced by approximately 
85% at the protein level compared with the siRNA NC 
group (Figure 1A). 

Characteristics of semi-mature DCs and expression of 
cytokines
Similar to the characteristics of  mature DCs, the DCs 
in the siRNA NC group also expressed high levels of  
MHC class Ⅱ and co-stimulatory molecules. However, in 
the siRNA PU.1 group, the DCs were semi-mature, with 
the expression of  CD80, CD86 and MHC-Ⅱ (27.0% ± 
5.6%, 23.6% ± 4.8% and 36.8% ± 6.8%, respectively) 
significantly lower than that in the siRNA NC group 
(74.0% ± 9.4%, 76.5% ± 8.7% and 87.8% ± 11.3%, 
respectively) (Figure 1B, P < 0.05). The ability of  DCs 
in the three groups to produce cytokines in cell culture 
supernatants was also determined, and an opposite trend 
was noted between IL-12p70 and IL-10 production (P 
< 0.05) (Figure 1C). These data indicate that the PU.1 si-
lencing partially inhibits DC maturation.

Impaired ability of semi-mature DCs to stimulate T cell 
proliferation
Purification of  T cells and MLR analysis were performed 
to observe the in vitro activity of  DCs. The prolifera-
tion of  Wistar rat splenic T cells in a primary mixed 
lymphocyte reaction (MLR) in response to stimulation 
with DCs in the siRNA PU.1 group was significantly re-
duced compared with that in the siRNA NC group (P < 
0.05, Figure 2), suggesting that PU.1-silenced DCs have 
an impaired capacity to stimulate T cell proliferation.

Treatment with PU.1-silenced DCs prolongs allograft 
survival
Since the results of  the in vitro study showed that silenc-
ing of  PU.1 reduced DC maturation and inhibited alloge-
neic T cell proliferation, we postulated that knockdown 
of  this key transcription factor might prevent graft rejec-
tion. To determine this, we treated Wistar recipients with 
different groups of  DCs 7 d before performing intestinal 
transplantation. While recipient survival was short in the 
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showed different degrees of  lymphocyte infiltration and 
villous edema. In contrast, PU.1-silenced DCs delayed 
and reduced the immune response and injury, with 
mild lymphocyte infiltration and reduced inflammation 
observed in the allograft intestine (Figure 3).

DISCUSSION
Recently, the role of  innate immunity in shaping the 
adaptive response has been focused in transplantation 
research, and studies have shown that the infusion of  do-
nor immature DCs can prolong graft survival after organ 
transplantation[17,18], mainly because they are capable of  
inducing tolerance by inducing T cell anergy or apopto-
sis[19,20]. Immature DCs express low levels of  MHC Ⅱ 
and co-stimulatory molecules and fail to elicit naïve T 
cells to modulate the adaptive immune response. Howev-
er, they are not stable in vivo and can easily be stimulated 
to transform into mature DCs through several signaling 
pathways[21], which limits their preservation and utiliza-
tion. Recent studies show that by controlling ambient 
conditions in vitro, semi-mature DCs are obtained from 
immature DCs following LPS stimulation. These cells are 
phenotypically stable and hard to differentiate or mature. 
Yang et al[14] found that silencing of  MyD88, a proximal 
component of  nuclear factor-kappaB (NF-κB) signaling, 
affected the maturation of  immature DCs by increasing 
the secretion of  IL-10 and decreasing the secretion of  
IL-12p70. The NF-κB signaling pathway plays a critical 
role in DC maturation, and IL-10 is regarded as an immu-
nosuppressive cytokine which can downregulate the syn-
thesis of  a broad range of  inflammatory cytokines and 
inhibit allogeneic T cell proliferation[22]. Therefore, the 
silencing of  key factors involved in DC maturation may 
lead to a stunted capacity to prime the immune response 
and better stability[23,24]. As PU.1 is highly expressed and 
plays a critical role in DC maturation, suppression of  
this gene may result in interruption of  DC maturation. 

siRNA NC group (7.8 ± 1.5 d, n = 6, P < 0.05) and the 
control group (8.0 ± 2.5 d, n = 6, P < 0.05), the infusion 
of  siRNA PU.1 DCs significantly prolonged survival (14.3 
± 3.3 d). Consistent with our surmise, morphological fea-
tures of  acute rejection were prominent in the siRNA NC 
group and in the control group. Histological examination 
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Unsurprisingly, we found that PU.1-silenced semi-mature 
DCs[25] had a better effect in reducing the inflammatory re-
sponse than immature DCs in an intestinal allograft model.

It is difficult to perform rat intestinal transplantation 
due to complex microvascular techniques and high mor-
tality. Many animals died of  immune rejection within 
several days. Although immature DCs express low levels 
of  MHC Ⅱ and determine tolerogenicity, current evi-
dence for the application of  immature DCs in rodent 
transplantation models is equivocal. In our experiment, 
rat survival, cytokine production and intestinal histologi-
cal changes were evaluated to test the immunosuppres-
sive function of  semi-mature DCs. We found that acute 
rejection was significantly alleviated on day 5 compared 
to the controls, along with prolonged survival time and 
better condition in these rats. Rats in the siRNA PU.1 
group showed slowed neointima formation and reduced 
inflammation and fibrosis in the allograft intestine. These 
results can be explained by increased secretion of  IL-10 
and decreased IL-12p70. The increase in IL-10 may 
play a crucial role in mediating the functions of  semi-
mature DCs. The surface expression of  co-stimulatory 
molecules, such as CD86, CD80 and CD40, also showed 
a reduced trend, which is consistent with the results of  
T-cell proliferation. Thus, our experiments demonstrated 
that PU.1 gene silencing induced partial tolerance in this 
animal transplantation model.

However, we do not know whether the number of  
semi-mature DCs fluctuated or changed in recipient rats, 
and whether these DCs reduced the number and matura-
tion of  native DCs at the time of  small bowel transplan-
tation. More in vivo studies in both donors and recipients 
are required to identify the mechanism related to better 
graft survival.

In conclusion, we have provided evidence that 
silencing of  the PU.1 gene can impair DC maturation, 
inhibit allogeneic T cell proliferation, and induce immu-
nosuppressive activity. Since PU.1 silencing can prolong 
intestinal transplant survival in rats, it may be used as a 
new strategy and viable therapeutic option to prevent 
graft rejection following intestinal transplantation.
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