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Abstract. The effect of infusion of lentiviral vector‑mediated, 
genetically engineered dendritic cells (DCs) following 
allogeneic bone marrow transplantation (allo‑BMT) on 
graft‑versus‑host disease (GVHD) and graft‑versus‑leukemia 
(GVL) was investigated in a mouse model. Lentivirus‑mediated 
expression of soluble tumor necrosis factor receptor 1 (sTNFR1) 
converted immature DCs (imDCs) from BABL/c mice into 
engineered DCs in vitro. An EL4 leukemia allo‑BMT model 
of BABL/c to C57BL/6 mice was established. Engineered 
DCs with donor bone marrow cells and splenocytes were 
subsequently transplanted into myeloablatively irradiated 
recipients. The average survival duration in the sTNFR1‑ and 
pXZ9‑imDC groups was significantly prolonged compared 
with that of the allo‑BMT group (P<0.05). Mild histological 
changes in GVHD or leukemia were observed in the recipients 
in the sTNFR1‑imDC group and clinical GVHD scores in this 
group were significantly decreased compared with those of the 
transplantation and pXZ9‑imDC groups. Serum interferon‑γ 
levels were decreased in the pXZ9‑imDC and sTNFR1‑imDC 
groups compared with those in the allo‑BMT group (P<0.05), 
with the reduction being more significant in the sTNFR1‑imDC 
group (P<0.05). Serum interleukin‑4 expression levels were 
decreased in the allo‑BMT group, but gradually increased 
in the pXZ9‑imDC and sTNFR1‑imDC groups (P<0.05). 

Co‑injection of donor genetically‑engineered imDCs was able 
to efficiently protect recipient mice from lethal GVHD while 
preserving GVL effects during allo‑BMT.

Introduction

The therapeutic efficacy of allogeneic bone marrow transplan-
tation (allo‑BMT) for the treatment of a variety of neoplastic 
diseases, including hematological malignancies, relies upon 
the graft‑versus‑tumor (GVT) effects that eliminate residual 
malignant cells. To date, acute graft‑versus‑host disease 
(GVHD) remains the most severe complication of allo‑BMT, 
which limits its application and efficacy (1,2). Therefore, mini-
mizing the incidence and severity of GVHD without sacrificing 
critical GVT activity remains a major clinical challenge for 
bone marrow transplantation (BMT). Therapeutic approaches 
developed to attenuate GVHD have focused on the produc-
tion of immunosuppressive agents and the ex vivo removal 
of donor T cells from bone marrow grafts. However, T‑cell 
depletion is associated with increased rates of engraftment 
failure, sustained immunosuppression and leukemia relapse. 
Therefore, more effective therapies are required in order to 
reduce the incidence and severity of GVHD and improve the 
survival rate of transplant recipients. Strategies for the reli-
able induction of a robust, permanent state of immunological 
tolerance may markedly improve the prospects of allograft 
recipients. Strategies for inducing immunologic tolerance 
in hematopoietic stem cell transplantation may be able to 
decrease or prevent the incidence of GVHD  (3‑5). Acute 
GVHD fundamentally depends upon donor T‑cell interaction 
with antigen‑presenting cells (APC) and their subsequent 
activation, proliferation and differentiation, a process which 
occurs during the second step of the afferent phase.

Dendritic cells (DCs) represent a heterogeneous popula-
tion of professional APCs. DCs have crucial functions in the 
initiation and regulation of immune responses and are addi-
tionally involved in mediating the induction and maintenance 
of immune tolerance. The ability of DCs to initiate immune 
responses or induce immune tolerance is dependent on their 
maturation status. DCs are altered immunophenotypically 
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and functionally during maturation. Normal immature 
DCs (imDCs) that lack co‑stimulatory molecules, including 
CD80 and CD86, exhibit tolerance‑inducing activities, but 
demonstrate immunogenicity following maturation  (6,7). 
However, the clinical applications of normal imDCs may be 
unsuitable for the treatment of immunopathogenic diseases, 
as they may mature under inflammatory conditions  (8). 
Therefore, the prevention of DC maturation or the mainte-
nance of imDC in their immature state is required for the 
induction of long‑term immune tolerance in  vivo  (9,10). 
Tumor necrosis factor α (TNF‑α), which is a potent 
pro‑inflammatory cytokine produced by stimulated mono-
cytes, macrophages, activated T cells and DCs, is a critical 
mediator of alloreactive responses  (11). The development 
of DCs from progenitor cells to mature DCs that possess 
potential immune response functions requires multiple 
cytokines, including TNF‑α  (12,13). TNF‑α is important 
in DC differentiation and maturation. Inhibition of TNF‑α 
function may arrest DCs in an immature state, prolonging 
their tolerogenic potential (14,15). TNF‑α binds to two inde-
pendent cell surface receptors, type 1 (p55) and type 2 (p75); 
TNF receptor 1 (TNFR1) is the major signal transducer (16). 
Soluble TNFR1 (sTNFR1) and sTNFR2, which are formed 
by shedding the extracellular domain of TNFR, are effec-
tive in blocking and neutralizing TNF‑α (17,18). However, 
whether or not the blockade of TNF‑α by sTNFR1 is able 
to inhibit the maturation of DCs and potentiate imDC 
tolerogenicity remains to be elucidated. In a previous study 
by our group, a recombinant lentiviral vector expressing 
sTNFR1 was constructed and successfully used to transfect 
imDCs, which maintained a long‑term immature status. The 
immunological characteristics of the sTNFR1 gene‑modified 
imDCs were additionally analyzed (19). In the present study, 
mouse leukemia models were established in order to investi-
gate whether sTNFR1‑induced tolerogenic imDCs were able 
to reduce the effects of acute GVHD following allo‑BMT 
whilst maintaining graft‑versus‑leukemia (GVL) responses 
to provide a novel approach for potential therapeutic applica-
tion.

Materials and methods

Animals and cell strains. Female C57BL/6 mice (H‑2b) were 
used as recipients and male BALB/c mice (H‑2d) were used 
as donors. All animals, aged eight to 12 weeks, weighing 18 
to 22 g, were provided by the Laboratory Animal Centre of 
Yangzhou University (Yangzhou, China). Mice were reared in 
cages under a 12 h light/dark cycle at a constant temperature 
(25 ± 2˚C) and 50‑60% relative humidity. Mice were admin-
istered sterile water containing 250 mg/l erythromycin (Xi'an 
Lijun Pharmaceutical Co., Ltd., Xi'an, China) and 320 mg/l 
gentamicin (Chengdu Haitong Pharmaceutical Co., Ltd., 
Chengdu, China) for seven days prior to transplantation and 
were transferred to a fume cupboard following transplantation. 
The food and pads were sterilized. The lymphoma cell‑strain 
EL4 was purchased from the Cell Bank of Shanghai Institute 
of Cell Biology (Shanghai, China) and was used as the T‑cell 
leukemia/lymphoma cell line in C57BL/6 mice. The present 
study was performed in accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals 

of the National Institutes of Health. The experimental animal 
protocol was reviewed and approved by the Institutional 
Animal Care and Use Committee of the Affiliated Hospital of 
Xuzhou Medical College (Xuzhou, China).

Separation of bone marrow and spleen cells. The bone marrow 
mononuclear cell suspension from BALB/c mice was collected 
under sterile conditions (20) and adjusted to a cell concentra-
tion of 5x107 cells/ml. BALB/c mouse spleens were harvested 
to prepare a spleen cell suspension. Mononuclear cells were 
obtained using lymphocyte isolation solution (Shenzhen Dakewe 
Biotech Co., Ltd., Shenzhen, China) and the cell concentration 
was adjusted to 5x107 cells/ml. Cell viability was >95%, as 
detected by trypan blue staining.

Construction of lentivirus. Reconstruction, identification and 
packaging of lentiviral vectors were performed as described 
previously (19). The correctly ligated recombinant plasmid 
was named pXZ208‑sTNFRl‑IRES‑enhanced green fluo-
rescence protein (eGFP) (pXZ9‑sTNFRl) using liposome 
LipofectamineTM reagent (Invitrogen Life Technologies, 
Carlsbad, CA, USA). Plasmids pXZ9‑sTNFRl, pXZ9, ∆NRF 
and envelope protein plasmid VSVG (all obtained from the 
Laboratory of Hematology, The Affiliated Hospital of Xuzhou 
Medical College, Xuzhou, China) were co‑transfected into 
293 FT cells (Laboratory of Hematology, Affiliated Hospital 
of Xuzhou Medical College) in the exponential growth 
phase. At 24 and 48 h following transfection, eGFP expres-
sion was observed under an IX71 fluorescence microscope 
(Olympus Optical Co., Ltd., Tokyo, Japan). At 48, 72 and 96 h 
following transfection, the virus containing the supernatant 
was collected, condensed, filtered and preserved at ‑80˚C for 
further use.

imDC culture and transfection. Bone marrow suspension 
was collected from BALB/c mice, placed in six‑well culture 
plates at 1x106 cells per well and incubated in RPMI‑1640 
(Gibco‑BRL, Invitrogen Life Technologies, Carlsbad, 
CA, USA) containing 20  µg/l granulocyte‑macrophage 
colony‑stimulating factor (GM‑CSF) and 10 µg/l interleukin‑4 
(IL‑4) (PeproTech, Inc., Rocky Hill, NJ, USA) in a 5% CO2 
incubator at 37˚C. Cell growth was monitored using a CKX41 
inverted phase contrast microscope (Olympus Optical Co., 
Ltd.). Following 48 h of culture, the culture media and any 
freely floating cells were discarded and the attached cells were 
cultured in fresh RPMI‑1640 medium (Gibco‑BRL, Invitrogen 
Life Technologies) containing cytokines at the same concen-
tration for five days. Then 10 g/l exogenous lipopolysaccharide 
was used to stimulate the cells, followed by culture until 
day  7. Cells were harvested, incubated with CD16/CD32 
monoclonal antibodies (BioLegend Inc., London, UK) at 4˚C 
for 30 min to block Fc receptors and subsequently incubated 
with anti‑mouse fluorescein isothiocyanate (FITC)‑CD40, 
CD80, phycoerythrin (PE)‑CD86, CD11c and FITC‑I‑A/I‑E 
monoclonal antibodies (BioLegend, Inc., London, UK) for 
30 min. Phenotyping was performed using flow cytometry 
(FACSCalibur f low cytometer; Becton, Dickinson and 
Company, East Rutherford, NJ, USA). The imDCs cultured 
for five days were collected, placed in fresh culture medium 
containing GM‑CSF and IL‑4 and subsequently cultured with 
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5 ml pXZ9‑sTNFR1 or pXZ9 virus (empty vector control) 
to generate sTNFR1‑imDC or pXZ9‑imDCs, followed by 
polybrene (Sigma‑Aldrich Inc., Seelze, Germany) to achieve 
a concentration of 8 mg/l. Following viral infection for 96 h, 
cells were harvested and eGFP expression was observed using 
a fluorescence microscope. Viral infection efficiency was 
determined using flow cytometry. DC surface markers were 
analyzed using flow cytometry. Gene transcription of sTNFR1 
in target cells was assessed using reverse transcription 
polymerase chain reaction (RT‑PCR). The sTNFR1 protein 
levels in cell supernatants were determined by western blot 
analysis (19).

EL4 leukemia/lymphoma model and grouping. On the day of 
transplantation, donor mice underwent X‑ray total body irradia-
tion (TBI) using a linear accelerator (7.5 Gy in total at a rate 
of 0.5 Gy/min). Transplantation was performed 4 h following 
irradiation. Mice were randomly assigned to five groups (n=10 
per group), excluding those used for chimera analysis and cyto-
kine determination: i) TBI alone, infused with 0.3 ml normal 
saline by the caudal vein; ii) leukemia model group, infused 
with isogeneic 5x106 spleen cells, 5x106 bone marrow cells and 
5x103 EL4 cells by the caudal vein; iii) allo‑BMT group, infused 
with donor mice 5x106 spleen cells, 5x106 bone marrow cells and 
5x103 EL4 cells by the caudal vein (data for the GVHD model 
were excluded because the GVHD model was common (4,20) 
and a GVL effect was observed); iv) pXZ9‑imDC group, 
infused with 5x106 spleen cells from donor mice, 5x106 bone 
marrow cells, 5x103 EL4 cells and 5x106 pXZ9‑imDCs by the 
caudal vein; and v) sTNFR1‑imDC group, infused with donor 
mice 5x106 spleen cells, 5x106 bone marrow cells, 5x103 EL4 
cells and 5x106 sTNFR1‑imDCs by the caudal vein.

Observation parameters. Food intake and behavior were 
assessed daily following transplantation. Survival duration 
was recorded to calculate the survival rate. Peripheral blood 
cells were quantified regularly and blood film was exam-
ined to evaluate hematogenesis. A white blood cell count of 
<0.5x109/l represented transplantation failure, whereas a count 
of >1.0x109/l represented hematopoietic recovery. GVHD 
was diagnosed in mice exhibiting a white blood cell count 
of >10x109/l, lethargy, reduced activity, weight loss, hunched 
back, ruffled fur and diarrhea. GVHD severity was evaluated 
based on weight loss, activity, posture, ruffled fur and pres-
ence of dermal lesions (for a total score of 10) (21). The GVL 
effect was evaluated according to mouse survival duration, 

survival rate, mixed chimera formation and peripheral blood 
examination. Leukemia‑induced mortality was identified by a 
white blood cell count of >20x109/l, enlarged liver and spleen 
and a large number of leukemia cells in the peripheral blood. 
In contrast to leukemia‑ and GVHD‑induced mortalities, 
mortality caused by hematopoietic depression‑induced infec-
tion and hemorrhaging within two weeks of transplantation 
was defined as transplantation‑associated mortality.

Histopathological examination. The liver, spleen, small 
intestine and skin were collected from moribund mice with 
GVHD, or recipients sacrificed at >30  d, in each group. 
Tissues were sliced, fixed with 100  g/l formaldehyde 
(Shanghai Haling Biological Science and Technology Co., 
Ltd., Shanghai, China), embedded in paraffin, and stained 
with hematoxylin and eosin (Boster Biological Engineering 
Co., Ltd., Wuhan, China). Sections were observed with an 
SZ61 optical microscopy (Olympus Optical Co., Ltd.) to 
detect pathological GVHD changes and leukemia cell infil-
tration (22,23).

Peripheral blood cytokine determination following trans-
plantation. Blood was harvested from the eyeballs of recipient 
mice in the allo‑BMT, pXZ9‑imDC and sTNFR1‑imDC 
groups at 0, 7, 14, 21 and 28 d following transplantation and 
stored at ‑80˚C. IL‑4 and interferon (IFN)‑γ concentrations 
in the serum were determined using ELISA kits (Genetimes 
Technology Co., Ltd., Shanghai, China).

Chimera detection. Bone marrow cells (1x106) were 
harvested from recipient mice surviving >30 d, incubated 
with PE‑labelled anti‑H‑2Kb monoclonal antibody (BD 
Pharmingen, San Diego, CA, USA) for 20 min in the dark, 
treated with hemolysin for 5 min in the dark and washed 
with phosphate‑buffered saline. The percentage of cells 
from donor mice was determined using flow cytometry and 
allogeneic chimeras were detected using Cellquest software 
version 3 (BD Biosciences, Franklin Lakes, NJ, USA).

Statistical analysis. Values are expressed as the mean ± stan-
dard deviation and analyzed using SPSS 16.0 software (SPSS, 
Inc., Chicage, IL, USA) with one‑way analysis of variance. 
Paired comparisons among groups were conducted using the 
q‑test. Survival curves were calculated using the Kaplan‑Meier 
method and compared using the log‑rank test. The leukemia 
incidence was determined using the χ2 test. A value of P<0.05 

Figure 1. Infection efficiency of dendritic cells transduced with (A) no virus; (B) pXZ9 lentivirus or (C) soluble tumor necrosis factor receptor 1 lentivirus. 
FL1‑H represents green fluorescent protein‑H quantified by flow cytometry. 
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was considered to indicate a statistically significant difference 
between values.

Results

Lentiviral infection of imDCs. Mouse bone marrow mono-
nuclear cells adhered following 24 h of culture. Cell colonies 
were observed for 2‑3 d and gradually increased in number 
and size. Following 5 d of culture, variously sized protuberant 
burr formed on the surface of certain cells, and single floating 
DCs were observed. DCs at 5 d were positive for CD11c and 
negative for CD40, CD86, CD80 and major histocompatibility 
complex (MHC) II. Following 6‑8 d of culture, various sizes 
of protuberant burrs formed on the surface of certain cells and 
singular floating cells displaying typical DC appearance were 
observed. At 7 d following lipopolysaccharide stimulation, 
imDCs or pXZ9‑imDCs expressed MHC II, CD40, CD80 
and CD86, indicating mature DC status. By contrast, MHC II, 
CD40, CD80 and CD86 expression remained unchanged in the 
sTNFR1‑imDC group. sTNFR1‑ or pXZ9‑packaged recom-
binant lentiviruses were used to infect imDCs. Fluorescence 
microscopy observation detected eGFP expression in half 
of the cells, which was consistent with the flow cytometry 
results (Fig. 1). RT‑PCR indicated a specific band that was 
368 bp in size in imDCs injected with lentivirus carrying the 
sTNFR1 gene, but not in that of the control group. Western 
blot analysis detected sTNFR1 protein in the supernatant of 
lentivirus‑infected imDCs, but not in that of the control group.

Survival of mice following transplantation. Mice from the TBI 
alone group died between six and ten days following transplan-
tation. The average survival duration was 7.8±1.3 d. Mice from 
the leukemia model group succumbed to leukemia 13‑18 d 
following transplantation. The average survival duration was 
16.60±0.97 d. The first mice from the allo‑BMT group died 
eight days following transplantation and all mice had died by 
day 18. The majority of the mice in the pXZ9‑imDC group died 
within 21 d, although 10% of the mice survived for >30 d. The 
average survival duration was 21.70±5.80 d, which was signifi-
cantly prolonged in comparison with the survival duration of 

the allo‑BMT group (P<0.05). Mice in the sTNFR1‑imDC 
group first died at day 15 and 40% of the mice survived up to 
30 d. The average survival duration was 25.80±5.20 d, which 
was significantly prolonged in comparison with the survival 
duration of the allo‑BMT group (P<0.05) and was also longer 
than that of the pXZ9‑imDC group (P>0.05; Fig. 2A). Flow 
cytometric analysis of bone marrow cells from mice surviving 
for >30 d in the allo‑BMT, pXZ9‑imDC and sTNFR1‑imDC 
groups revealed that 95‑100% of cells were H‑2d positive, 
demonstrating complete donor chimerism (Fig. 2B).

GVHD incidence. Acute GVHD clinical manifestations, 
including lethargy, reduced activity, weight loss, hunched 
back, ruffled fur, diarrhea and hair loss, were observed in 
the allo‑BMT, pXZ9‑imDC and sTNFR1‑imDC groups. 
Symptoms were most severe in the allo‑BMT group, 
with a clinical score of 6.8±1.2. The GVHD scores in the 
pXZ9‑imDC and sTNFR1‑imDC groups were 5.5±1.1 
and 4.2±1.0, respectively. These values were significantly 
lower than scores in the allo‑BMT and pXZ9‑imDC groups 
(P<0.05) (Fig. 3A). Pathological examination indicated that 
the GVHD pathological grade of the skin, liver and small 
intestine was III‑IV in the allo‑BMT group; II‑III in the 
pXZ9‑imDC group and 0‑I in the sTNFR1‑imDC group (0‑I, 
mild; II‑III, moderate; III‑IV, severe; Fig. 3B).

Leukemia incidence. Mice in the leukemia model group all 
succumbed to leukemia within 18 d. Histopathological exami-
nation revealed infiltration by a large number of leukemia cells 
(Fig. 4), with a 20x109/l to 24x109/l white blood cell count in 
peripheral blood. The incidence of leukemia in the allo‑BMT, 
pXZ9‑imDC and sTNFR1‑imDC groups was 10, 20 and 
10%, respectively. No statistically significant difference was 
observed between the groups (P>0.05).

Cytokine expression alterations in mice following transplan-
tation. The serum IFN‑γ concentration peaked at 14 d in 
the allo‑BMT, pXZ9‑imDC and sTNFR1‑imDC groups and 
subsequently decreased. It was significantly reduced in the 
sTNFR1‑imDC group compared with that of the allo‑BMT and 

Figure 2. Survival rate of each group and chimerism of recipient animals that survived for 30 d following transplantation. (A) Survival rate of each group fol-
lowing transplantation; (B) Chimerism of recipient animals that survived for 30 d following transplantation. Bone marrow cells were dual‑fluorescence stained 
with PE‑labelled anti‑H‑2b monoclonal antibody and FITC‑labelled anti‑H‑2d monoclonal antibody. FITC, fluorescein isothiocyanate; PE, phycoerythrin; 
sTNFR1, soluble tumour necrosis factor receptor 1; allo-BMT, allogeneic bone marrow transplantation; DC, dendritic cell.
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Figure 3. Clinical score of GVHD and histopathological evidence in the liver, small intestine and skin of mice following transplantation. (A) Average total 
GVHD score of groups at serial time-points following transplantation. (B) Histopathological evidence in liver, small intestine and skin of mice following trans-
plantation. (a, d and g) Skin, liver and small intestines of mice which exhibited no evidence of GVHD in the sTNFR1‑imDC group; (b, e and h) skin, liver and 
small intestines of mice with moderate GVHD in the pXZ9‑imDC group; (c, f and i) skin, liver and small intestines of mice with severe GVHD in the allo‑BMT 
group. (#P<0.05 vs. pXZ9‑imDC group; ▲P<0.05 vs. sTNFR1‑imDC group, hematoxylin and eosin staining; magnification, x400). GVHD, graft‑versus‑host 
disease; allo-BMT, allogeneic bone marrow transplantation; imDC, immature dendritic cell; sTNFR1, soluble tumour necrosis factor receptor 1.

Figure 4. Spleen pathology of leukemic mice. (A) Spleen without leukemia cells. (B) Spleen with leukemia cells (hematoxylin and eosin staining; magnifica-
tion, x400).
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pXZ9‑imDC groups (P<0.05). The serum IFN‑γ concentration 
was also reduced in the pXZ9‑imDC group compared with that 
of the allo‑BMT group (P<0.05) (Fig. 5A). The levels of IL‑4 
in the serum were reduced in the allo‑BMT and pXZ9‑imDC 
groups, but gradually increased in the sTNFR1‑imDC group, 
peaking at 14 d. There was significant difference in IL‑4 
levels between the sTNFR1‑imDC and allo‑BMT groups, and 
between the sTNFR1‑imDC and pXZ9‑imDC groups (P<0.05). 
No significant difference was detected between the allo‑BMT 
and pXZ9‑imDC group (P>0.05; Fig. 5B).

Discussion

At present, allo‑BMT is regarded to be the most effective treat-
ment for numerous malignant hematologic diseases, including 
leukemia, lymphoma and myelodysplastic syndrome (24,25). 
The GVL effect exerted by donor T cells contributes to the 
efficacy of allo‑BMT (26). However, GVHD is a life‑threat-
ening condition and over the past several decades, no existing 
method has been able to completely separate GVHD and 
GVL. Reducing the incidence and severity of GVHD whilst 
retaining the GVT effects is a crucial step in improving the 
overall effectiveness of allo‑BMT against hematological 
malignancies (27‑29). Several studies have indicated that the 
use of tolerogenic DCs or of freshly‑isolated, regulatory T cells 
for the control of GVHD does not affect the activity of GVT 

against leukemic cells and lymphomas (30‑32). Conventional 
therapies have previously targeted T cells; however, immu-
nostimulatory DCs are critical to the pathogenesis of GVHD 
and also have tolerogenic properties  (33). One therapeutic 
approach that has emerged is the use of imDCs for the induc-
tion of peripheral immune tolerance in allograft recipients. 
Administration of donor‑provided imDCs or manipulation 
of imDCs using immunosuppressive cytokines, including 
IL‑10 and TGF‑β, significantly prolonged allograft survival 
in non‑immunosuppressed transplant recipients (7,34). Studies 
have indicated that intervention in DCs from recipients, donors 
or a third party may induce immunologic tolerance, which 
has an important function in the regulation of GVHD and 
GVL (35). The present study, in agreement with other studies, 
has demonstrated that unlike mature DCs which express 
high levels of MHC II and co‑stimulatory molecules on their 
surface and induce immune responses, imDCs were deficient 
in co‑stimulatory molecules, inhibited T‑cell responses and 
induced tolerance. Moreover, further studies have suggested 
that imDCs expressing sTNFR1 were resistant to maturation 
induced by lipopolysaccharide stimulation and retained low 
levels of MHC II and co‑stimulatory markers characteristic 
of imDCs. In the present study, donor imDCs were selectively 
manipulated by transfection with the sTNFR1 gene to inhibit the 
maturation and activation of DCs. In leukemia mouse‑models 
of allo‑BMT, sTNFR1‑modified imDCs induced long‑lasting 
immune tolerance and ameliorated GVHD without affecting 
the GVL response.

The C57BL/6‑derived T‑cell leukemia/lymphoma cell 
line EL4 was used for leukemia modelling, as previously 
described  (36), with minor modification. EL4 cells share 
histocompatibility antigens with normal C57BL/6 mice and the 
variation in the numbers of EL4 leukemia cells and normal target 
cells in the host, as well as tissue compensation, enable attenu-
ation of GVHD and retention of GVL (36,37). The GVL effect 
observed in this model depends on the alloreactivity of donor 
T cells which recognize various MHC molecules expressed 
on the surface of EL4 cells. In a previous study by our group, 
an EL4 H‑2b leukemia model was constructed (20,38) with a 
success rate of 100%. The EL4 cells exhibited marked invasive-
ness and the leukemia model was rapid and stable with extensive 
infiltration into the liver and spleen. In addition to bone marrow 
transplantation, EL4 leukemia cells from C57BL/6 mice were 
infused, and mice in the leukemia group succumbed to leukemia 
within 18 d following transplantation. Anti‑leukemia effects of 
allo‑BMT were observed in the allo‑BMT, pXZ9‑imDC and 
sTNFR1‑imDC groups. Few mice developed leukemia in these 
three groups and the survival rate and average survival duration 
were prolonged in the pXZ9‑imDC and sTNFR1‑imDC groups 
compared with those of the allo‑BMT group. Furthermore, 
the survival rate was prolonged in the sTNFR1‑imDC group 
compared with that of the pXZ9‑imDC group, suggesting that 
allo‑BMT GVL effects were retained following pXZ9‑imDC 
and sTNFR1‑imDC infusions. Clinical scores were higher and 
GVHD was more severe in the allo‑BMT group compared 
with the pXZ9‑imDC and sTNFR1‑imDC groups. The 
sTNFR1‑imDC group produced stable chimeras and exhibited 
significantly fewer symptoms and a prolonged survival rate. The 
imDC infusion alone was able to attenuate GVHD. However, 
as the imDCs gradually matured due to antigen stimulation, 

Figure 5. (A) Serum IFN‑γ and (B) IL‑4 concentrations in mice at various 
time-points following transplantation. Allo-BMT, sTNFR1, soluble tumour 
necrosis factor receptor 1; allogeneic bone marrow transplantation; DC, 
dendritic cell; IFN, interferon; IL, interleukin.
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the expression of co‑stimulatory molecules increased, antigen 
presentation was enhanced and tolerance was reduced, which 
suppressed the ability of imDCs to inhibit GVHD. However, 
sTNFR1‑imDCs attenuated GVHD and improved survival rates 
whilst maintaining imDC properties.

Developments in immunology and genetics have improved 
the understanding of the immunologic mechanisms of 
allo‑hemopoietic stem cell transplantation. Recent evidence has 
indicated that GVHD is a process where T cells within donor 
transplants recognize ‘foreign’ recipient histocompatibility 
antigens, resulting in endogenous cytokine release and tissue 
over‑reactivity. Consequently, T cells attack tissues expressing 
these antigens in a process known as cytokine storm (39,40). 
CD4+ T cells have a critical function in the pathological process 
of initiating and amplifying GVHD (34). CD4+ T cells are 
categorized into Th1 and Th2 cells according to their active 
protein components. In murine models, donor CD4+ Th1 
cells preferentially secrete type‑1 cytokines (IL‑2, IFN‑γ and 
TNF‑α) and induce significant GVHD, whereas donor Th2 
cells which primarily secrete type‑2 cytokines (IL‑4, IL‑5, 
IL‑10 and IL‑13), reduce GVHD and therefore downregulate 
the GVHD initiated by Th1/Tc1 cells (3,39,41). In the present 
study, pXZ9‑imDCs and sTNFR1‑imDCs reduced the secre-
tion of IFN‑γ, a Th1 cytokine, and increased the production of 
IL‑4, a Th2 cytokine, further indicating that pXZ9‑imDCs and 
sTNFR1‑imDCs stimulated immunologic tolerance of donor 
CD4+ T cells following activation of recipient antigens. Th1 

cytokines function in immune activation, modulate cellular 
immune responses, enhance the activation and recruitment 
of macrophages, recruit B cells and promote cytotoxic T‑cell 
proliferation to promote GVHD. By contrast, Th2 cytokines are 
associated with immunologic tolerance and reduce production 
of causative agents of GVHD (4,42).

pXZ9‑imDCs and sTNFR1‑imDCs induce immunologic 
tolerance by secreting cytokines that negatively regulate 
immunity, which is potentially a mechanism for immunologic 
tolerance induction (43). Variation between pXZ9‑imDCs and 
sTNFR1‑imDCs suggests that genetically modified DCs prevent 
induction of maturation by exogenous antigens and stabilize 
immunologic tolerance. However, half of the mice in the 
sTNFR1‑imDC group succumbed to acute GVHD, revealing a 
marked limitation of sTNFR1‑imDCs. This phenomenon may 
be due to a number of factors; for example, viral vectors are 
able to promote DC maturation, resulting in the gradual matura-
tion of infused imDCs. In addition, recipient antigen‑presenting 
cells participate in acute GVHD. In the present study, donor 
antigen‑presenting cells were selectively manipulated; however, 
their activation was not completely inhibited. Therefore, 
multiple infusions for an extended duration or the concomitant 
use of immunosuppressants may improve therapeutic outcomes. 
Subsequent experiments are required to investigate the DC 
components in blood cells, distribution changes, homing and 
chemotaxis.

In conclusion, the EL4 leukemia/lymphoma model 
was successfully replicated in a mouse model. Infusion of 
sTNFR1‑imDC prolonged survival, reduced expression levels 
of Th1 cytokines, increased expression levels of Th2 cytokines, 
significantly attenuated GVHD and maintained GVL effects in 
mice. The results of the present study therefore provided a novel 
insight into the clinical discrimination of GVL and GVHD 

and may therefore aid in the reduction of mortality following 
hematopoietic stem cell transplantation and leukemia relapse.
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