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Abstract: Combined transplantation of regulatory T cells (Treg cells) may significantly attenuate graft versus host 
disease (GVHD) after hematopoietic stem cell transplantation (HSCT). Recent studies indicated that CD150+Treg 
cells could secret adenosine to maintain the quiescent status of HSCs. However, whether it is attributable to the 
attenuation of GVHD after HSCT is still unclear. In vitro studies revealed that CD150+Treg cells induced immune 
tolerance was comparable to that induced by CD150-Treg cells, but CD150+Treg cells can secret more adenosine, 
increase P-AMPK expression and regulate energy metabolism to induce the proliferation of HSC proliferation and 
inhibit their differentiation into dendritic cells. In this study, GVHD animal model was established, and combined 
transplantation of Treg cells and HSCs was performed. Results showed the survival time was significantly prolonged, 
the proliferation rate of HSCs increased significantly and the proportion of undifferentiated HSCs elevated signifi-
cantly after CD150+Treg transplantation as compared to CD150-Treg transplantation. Immunohistochemistry re-
vealed CD150+Treg cells could secret adenosine, activate AMPK expression and inhibit intestinal cell apoptosis and 
inflammation after HSCT. Taken together, this study indicates CD150+Treg cells can regulate energy metabolism to 
attenuate GVHD and intestinal cell apoptosis after HSCT.   

Keywords: Regulatory T cells, CD150, hematopoietic stem cell transplantation, graft versus host disease, energy 
metabolism

Introduction

Hematopoietic stem cell transplantation (HSCT) 
is still the most effective strategy for the treat-
ment of malignant hematological diseases and 
a basic way for the treatment of some solid 
tumors. Graft versus host disease (GVHD) is 
one of causes of HSCT failure, and severe 
GVHD may even cause death [1]. Combined 
transplantation of immunoregulatory cells and 
HSCs may significantly inhibit the GVHD, and 
regulatory T cells (Treg cells) have been regard-
ed the most promising cell type for the HSCT. 
Treg cells are the main negative regulatory cells 
and can secret transforming growth factor-β 
(TGF-β) and IL-10 to inhibit the immune rejec-
tion after allogeneic transplantation [2, 3]. 
There is evidence showing that the proportion 
of peripheral Treg cells is negatively related to 
the incidence of acute GVHD, and combined 

transplantation of Treg cells and HSCs can sig-
nificantly acute GVHD and promote the recon-
struction of immune and hematopoietic sys-
tems [4-6]. However, the in vitro amplification of 
Treg cells is difficult and the amount of Treg 
cells used for transplantation is large. Thus, to 
improve the function of Treg cells is of great 
importance in clinical practice.

The bone marrow niche is important for the 
maintenance of quiescent status, self-renewal 
and multi-directional differentiation potential of 
HSCs, in which adenosine signaling pathway 
plays an important role [7, 8]. After entering the 
recipients, some HSCs may differentiate to 
reconstruct the compromised immunity, and 
others maintain the stemness to reconstruct 
the hematopoietic system. Therefore, the main-
tenance of differentiation and self-renewal of 
HSCs is very important [9, 10]. Recent studies 
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indicate there are CD150high cells with Treg cells 
and these cells can secret adenosine to main-
tain the quiescent status of HSCs [11]. These 
findings indicate that Treg cells can not only 
induce immune tolerance, but also inhibit the 
GVHD after HSCTs via other mechanisms.

Materials and methods 

Cell separation and culture

Lymphocyte separation solution (TBD, Tianjin, 
China) was used for the separation of periph-
eral blood mononuclear cells (PBMCs) from 
blood of B6 mice. Treg cell sorting kit (BD com-
pany, USA) and magnetic beads were used for 
the separation of Treg cells from PBMCs. After 
in vitro amplification of Treg cells, cells were 
incubated with CD150 antibody (BD company, 
USA) for 20 min at room temperature, followed 
by washing in PBS thrice. CD150highTreg cells 
(CD150+Treg cells) and CD150-Treg cells were 
sorted by flow cytometry. The femur was col-
lected from B6 mice and the bone marrow was 
flushed with PBS. The resultant cell suspension 
was filtered for the sorting of CD34+ HSCs by 
flow cytometry. HSCs were maintained in 
RPMI1640 containing 10% fetal bovine serum 
(FBS).

Detection of HLA-G and CTLA-4 

CD150-Treg and CD150+Treg cells were incu-
bated with HLA-G and CTLA-4 antibodies at 
room temperature in dark for 20 min. After 
washing in PBS thrice, the mean fluorescence 
intensity of HLA-G and CTLA-4 was detected by 
flow cytometry.

Detection of immunosuppressive molecules 
and adenosine

CD150-Treg cells and CD150+Treg cells were 
maintained for 48 h and then the supernatant 
was collected for the detection of IL-10 and 
TGF-β concentration by ELISA according to the 
manufacturer’s instructions (Xinbo Biotech Co., 
Ltd). Adenosine concentration was detected 
according to previously reported [7]. In brief, 
the solution (1 ml) was collected and added to 
a centrifuge tube, followed by addition of chlo-
roacetaldehyde (final concentration: 220 μM). 
After boiling for 20 min, the fluorescence inten-
sity of the mixture was measured by fluo- 
rescence spectrophotometry (excitation wave-
length = 310 nm, emission wavelength = 410 
nm).

EDU proliferation test

Transwell chamber was used for the co-culture 
of Treg cells and HSCs. HSCs were added to 
lower chamber, and Treg cells into upper cham-
ber. There were 4 groups in this test: control 
group (HSCs alone), CD150-Treg group (CD150-
Treg cells and HSCs), CD150+Treg group 
(CD150+Treg cells and HSCs) and adenosine 
inhibition group (CD150+Treg cells + HSCs + 
aminophylline [an adenosine inhibitor]). Cells 
were maintained for 48 h, and then cells in 
lower chamber were harvested, followed by 
addition of EDU staining solution. After further 
incubation for 24 h, 2 mg/mL glycine and 0.5% 
TritonX-100 were added, followed by washing in 
PBS thrice. After addition of EDU reaction solu-
tion, incubation was done in dark at room tem-
perature for 30 min. Following DAPI staining, 
the fluorescence was observed under a fluores-
cence microscope.  

Detection of HSCs differentiation 

Some studies have reported that IL-6 can 
induce the differentiation of HSCs into dendritic 
cells (DCs), and thus IL-6 was used in positive 
control group. There were 5 groups in this test: 
control group (HSCs alone), IL-6 group (HSCs + 
20 ng/mL IL-6), CD150-Treg group (CD150-Treg 
cells + HSCs + 20 ng/mL IL-6), CD150+Treg 
group (CD150+Treg cells + HSCs + 20 ng/mL 
IL-6) and adenosine inhibition group (CD150+ 
Treg cells + HSCs + aminophylline + 20 ng/mL 
IL-6). After incubation for 48 h, cells in lower 
chamber were harvested, followed by addition 
of CD1a. Following incubation at room tempera-
ture for 20 min, cells were washed in PBS 
thrice. Flow cytometry was performed for the 
detection of DCs after HSCs differentiation.

Detection of energy metabolism

After co-culture, HSCs were harvested and then 
incubated with rhodamine 123 for 30 min for 
the labeling of mitochondrial membrane poten-
tial (MMP). After washing in PBS thrice, the 
mean fluorescence intensity was detected by 
flow cytometry. In addition, the ATP concentra-
tion of HSCs was also detected by using ATP 
Bioluminescence Assay Kit. In brief, the boiled 
100 nM Tris and 4 nM EDTA were added to the 
cell suspension, followed by boiling at 100°C 
for 2 min. After centrifugation, the supernatant 
was removed, and fluorescence reaction rea- 
gent was added. The fluorescence intensity 
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was measured immediately. Adenosine 5’-mon- 
ophosphate (AMP)-activated protein kinase 
(AMPK) plays an important role in the energy 
metabolism regulation and functional mainte-
nance of HSCs. Thus, p-AMPK expression was 
detected in HSCs of different groups. After fixa-
tion, HSCs were embedded in paraffin, followed 
by processing for immunohistochemistry for 
p-AMPK and Ki-67.  

Construction of GVHD model

GVHD model was established according to pre-
viously reported [12]. After fatal irradiation (8 
Gy), 8-week aged BALB/c mice were injected 
with 5 × 106 CD34+ HSCs and 1 × 106 T cells 
from B6 mice for the induction of GVHD. There 

were 5 groups in this test: control group (GVHD), 
CD150-Treg group (GVHD + injection of 3 × 106 
CD150-Treg cells via tail vein), CD150+Treg 
group (GVHD + injection of 3 × 106 CD150+Treg 
cells via tail vein), adenosine inhibition group 
(GVHD + injection of 3 × 106 CD150+Treg cells 
via tail vein + aminophylline) and AMPK group 
(GVHD + injection of 3 × 106 CD150+Treg cells 
via tail vein + Compound C [an AMPK in- 
hibitor]).

Assessment of proliferation and differentiation 
of HSCs in vivo

After labeling of HSCs with DiI, these cells were 
injected into GVHD mice via the tail vein. At 7 

Figure 1. Adenosine concentration of CD150-Treg cells and CD150+Treg cells. Flow cytometry showed the expres-
sion of HLA-G and CTLA-4 was comparable between CD150-Treg and CD150+Treg cells. ELISA revealed the concen-
tration of IL-10 and TGF-β in the supernatant was similar between CD150-Treg and CD150+Treg cells. The adenos-
ine concentration in CD150+Treg cells was about 2.66 times that in CD150-Treg cells.
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days after transplantation, peripheral lympho-
cytes were separated and incubated with CD34 
antibody at room temperature for 15 min. After 
washing in PBS thrice, the DiI positive cells and 
DiI positive/CD34 negative cells were deter-
mined by flow cytometry. 

Immunohistochemistry

At 7 days after HSCs transplantation, the intes-
tine was harvested, fixed in 4% paraformalde-
hyde, dehydrated, and sectioned, followed by 
HE staining. Some paraffin-embedded sections 
were subjected to deparaffinization and then 
incubated with leukocyte common antigen 
(LCA), Bcl-2 or p-AMPK at 4°C over night. After 
washing in PBS thrice, biotin conjugated sec-
ondary antibody and alkaline phosphatase con-
jugated streptavidin solution was added, fol-
lowed by washing in PBS thrice. Visualization 
was done, sections were flushed with flowing 
water, followed by counterstaining, dehydra-
tion, transparentization and mounting. Sections 
were then observed under a light microscope. 

Statistical analysis 

Statistical analysis was performed with SPSS 
version 19.0, and data are expressed as mean 

± standard deviation. Comparisons were done 
with t test between groups or with analysis of 
variance followed by Bonferroni method among 
groups. Correlation analysis was done with 
Spearman correlation test. A value of P < 0.05 
was considered statistically significant.  

Results 

CD150+Treg can secret more adenosine

Flow cytometry showed the expression of 
HLA-G and CTLA-4 was comparable between 
CD150-Treg cells and CD150+Treg cells (t = 
0.8108, P = 0.4364; t = 0.04628, P = 0.9640). 
ELISA revealed the concentration of IL-10 and 
TGF-β in the supernatant was also similar 
between CD150-Treg cells and CD150+Treg 
cells (t = 0.1059, P = 0.9178; t = 0.5161, P = 
0.6170). However, the adenosine concentration 
in CD150+Treg cells was about 2.66 times that 
in CD150-Treg cells, showing significant differ-
ence between them (t = 6.728, P < 0.0001) 
(Figure 1). 

CD150+Treg cells promote HSCs proliferation

EDU proliferation test showed the proliferation 
rate was 0.2963 in control group and 0.3740 in 

Figure 2. CD150+Treg cells promote HSCs proliferation. EDU proliferation test showed the proliferation rate was 
significantly different between control group and CD150-Treg group. In CD150+Treg group, the proliferation rate was 
significantly higher than CD150-Treg group. Adenosine inhibition could significantly reduce the HSCs proliferation 
induced by CD150+Treg cells.
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CD150-Treg group, showing significant differ-
ence between them (t = 4.547, P = 0.0011). In 
CD150+Treg group, the proliferation rate was 
0.5350, which was significantly higher than in 
CD150-Treg group (t = 5.015, P = 0.0005). In 
addition, adenosine inhibition could significant-
ly reduce the HSCs proliferation induced by 
CD150+Treg cells (t = 6.058, P = 0.0001) 
(Figure 2).  

CD150+Treg cells inhibit HSCs differentiation

Flow cytometry showed the proportion of DCs 
cells differentiated from HSCs was 4.700% in 
control group and 9.813% in IL-6 group, show-
ing significant difference (t = 4.413, P = 
0.0013). This proportion was 6.990% in CD150- 
Treg group, which was similar to that in IL-6 
group (t = 2.023, P = 0.0706), but the propor-
tion in CD150+Treg group (4.343%) was signifi-
cantly lower than in Il-6 group (t = 4.693, P = 
0.0009). Moreover, adenosine could signifi-
cantly reverse the CD150+Treg cells induced 
inhibition of HSCs differentiation (t = 4.319, P = 
0.0015) (Figure 3).   

CD150+Treg cells elevate energy metabolism 
of HSCs

AMPK and energy metabolism play an impor-
tant role in the maintenance of quiescent sta-
tus and normal functions of HSCs. This study 
further investigated the effect of CD150+Treg 

cells on the energy metabolism of HSCs. These 
results showed the MMP and intracellular ATP 
concentration were comparable between CD- 
150-Treg group and control group (t = 2.111, P 
= 0.0609; t = 1.584, P = 0.1443). The MMP 
and intracellular ATP concentration were 8175 
and 14.38, respectively, in CD150+Treg group, 
which were significantly different from those in 
CD150-Treg group (t = 4.001, P = 0.0025; t = 
3.607, P = 0.0048). In addition, adenosine inhi-
bition could significantly reduce the CD150+Tr- 
eg cells induced increase in energy metabolism 
of HSCs. Immunohistochemistry was further 
performed for the detection of p-AMPK and 
Ki-67. Results showed CD150+Treg cells could 
significantly increase the p-AMPK expression in 
HSCs, which however was attenuated by ade-
nosine inhibition. Correlation analysis revealed 
that p-AMPK expression was positively related 
to the Ki-67 proliferation index (r = 0.7613, P < 
0.0001). These findings indicate that CD150+ 
Treg cells can secret adenosine to activate 
AMPK and increase energy metabolism, which 
elevates the proliferation of HSCs (Figure 4).    

CD150+Treg cells promote HSCs proliferation 
and inhibit their differentiation in vivo

Flow cytometry showed the proportion of DiI 
positive cells was 6.308% in control group and 
10.37% in CD150-Treg group, showing signifi-
cant difference between groups (t = 4.691, P = 
0.0009). The proportion of DiI positive cells 

Figure 3. CD150+Treg cells inhibit HSCs differentiation. 
Flow cytometry showed the proportion of DCs cells differ-
entiated from HSCs in control group was significantly differ-
ent from IL-6 group. The proportion in CD150+Treg group 
was significantly lower than Il-6 group. Adenosine could sig-
nificantly reverse the CD150+Treg cells induced inhibition 
of HSCs differentiation.
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was 14.10% in CD150+Treg group, which was 
significantly higher than in CD150-Treg group (t 
= 3.274, P = 0.0084). Adenosine inhibition or 
AMPK inhibition could significantly reduce the 
CD150+Treg induced DiI positive cells (t = 
5.422, P = 0.0003; t = 5.474, P = 0.0003).

The proportion of DiI+CD34-differentiated cells 
was 39.97% in control group and 22.47% in 
CD150-Treg group, showing significant differ-
ence between them (t = 3.561, P = 0.0052). 
This proportion was 14.65% in CD150+Treg 
group, which was significantly lower than in 

CD150-Treg group (t = 2.282, P = 0.0457). In 
addition, adenosine inhibition or AMPK inhibi-
tion could significantly reduce the proportion of 
differentiated cells as compared to CD150+Treg 
group (t = 5.765, P = 0.0002; t = 8.045, P < 
0.0001) (Figure 5). 

CD150+Treg cells prolong survival time of 
mice after HSCs transplantation

Combined transplantation of CD150-Treg cells 
and HSCs could significantly prolong the sur-
vival time of mice as compared to control group, 

Figure 4. CD150+Treg cells elevate energy metabolism of HSCs. MMP and intracellular ATP concentration were com-
parable between CD150-Treg group and control group. MMP and intracellular ATP concentration were significantly 
different from those in CD150-Treg group. Adenosine inhibition could significantly reduce the CD150+Treg cells in-
duced increase in energy metabolism of HSCs. Immunohistochemistry showed CD150+Treg cells could significantly 
increase the p-AMPK expression in HSCs, which however was attenuated by adenosine inhibition. Correlation analy-
sis revealed that p-AMPK expression was positively related to the Ki-67 proliferation index. These findings indicate 
that CD150+Treg cells can secret adenosine to activate AMPK and increase energy metabolism, which elevates the 
proliferation of HSCs.
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and the survival time in CD150+Treg group was 
further prolonged. However, adenosine inhibi-
tion or AMPK inhibition significantly shorten the 
survival time of mice in CD150+Treg group. The 
intestine is the most common tissue involved in 
GVHD after HSCs transplantation. Thus, the 
intestinal tissues were harvested from mice in 
different groups. These results showed the 

intestinal injury was significantly attenuated in 
CD150-Treg group and the number of infiltrated 
LCA+ lymphocytes reduced significantly as 
compared to control group (t = 3.878, P = 
0.0031). In CD150+Treg group, the intestinal 
injury and inflammation were further attenuat-
ed, and the number of infiltrated LCA+ lympho-
cytes reduced significantly by 63% as com-

Figure 5. CD150+Treg cells promote HSCs 
proliferation and inhibit their differentia-
tion in vivo. The proportion of DiI+CD34- 
differentiated cells was significantly differ-
ent between control group and CD150-Treg 
group. This proportion in CD150+Treg 
group was significantly lower than CD150-
Treg group. Adenosine inhibition or AMPK 
inhibition significantly reduced the propor-
tion of differentiated cells as compared to 
CD150+Treg group.
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pared to CD150-Treg group (t = 5.140, P = 
0.0004). In addition, adenosine inhibition or 
AMPK inhibition could compromise the protec-
tive effect of CD150+Treg cells on intestinal 
injury and inflammation (Figure 6). 

CD150+Treg cells inhibit intestinal cell apopto-
sis after HSCs transplantation

The proportion of Bcl-2+ cells (apoptotic cells) 
was 49.89% in control group. CD150-Treg cells 
could inhibit the GVHD induced intestinal cell 

apoptosis, and the proportion of apoptotic cells 
in CD150-Treg group reduced by 52.66% as 
compared to control group (t = 4.218, P = 
0.0018). In CD150+Treg group, the proportion 
of apoptotic cells further reduced by 54.92% as 
compared to CD150-Treg group (t = 3.182, P = 
0.0098). Adenosine inhibition and AMPK inhibi-
tion could significantly increase the proportion 
of apoptotic intestinal cells by 3.87 times and 
3.15 times as compared to CD150+Treg group 
(t = 6.105, P = 0.0001; t = 6.406, P < 0.0001). 
The p-AMPK expression was further detected 

Figure 6. CD150+Treg cells can secret adenosine to activate AMPK expression and regulate energy metabolism, 
attenuating the intestinal injury and inflammation after HSCs transplantation. Intestinal injury was significantly at-
tenuated in CD150-Treg group and the number of infiltrated LCA+ lymphocytes reduced significantly as compared 
to control group. In CD150+Treg group, the number of infiltrated LCA+ lymphocytes reduced significantly by 63% as 
compared to CD150-Treg group.
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in the intestine. Results showed CD150+Treg 
cells could significantly increase p-AMPK ex- 
pression in the intestine, which however was 
attenuated by adenosine inhibition. These find-
ings suggest that CD150+Treg cells can secret 
adenosine to activate AMPK expression and 
regulate energy metabolism in the intestine, 
which is related to the attenuation of intestinal 
injury and inflammation after HSCs transplan-
tation (Figure 6).

CD73 and CD39 expression of CD150-Treg 
and CD150+Treg cell

CD39 and CD73 mRNA expression in CD150+ 
Treg cell were significantly higher than CD150-
Treg cell, indicating that CD39-CD73-adenosine 
signaling pathway was involved in biofunction 
of CD150+Treg cell (Figure 7). CD39 and CD73 
protein expression in CD150+Treg cell was sig-
nificantly higher than CD150-Treg cell, which 
confirmed the above results (Figure 8).

Discussion 

In recent years, the incidence of malignant 
hematological diseases such as leukemia and 
lymphoma is increasing over year, bringing sig-
nificant burden to the family and the society. 
HSCs transplantation has been the most effec-
tive strategy for the treatment of malignant 
hematological diseases. On one hand, it can 
reconstruct the immune system and effectively 
kill the cancer cells in vivo; on the other hand, it 
may reconstruct the hematopoietic system and 
maintain the stability of hematological system 
[1, 9]. GVHD is a major cause of failure after 
HSCs transplantation and may cause some 

Treg cells can induce immune tolerance to 
grafts and inhibit Allogeneic rejection. In addi-
tion, they can secret some immunosuppressive 
factors to indirectly inhibit the immune rejec-
tion. Treg cells have the expression of some 
immunosuppressive molecules on their sur-
face (such as HLA-G and CTLA-4), which may 
directly induce the immune tolerance [14, 15]. 
These results showed Treg cells could also 
induce the proliferation of HSCs and promote 
the reconstruction of hematopoietic system, 
which provides theoretical evidence for the 
treatment of GVHD with Treg cells. 

Recent studies indicate that Treg cells can be 
further divided into CD150+Treg cells and 
CD150-Treg cells. CD150+Treg cells are crucial 
for the maintenance of quiescent status of 
HSCs [11]. This study showed both subsets of 
Treg cells could directly or indirectly induce the 
immune tolerance, but CD150+Treg cells could 
also promote HSCs proliferation and inhibit 
their differentiation. Stem cell proliferation is 
important for the increase in the number of 
HSCs in vitro, exerting better therapeutic eff- 
ects. The inhibited differentiation of HSCs may 
maintain the proliferative status of HSCs for a 
longer time and maximize the number of stem 
cells, which leads to the reconstruction of 
immune system and hematopoiesis, exerting 
therapeutic effects [16, 17].

Adenosine is an end product of deoxynucleo-
tides and has been widely used in clinical prac-
tice to treat diseases such as myocardial isch-
emia. Adenosine can also effectively induce 
anngiogenesis and promote the long-term 
patency of tissue engineering blood vessels 

Figure 7. CD39 and CD73 mRNA expression. CD39 and CD73 mRNA ex-
pression in CD150+Treg cell were significantly higher than CD150-Treg cell, 
indicating that CD39-CD73-adenosine signaling pathway was involved in 
biofunction of CD150+Treg cell.

adverse effects (such as fever, 
rash and liver dysfunction) or 
even death if it is severe 
enough [13]. Transplantation 
of immunosuppressive cells 
and HSCs can significantly the 
incidence of GVHD and reduce 
the dose of immunosuppres-
sants used for rejection pre-
vention. Previous studies re- 
vealed that combined trans-
plantation of mesenchymal 
stem cells and HSCs promot-
ed the reconstruction of he- 
matopoietic system and main-
tained the stemness of HSCs. 
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[18]. In addition, adenosine plays a key role in 
the maintenance of quiescent status of HSCs 
and it can regulate energy metabolism to main-
tain the functions of stem cells [7]. These 
results indicated that adenosine mediated  
the CD150+Treg related inhibition of GVHD. 
CD150+Treg cells could secret adenosine to 
activate AMPK expression and regulate energy 
metabolism, which promotes the proliferation 
of HSCs and maintain their stemness. More- 

over, adenosine may protect cells against injury 
and inhibit inflammation. These findings re- 
vealed CD150+Treg cells could secret adenos-
ine to inhibit the intestinal cell apoptosis sec-
ondary to HSCs transplantation, in which AMPK 
played an important role.  

Taken together, CD150+Treg cells can regulate 
energy metabolism to inhibit the GVHD and 
intestinal cell apoptosis secondary to HSCs 

Figure 8. CD39 and CD73 protein expression. CD39 and CD73 protein expression in CD150+Treg cell was signifi-
cantly higher than CD150-Treg cell, which confirmed the above results.

Figure 9. CD150highTreg cell transplantation attenuates graft versus host disease after hematopoietic stem cell 
transplantation. CD150+Treg cells can regulate energy metabolism to inhibit the GVHD and intestinal cell apoptosis 
secondary to HSCs transplantation.
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transplantation (Figure 9). These findings pro-
vide theoretical evidence for the feasibility of 
combined transplantation with Treg cells and 
HSCs. 
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