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Abstract: Background and Aim: Myeloid-derived suppressor cells are a heterogeneous cell population that ex-
pand during several pathogenic conditions. However, their role in non-alcoholic steatohepatitis remains unclear. 
This study aimed to examine the systemic effects of myeloid-derived suppressor cells, to determine the role of 
Gr-1highLy6G+MDSCs and their correlation with the CXCL12/CXCR4 axis in non-alcoholic steatohepatitis. Methods: 
We established a non-alcoholic steatohepatitis model and detected inflammatory factors IL-6, PGE2, and INF-γ, 
using an enzyme-linked immunosorbent assay. Proportions of lymphocyte subsets in peripheral blood, CD11b+Gr-
1+myeloid-derived suppressor cells and its subsets in the blood, spleen, liver, and bone marrow were identified using 
flow cytometry. Adoptive transfer and depletion experiments for MDSCs were performed. Immunohistochemistry, 
migration assays, and in vivo experiments were used to analyze the role of CXCL12/CXCR4 in non-alcoholic steato-
hepatitis. Results: The proportion of CD11b+Gr-1+MDSCs changed in the bone marrow, spleen, blood, and liver in 
the non-alcoholic steatohepatitis model. CD4+ and CD8+ T lymphocytes were significantly reduced in non-alcoholic 
steatohepatitis. Compared with control mice, a significant decrease in ALT and AST levels was observed in Gr-
1highLy6G+MDSCs-treated model mice. The migration ability of AMD3100-treated MDSCs was significantly reduced, 
but was restored as CXCL12 levels increased. CXCL12 and CXCR4 protein levels increased significantly in the non-
alcoholic steatohepatitis livers. Conclusions: Exogenous Gr-1highLy6G+MDSCs improved liver function during non-
alcoholic steatohepatitis. The CXCR4/CXCL12 axis could be the key pathway mediating the attraction of myeloid-
derived suppressor cells into the non-alcoholic steatohepatitis environment in mice.
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Introduction

The global prevalence of non-alcoholic fatty 
liver disease (NAFLD) is 25.24% [1]. The term 
NAFLD includes a spectrum of hepatic disor-
ders, ranging from simple or bland fatty liver 
(NAFL, non-alcoholic fatty liver) to non-alcoholic 
steatohepatitis (NASH) [2]. Therapeutic options 
for NAFLD and NASH are limited mainly to 
dietary and lifestyle interventions. Myeloid-
derived suppressor cells (MDSCs), a heteroge-
neous population of myeloid cells that are a 
subset of innate immune cells, can alter adap-
tive immunity and produce immune suppres-
sion [3]. MDSCs are a prominent leukocyte sub-
population involved not only in tumor-associat-
ed immune suppression, but also in regulation 
of the immune system [4, 5]. MDSCs emerge in 
various bodily compartments, such as the 

blood, bone marrow (BM) or spleen, especially 
in cancer, infections or inflammation. Their 
accumulation in the liver protects against liver 
injury and dampens T cell-mediated hepatitis 
[6-8]. To the best of our knowledge, the thera-
peutic value of MDSCs in the context of NASH 
has not been studied. We hypothesized that 
MDSCs could prevent the development of 
NASH. The molecular mechanisms underlying 
MDSCs recruitment into the tumor microenvi-
ronment and inflammatory sites remain unclear. 
Chemokine receptors mediate the chemotaxis 
of cells towards a gradient of chemokines. The 
migration of leukocytes from the blood into the 
liver during homeostasis and liver injury is 
mainly controlled by chemokines. CXCR4 (che-
mokine C-X-C motif receptor 4) selectively binds 
the CXC chemokine ligand-12 (CXCL12 or SDF-
1), which is important in tumorigenesis, prolif-
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eration, metastasis and angiogenesis in can-
cers [9, 10]. CXCR4 expression is low or absent 
in many healthy tissues, but is highly expressed 
in various tumors, and is considered the most 
widely expressed chemokine receptor in can-
cer [11]. CXCL12 is highly induced in inflamed 
tissues, where it attracts activated CXCR4+ T 
cells and monocytes, thereby enhancing local 
inflammatory responses. CXCL12, or its recep-
tor CXCR4, has been associated with chronic 
inflammatory disease pathogenesis, such as 
inflammatory bowel diseases [12]. It would be 
interesting to determine the biological func-
tions of CXCR4 in MDSCs. CXCR4+ cancer cells 
can be recruited to CXCL12-rich mesenchymal 
stroma niches. This recruitment mimics the 
homing of normal stem cells to the BM [13, 14]. 
However, the role of CXCL12/CXCR4 axis in the 
migration of MDSCs in NASH remains unclear. 
In this study, we examined MDSCs distribution 
and function to elucidate their roles in NASH, 
analyzed the link between the CXCL12/CXCR4 
axis and the migration of MDSCs. Our findings 
will help to explain the association of MDSCs 
and CXCL12/CXCR4 with NASH.

Materials and methods 

Mice and animal experiments

Male C57BL/6 mice (6-8-weeks-old) were 
obtained from Vital River Laboratory Animal 
Technology Co. Ltd. (Beijing, China). All animal 
care and handling protocols were approved by 
the Animal Ethics Committee of Shanxi Medical 
University. All experiments were carried out in 
Shanxi Medical University Translational Medi- 
cine Center and the department of Otorhi- 
nolaryngology Head and Neck Tumor key 
Laboratory of Shanxi Province. After receiving 
normal food (NF) for at least 1 week, the mice 
were divided into three groups: mice fed with 
CDAA (choline-deficient L-amino acid-defined 
diet), control CSAA (choline-sufficient amino 
acid-defined diet) diet, and NF. The CDAA and 
CSAA diets contain higher calories, fat and car-
bohydrates than NF [15]. C57BL mice were fed 
the CDAA diet for 12 weeks to induce NASH. 
Mice were sacrificed by cervical dislocation.

Biochemical analyses and ELISA

Blood samples were collected from each 
mouse by removing their eyeball. Serum levels 

of alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), triglycerides (TG), urea 
nitrogen (BUN), and blood glucose, total choles-
terol (T-CHO), and total bilirubin (TBIL) were 
measured using an automatic analyzer. The lev-
els of interleukin (IL)-6, prostaglandin E2 
(PGE2), and interferon (INF)-γ in serum were 
measured using commercial mouse ELISA kits 
(GeneSci. Co. Ltd, Beijing, China).

Immunohistochemical and western blot analy-
ses

Immunohistochemical (IHC) analyses of CXCR4 
and CXCL12 (Abcam, USA) were performed 
using paraffin-embedded sections. To evaluate 
IHC staining, the scan scope digital scanning 
system (Aperio company, USA), Nuclear v9, and 
Cytoplasmic v2 software were used. For west-
ern blotting, primary antibodies against CXCR4 
(1:1000), CXCL12 (1:1000) and glyceralde-
hyde-3-phosphate (GAPDH; 1:5000) were incu-
bated with membranes containing separated 
proteins at 4°C overnight. After incubation with 
the corresponding peroxidase-conjugated sec-
ondary antibodies (1:5000), protein bands 
were detected using chemiluminescence. Data 
were analyzed using the Image J software.

Flow cytometry analysis

After single cell suspensions were prepared, 
red blood cells (RBCs) were lysed using 1 ×RBC 
Lysis Buffer (eBioscience, San Diego, CA, USA). 
Cells were stained with antibodies against the 
following mouse proteins: CD11b (Clone 
M1/70), Gr-1 (RB6-8C5), Ly6G (1A8), Ly6C 
(HK1.4) CD3 (145-2C11), CD4 (RM4-5), CD8 
(53-6.7), and CD184 (CXCR4) (2B11), and with 
Rat IgG2bκ isotype control-fluorescein isothio-
cyanate (FITC) and Rat IgG2bκ isotype control-
PE (eBioscience). Flow cytometry was per-
formed on a BD FACS Calibur instrument (BD 
Biosciences, San Diego, CA, USA). Data were 
analyzed using Cellquest software. 

Magnetic bead purification

Positive selection of MDSCs was performed 
using MicroBeads and MACS MS columns (Mi- 
ltenyiBiotec) according to the manufacturer’s 
protocol. The purity of the selected cells was 
verified by flow cytometry. The purity of the iso-
lated population was 95.12% for Gr-1+CD11b+ 
cells and 78% for CD11b+Gr-1highLy6G+MDSCs.



The role of MDSCs and their correlation with the CXCL12/CXCR4 axis in NASH

2829 Am J Transl Res 2020;12(6):2827-2842

In vivo experiments

(1) Adoptive transfer of MDSCs: CD11b+Gr-
1highLy6G+MDSCs were purified from the BM of 
normal donor mice using magnetic beads. 
Recipient mice were injected via the tail vein 
with 1×106 cells in 500 μL of saline. The same 
amount of PBS was used as a control. After 72 
h, the recipient mice were sacrificed.

(2) MDSCs depletion: Mice were injected intra-
peritoneally with a single dose of 120 mg/kg of 
gemcitabine (Selleck) diluted in saline. Control 
mice received saline alone [16]. After 4 days, 
the mice were sacrificed.

(3) AMD3100 (Sigma), a specific CXCR4 antago-
nist, was injected intraperitoneally into NASH 
model mice for 3 consecutive days. AMD3100 
was dissolved in normal saline at 100 μg/mL. 
The dose of AMD3100 was 1 mg/kg/day, which 
is sufficient to block CXCR4 without causing 
stem cell mobilization [17]. The same amount 
of normal saline was used in the control group. 

In vitro MDSCs migration assay

In vitro cell invasion assays were performed 
using 24-well multiplates with 8-μm pore and 
5-μm pore transwell filter chamber inserts 
(Corning, USA). Isolated Gr-1highLy6G+ cells 
(1×105/well) were added to the upper compart-
ment of each transwell. An aliquot of 150 μL of 
medium containing 10, 100, or 200 ng/mL 
murine recombinant chemokine ligand 2 
(CXCL12) (Peprotech, New Jersey, USA) was 
added to the feeder tray. The kit was incubated 
at 37°C in a 5% CO2 cell culture incubator. After 
48 h, cells that had migrated were stained 
using crystal violet, counted, and photographed 
under a light microscope. All experiments were 
repeated at least three times. After dissolving 
the crystals using 33% acetic acid on ice, the 
OD values were recorded using a spectro- 
photometer.

Statistical analysis

Values are presented as the mean ± SD. 
Comparisons between groups were made using 
two-way analysis of variance (ANOVA) or 
unpaired Student’s t tests. P < 0.05 was con-
sidered as statistically significant. Pearson cor-
relation was used to explore the relationship 
between the level of ALT, AST, and related 
parameters.

Results

Consuming the CDAA diet for 12 weeks in-
duced NASH in mice 

Histological analysis showed that the mice fed 
the CDAA diet had higher levels of steatosis 
(90% compared with 30-60% in the control 
CSAA livers). Moderate inflammation occurred 
in the livers of mice fed the CDAA diet. 
Histological scoring of NASH was determined 
as described previously [18]. Mice fed the con-
trol CSAA diet scored 1-3 points, whereas CDAA 
diet group exhibited higher NAS (5 points) 
(Figure 1A). Mice fed the CDAA diet showed sig-
nificant hepatic steatosis based on Oil red O 
staining (Figure 1B) and hepatic fibrosis was 
shown by Sirius Red staining (Figure 1C). Body 
weights increased similarly in the NF, CDAA, 
and CSAA diet groups (Figure 1D). The serum 
levels of ALT and AST were significantly higher 
in the CDAA diet group compared with the con-
trol group (P < 0.05) (Figure 1E). There was no 
significant difference in BUN, TG, T-CHO, and 
TBIL among the groups (P > 0.05) (Table 1). 
Next, we measured inflammatory cytokines in 
the blood to examine systemic cytokine release. 
Importantly, their basal expression was very 
low; however, NASH induced significant eleva-
tion of IL-6, INF-γ, and PGE2 compared with that 
in NF mice (P < 0.05, Figure 1F). Elevated levels 
of IL-6, INF-γ, and PGE2 are reliable indicators 
of low-grade chronic inflammation in NASH in 
vivo.

Changes in T cell subsets in NASH

Combining the lymphocyte counts with the flow 
cytometric analysis indicated that the propor-
tions of CD4+ and CD8+ T lymphocytes in the 
blood of CSAA and CDAA mice were significant-
ly reduced, respectively, compared with that in 
NF mice. The proportions of peripheral blood 
lymphocyte subsets are shown in Figure 2.

CD11b+Gr-1+MDSCs changed in peripheral tis-
sues of NASH mice

The numbers of liver CD11b+Gr-1+MDSCs ch- 
anged compared with those in normal mice. 
The number of MDSCs increased significantly 
in the BM compared with that in the NF group (P 
< 0.05). The numbers of MDSCs in liver were 
significantly lower in the CDAA or CSAA group 
than in the NF group (P < 0.001). The number of 
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Figure 1. Representative liver histopathology, body weight change and serological test results in C57BL/6J mice fed 
NF, CSAA or CDAA diet for 12 weeks. A. NASH liver sections were stained with hematoxylin and eosin (HE, 100×). 
B. Representative image of oil red o staining of liver tissues was shown (400×). C. Hepatic fibrosis was evaluated 
based on Sirius Red (400×). D. Changes in body weight of mice fed the NF, CSAA or CDAA diet. E. Serum biochemical 
markers in mice fed for 12 weeks. ALT, AST levels increased in NASH model. F. Cytokine secretion profiles of NASH 
models. Serum samples from NE, CSAA and CDAA mice were analyzed for IL-6, INF-γ and PGE2. Data are expressed 
as means ± SD, by one-way ANOVA. ALT, PGE2 *P < 0.05, **P < 0.01, ***P < 0.001: AST, IL-6 #P < 0.05, ##P < 0.01, 
###P < 0.001; INF-γ &P < 0.05, &&P < 0.01, &&&P < 0.001.

Table 1. Serum biochemical markers in NASH mice
NF (n = 6) CSAA diet (n = 6) CDAA diet (n = 6) F P-value

ALT (U/L)* 25.33 ± 3.78 38.17 ± 4.07 63.17 ± 2.32 184.065 < 0.001
AST (U/L)# 93 ± 4.00 101.83 ± 2.14 107.50 ± 6.53 15.192 < 0.001
BUN (mmol/L) 5.51 ± 0.94 6.14 ± 0.47 5.65 ± 1.35 0.649 > 0.05
Glucose (mmol/L) 10.17 ± 0.49 10.86 ± 0.45 16.12 ± 1.16 106.906 < 0.001
TG (mmol/L) 1.41 ± 0.37 1.05 ± 0.38 1.02 ± 0.15 2.787 > 0.05
T-CHO (mmol/L) 2.55 ± 0.40 2.91 ± 0.82 3.25 ± 0.44 2.138 > 0.05
TBIL (vmol/L) 5.98 ± 1.29 4.66 ± 1.40 5.17 ± 1.18 1.605 > 0.05
Values are means ± SD. P-values reflect ANOVA. *,#P< 0.001 CDAA diet VS. NF.
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MDSCs decreased in the blood of the NASH 
group. However, no significant differences were 
observed in the number of MDSCs in the spleen 
and blood between these groups (Figure 3).

MDSCs polarization links their phenotypic and 
functional changes to disease development 

The purity of MACS-sorted cells was assessed 
using flow cytometry; The purified Gr-1+CD11b+ 

MDSCs were over 95% pure, and the Gr-1high 

Ly6G+MDSCs achieved 78% purity (Figure 6A). 
ALT and AST levels were determined in the 
serum of adoptively transferred and control 
mice at day 3 after cell transfer. Compared with 

Figure 2. Numbers of T cell subsets in the blood. (A-D) Numbers of peripheral 
blood T lymphocyte subsets in the isotypi control (A) NF (B), CSAA (C) and CDAA 
(D) groups. These data are from a single experiment which is representative of 
at least three independent experiments. (E) The changes in peripheral blood 
T cell subgroup. Numbers of peripheral blood *CD4+ and *CD8+ T lymphocyte 
subsets decreased significantly in the CSAA and CDAA micc. CD4+ (*P < 0.05, 
**P < 0.01, ***P < 0.001 vs. the NF group); CD8+ (#P < 0.05, ##P < 0.01, ###P < 
0.001 vs. NF group).

[19], for example, the gran- 
ulocytic CD11b+Gr-1highLy6G+ 

populationand the monocyt-
ic CD11b+Gr-1dimLy6G- popu-
lation. Representative resu- 
lts of three independent 
experiments are shown in 
Figure 4. We found that 
Gr-1highLy6G+MDSCs were si- 
gnificantly expanded in the 
BM upon NASH (P < 0.001, 
Figure 4A, 4D). The percent-
age of Gr-1dimLy6G-MDSCs 
was decreased in NASH 
mice compared with that in 
normal mice. A similar expan-
sion of Gr-1highLy6G+MDSCs 
was observed in the spleen 
of a NASH mouse model (P  
< 0.001, Figure 4B, 4E). 
However, there was no obvi-
ous change inGr-1highLy6G+ 
MDSCs in the blood (P > 
0.05 Figure 4C, 4F). 

Correlation analysis

Although the numbers of 
CD4+ T cells did not corre-
late with ALT and AST levels, 
the numbers of CD8+ T cells 
correlated negatively with 
ALT (r = -0.811; P = 0.004), 
and AST (r = -0.840; P = 
0.002) in mice (Figure 5A, 
5B). The number of MDSCs 
in the BM correlated nega-
tively with numbers of CD8+ 
T cells (r = -0.701; P = 0.024, 
Figure 5C). The results indi-
cated that immunosuppres-
sion of T cell immunity during 
NASH involves MDSCs ex- 
pansion.

Gr-1highLy6G+MDSCs treat-
ment ameliorated NASH in 
mice
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those in control mice, AST and ALT levels were 
significantly decreased (P* = 0.01 and P# = 
0.048 respectively) in the Gr-1highLy6G+MDSCs-
treated mice (Figure 6C). After the Gr-1high 

Ly6G+MDSCs intervention, the serum PGE2 
level increased (P* = 0.021), the INF-γ level 
decreased (P# = 0.004), while there was no sig-
nificant change in the IL-6 level, compared with 
that in the control mice (Figure 6D). Histological 
examination showed that hepatic inflammatory 
degree was reduced (Figure 6E). These results 
demonstrated that exogenous Gr-1highLy6G+ 

MDSCs could improve liver function during 
NASH.

An alternative approach to demonstrate the 
function of MDSCs in the NASH in vivo was 
MDSCs depletion, which was achieved using by 
gemcitabine [16]. The numbers of CD4+ T cells 
and CD8+ T cells were unchanged after gem-
citabine treatment in all models (data not 
shown). Depletion of MDSCs did not affect the 
level of transaminase (P > 0.05, data not show). 

CD11b+Gr-1highLy-6G+MDSCs might be recruit-
ed to the NASH liver via the CXCR4/CXCL12 
pathway

Multicolor fluorescence-activated cell sorting 
(FACS) analysis showed that the BM, liver, 
spleen, and blood from NASH mice contained 
significantly higher percentages of CXCR4+ 
MDSCs compared with those from normal sub-
jects (P < 0.001, Figure 7A, 7B). IHC staining of 
livers from NASH mice showed extensive posi-
tivity for CXCL12 and CXCR4. In normal liver, 
CXCR4 was largely restricted to sinus endothe-
lial cells and stellate cells. In NASH liver, the 
CXCR4 protein level was increased, and was 
observed in infiltrating single cells (Figure 
7C-E). Western blotting results also showed the 
same trend (Figure 7F).

To further investigate the role of the CXCL12/
CXCR4 axis in MDSCs migration, an MDSCs 
chemotaxis assay was performed. MDSCs 
migrated in response to CXCL12 in a dose-
dependent manner. The number of migrated 

Figure 3. Representative images of flow cytometric staining of Gr-1+CD11b+MDSCs in the peripheral blood, bone 
marrow (BM), spleen, and liver from CDAA, CSAA and NF food mice. A. The dot plots showing CD11b+Gr-1+MDSCs. 
These data are from a single experiment, which is representative of at least three independent experiments. B. 
Mouse IgG2bκ antibodies were used as isotype controls. C. Numbers of Gr-1+CD11b+MDSCs in peripheral tissues 
(n = 5). *BM (*P < 0.05, **P < 0.01, ***P < 0.001 vs. the NF group); #liver (#P < 0.05, ##P < 0.01, ###P < 0.001 vs. the 
NF group).



The role of MDSCs and their correlation with the CXCL12/CXCR4 axis in NASH

2833 Am J Transl Res 2020;12(6):2827-2842

cells decreased when the cells were pre-incu-
bated with AMD3100 (Figure 8A-D). This can 
be explained by the fact that intraperitoneal 
injection of AMD3100 (1 mg/kg/day) for 3 con-
secutive days adjusted MDSCs distribution in 
NASH by promoting BM MDSCs release, which 
increased the number of MDSCs in peripheral 
blood (Figure 8E-H). 

Discussion

NAFLD causes a selective loss of intrahepatic 
CD4+ T cell and promotes hepatic arcinogene-
sis [20]. Notably, we found a remarkable 
decrease in the proportions of CD4+CD3+ and 
CD8+CD3+ T cells in mice with NASH (Figure 
2). The number of CD8+ T cells was negatively 

Figure 4. Change in MDSCs subsets in NASH. (A) The dot plots showing MDS Cs subsets in the BM. (B) Dot plots 
showing MDSCs subsets in the spleen. (C) Dot plots showing MDSCs subsets in blood. The number of CD11b+Gr-
1highLy6G+MDSCs increased significantly in the BM (D) and spleen (E) of NASH compared with that in normal mice. 
*BM (*P < 0.05, **P < 0.01, ***P < 0.001 vs. the NF group); #spleen (#P < 0.05, ##P < 0.01, ###P < 0.001 vs. the NF 
group ). (F) CD11b+Gr-1highLy6G+MDSCs in blood showed no statistically significant difference compared with those 
in the NF group.
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Figure 5. The number of CD8+ T cells correlates with ALT and AST levels and MDSCs of the bone marrow (BM) in NASH. A, B. CD8+ T cells correlated negatively with 
ALT and AST levels (r = -0811, P < 0.01: r = -0840, P < 0.01). C. CD8+ T cells correlated negatively with MDSCs numbers in the BM (r = 0.701, P < 00.05). Correla-
tion was assessed by Pearson’s correlation coefficient.
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Figure 6. Adoptively transferred CD11b+Gr-1highLy6G+MDSCs alleviate the liver lesions in NASH. A. Flow cytometric 
analysis of CD11b+Gr-1highLy6G+MDSCs purified using the MDSC-specific magnetic beads, which were subsequently 
used in the adoptive transfer experiments. Note that over 95.12% total cells were Gr-1+CD11b+MDSCs, among 
which about 78% cells were CD11b+Gr-1highLy6G+MDSCs. B. Morphology of purified CD11b+Gr-1highLy6G+MDSCs by 
HE staining (400×). C. Analysis of the levels of ALT and AST after adoptive transfer. *AST (*P < 0.05, **P < 0.01, ***P 
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< 0.001 vs. the normal food (NF) group); #ALT (#P < 0.05, ##P < 0.01, ###P < 0.001 vs. the NF group). D. Changes in 
the levels of PGE2, INF-γ and IL-6 in the serum after CD11b+Gr-1highLy6G+MDSCs intervention. *PGE2 (*P < 0.05, **P 
< 0.01, ***P < 0.001 vs. PBS group); #INF-γ (#P < 0.05, ##P < 0.01, ###P < 0.001 vs. the PBS group). E. Histological 
examination showed a slight reduction in the degree of NASH lesions (HE, 100×). F. Depletiontif MDSCs in vivo by 
gemcitabine markedly reduced the MDSCs population in blood of NASH mice. Data are representative of five mice 
in each cohort from three independent expriments. Data are expressed as the mean ± SD.

Figure 7. CXCR4 expression of MDSCs and the expression of CXCR4 and CXCL12 in liver tissue. (A) MFI (mean fluo-
rescence intensity) of CXCR4 on MDSCs in blood, BM, spleen and liver. (B) Diagram of the MFI analysis. (*BM, *P < 
0.05, **P < 0.01, ***P < 0.001 vs. the NF group; #spleen, #P < 0.05, ##P < 0.01, ###P < 0.001 vs. the NE group; &liver, 
&P < 0.05, &&P < 0.01, &&&P < 0.001 vs. the NF group). (C) IHC staining of CXCL12 in liver tissues of the NF, CSAA and 
CDAA group. (D) IHC staining of CXCR4 in liver tissues of the NF, CSAA, and CDAA groups. Magnification for (C, D) 
200×. (E) Image analysis results showing the expression of CXCR4 and CXCL12 in liver tissue. (F) The protein levels 
of CXCL12 and CXCR4 in the livers were investigated by western blotting (n = 5). GAPDH was used as a loading con-
trol. All data are expressed as the mean ± SD and are representative of three independent experiments. 
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correlated with the levels of ALT and AST. The 
hallmark of MDSCs is their immune suppres-
sive function. The percentages of BM MDSCs in 
NASH and CD8+ T cells were negatively corre-
lated. Thus, circulating T-lymphocyte subsets 
showed significant and consistent changes in 
their numbers during NASH.

MDSCs have been linked to a wide range of 
inflammation-associated pathological process-
es. Elevated serum concentrations of the proin-
flammatory cytokines IFN-γ and TNF-α detected 
in chronically inflamed mice correlated with 
extensive recruitment and expansion of MDSCs 
[21]. Proinflammatory cytokines such as IL-6 
and PGE2 also mediate MDSCs accumulation 
at tumor sites, displaying characteristics of a 
chronic inflammatory environment [22-24]. Our 
study showed during NASH, the expressions of 
IFN-γ, PGE2 and IL-6 were upregulated (Figure 
1F). The accumulation of MDSCs in response to 
chronic inflammation, coupled with their immu-
nomodulatory activities in cancer, led us to 
hypothesize that the low-grade inflammation 
present during NASH might be associated with 
changes in MDSCs that function to maintain 
immune homeostasis.

The liver is a primary site of MDSCs in vivo, and 
modulating MDSCs functionality might repre-
sent a promising therapeutic target for liver dis-
eases. BM-derived MDSCs can ameliorate hep-
atofibrogenesis [25]. MDSCs have been stud-
ied in the context of acute liver inflammation 
and are usually associated with protective 
functions in this setting [26, 27]. Depletion of 
liver MDSCs enhanced fibrosis markers [28], 
suggesting a protective role for MDSCs in liver 
fibrosis. Mice bearing liver tumors showed 
increased numbers of MDSCs in the liver, 
spleen, and BM [29-31]. Thus, MDSCs play an 
important role in inflammation, fibrosis, and 
liver cancer, but have different roles at different 
stages. 

However, the therapeutic value of MDSCs in the 
context of NASH has not been previously stud-
ied. We identified that Gr-1+CD11b+MDSCs are 
enriched and accumulated in peripheral tis-
sues, including both BM and spleen, during 
NASH (Figure 3). The percentages of BM 
MDSCs in NASH mice were significantly higher 
than those in the CSAA and NF groups. 
Moreover, among MDSCs subsets, CD11b+ 

Gr1highLy6G+MDSCs were the predominant sub-

set. Taken together, our data showed that 
MDSCs are enriched in the BM and spleen dur-
ing NASH. However, mobilization of MDSCs into 
the blood circulation and liver lesion did not 
increase, suggesting that NASH involves an 
immune imbalance.

The observation that adoptively transferred 
MDSCs preferentially home to the liver [24] 
favors this approach, allowing directed delivery 
of MDSCs to the site of inflammation. Exoge- 
nous addition of purified BM Gr-1high Ly6G+ 

MDSCs induced decreased levels of ALT and 
AST and contributed to ameliorating NASH. 
Recently, an anti-Gr-1 antibody failed to deplete 
MDSCs in the liver [32]. We observed that 
MDSCs depletion using gemcitabine alone did 
not affect ALT and AST in NASH mice. How can 
we explain the discrepancy between the gain-
of-function experiment and the loss-of-function 
experiment? One possible explanation is that 
there are fewer MDSCs in the blood of NASH 
environment. Application of gemcitabine clear- 
ed the endogenous MDSCs, which could not 
play a role in the short term, while the added 
exogenous MDSCs could directly suppress the 
immune function. Indeed, cytokines might also 
cause hepatocyte death and liver injury directly 
without harnessing immune cells as effector 
cells. We cannot exclude the possibility that 
other immune cells are involved when Ly6G+ 
MDSCs were injected.

The transfer experiments in conjunction with 
the depletion experiments established a direct 
link between CD11b+Gr-1highLy6G+MDSCs and 
NASH, emphasizing the significance of supple-
menting these cells in restoring liver function, 
and preventing excessive liver damage. There- 
fore, enhancing CD11b+Gr-1highLy6G+MDSCs 
numbers in vivo might be used to treat mice 
with NASH.

The mechanisms that regulate the essential 
step of migration and retention of MDSCs in the 
liver during NASH are unknown. The CCL2/
CCR2 chemokine axis plays a pivotal role in the 
migration of MDSCs in cancer, and impairment 
of CCL2/CCR2 signaling inhibits tumor growth 
[33]. CXCL12 is locally increased within the BM 
following total body irradiation or chemothera-
py, suggesting that it also serves as a stress 
signal for circulating cells, recruiting them to 
the damaged tissue. Given the fact that CXCR4 
receptors are expressed on MDSCs and 
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Figure 8. The CXCL12/CXCR4 pathway mediates the migration of MDSCs to the NASH liver. A. Migration assays revealed that CD11b+Gr-1highLy6G+MDSCs migrated 
in response to CXCL12 in vitro. B. The abrogation of CXCR4 inhibits the invasion and migration ability of MDSCs. C. The number of migrating MDSCs increased as 
the CXCL12 concentration increased. D. The diagram of the count analysis of the AMD3100 (+) group compared with the AMD3100 (-) group, ***P < 0.001. E. The 
result of 3 consecutive days of abdominal injection of AMD3100. Flow cytometry results showing that the numbers of bone marrow MDSCs from mice treated with 
AMD3100 were significantly lower than those of the control. F. A histogram showing that the number of MDSCs from the BM in the medication group was significantly 
lower than that in the control group. G. After administering AMD3100, the numbers of peripheral blood MDSCs were obviously higher compared with those of the 
control group (n = 5). H. Histogram showing that the numbers of peripheral blood MDSCs in the medication group were significantly higher than those in the control 
group.
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CXCL12 is expressed in liver tissue, it was not 
surprising that the expression of CXCR4 in 
MDSCs significantly increased as NASH pro-
gressed (Figure 7). CXCL12 was significantly 
upregulated in liver of NASH mice, which might 
contribute to stimulating the increase in the 
numbers of CD11b+Gr1highLy6G+MDSCs in the 
BM. This would result in increased influx of 
MDSCs into the NASH liver. This was further 
confirmed by the migration of Ly6G+MDSCs  
into the CXCL12 conditions was significantly 
blocked by AMD3100 in transwell study (Figure 
8A-D). CXCL12 is upregulated in NASH liver tis-
sues, and a local increase in the expression of 
this chemokine, together with specific local or 
circulating stress signals, enhances the motility 
and response sensitivity of CXCR4+MDSCs to 
CXCL12 signaling. Therefore, we hypothesized 
that CXCL12/CXCR4 interactions are implicat-
ed in NASH in vivo and thus, we sought to iden-
tify the mechanisms that mediate the in vivo 
migration of MDSCs into the liver during NASH. 
Indeed, inhibition of CXCR4 exerted anti-inflam-
matory effects in experimental models of joint 
inflammation, colitis, and allergic lung inflam-
mation. AMD3100 (also termed plerixafor) 
inhibits CXCL12-mediated migration in vitro by 
blocking CXCL12 binding to its major receptor 
CXCR4. AMD3100 rapidly mobilizes immature 
progenitor cells from the BM into the blood in 
mice. We observed a significant increase in 
Gr-1+CD11b+MDSCs in the blood and a signifi-
cant decrease in Gr-1+CD11b+MDSCs in the BM 
of these mice after AMD3100 treatment (Figure 
8E-H), indicating that AMD3100 can mobilize 
MDSCs in vivo. However, systemic administra-
tion of AMD3100 had no obvious effect on 
NASH. These results are consistent with previ-
ous studies on murine hepatic injury. It is diffi-
cult to explain these results. Other cells show 
CXCR4 expression, such as CD4+ T cells. The 
effect of AMD3100 was restricted to the recruit-
ment of lymphocytes into the liver. One expla-
nation is that AMD3100 inhibits CXCR4 non-
selectively. Thus, it is likely that these cells also 
interact with AMD3100.

In conclusion, to the best of our knowledge, this 
study is the most comprehensive analysis of 
the MDSCs profile of NASH mice, and provide 
evidence that CD11b+Gr-1highLy6G+MDSCs pro-
tect liver function. Our findings suggested that 
clinically, granulocytic MDSCs supplementation 
might be effective in NASH. NASH conditions 
induce CXCR4 ligand expression in liver tissue. 

High levels of CXCL12 attract and retain CXCR4-
expressing MDSCs from the BM into the liver, 
suggesting that the CXCR4/CXCL12 pathway is 
involved in MDSCs chemotaxis in NASH.

The present study aids our understanding of 
the biology of MDSCs during NASH. MDSCs rep-
resent promising therapeutic targets in the 
treatment of NASH; however, there also exists 
some defects such as the model we use. Still, 
further extensive research is needed before 
these approaches can be used clinically.
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