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Accumulated myeloid-derived suppressor cells demonstrate
distinct phenotypes and functions in two non-alcoholic
steatohepatitis mouse models
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Background: To examine the steady state of hepatic myeloid-derived suppressor cells (MDSCs) and the
lipid accumulation and inflammation-related changes in these cells, we analyzed the presence and functions
of hepatic MDSC:s in the following two non-alcoholic steatohepatitis (NASH) mouse models.

Methods: Monosodium glutamate (MSG) model; MSG was subcutaneously injected into neonatal male
C57BL/6] mice that were fed with normal diet up to 18 weeks of age. Methionine/choline-deficient diet
(MCD) model; 16-week-old male C57BL/6] mice were fed with an MCD for 2 weeks. Those hepatic
MDSCs were evaluated by flow cytometry and immunohistochemically.

Results: Both MSG and MCD mice exhibited greater numbers of hepatic lipid droplets than 18-week-old
male control mice. Hepatocellular ballooning was obvious in MSG, whereas inflammatory cell infiltration
were apparent in MCD mice. CD11b, CD115, and Gr-1-positive hepatic MDSCs were increased in both
models but higher in MCD mice, and demonstrated higher expression of an M2 macrophage marker
CD206 mean fluorescence intensity (MFI) in MSG compared to MCD mice. Degree of reactive oxygen
species production was evaluated using the DCFDA MFT values, which were significantly elevated in hepatic
MDSCs from MCD mice. MSG mouse livers demonstrated Gr-1 positive cell accumulation around lipid
droplets, mimicking crown-like structures in adipose tissues. In contrast, hepatic Gr-1 positive cells were
primarily located in inflammatory cell aggregates in MCD mice.

Conclusions: These results suggest that hepatic fatty changes promote MDSC accumulation, and
inflammatory changes induce phenotypic and functional alteration in hepatic MDSCs in NASH mouse
models.
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Introduction to progress to liver cirrhosis and cancer (1).

Non-alcoholic fatty liver disease (NAFLD) and its advanced There is an urgent need to elucidate NASH

stage, non-alcoholic steatohepatitis (NASH), are liver pathophysiology because NAFLD represents a national

phenotypes of metabolic syndrome that develop from fatty health burden in Japan, where the prevalence is 1 of 3
liver based on insulin resistance and “second hits” such as citizens (2) and the 5-year cumulative cancer-causing rate
oxidative stress and inflammatory cytokines, and are known is 20% in NASH cases that progress to liver cirrhosis (3).
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Immunological mechanisms such as cytokine production
and immunological reactions to oxidative stress appear to
be involved in progression of liver pathology; however, the
details remain to be clarified.

Myeloid-derived suppressor cells (MDSCs) are involved
in the suppression of inflammation and cellular immunity,
and also play a major role in anti-cancer immunity (4).
There have been few reports on the steady state of hepatic
CD11b" Gr-1" MDSCs or on changes in hepatic cells
consequent to an inflammatory environment (5). In the
present study, we analyzed the histopathological and
functional characteristics of hepatic MDSCs in NASH
mouse models and examined the influence of MDSCs on
NASH pathology.

Methods
Generation of two different NASH mouse models

Monosodium glutamate (MSG) mice

Neonatal male C57BL/6] mice were subcutaneously
injected with MSG, as described previously (6). MSG
[Sodium hydrogen L(+)-glutamate monohydrate,
Wako Pure Chemical Industries Ltd, Osaka, Japan] was
dissolved in saline, which solution was injected using
30-gauge needles at a dose of 4 mg/g body weight into
the subcutaneous spaces under dorsal skins of six male
C57BL/6] mice (Charles River Laboratories Japan Inc.,
Kanagawa, Japan) during the first 5 days after birth. The
mice were fed with a regular diet and housed up to 18 weeks
of age under conventional conditions.

Methionine/choline-deficient diet (MCD) mice

Six 16-week-old male C57BL/6J mice were fed with an
MCD for 2 weeks and were kept under the same conditions
as the MSG group. Six 18-week-old male mice fed with a
regular diet were used as the control group.

After the mice were sacrificed by cervical dislocation,
ALT levels were measured in serum samples prepared from
venous blood. The livers were extracted, fixed in formalin,
stained with hematoxylin and eosin (HE), and then
evaluated pathologically according to the NAFLD activity
score (NAS) (7). The remainders of the livers were used for
immunohistochemical staining and cell preparation for flow
cytometric analysis. This study was approved by the Teikyo
University School of Medicine Animal Ethics Committee
(approval number 09-009) and was conducted in accordance
with the institutional guidelines.
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Flow cytometric analysis

Hepatic mononuclear cells (HMNCs) were isolated as
follows. The livers were perfused with phosphate-buffered
saline (PBS) containing 0.5% bovine serum albumin (BSA)
and 0.04% EDTA (PBS buffer), filtered through a 40-pm
cell strainer (BD Falcon, Durham, NC, USA), and
resuspended in PBS buffer. The cells were pelleted by
centrifugation at 500 rpm for 5 min, and the supernatant
was centrifuged again at 1,200 rpm for 5 min. After
discarding the supernatant, the precipitate was dissolved in
PBS buffer, layered over 1.077 g/mL-density Lymphoprep
(Axis-Shield Proc. AS, Oslo, Norway), and centrifuged at
1,400 rpm for 15 min to isolate HMNCs by the density
gradient method. The HMNC layer was then collected
and washed with PBS buffer. Viable cells were counted by
trypan blue staining.

For cell surface staining, 1x10° HMNCs in a 1.5-mL
tube were initially subjected to Fc receptor blocking at
4 °C for 10 min with a solution prepared by dissolving 1 pL
of purified anti-mouse CD16/32 (BioLegend, San Diego,
CA, USA) in 24 pL of cell staining buffer (BioLegend).
Subsequently, the cells were incubated at 4 °C for 15 min
under a dark condition in a 25 pL solution containing
cell staining buffer and appropriate quantities of Alexa
Fluor 488-conjugated anti-mouse Gr-1 (BioLegend),
phycoerythrin (PE)-conjugated anti-mouse F4/80, CD36,
CD206 (BioLegend), PE-conjugated rat IgG2a-kappa
isotype control (BioLegend), allophycocyanin (APC)/Alexa
Fluor 750-conjugated anti-mouse CD11b (BioLegend), or
APC-conjugated anti-mouse CD115 (BioLegend). After
washing, the total volume was adjusted to 200 pL. with PBS
buffer, and the cells were dispensed into a 96-well round-
bottom plate. Flow cytometric analysis was performed on
a BD FACSArray flow cytometer (BD Immunocytometry
Systems, San Jose, CA, USA) with FACSArray software (BD
Immunocytometry Systems).

Detection of reactive oxygen species

Initially, 1x10° HMNCs were placed in a 1.5-mL tube
and suspended in 500 pL of RPMI, next, 2.5 pM of
chloromethyl derivative of 2',7'-dichlorodihydrofluorescein
diacetate (CM-H,DCFDA, Molecular Probes, Eugene, OR,
USA) was added and the preparation was incubated at 37 °C
for 30 min. After washing with PBS, appropriate amounts
of PE-conjugated anti-mouse Gr-1, APC/Alexa Fluor
750-conjugated anti-mouse CD11b and APC-conjugated
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anti-mouse CD115 (BioLegend) were added along with cell
staining buffer to achieve a final solution volume of 25 pL.
The cell suspension was subsequently incubated in a dark
room at 4 °C for 15 min. After washing with PBS, the cells
were prepared and analyzed by flow cytometry; the DCFDA
mean fluorescence intensity (MFI) values were compared to
those of the isotype control.

Immunobistochemical staining

According to an immunoenzymatic method, the formalin-
fixed tissue slices were subjected to deparaffinization, a
15-min heat treatment in a microwave for antigen retrieval,
gradual cooling, and endogenous peroxidase was blocked
using H,O, containing tris-buffered saline (TBS). After
blocking non-specific reaction using TBS containing 5%
BSA, overnight incubation was carried out with x100
primary antibodies of rabbit polyclonal anti-mouse Gr-1
(Bioss Inc., Boston, USA) and rabbit polyclonal anti-mouse
myeloperoxidase (Dako, Glostrup, Denmark). After washing
with TBS-tween, following incubation with peroxidase-
conjugated immunepolymer for rabbit polyclonal antibodies
(Envison-PO for rabbit, Dako, Glostrup, Denmark) as
secondary antibody at room temperature for 1 hour. After
washing with TBS, 3,3'-diaminobenzidine was used for
color development. Hematoxylin was used as nuclear
counterstaining.

Statistical analysis

Serum ALT, NAS, MDSC frequency, calculated number of
MDSC per gram of liver and CD36, CD206, and DCFDA
MFTI ratios (sample MFI divided by isotype control MFI) are
presented as mean + standard error of measurement (SEM).
Statistical analysis was performed with the non-parametric
Mann-Whitney test or Kruskal-Wallis analysis of variance
using Statview version 5.0 software for Macintosh (SAS
institute Inc., Cary, NC, USA), and differences were
considered significant when P<0.05.

Results
Characteristics of the two different NASH mouse models

Large numbers of lipid droplets were observed in the livers
of both MSG and MCD mice. Strong inflammatory cell
infiltrations were observed in MCD mice, but were mild
and faint respectively in MSG mice (Figure 1A). Serum ALT
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levels increased significantly in both MSG (41.3£2.3 IU/L)
and MCD (54.2+5.8 IU/L) mice compared to those in control
mice (18.6+1.3 TU/L, P<0.001) (Figure 1B). Inflammation
and fibrosis scores were significantly higher in MCD mice,
whereas hepatocellular ballooning was significantly more
severe in MSG mice.

Frequencies and characteristics of bepatic MDSCs

Mouse hepatic MDSCs were positive for CD11b, CD115
and Gr-1 (Figure 24). In the CD11b and CD115-positive
cell population, the ratios of MDSCs, which are Gr-1-
positive, were significantly higher in MSG (68.3%+2.5%)
and MCD (76.1%=1.7%) mice (compared to control mice,
43.2%=5.5%, P<0.001). Furthermore, the counts for these
cells were also significantly high when converted to per
gram of liver for both MSG and MCD mice and higher in
MCD mice (Figure 2B). MDSCs were negative for F4/80,
and CD36 MFI ratios were significantly higher in both
MSG and MCD mice compared to control mice, however,
no significant difference was observed between the two
NASH mouse models. In contrast, the CD206 MFI ratio
was significantly higher in MSG mice (10.4+0.3, vs. MCD
mice: 9.1+0.3, P=0.001, vs. control mice: 7.6=+0.3, P=0.0009),
whereas the DCFDA MFI ratio was significantly higher in
MCD mice (4.5£0.3, vs. MSG mice: 3.3+0.5, P=0.01, vs.
control mice: 2.6+0.4, P=0.0008).

Gr-1 staining in the liver

Large numbers of Gr-1-positive cells were observed in the
livers of MSG and MCD mice. In contrast, the control
livers demonstrated only a small number of Gr-1-positive
cells in the parenchyma (Figure 3). These cells were round,
mononucleated and most of the cells were myeloperoxidase-
negative (data not shown). Images of the MSG-treated mice
revealed that the Gr-1-positive cells were localized around
lipid droplets and demonstrated similar form to crown-
like structures. In MCD mice, Gr-1 positive cells were
distributed in inflammatory cell aggregates.

Discussion

To clarify the characteristic difference of MDSCs in between
steatosis and inflammation, we used MSG and MCD.
When MSG is administered subcutaneously to neonatal
mice, the hypothalamic arcuate nucleus-paraventricular
nucleus pathway is compromised, resulting in obesity and
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Figure 1 Characteristics of MSG and MCD mice. (A) Histopathological images of the livers (hematoxylin-eosin staining, 200x). A

representative result from each mouse model is shown; (B) comparison of serum AL'T levels and NAFLD activity scores (INASs). The mean

values + standard errors of measurement are shown for six mice per group (P<0.05). MSG, monosodium glutamate; MCD, methionine/

choline-deficient diet; NAFLD, non-alcoholic fatty liver disease.

hyperleptinemia, even in mice fed with a normal diet (8).
In MSG-treated mouse livers, severe steatosis and mild
inflammatory cell infiltration occur as a function of age, and
these features are similar to those of human NAFLD/NASH
(9-12). As another NASH model, it is well known that MCD
feeding rapidly induces mild steatosis and considerably
severe inflammation in the livers because of VLDL synthetic
obstacle (13).

To compare the state of MDSCs in the distinct levels
of steatosis and inflammation in the liver, two NASH
mouse models were prepared herein using injected MSG
or MCD to C57BL/6] mice. In both mouse models, large
numbers of lipid droplets were observed in the livers. In
addition, severe hepatocellular ballooning was observed in
MSG mice, whereas severe inflammatory cell infiltration
and fibrosis were observed in MCD mice. Flow cytometric
analysis revealed significantly increased numbers of hepatic
MDSCs were observed in MSG and MCD mice but higher
in MCD mice. We found MDSCs were increased according
to inflammatory grade in the liver of NASH mouse models.
To date, no study has evaluated MDSCs in NAFLD and
NASH,; therefore, this is the first report to clarify increment
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of hepatic MDSCs in NASH mouse models. Subsequently,
we examined whether differences in the MDSC phenotypes
or functions existed between the two mouse models that
represented different degrees of hepatic inflammation.
Although no differences in CD36 expression were detected,
the CD206 MFI ratio was higher in MSG mice, whereas
the DCFDA MEFT ratio was higher in MCD mice. Based
on these results, we believe that MDSCs may undergo
transition from an M2 to an M1 phenotype as inflammation
progresses (14,15).

Pathological analysis also showed an increased number of
Gr-1-positive MDSCs in the MSG and MCD mice. Some
part of Gr-1 positive cells aggregated around fat vacuoles
and mimicked crown-like structures in adipose tissue.
Meanwhile, localization differed in MCD mice such that
Gr-1 positive cells were observed within the inflammatory
cell aggregates.

In this study, we found in MSG mice, MDSCs are
involved in lipid metabolism in a manner similar to that of
M2 macrophages; in contrast, in MCD mice, MDSCs are
believed to be involved in inflammation control (16-18).
In an earlier experiment, we examined IL-10 production
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Figure 2 Phenotyping and quantification of myeloid-derived suppressor cells (MDSCs) from the livers of MSG and MCD mice and reactive
oxygen species production. (A) MDSC (Gr-1-positive) frequencies among CD11b and CD115-positive cell aggregates. A representative
flow cytometric analysis plot is shown for each condition; (B) a comparison of CD36, CD206, and DCFDA MFI ratios and the numbers of
MDSCs per gram of liver. The mean values + standard errors of measurement are shown for 6 mice per group (P<0.05). MSG, monosodium

glutamate; MCD, methionine/choline-deficient diet; MFI, mean fluorescence intensity.

Control MSG MCD

Figure 3 Gr-1 staining of the livers from MSG and MCD mice. Gr-1-positive cells are indicated by an arrow (400x). One representative

result is shown for each condition. MSG, monosodium glutamate; MCD, methionine/choline-deficient diet.

in MDSCs from the livers of MSG and MCD mice in The underlying mechanism behind cancer development
response to lipopolysaccharide stimulation. Although in NASH remains unknown. Although we could not
MDSCs from both models produced IL-10, levels of examine carcinogenesis in the present study, MDSCs
which were comparable difference in the amount of IL-10 control tumor immunity via IL-10 and arginase (19), the

produced (unpublished data). increased numbers of MDSCs observed in NASH may be
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involved in cancer development and progression. In recent
years, MDSC suppression, which is under investigation
as an anti-cancer therapy (20), and this may represent a
potential for a novel treatment for NASH.

In conclusion, we demonstrated that the number of
MDSCs increased in accordance with lipid accumulation
and inflammatory changes in the livers of the NASH model
mice suggesting that MDSCs play a significant role in
immunometabolism.
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