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Abstract: Objective: To investigate the distribution and differentiation of myeloid-derived suppressor cells (MDSCs)
in hemorrhagic shock mice, which are resuscitated with normal saline (NS), hypertonic saline (HTS), and hydroxyethyl
starch (HES). Methods: BALB/c mice were randomly divided into control, NS, HTS, and HES resuscitation groups.
Three subgroups (n=8) in each resuscitation group were marked as 2, 24, and 72 h. Flow cytometry was used to detect
the MDSCs, monocytic MDSCs (M-MDSCs), and granulocytic/neutrophilic MDSCs (G-MDSCs) in peripheral blood
nucleated cells (PBNCs), spleen single-cell suspension, and bone marrow nucleated cells (BMNCs). Results: The
MDSCs in BMNCs among three resuscitation groups were lower 2 h after shock, in PBNCs of the HTS group were
higher, and in spleen of the NS group were lower (all P<0.05 vs. control). The M-MDSC/G-MDSC ratios in PBNCs of
the HTS and HES groups were lower (both P<0.05 vs. control). At 24 h, the MDSCs in PBNCs of the NS and HTS
groups were higher, while the spleen MDSCs in the HTS group were higher (all P<0.05 vs. control). The M-MDSC/
G-MDSC ratios were all less in PBNCs, spleen, and BMNCs of the NS and HTS groups, and were lower in BMNCs of
the HES group (all P<0.05 vs. control). At 72 h, the elevated MDSCs in PBNCs were presented in the HTS and HES
groups, and in spleen the augment turned up in three resuscitation groups (all P<0.05 vs. control). The inclined ratios
to M-MDSC were exhibited in spleen of the NS and HTS groups, and in PBNCs of the NS group; the inclination to
G-MDSC in BMNCs was shown in the HES group (all P<0.05 vs. control). Conclusions: HTS induces the earlier ele-
vation of MDSCs in peripheral blood and spleen, and influences its distribution and differentiation, while HES has a
less effect on the distribution but a stronger impact on the differentiation of MDSCs, especially in bone marrow.
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1 Introduction multiple organ dysfunction syndrome (MODS) and

immune dysfunction, which are the most common

Hemorrhagic shock is a condition of circulating
blood volume loss simultancous with inadequate
microcirculation and tissue perfusion, which results
in hypoxia, hypo-perfusion, and ischemia-reperfusion
injury. These pathophysiological changes may induce
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causes of mortality in hemorrhagic shock (Liu et al.,
2015; Arun et al., 2016; Huber-Lang et al., 2016).
Thus, the fundamental purposes of any investigation
for hemorrhagic shock resuscitation should be not
only improving microcirculatory flow, but also pre-
venting MODS and immune dysfunction. As well as
the restoration of microcirculation, many studies also
focus on the local and systemic inflammatory re-
sponse after resuscitation with different fluids (Wat-
ters et al., 2006; Wang et al., 2009; Motaharinia et al.,
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2015; Oztiirk et al., 2015). The crystalloid or colloidal
solutions, such as normal saline (NS), hypertonic
saline (HTS), and hydroxyethyl starch (HES), are
widely used fluids in clinical practice and research.
Actually, HTS has been already proven to attenuate
the increase of some cytokine production and the
activity of immune cells in peripheral circulation (Lu
et al., 2008; 2010; 2013; Chen et al., 2011; Motaharinia
et al., 2015). It was also found that HES ameliorated
oxidative stress and inflammatory response in the rat
model during hemorrhagic shock resuscitation (Wat-
ters et al., 2006; Wang et al., 2009; Chen et al., 2013).
The immune dysfunction in hemorrhagic shock
is determined by the activation of several key immune
cells and cytokines in the circulation and immune
organs, including spleen, lymphonodus, and bone
marrow. Myeloid-derived suppressor cell (MDSC),
one of such critical immune-regulated cells, is a het-
erogeneous cell population consisting of monocytic
and granulocytic innate immune cells to suppress T
cell responses (Youn et al., 2008). There has been
plenty of research on its role in cancer. Studies also
found the variety of the amount, distribution, and
function of MDSCs in many other pathological states
like infection, trauma, hemorrhagic shock, and sepsis
(Brudecki et al., 2012; Janols ef al., 2014; Lai et al.,
2014; Ost et al, 2016). However, the detailed
mechanisms of its regulation and function in those
states have not been fully understood. In our previous
study, compared with NS or HES in the rat model of
severe and controlled hemorrhagic shock, we found
that HTS could induce an early dramatical increase of
MDSCs in peripheral circulation (Lu et al., 2013).
The monocytic MDSC (M-MDSC) and the granulocytic/
neutrophilic MDSC (G-MDSC) are the two major
subsets, which had been recognized. They all have an
immunosuppressive function, but also exhibit dif-
ferent effects in various microenvironmental and
pathologic states (Heim et al., 2014; O'Connor et al.,
2015; Ost et al., 2016; Zhou et al., 2016). Here, we
established a mice model of trauma and controlled
hemorrhagic shock, which was then resuscitated with
NS, HTS, and HES solutions, respectively. We also
evaluated the differences of the distribution and
subphenotypes of MDSCs in peripheral blood, spleen,
and bone marrow nucleated cells (BMNCs) in 2, 24,
and 72 h, with the purpose of comparing the effects of
three resuscitation fluids after hemorrhagic shock.

2 Materials and methods
2.1 Animals

Eighty male BALB/c mice, 10—15 weeks of age,
weighing 20-26 g, were purchased from the Labora-
tory Animal Centre of Medical Institute of Zhejiang
Province, China. They were fed with food and water
ad libitum in specific pathogen-free (SPF) conditions
at the Key Laboratory of Combined Multi-organ
Transplantation, the First Affiliated Hospital, School
of Medicine, Zhejiang University, Hangzhou, China.
All animal experiments were approved by the Ethics
Committee of the First Affiliated Hospital, Zhejiang
University, Hangzhou, China.

2.2 Experimental protocol

Mice were anesthetized with 40 mg/kg pento-
barbital (intraperitoneally (IP)). In brief, along the
abdominal medial line, a 2-cm surgical incision was
made through the skin and abdominal wall, deep into
the enterocoelia. The small intestine was pushed away
carefully to expose the inferior vena cava. A 0.5-mm
external diameter needle tip was used to draw blood
through the inferior vena cava. The 50% of the total
circulating blood volume was drawn (about 0.03 ml/g
of each mouse body weight) in 30 min to establish the
controlled hemorrhagic shock model. A small amount
of heparin was reserved in the needle to avoid blood
clotting. Then the abdominal wall was closed and
covered with sterile gauze. After 30 min observation,
a volumetric infusion pump was used to resuscitate
mice. The resuscitation procedure is finished at a
constant speed in 30 min, and then suturing of the
abdominal wall and skin wounds in layers takes place
after confirming no blood leakage. Mice were sacri-
ficed 2, 24, and 72 h after closing the abdominal cav-
ity. The spleen, bone marrow, and peripheral blood
were taken for the subsequent analyses. All proce-
dures were performed under sterile conditions.

Mice were randomly assigned into control (n=8),
NS (n=24), HTS (n=24), and HES (n=24) groups. The
control group received no operative intervention ex-
cept anesthesia. According to the sacrifice time, the
NS, HTS, and HES groups were divided into 2, 24,
and 72 h subgroups, respectively. Mice in the NS
group underwent all the operation procedures such as
anesthesia, open surgery, inferior vena cava injection,
and blood drawing. They also received 9 g/L. NaCl as
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the resuscitation fluid, and the dosage is three times
the blood loss volume. The operative procedures in
the HTS and HES groups are the same as those in the
NS group, except the HTS group used 30 g/L. NaCl
solution and the HES group used HES (130/0.4) for
resuscitation. The dosages of HTS and HES were
both 1:1 volume to shed blood. The actual dose used
in each group was readjusted according to the direc-
tions from previous studies (Lu et al., 2008; 2013).

2.3 Collection and processing of samples

Heparin was used for anticoagulation in all
samples. The spleen, BMNCs, and blood cell suspen-
sions were prepared according to the protocol. Red
blood cell lysis buffer was used to remove the red
blood cells from the samples. The peripheral blood
nucleated cells (PBNCs) refer to all the nucleated
cells in peripheral blood after wiping off red blood
cells. The BMNCs are designated as all the nucleated
cells in bone marrow after cleaning off red blood cells.

2.4 Flow cytometry

The anti-mouse CD11b fluorescein isothiocya-
nate (FITC) antibodies (catalog number: 11-0112),
anti-mouse CD16/32 purified antibodies (catalog
number: 14-0161), anti-mouse Ly6C phosphatidyl-
ethanolamine (PE) antibodies (catalog number: 12-
5932), anti-mouse Ly6G (Gr-1) PerCP-Cyanine5.5
antibodies (catalog number: 45-5931) and their iso-
type controls used for detecting the MDSCs were
from eBioscience, Inc. (San Diego, USA). HES
130/0.4 was obtained from the Fresenius Kabi
Deutschland GmbH (Bad Homburg, Germany). The
machine (FACSCalibur, Beckman-Coulter, USA) was
used for flow cytometric analysis. Cells (1x10°) were
collected for each flow cytometry analysis. The
G-MDSC was CDI11b'Ly6G'Ly6C'*™™ and the
M-MDSC was CD11b'Ly6G Ly6C"". The MDSCs
were labeled as CD11b", coupling with Ly6G" or
Ly6Che",

2.5 Statistical analysis

SPSS 16.0 software (SPSS Institute, Chicago, IL,
USA) was used for statistical analysis. The data were
presented as mean+standard deviation (SD). Normal
distribution test used was the one-sample Kolmogorov-
Smirnov test. Continuous data conforming to a nor-
mal distribution were analyzed using one-way analysis

of variance (ANOVA) and the least significant dif-
ference ¢ test (LSD-7); the nonparametric test Kruskal-
Wallis H was used for continuous data without a
normal distribution. A P-value of <0.05 was consid-
ered statistically significant for all tests.

3 Results

3.1 Distribution and differentiation of MDSCs in
mice PBNCs after resuscitation

The representative illustrations of flow cytome-
try, MDSC count, and M-MDSC/G-MDSC ratio in
mice PBNCs are shown in Fig. 1. The MDSCs in
PBNCs of the HTS group presented a significant
elevation at 2 h point after shock stress (P=0.001 vs.
control); this elevation was sustained from the 24 h to
the 72 h points (both P<0.001). In the NS group, the
MDSCs demonstrated no obvious variation at 2 h, but
a significant increase at 24 h (P=0.011), and then was
back to the control level at 72 h. The noticeable rise of
MDSCs only was presented in the HES group at 72 h
(P<0.001).

At the 2 h point, the differentiation of MDSCs in
PBNCs inclined to G-MDSCs in the NS, HTS, and
HES groups with a significant difference (all P=
0.001). Later, the M-MDSC/G-MDSC ratio in the
HES group went back to the control level at 24 h; the
inclination to G-MDSC continued to be upheld in the
HTS group (P<0.001). In the NS group, the ratio of
M-MDSC/G-MDSC also deviated to G-MDSC com-
pared with the control at 24 h (P=0.049). However,
this ratio reversed the inclination to M-MDSC at 72 h
(P=0.014). No significant differences of M-MDSC/
G-MDSC ratio in PBNCs were found in the HTS or
HES groups compared with the control group.

3.2 Distribution and differentiation of MDSCs in
mice spleen after resuscitation

The representative illustrations of flow cytome-
try, MDSC count, and M-MDSC/G-MDSC ratio in
mice spleen are shown in Fig. 2. The MDSCs in the
spleen of the NS group were below the control level at
2 h (P=0.008), returned back at 24 h, and then dis-
played a significant increase at 72 h (P=0.014 vs.
control). In the HTS and HES groups, the MDSCs
both remained at the control level at 2 h. The MDSCs
in the HTS group increased obviously at 24 h
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Fig. 1 Variations of MDSCs and M-MDSC/G-MDSC ratio in mice PBNCs at different time points

We took CD11b" immunofluorescence single positive cells from the total clusters of cells according to the isotype controls.
Then we adjusted the window to Ly6C (x-coordinate) and Ly6G (y-coordinate), and dropped the Ly6C and Ly6G gates
according to isotype controls and data itself. Finally, we counted the MDSC number (CD11b'Ly6G Ly6Che+
CD11b'Ly6G Ly6C*™™+CD11b'Ly6G Ly6C"e") and M-MDSC/G-MDSC ratio (CD11b"Ly6G Ly6Ch/CD11b Ly6G Ly6C™).
(a) Representative illustration of flow cytometry for the control group. (b) Representative illustration of flow cytometry for
the NS group at different time points. (c) Representative illustration of flow cytometry for the HTS group at different time
points. (d) Representative illustration of flow cytometry for the HES group at different time points. (¢) The variation of MDSCs
in PBNCs at different time points. (f) The variation of M-MDSC/G-MDSC ratio in PBNCs at different time points. Column
charts with average and standard deviation are demonstrated. * P<0.05 vs. the control group; ® P<0.05 vs. the NS group;
¢ P<0.05 vs. the HTS group. HES: hydroxyethyl starch; HTS: hypertonic saline; NS: normal saline; MDSC: myeloid-derived
suppressor cell; M-MDSC: monocytic MDSC; G-MDSC: granulocytic/neutrophilic MDSC; PBNCs: peripheral blood
nucleated cells



52 Jiang et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2017 18(1):48-58
(@) 10 ,
Y
1500 103
! [O]
2 i\ —
2 10001 | %102
o H
5001/ 10"
O e 10°
10° 10" 10% 10° 10* 10° 10" 10% 10° 10
(b) Channel Ly6C
4 4 4
| COte e 10 ] 10 20001 & 10 3
2000777 10° 15007 [ | coms | 4g? it | 0 =
i 15001 |} __ CD11b
” 15004 | | o, 2, 8 : » ‘..CD11b 8 ,
3 1000 31 g% g0 g 10007 || 10
500/ 10' 5001 10’ so0f |\ N o
0 0 J Nz 0
QeSS B 0 e 10 O 10
10° 10" 10% 10° 10*  10° 10' 10° 10° 10° 10° 10" 10% 10° 10*  10° 10" 10? 10° 10* 10° 10" 10% 10° 10* 10° 10" 10% 10° 10
( ) Channel Ly6C Channel Ly6C Channel Ly6C
()
; - 10" T 10% m - 10 7
20001 ognne —22 = 2500 i R} ad 20007 .o
3] 10° GD11b” Foo—=— 10 10°
1500 o 2000{ (1 ", 1500 o
o 2 ®2 i 2 K] 2
g 1000 g10 g 18001 1 310 310001 | £
° / ' 10001 4 10! © { 1
5001 / 10 s00 |\ 500 | 10
/ I\
Qe 100 0 BNV 10 e 0 ‘ 10°
10° 10" 102 10° 10* 10° 10" 10% 10° 10* 10° 10" 10% 10° 10°  10° 10" 10* 10° 10 10° 10" 10% 10° 10°* 10° 10" 10% 10° 10
(d) Channel Ly6C Channel Ly6C Channel Ly6C
4
10 = - 10* T 10% |
2000 10° 2000 | 10 1500] 0
1500 1500
2 I g 107 2 107 3 10004 810
8 10007 | > & 10004 o f k)
f 1 1 1! 1.
5001 / 10 5004 10 5001 | 10
O e 10°. 0 10° o — o] R
10° 10" 10% 10° 10 10° 10" 10% 10° 10 10° 10" 10% 10° 10  10° 10" 10% 10° 10° 10° 10" 10% 10° 10 10° 10" 10% 10° 10
Channel Ly6C Channel Ly6C Channel LyeC
2h 24 h 72h
(C) P
ab
18} %
S 15} O Control 5
~ (%]
8 ENS g
2 OHTS &
= BHES )
[}
o
=
=

Time (h)

Time (h)

Fig. 2 Variations of MDSCs and M-MDSC/G-MDSC ratio in mice spleen at different time points

We took CD11b" immunofluorescence single positive cells from the total clusters of cells according to the isotype controls.
Then we adjusted the window to Ly6C (x-coordinate) and Ly6G (y-coordinate), and dropped the Ly6C and Ly6G gates
according to isotype controls and data itself. Finally, we counted the MDSC number (CD11b'Ly6G Ly6Che+
CD11b'Ly6G Ly6C*™+CD11b Ly6G Ly6C"™") and M-MDSC/G-MDSC ratio (CD11b'Ly6G Ly6C"#/CD11b Ly6G Ly6C™™).
(a) Representative illustration of flow cytometry for the control group. (b) Representative illustration of flow cytometry for
the NS group at different time points. (c) Representative illustration of flow cytometry for the HTS group at different time
points. (d) Representative illustration of flow cytometry for the HES group at different time points. (e) The variation of
MDSCs in mice spleen at different time points. (f) The variation of M-MDSC/G-MDSC ratio in mice spleen at different
time points. Column charts with average and standard deviation are demonstrated. * P<0.05 vs. the control group; ® P<0.05
vs. the NS group; € P<0.05 vs. the HTS group. HES: hydroxyethyl starch; HTS: hypertonic saline; NS: normal saline;
MDSC: myeloid-derived suppressor cell; M-MDSC: monocytic MDSC; G-MDSC: granulocytic/neutrophilic MDSC
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(P=0.039), whereas those in the HES and control
groups showed no statistical significance. The MDSCs
in the HTS and HES groups were higher than those in
control at 72 h (both P<0.001). However, this MDSC
count in the HTS was much lower than that in the NS
and HES groups with a statistical significance at 72 h
(P=0.014 and P=0.013, respectively).

The trends of M-MDSC/G-MDSC ratio in the
spleen of the NS and HTS groups were similar, which
showed no significant difference at 2 h, but distinctly
inclined to G-MDSC at 24 h (P=0.02 and P<0.001,
respectively), then reversed to M-MDSC clearly at 72 h
(P=0.017 and P=0.001, respectively). In the HES and
control groups, the variations of M-MDSC/G-MDSC
ratio had no statistical significance at all the time
points.

3.3 Distribution and differentiation of MDSCs in
mice BMNCs after resuscitation

The representative illustrations of flow cytome-
try, MDSC count, and M-MDSC/G-MDSC ratio in
mice BMNCs are shown in Fig. 3. The MDSCs in
BMNCs among three resuscitation groups were all
below the control level at 2 h (all P<0.001). Simul-
taneously, the MDSCs in the HES group obviously
descended compared with the NS and HTS groups
(P=0.003 and P<0.001, respectively). After that, the
differences of MDSCs across the four main groups
presented no statistical significance at both 24 and 72 h
(P=0.051 and P=0.061, respectively).

The variations of M-MDSC/G-MDSC ratio in
BMNCs among the four groups had no statistical
significance at 2 h (P=0.087). At 24 h, the M-MDSC/
G-MDSC ratios in the NS, HTS, and HES groups all
inclined to G-MDSC (P<0.001, P=0.005, and P<
0.001, respectively), and returned to the control level
at 72 h excluding the HES group, in which the ratio
still inclined to G-MDSC (P=0.003).

4 Discussion

Our results showed that at the 2 h point after
shock stress, which we considered as the immediate
immune response time, resuscitation with NS, HTS,
or HES could decrease the MDSC number in bone
marrow, but the largest drop happened in the resus-
citation with HES. At the same time, the MDSCs in

NS resuscitation were significantly less than those in
the other three groups in the spleen, which implied
that HTS and HES had less influence on the MDSC
count than NS in the spleen microenvironment. The
M-MDSC/G-MDSC ratio in the spleen displayed no
difference among these four groups at this immediate
time. It revealed that the spleen has a strong buffering
capacity to withstand the effects of these three resus-
citation fluids on the differentiation of MDSCs to
M-MDSCs and G-MDSCs.

The M-MDSC/G-MDSC ratios had no signifi-
cant difference between the NS and control groups in
bone marrow at the immediate time after shock.
However, in the HTS group, the MDSC count re-
duced in bone marrow with increasing and inclining
differentiation into G-MDSC in peripheral blood.
More interestingly, the decline of MDSCs in bone
marrow in the HES group was larger than that in the
HTS group, but it did not couple with the increasing
count in peripheral blood. Only the same incline of
the differentiation into G-MDSC displayed in the
HES group. These results imply that HTS might in-
fluence the distribution and differentiation regulation
of MDSCs, while HES had a less effect on the dis-
tribution but a stronger impact on the differentiation
of MDSCs.

At the 24 h point after shock, which we consid-
ered as the early immune response time, the MDSCs
in bone marrow among the four groups displayed no
statistically significant difference. In bone marrow,
the MDSCs were more inclined to differentiate into
G-MDSC in the HES group than in the control and
HTS groups. It implies a stronger influence of HES on
the bone marrow microenvironment and its induction
of the MDSC differentiation into G-MDSC. The
M-MDSC/G-MDSC ratios between the NS and HTS
groups in peripheral blood and spleen had the same
incline to G-MDSC as in bone marrow at this early
time. This revealed that the influences of NS and HTS
on the MDSC differentiation were working toward to
a same level 24 h after resuscitation. In addition, the
elevation of MDSC in peripheral blood across both
NS and HTS groups implies that the influences of NS
and HTS on the distribution and differentiation of
peripheral blood MDSCs may last for 24 h after shock.

The direct effect of resuscitation fluid on MDSCs
might finally abate at the 72 h point after shock,
which we considered as the late immune response
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Fig. 3 Variations of MDSCs and M-MDSC/G-MDSC ratio in mice BMNCs at different time points

We took CD11b" immunofluorescence single positive cells from the total clusters of cells according to the isotype controls.
Then we adjusted the window to Ly6C (x-coordinate) and Ly6G (y-coordinate), and dropped the Ly6C and Ly6G gates
according to isotype controls and data itself. Finally, we counted the MDSC number (CD11b'Ly6G Ly6Chie+
CD11bLy6G Ly6C™™+CD11b Ly6G Ly6C"#") and M-MDSC/G-MDSC ratio (CD11b'Ly6G Ly6C"#/CD11b Ly6G Ly6C ™).
(a) Representative illustration of flow cytometry for the control group. (b) Representative illustration of flow cytometry for
the NS group at different time points. (c) Representative illustration of flow cytometry for the HTS group at different time
points. (d) Representative illustration of flow cytometry for the HES group at different time points. (e) The variation of
MDSCs in mice BMNC:s at different time points. (f) The variation of M-MDSC/G-MDSC ratio in mice BMNCs at dif-
ferent time points. Column charts with average and standard deviation are demonstrated. * P<0.05 vs. the control group;
® P<0.05 vs. the NS group; ©P<0.05 vs. the HTS group. HES: hydroxyethyl starch; HTS: hypertonic saline; NS: normal
saline; MDSC: myeloid-derived suppressor cell; M-MDSC: monocytic MDSC; G-MDSC: granulocytic/neutrophilic
MDSC; BMNCs: bone marrow nucleated cells
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time. The results from the indirect effects of NS, HTS,
and HES on the total immune system should be con-
sidered. It is worth noting that the bone marrow
M-MDC/G-MDSC ratio in the HES group still in-
clined to G-MDSC compared to the control; the
M-MDC/G-MDSC in peripheral blood of the NS
group inclined to M-MDSC compared to the HTS and
HES groups. The former observation implies the
induction of HES on the MDSC differentiation into
G-MDSC, and the latter confirmed the different ef-
fects of HTS and HES on the immune system com-
pared to NS.

Significant inflammatory processes are often
stimulated in response to trauma and hemorrhagic
shock; they might not be attenuated even with the
improvement of microcirculation after fluid resusci-
tation (Watters et al., 2006; Zhang et al., 2012; Liu
et al., 2015; Naumann et al., 2016). Our previous
studies have found that an acute decrease of regula-
tory T cells (Tregs) and the shift in the balance of
Th1/Th2 and Tcl/Tc2 were presented at the early
stage after hemorrhagic shock (Zhang et al., 2012).
Resuscitation with HTS could induce dramatic early
migration and redistribution of MDSCs from bone
marrow to peripheral circulation, compared to resus-
citation with NS or HES (Lu et al., 2013). The two
major subpopulations G-MDSC and M-MDSC have
different immunosuppressive mechanisms (Lai ef al.,
2014; O'Connor et al., 2015; Ost et al., 2016). Nor-
mally, G-MDSCs could differentiate into neutrophile
granulocyte, while M-MDSC could differentiate into
monocyte. G-MDSCs have been found as the pre-
dominant subset in cancers, and are involved in sepsis
which is infected by Gram-positive bacteria. Mean-
while, M-MDSCs are often discovered in acute or
chronic infections regardless of the Gram staining
(Youn et al., 2008; 2013; Zoglmeier et al., 2011;
Nagaraj et al.,2013; Janols et al., 2014). Research has
shown that under stimulation of docetaxel (DTX),
M-MDSCs may lose their immunosuppressive func-
tion and differentiate into mature M1 macrophages,
whereas G-MDSCs still have strong immunosup-
pressive activity (Dufait et al., 2015; Zhou et al.,
2016).

HTS could temporarily enhance plasma sodium
and osmolality, and these had been thought to be
associated with the immunomodulatory effect. Alt-
hough the increase of serum sodium and osmolality

would begin to decline 0.5 or 1 h later, the impact on
the immune system could last for up to 24 h after HTS
administration (Bulger et al., 2008; 2011; Junger
et al., 2012; Motaharinia et al., 2015). Considering
the anti-inflammatory and immunosuppressive ef-
fects of MDSC:s, the rise of the MDSC count induced
by HTS in the early stage should be helpful in re-
lieving inflammation damage.

The MDSCs are generally believed to originate
from the bone marrow. Our results show that all three
resuscitation fluids can cause a significant decrease of
the number of MDSCs in bone marrow at the imme-
diate time after trauma and shock, of which HES had
the largest impact. Moreover, there was a noticeable
rise of MDSCs in PBNCs in the HTS group at the
same time. It hints that HTS might induce the migra-
tion and redistribution of MDSCs from bone marrow
to peripheral circulation, which was consistent with
our previous research (Zhang et al., 2012; Lu et al.,
2013). A distinct differentiation to G-MDSC was
found in PBNCs at the immediate time in the HTS
group. It also implies a faster and more drastical effect
of HTS on the MDSCs in peripheral blood. However,
NS and HTS seemed to have similar impacts on the
MDSC:s in the spleen and bone marrow at the imme-
diate time. No elevation of MDSCs in peripheral
blood or spleen was found at the immediate time in
the HES groups, which implies that HES may induce
the MDSC:s to differentiate into mature cells, and this
influence might depend on the hematopoietic micro-
environment. The mature cells lost immunosuppres-
sive activity, and performed diverse biological func-
tions according to their subtypes. This may be con-
ducive to clearing the infection, and aggravate in-
flammation in a sensitive condition.

Except for the hemodynamic properties, studies
showed that HTS and HES have different influences
in microcirculation and immune system (Huang ez al.,
2016). HTS can reduce endothelial and tissue edemas,
improve microcirculation, inhibit the expression of
the adhesion molecule in endothelial cells, suppress
the activation and alter the inflammatory cytokine
production of neutrophils, and also attenuate oxida-
tive stress. HES exhibits an anti-inflammatory effect
and ameliorates oxidative stress by different mecha-
nisms (Chen et al., 2013; Huang et al., 2014; Wright
et al., 2014; Duan et al., 2015; Liu et al., 2015;
Motaharinia et al., 2015; Oztiirk et al., 2015; Anna
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et al., 2016; Gamboni et al., 2016). All of these fac-
tors cause the various distributions and differentia-
tions of MDSCs.

The factors and signal pathways involved in
MDSC function activation include STAT3, nuclear
factor-kB (NF-kB), tumor necrosis factor-o. (TNF-a),
interleukin-1p (IL-1pB), myeloid differentiation factor
88 (MyD88), and toll-like receptor signaling (Delano
et al., 2007). Studies based on different animal mod-
els suggest that HTS and HES could either directly or
indirectly alter the expression of cytokines and acti-
vation of signaling pathways, including those above
(Coimbra et al., 1996; Loomis et al., 2001; Ke et al.,
2006; Wang et al., 2009; Chen et al., 2013; Esnault
etal.,2013; Liu et al., 2013; Choi et al., 2014; Dong
et al., 2014; Huang et al., 2014; Igarashi et al., 2014;
Wright et al., 2014; Oztiirk et al., 2015; Chang et al.,
2016). Thus, the MDSC-related cytokines and sig-
naling pathways in hemorrhagic shock resuscitation
with different kinds of fluids need further research.

Studies showed the paradoxical functions of
MDSCs in sepsis and trauma (Cuenca et al., 2011).
Research based on cancers had definitively proved
their immunosuppressive function in a variety of
neoplasms (Youn ef al., 2008). Other studies had also
verified the inhibitory function of MDSCs in several
chronic infections and autoimmune diseases (Makaren-
kova et al., 2006). Nevertheless, recent studies even
suggested that the expansion of MDSCs in some acute
inflammatory processes, such as burns and sepsis,
could enhance immune surveillance and innate im-
mune responses, which might be helpful in infection
control (Brudecki et al., 2012; Lai et al., 2014; Ost
et al., 2016). Additionally, it also implied that
MDSCs have divergent gene expression profiles and
functions in early and late sepsis. MDSCs could ex-
press nitric oxide synthase and proinflammatory cy-
tokines which had proinflammatory function at early
time, latterly expressing arginase, IL-10 and trans-
forming growth factor-p (TGF-B) which were re-
sponsible for the immunosuppressive function (Bru-
decki et al., 2012).

The functions of MDSC and its subtypes
M-MDSC and G-MDSC in hemorrhagic shock were
still unclear; it is necessary to prolong the observation
time, add cellular phenotype study, use specific mo-
lecular markers, design function experiments in
in vitro and in vivo cells, with cell tracking in signaling

pathway in future research to help counter the main
limitation of the present study.

Among the three resuscitation fluid groups, HTS
could induce an earlier elevation of MDSCs in pe-
ripheral blood. It may restrain the excessive activation
of the inflammation reaction, alleviate inflammatory
damage, and probably weaken the ability to eradicate
the infection. Or, conversely, it may increase the
activation of inflammation reaction and the ability to
eliminate the infection. HTS could influence the dis-
tribution and differentiation regulation of MDSCs,
while HES may have a less effect on the distribution
regulation but a stronger impact on the differentiation
regulation of MDSCs, and induce the MDSCs in-
clining to G-MDSCs, especially in bone marrow.
Therefore, the sequential use of HTS and HES in the
different resuscitation stages may be a beneficial
strategy, but this needs further research.

Compliance with ethics guidelines

Jiu-kun JIANG, Wen FANG, Liang-jie HONG, and Yuan-
qiang LU declare that they have no conflict of interest.

All institutional and national guidelines for the care and
use of laboratory animals were followed.

References

Anna, B., Massimo, C., Simone, G., et al., 2016. Pilot ran-
domized controlled trial evaluating the effect of hyper-
tonic saline with and without hyaluronic acid in reducing
inflammation in cystic fibrosis. J. Aerosol. Med. Pulm.
Drug Deliv., 29(6):482-489.
http://dx.doi.org/10.1089/jamp.2015.1256

Arun, S., Burawat, J., Sukhorum, W., et al., 2016. Changes of
testicular phosphorylated proteins in response to restraint
stress in male rats. J. Zhejiang Univ.-Sci. B (Biomed. &
Biotechnol.), 17(1):21-29.
http://dx.doi.org/10.1631/jzus.B1500174

Brudecki, L., Ferguson, D.A., McCall, C.E., et al, 2012.
Myeloid-derived suppressor cells evolve during sepsis
and can enhance or attenuate the systemic inflammatory
response. Infect. Immun., 80(6):2026-2034.
http://dx.doi.org/10.1128/iai.00239-12

Bulger, E.M., Jurkovich, G.J., Nathens, A.B., et al., 2008.
Hypertonic resuscitation of hypovolemic shock after
blunt trauma: a randomized controlled trial. Arch. Surg.,
143(2):139-148, discussion 149.
http://dx.doi.org/10.1001/archsurg.2007.41

Bulger, E.M., May, S., Kerby, J.D., et al, 2011. Out-of-
hospital hypertonic resuscitation after traumatic hypovo-
lemic shock: a randomized, placebo controlled trial. Ann.
Surg., 253(3):431-441.
http://dx.doi.org/10.1097/SLA.0b013e3181fcdb22

Chang, M., Tang, H., Liu, D., et al., 2016. Comparison of



Jiang et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2017 18(1):48-58 57

melatonin, hypertonic saline, and hydroxyethyl starch for
resuscitation of secondary intra-abdominal hypertension
in an animal model. PLoS ONE, 11(8):e0161688.
http://dx.doi.org/10.1371/journal.pone.0161688

Chen, G., You, G., Wang, Y., et al., 2013. Effects of synthetic
colloids on oxidative stress and inflammatory response in
hemorrhagic shock: comparison of hydroxyethyl starch
130/0.4, hydroxyethyl starch 200/0.5, and succinylated
gelatin. Crit. Care, 17(4):R141.
http://dx.doi.org/10.1186/cc12820

Chen, L.W., Su, M.T., Chen, P.H., ef al, 2011. Hypertonic
saline enhances host defense and reduces apoptosis in
burn mice by increasing Toll-like receptors. Shock, 35(1):
59-66.
http://dx.doi.org/10.1097/SHK.0b013e¢3181e86f10

Choi, S.H., Yoon, Y.H., Kim, J.Y., et al., 2014. The effect of
hypertonic saline on mRNA of proinflammatory cyto-
kines in lipopolysaccharide-stimulated polymorphonu-
clear cells. Curr. Ther. Res., 76:58-62.
http://dx.doi.org/10.1016/j.curtheres.2014.06.003

Coimbra, R., Junger, W.G., Hoyt, D.B., et al., 1996. Hyper-
tonic saline resuscitation restores hemorrhage-induced
immunosuppression by decreasing prostaglandin E2 and
interleukin-4 production. J. Surg. Res., 64(2):203-209.
http://dx.doi.org/10.1006/jsre.1996.0329

Cuenca, A.G., Delano, M.J., Kelly-Scumpia, K.M., et al., 2011.

A paradoxical role for myeloid-derived suppressor cells
in sepsis and trauma. Mol. Med., 17(3-4):281-292.
http://dx.doi.org/10.2119/molmed.2010.00178

Delano, M.J., Scumpia, P.O., Weinstein, J.S., et al., 2007.
MyD88-dependent expansion of an immature GR-1'CD11b"
population induces T cell suppression and Th2 polariza-
tion in sepsis. J. Exp. Med., 204(6):1463-1474.
http://dx.doi.org/10.1084/jem.20062602

Dong, F., Chen, W., Xu, L., et al., 2014. Therapeutic effects of
compound hypertonic saline on rats with sepsis. Braz. J.
Infect. Dis., 18(5):518-525.
http://dx.doi.org/10.1016/j.bjid.2014.05.007

Duan, C., Li, T., Liu, L., 2015. Efficacy of limited fluid re-
suscitation in patients with hemorrhagic shock: a meta-
analysis. Int. J. Clin. Exp. Med., 8(7):11645-11656.

Dufait, 1., Schwarze, J.K., Liechtenstein, T., et al., 2015. Ex
vivo generation of myeloid-derived suppressor cells that
model the tumor immunosuppressive environment in
colorectal cancer. Oncotarget, 6(14):12369-12382.
http://dx.doi.org/10.18632/oncotarget.3682

Esnault, P., Prunet, B., Cotte, J., et al., 2013. Hydroxyethyl
starch 130/0.4 or hypertonic saline solution to decrease
inflammatory response in hemorrhagic shock? Crit. Care,
17(5):457.
http://dx.doi.org/10.1186/cc13043

Gamboni, F., Anderson, C., Sanchayita, M., et al., 2016. Hy-
pertonic saline primes activation of the p53—p21 signaling
axis in human small airway epithelial cells that prevents
inflammation induced by pro-inflammatory cytokines. J.
Proteome Res., 15(10):3813-3826.
http://dx.doi.org/10.1021/acs.jproteome.6b00602

Heim, C.E., Vidlak, D., Scherr, T.D., et al., 2014. Myeloid-

derived suppressor cells contribute to Staphylococcus
aureus orthopedic biofilm infection. J. Immunol., 192(8):
3778-3792.

http://dx.doi.org/10.4049/jimmunol.1303408

Huang, H., Liu, J., Hao, H., ez al., 2016. G-CSF administration
after the intraosseous infusion of hypertonic hydroxyethyl
starches accelerating wound healing combined with
hemorrhagic shock. BioMed Res. Int., 2016:5317630.
http://dx.doi.org/10.1155/2016/5317630

Huang, L.Q., Zhu, G.F., Deng, Y.Y., et al., 2014. Hypertonic
saline alleviates cerebral edema by inhibiting microglia-
derived TNF-o and IL-1B-induced Na-K-Cl Cotrans-
porter up-regulation. J. Neuroinflammation, 11:102.
http://dx.doi.org/10.1186/1742-2094-11-102

Huber-Lang, M., Gebhard, F., Schmidt, C.Q., et al., 2016.
Complement therapeutic strategies in trauma, hemorrhagic
shock and systemic inflammation—closing Pandora’s box?
Semin. Immunol., 28(3):278-284.
http://dx.doi.org/10.1016/j.smim.2016.04.005

Igarashi, T., Fujimoto, C., Suzuki, H., et al., 2014. Short-time
exposure of hyperosmolarity triggers interleukin-6 ex-
pression in corneal epithelial cells. Cornea, 33(12):
1342-1347.
http://dx.doi.org/10.1097/ico.0000000000000256

Janols, H., Bergenfelz, C., Allaoui, R., ef al, 2014. A high
frequency of MDSCs in sepsis patients, with the granu-
locytic subtype dominating in gram-positive cases. J.
Leukoc. Biol., 96(5):685-693.
http://dx.doi.org/10.1189/j1b.5HI0214-074R

Junger, W.G., Rhind, S.G., Rizoli, S.B., ef al., 2012. Resusci-
tation of traumatic hemorrhagic shock patients with hy-
pertonic saline—without dextran—inhibits neutrophil
and endothelial cell activation. Shock, 38(4):341-350.
http://dx.doi.org/10.1097/SHK.0b013e3182635aca

Ke, Q.H., Zheng, S.S., Liang, T.B., et al., 2006. Pretreatment
of hypertonic saline can increase endogenous interleukin
10 release to attenuate hepatic ischemia reperfusion injury.
Dig. Dis. Sci., 51(12):2257-2263.
http://dx.doi.org/10.1007/s10620-006-9135-6

Lai, D., Qin, C., Shu, Q., 2014. Myeloid-derived suppressor
cells in sepsis. BioMed Res. Int., 2014:598654.
http://dx.doi.org/10.1155/2014/598654

Liu, H., Xiao, X., Sun, C., et al., 2015. Systemic inflammation
and multiple organ injury in traumatic hemorrhagic shock.
Front. Biosci. (Landmark Ed.), 20:927-933.

Liu, Z., Li, Y., Liu, B., et al., 2013. Synergistic effects of
hypertonic saline and valproic acid in a lethal rat two-hit
model. J. Trauma Acute Care Surg., 74(4):991-998.
http://dx.doi.org/10.1097/TA.0b013e31828583¢3

Loomis, W.H., Namiki, S., Hoyt, D.B., ef al., 2001. Hyperto-
nicity rescues T cells from suppression by trauma-
induced anti-inflammatory mediators. Am. J. Physiol.
Cell Physiol., 281(3):C840-C848.

Lu, Y.Q., Huang, W.D., Cai, X.J., et al., 2008. Hypertonic
saline resuscitation reduces apoptosis of intestinal mu-
cosa in a rat model of hemorrhagic shock. J. Zhejiang
Univ.-Sci. B, 9(11):879-884.
http://dx.doi.org/10.1631/jzus.B0820116



58 Jiang et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2017 18(1):48-58

Lu, Y.Q., Gu, L.H., Huang, W.D., ef al., 2010. Effect of hy-
pertonic saline resuscitation on heme oxygenase-1
mRNA expression and apoptosis of the intestinal mucosa
in a rat model of hemorrhagic shock. Chin. Med. J. (Engl.),
123(11):1453-1458.

Lu, Y.Q., Gu, L.H., Zhang, Q., et al., 2013. Hypertonic saline
resuscitation contributes to early accumulation of circu-
lating myeloid-derived suppressor cells in a rat model of
hemorrhagic shock. Chin. Med. J. (Engl.), 126(7):1317-
1322.

Makarenkova, V.P., Bansal, V., Matta, BM., et al., 2006.
CD11b"/Gr-1" myeloid suppressor cells cause T cell
dysfunction after traumatic stress. J. Immunol., 176(4):
2085-2094.
http://dx.doi.org/10.4049/jimmunol.176.4.2085

Motaharinia, J., Etezadi, F., Moghaddas, A., et al, 2015.
Immunomodulatory effect of hypertonic saline in hem-
orrhagic shock. DARU J. Pharm. Sci., 23:47.
http://dx.doi.org/10.1186/s40199-015-0130-9

Nagaraj, S., Youn, J.I., Gabrilovich, D.I., 2013. Reciprocal
relationship between myeloid-derived suppressor cells
and T cells. J. Immunol., 191(1):17-23.
http://dx.doi.org/10.4049/jimmunol. 1300654

Naumann, D.N., Beaven, A., Dretzke, J., et al, 2016.
Searching for the optimal fluid to restore microcirculatory
flow dynamics after haemorrhagic shock: a systematic
review of preclinical studies. Shock, 46(6):609-622.
http://dx.doi.org/10.1097/shk.0000000000000687

O'Connor, M.A., Fu, W.W., Green, K.A., et al., 2015. Sub-
populations of M-MDSCs from mice infected by an im-
munodeficiency-causing retrovirus and their differential
suppression of T- vs B-cell responses. Virology, 485:
263-273.
http://dx.doi.org/10.1016/j.virol.2015.07.020

Ost, M., Singh, A., Peschel, A., ef al., 2016. Myeloid-derived
suppressor cells in bacterial infections. Front. Cell Infect.
Microbiol., 6:37.
http://dx.doi.org/10.3389/fcimb.2016.00037

Oztiirk, T., Onur, E., Cerrahoglu, M., et al., 2015. Immune and
inflammatory role of hydroxyethyl starch 130/0.4 and
fluid gelatin in patients undergoing coronary surgery.
Cytokine, 74(1):69-75.
http://dx.doi.org/10.1016/j.cyt0.2014.10.002

Wang, P, Li, Y., Li, J., 2009. Protective roles of hydroxyethyl
starch 130/0.4 in intestinal inflammatory response and
oxidative stress after hemorrhagic shock and resuscitation
in rats. Inflammation, 32(2):71-82.
http://dx.doi.org/10.1007/s10753-009-9105-7

Watters, J.M., Tieu, B.H., Todd, S.R., et al., 2006. Fluid re-
suscitation increases inflammatory gene transcription af-
ter traumatic injury. J. Trauma, 61(2):300-309.
http://dx.doi.org/10.1097/01.ta.0000224211.36154.44

Wright, F.L., Gamboni, F., Moore, E.E., et al., 2014. Hyper-
osmolarity invokes distinct anti-inflammatory mecha-
nisms in pulmonary epithelial cells: evidence from sig-
naling and transcription layers. PLoS ONE, 9(12):
el14129.
http://dx.doi.org/10.1371/journal.pone.0114129

Youn, J.I., Nagaraj, S., Collazo, M., et al., 2008. Subsets of
myeloid-derived suppressor cells in tumor-bearing mice.
J. Immunol., 181(8):5791-5802.

Youn, J.I., Kumar, V., Collazo, M., et al., 2013. Epigenetic
silencing of retinoblastoma gene regulates pathologic
differentiation of myeloid cells in cancer. Nat. Immunol.,
14(3):211-220.
http://dx.doi.org/10.1038/ni.2526

Zhang, Q., Lu, Y.Q., Jiang, J.K., et al., 2012. Early changes of
CD4'CD25 Foxp3”™ regulatory T cells and Th1/Th2,
Tcl/Tc2 profiles in the peripheral blood of rats with
controlled hemorrhagic shock and no fluid resuscitation.
Chin. Med. J. (Engl.), 125(12):2163-2167.

Zhou, J., Donatelli, S.S., Gilvary, D.L., et al., 2016. Thera-
peutic targeting of myeloid-derived suppressor cells in-
volves a novel mechanism mediated by clusterin. Sci.
Rep., 6:29521.
http://dx.doi.org/10.1038/srep29521

Zoglmeier, C., Bauer, H., Norenberg, D., et al., 2011. CpG
blocks immunosuppression by myeloid-derived sup-
pressor cells in tumor-bearing mice. Clin. Cancer Res.,
17(7):1765-1775.
http://dx.doi.org/10.1158/1078-0432.ccr-10-2672

HRHE

: SRR TE/S BB R E 75 o BEIR A 51 4 f 43
Vit ikt

TR LR T/ BRAB Y o 48 B AR B AR 55

ARFEBEHK (NS « mEiBhK (HTS) iz

FEUEM (HES) ,  HEBHEAS R 8] A s M 4 )

UM (MDSCs) fEAME L. JE A AN S84 23 b 4y

A F1 AL DL o

(1) BRI RAER;  (2) % MDSCs

FIN IR S A 5 950 5 G s A8 Ak BRI 0 5

(3) X, BAEFD A (4 i - F) MDSCs 4

AT, IR TR R MR e A R AR

755 MDSCs [0, Nl R - RaE

PR T R T RSB TR

¥5: 14 BALB/c HEME/N R BEAL > VU4, BRxTHRZH 41,
oA = A AE g 5T PR AR TN BB S SR R
F AR E 75 NS4, HTS 4 HES 4. 7E#
RIGEST G 24 24 F1 72 h 23 IRALFE /N B, BUAR
FL. BEAEAEBERIA L, i =0kl
ARG AR B — 2573 MDSC 4 &=, bA&R
PR 4 AR BE IR PRI 4 . (M-MDSC) b
BBV IS (G-MDSC) I EbAH .

it: HTS Al 5 MDSCs 7E 41 JE I A B A b A B3R
2, 350 MDSCs 2344 A1 434 ; 11 HES % MDSCs
HI A /N, (B MDSCs 768 88 1731k
AL,

R RMPERTE; B SiBEK; SR

HIgiE; B bk

BIFT R



