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Summary

A recent study indicated that Lectin-type oxidized LDL receptor-1 (LOX-1)
was a distinct surface marker for human polymorphisms myeloid-derived
suppressor cells (PMN-MDSC). The present study was aimed to investigate
the existence LOX-1 PMN-MDSC in hepatocellular carcinoma (HCC)
patients. One hundred and twenty-seven HCC patients, 10 patients with
mild active chronic hepatitis B, 10 liver cirrhosis due to hepatitis B, 10 liver
dysplastic node with hepatitis B and 50 health control were included.
LOX-1" CD15" PMN-MDSC were significantly elevated in HCC patients
compared with healthy control and patients with benign diseases.
LOX-1" CD15" PMN-MDSC in circulation were positively associated with
those in HCC tissues. LOX-1" CD15" PMN-MDSCs significantly reduced
proliferation and IFN-y production of T cells with a dosage dependent man-
ner with LOX-1~ CD15" PMNs reached negative results. The suppression on
T cell proliferation and IFN-y production was reversed by ROS inhibitor and
Arginase inhibitor. ROS level and activity of arginase of LOX-1 *CD15"
PMN were higher in LOX-1" CD15" PMN-MDSCs than LOX-1~ CD15"
PMN:ss, as well as the expression of the NADPH oxidase NOX2 and arginase
I. RNA sequence revealed that LOX-1" CD15" PMN-MDSCs displayed signif-
icantly higher expression of spliced X-box -binding protein 1 (sXBP1), an
endoplasmic reticulum (ER) stress marker. ER stress inducer induced LOX-1
expression and suppressive function for CD15" PMN from health donor. For
HCC patients, LOX-1* CD15* PMN-MDSCs were positively related to over-
all survival. Above all, LOX-1" CD15" PMN-MDSC were elevated in HCC
patients and suppressed T cell proliferation through ROS/Arg I pathway
induced by ER stress. They presented positive association with the prognosis
of HCC patients.

Keywords: endoplasmic reticulum stress; hepatocelluar carcinoma patients;
lectin-type oxidized LDL receptor-1; polymorphonuclear myeloid-derived
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Introduction

Myeloid-derived suppressor cells (MDSC) have been sug-
gested to be a novel target for many malignant diseases,'
including hepatocellular carcinoma (HCC).* However,
target agents on MDSC have not displayed promising
efficacy for HCC patients.® One of the critical reasons is
the heterogeneity of MDSC testing among different cen-
tres.” ™’ At present, the standard method to separate
MDSC is by density gradient centrifugation only in
peripheral blood (PB).”® This testing technology is not
easily standardized between laboratories, which might be
a critical cause of the heterogeneity of results in MDSC-
targeted studies. Thus, a method that is more easily stan-
dardized between laboratories is needed to pave the way
to the clinical usage of MDSC-targeted therapy.

Another critical issue for MDSC-targeted therapy is the
shortage of specific surface markers to separate MDSC from
neutrophils. A recent study indicated that lectin-type oxi-
dized LDL receptor-1 (LOX-1) is a distinct surface marker
for human MDSC, which is the first novel marker for poly-
morphonuclear myeloid-derived suppressor cells (PMN-
MDSC).” Also, the LOX-1* PMN-MDSCs were tested in
whole blood (WB), which made the procedure easier in
practical terms to be standardized between laboratories.

In the present study we investigated the existence of
LOX-1 PMN-MDSC in HCC patients, their latent mecha-
nism and their association with clinical parameters.

Methods

Patients and healthy donors

During the period between June 2016 and September 2016,
we investigated a series of 127 HCC patients before anti-
cancer treatment, 10 patients with mild active chronic hep-
atitis B (alanine aminotransferase above twice the upper
limit of normal without liver failure), 10 patients with liver
cirrhosis due to hepatitis B and 10 patients with liver dys-
plastic node with hepatitis B in the Third Affiliated Hospi-
tal of Guangzhou Medical University and the Third
Affiliated Hospital of Sun Yat-sen University, Guangzhou,
China. The diagnosis of HCC was confirmed by pathology
or the American Association for the Study of Liver Diseases
radiological criteria by either computed tomography (CT)
or magnetic resonance imaging (MRI). Age- and gender-
matched healthy controls (n = 50) consisted of local vol-
unteers. All patients and healthy controls were also
screened for serum human immunodeficiency virus (HIV)
antibody, hepatitis B surface antigen (HBsAg), hepatitis C
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virus (HCV) antibody, hepatitis D virus (HDV) antigen
and HDV antibody. Patients and healthy controls who
were positive for HIV, chronic hepatitis virus infection (ex-
cept for hepatitis B virus) and other acute infections (in-
cluding pneumonia, urinary tract infection, etc.) who were
pregnant, patients who received systematic corticosteroids,
immnunosuppressive agents or anticancer therapies and
those with fever were excluded from this study. This study
was approved by the Clinical Ethics Review Board of the
Third Affiliated Hospital of Guangzhou Medical University
and the Third Affiliated Hospital of Sun Yat-sen Univer-
sity. Written informed consent was obtained from all
patients at the time of admission.

Peripheral blood mononuclear cells (PBMC) isolation
and flow cytometric analysis

Blood samples were analysed within 6 hr after sampling.
PBMCs were isolated from WB by Ficoll centrifugation.
The following antihuman antibodies were purchased from
eBioscience (San Diego, CA): CD11b-fluorescein isothio-
cyanate (FITC), human leucocyte antigen D-related-phy-
coerythrin (HLA-DR-PE), CD14-PE-cyanin 7 (Cy7),
CD15-eFluor450, LOX-1-allophycocyanin (APC) and
their corresponding isotype controls. The cell phenotypes
were analysed by flow cytometry on a flow cytometric
fluorescence-activated cell sorter (FACS)Aria II flow
cytometer (BD Bioscience, San Jose, CA, USA), and data
were analysed with FlowJo version 10.0.7 (FlowJo, Trees-
tar, Inc., San Carlos, CA). For the flow cytometric sort-
ing, a BD FACSAria cell sorter (BD Bioscience, San Jose,
CA, USA) was used. The strategy for MDSC sorting was:
LOX-1" CD15" for PMN-MDSCs and LOX-1~ CD15"
for PMNs from alive WB cells.

T-cell proliferation and activation assay

T-cell proliferation was determined by 5,6-carboxyfluores-
cein diacetate, succinimidyl ester (CFSE) dilution. Purified
T cells were stained with CFSE (3 jv; Invitrogen, Carlsbad,
CA), stimulated with 0-5 ug/ml 3-hr precoated anti-CD3
and 0-5 ug/ml anti-CD28 (eBioscience), and cultured alone
or cocultured with autologous PMN-MDSCs/PMNs at the
indicated ratios for 72 hr. The cells were then labelled for
surface marker expression with CD4-PE or CD8-PE-Cy5
antibodies, and T-cell proliferation was analysed on a flow
cytometer. All cultures were carried out in the presence of
20 IU/ml recombinant human interleukin (IL)-2 (Pepro-
Tech, Rocky Hill, NJ) in RPMI-1640 (Life Technologies,
Gaithersburg, MD) for 72 hr at 37°. Where indicated,
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0-5 mMm N-hydroxyl-nor-l-arginine (nor-NOHA) (Cayman
Chemicals, Chemicals, Ann Arbor, MI), an arginase I speci-
fic inhibitor, 1 mm L-arginine or 1 mm N-acetylcysteine
(Sigma, Darmstadt, Germany ), an reactive oxygen species
(ROS) inhibitor, was added to the culture on day 0.

Measurement of intracellular ROS

ROS measurements were determined using the 2',7'-
dichlorofluorescein diacetate (DCFDA) stain. Briefly, WB
were incubated with 2-5 um DCFDA at 37° for 30 min
after red blood cell lysis. Cells were then washed and
resuspended in phosphate-buffered saline (PBS), stained
with CD15-eFluor450 and LOX-1-APC at 4° for 30 min.
ROS was analysed using flow cytometer with excitation
and emission wavelengths of 490 and 520 nm, respec-
tively, in LOX-1" CD15" cells and LOX-1~ CD15" cells.

Enzyme-linked immunosorbent assay (ELISA)

Culture supernatants of the T cell and MDSC co-culture
system were collected for ELISA testing. Interferon (IFN)-
y quantification in culture supernatants was determined
using an ELISA following the manufacturer’s instructions
(DKW12-1000-09; Dakewe Bioengineering Co., Shenzhen,
Guangdong).

Arginase activity assay

The arginase activity was measured in cell lysates. Briefly,
cells were lysed with 0-1% Triton X-100 for 30 min, then
25 mMm Tris-HCl and 10 mmM MnCl, was added. The
enzyme was activated by heating at 56° for 10 min. Argi-
nine hydrolysis was performed by incubating the lysate
with 0-5 M L-arginine for 120 min at 37°. After the addi-
tion of o-isonitrosopropiophenone (dissolved in 100%
ethanol), the urea concentration was measured at
540 nm, followed by heating at 95° for 30 min.

Quantitative reverse transcription—polymerase  chain
reaction (qRT-PCR)

RNA was extracted with a multisource total RNA mini-
prep kit (AXYGEN Biosciences, Hangzhou, China) and
qRT-PCR was performed utilizing commercially available
primers (Supporting information, Table S2) and SYBR
Premix Ex Taq II (Code, DRR081; Takara Biotechnology
(Dalian) Co., Ltd, Dalian, China). Fluorescence for each
cycle was quantitatively analysed using the ABI Prism
7000 sequence detection system (Life Technologies,
Gaithersburg, MD). The results were reported as relative
expression, normalized with the f-actin housekeeping
gene as endogenous control and expressed in arbitrary
units (primers used are shown in Supporting information,
Table S1).
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ChIP assay

The chromatin immunoprecipitation (ChIP) assay was
performed following the instructions from Millipore
(Billerica, MA). In brief, LOX-1" CD15" PMN-MDSCs
were fixed with a 1% formaldehyde solution, lysed and
sheared by sonication. Cell lysates were precleared with
protein G-agarose and immunoprecipitated with specific
antibodies or an anti-immunoglobulin (Ig)G control. Anti-
body—chromatin complexes were collected with protein G-
agarose. The DNA in the complex was recovered and quan-
titated by qPCR. Ten per cent of the lysate before immuno-
precipitation was used as the input control. Amplification
of cyclophilin from the input was used as a loading control.
For sequential ChIP assays, samples were immunoprecipi-
tated with anti-XBP1 antibody (619502, Biolegend, San
Diego, CA, USA). DNA from both rounds of ChIP assays
was purified and subjected to qPCR (primers used are
shown in Supporting information, Table S1).

Immunohistochemistry (IHC)

HCC tissues were sectioned at 4-um thickness, dewaxed
with xylene, rehydrated with graded ethanol and
immersed in sodium citrate (pH 6-0) for antigen retrieval
using a microwave. IHC was conducted according to the
manufacturer’s protocol [ab210059 DoubleStain THC Kit:
M&R on human tissue, diaminobenzidine (DAB) & AP/
Red, abcam, Cambridge, MA] Slides were incubated in
blocking reagent; rabbit [anti-LOX 1 antibody ab126538,
abcam, Cambridge, MA) and mouse [anti-CD15 antibody
(FUT4/815) bovine serum albumin (BSA)] and azide-free
ab212396, abcam, Cambridge, MA) primary antibody
mixture were used to cover the tissue and incubated.
Rabbit AP polymer and mouse HRP polymer were added
and incubated. DAB working solution was applied to
completely cover the tissue and incubated. Then, Perma-
nent Red working solution was added and incubated and
counterstained with haematoxylin and incubated, washing
between steps with PBS-T. Aqueous mounting medium
was added horizontally in an oven at 40-50° for at least
30 min until the slides were thoroughly dried.

Two pathologists, who were blinded to the clinicopatho-
logical and follow-up information, evaluated IHC staining
independently. Visible brown staining was considered to
indicate positive staining for CD15 with red for LOX-1.
Double-positive cells were counted in each mm?,

Western blotting

Lysates from LOX-1* CD15" PMN-MDSCs and LOX-
1~ CD15" PMN containing 100 ug protein were incu-
bated with 2 ug of antibodies against interested proteins
(rabbit monoclonal to XBP1, ab109221, abcam; rabbit
monoclonal to activating transcription factor 3 (ATF3),
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ab 207434, abcam; mouse monoclonal to DDIT3,
ab11419, abcam) for 18 hr at 4°, followed by incubation
with protein A/G agarose for 1 hr at 4°. The immunopre-
cipitates were then washed with PBS and heated at 95°
for 5 min, followed by centrifugation at 5000 g for
1 min. The supernatants were then subjected to Western
blotting analysis. Briefly, target molecules were detected
using specific primary antibodies and horseradish peroxi-
dase (HRP)-conjugated secondary antibodies, followed by
detection using an enhanced chemiluminescence (ECL)
HRP chemiluminescent substrate reagent kit (Invitrogen).

RNA-sequencing data analysis

LOX-1" CD15" PMN-MDSCs and LOX-1~ CD15" PMN
from HCC patients were enriched by CDI15b-beads and
then sorted on a FACSAria cell sorter (BD Bioscience).
The sorting purity was > 95%. RNA sequencing was
performing using Illumina Hiseq 2500 platform (Illu-
mina, San Diego, CA). A VAHTS total RNA-Seq library
preparation kit (Vazyme Biotech Co., Ltd, China) was
used for library preparation. Single-end read runs were
used, with read lengths up to 50 base pairs (bp) in high
output mode, 20 M total read counts. Data were aligned
using RSEM version 1.2.12 software against 10-mm gen-
ome and gene-level read counts and reads per kilobase
of transcript per million mapped reads (RPKM) values
at gene level were estimated for ensemble transcriptome.
Samples with at least 80% aligned reads were analysed.
DESeq2 was used to estimate the significance between
any two experimental groups. Overall changes were con-
sidered significant if they passed false discovery rate
(FDR) < 5% thresholds, with an additional threshold on
fold change (fold > 1-2) taken to generate the final gene
set.

Patient follow-up and statistical analysis

Patients returned for follow-up appointments at least
every 2 weeks during the first 6 months, and then every
month thereafter until death. The follow-up duration was
calculated from the first day of therapy to the day of
death or to the last examination. Overall survival (OS)
was the end-point, which was calculated from the first
day of treatment to death.

Variables in different groups were compared using the
o2 test (or Fisher’s exact test, if indicated) and t-test or
non-parametric Mann-Whitney U-tests. OS was calcu-
lated using the Kaplan—Meier method, and the differences
were compared using the log-rank test. The criterion for
statistical significance was set at « = 0-05 and all P-values
were based on two-sided tests. For in-vitro experiments,
statistical analyses were performed using paired t-tests.
Correlations between different parameters were analysed
using a Spearman’s rank test. Statistical tests were
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performed using GraphPad prism version 5.0a and spss
Statistics 20.0 (SPSS, Chicago, Illinois). P values of 0-05
were considered significant.

Results

LOX-1" CD15" PMN-MDSC expansion in HCC
patients

During the period between June 2016 and September
2017, we investigated a series of HCC patients before anti-
cancer treatment (n = 127), patients with mild active
chronic hepatitis B (n = 10), liver cirrhosis due to hepati-
tis B (n = 10) and liver dysplastic node with hepatitis B
(n = 10) in two centre hospitals. Age- and gender-matched
healthy controls (n = 50) consisted of local volunteers.
Blood samples were collected at the disease diagnosis.
Peripheral blood mononuclear cells (PBMCs) were isolated
from WB by Ficoll centrifugation and analysed within 6 hr
after blood sampling. Circulating frequencies of PMN-
MDSCs in PBMC were defined by classic markers
(CD11b* CD14~ HLA-DR ¥ CD15%).> LOX-1* CD15*
PMN-MDSC were tested both in WB’ (Fig. 1a) and
PBMC (Fig. 1b). LOX-1" CD15" PMN-MDSC were sig-
nificantly elevated in both WB and PBMC of HCC patients
compared with healthy controls. Patients with mild active
chronic hepatitis B, liver cirrhosis due to hepatitis B and
liver dysplastic node with hepatitis B did not present
increased levels of LOX-1" CD15" PMN-MDSC. The mor-
phology of LOX-1" CD15" PMN-MDSC presented band-
shaped nuclei with LOX-1~ CD15" PMNs presented poly-
morphonuclear type (Fig. 1c). Notably, PBMC was used to
enrich MDSC; thus, LOX-1" CD15% PMN-MDSC should
be more abundant in PBMC than WB. We found that
LOX-1" CD15" PMN-MDSC were much more abundant
in PBMC than in WB (Fig. 1d) Then, in order to illustrate
the association of LOX-1" CD15" PMN-MDSC in circula-
tion and tumour tissues, IHC were utilized to test the
LOX-1" CD15" PMN-MDSC. The density of LOX-
1" CD15" PMN-MDSC in tumour tissue was positively
related to that in circulation (Fig. le).

LOX-1" CD15" PMN-MDSCs suppressed T-cell
activation

Suppressive ability to T-cell proliferation was the key charac-
teristic of MDSC. In order to confirm the immune suppres-
sive capacity of LOX-1" CD15" PMN-MDSCs in HCC
patients, T cells, LOX-1" CD15" PMN-MDSCs and LOX-
17 CD15" neutrophils (PMNs) were purified from WB using
flow sorting, respectively. CFSE-labelled PBMC-derived
CD3" homologous T cells were stimulated with anti-CD3/
anti-CD28 with the indicated ratio of LOX-1" CD15" PMN-
MDSCs or LOX-1~ CD15" PMN.' Addition of PMN-
MDSCs resulted in significantly reduced proliferation of both

147



J. Nan et al.

25
a < [ ] c
@ 70.9 078 <20 ©  cotssLox-1- CD15+Lox-1+
8 15 > 2R, - \
] % | T 1o " i 2%
1 - ' £ ~
‘ g s ' ‘ :
</_\ 466 <’.\ E 328 341 9 L _
HCC 8 / 8 1 - L
1 ' ; S o R e O ¥
@ @ ] § W 00((\05’\ OQ\ RS \2\0
s c)\\ c‘;\\\\Q/ %'\}0
CcD15 AP
N
(b) = . : .
57-8 . 5.27 337 6
Con s . 9}0,
: x 0y
% 2
: & (@]
3 39.4 14-6 c
é 1 to
HCC O 1 a < %
B 5 5 || % . S
Vv | 8 o1 o S %W‘ 0
<FSC-A> HLA-DR cD15 cD15 Con  HCC w8 PBMC
8-
2 = 0-4974
P =0.0227 ¢
o -
c 6
£
g 44
®
D
(&) 2]
0 T T T 1
0 1 2 3 4

Lox1-PMN in WB

Figure 1. Expansion of lectin-type oxidized LDL receptor-1 (LOX-1)* CD15" polymorphonuclear myeloid-derived suppressor cells (PMN-
MDSC) in peripheral blood mononuclear cells (PBMC) and whole blood (WB) in hepatocellular carcinoma (HCC) patients. (a) Gating strategy
and statistical analysis of LOX-1" CD15" PMN-MDSCs by flow cytometry analysis in WB of HCC patients and health control. (b) Expression of
LOX-1 of human leucocyte antigen D-related (HLA-DR) /°“CD11b" CD15" CD14~ PMN-MDSCs in PBMC from HCC patients and healthy
controls. ***P < 0-001. (c) Typical morphology of sorted LOX-1* and LOX-1~ PMN from a patient with HCC. (d) the frequency of LOX-
1" CD15" PMN-MDSC in the PBMC and WB from the same patient. (¢) Immunohistochemistry analysis of LOX-1 (red) and CD15 (brown)
expression. Brown arrow indicates LOX-1~ CD15" PMN-MDSC. Red arrow indicates LOX-1" CD15" PMN-MDSC.

CD4" and CD8" T cells in a dose-dependent manner. The
IFN-y levels in the media were tested using ELISA; IFN-y
secretion decreased after administration of LOX-1" CD15"
PMN-MDSCs. LOX-1~ CD15" PMNs presented no suppres-
sive function (Fig. 2).

Production of ROS and activation of arginase I were
the mechanism for LOX-1" CD15" PMN-MDSC-
mediated immune suppression

Based on the finding that LOX-1" CD15" PMN-MDSCs
from HCC patients suppressed antigen non-specific T-cell
proliferation, we further explored the underlying
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mechanisms controlling LOX-1" CD15% PMN-MDSC-
mediated T-cell suppression. Previous reports have con-
firmed that arginase I or ROS were immune mediators
for PMN-MDSC-mediated immune suppression.’ Thus,
arginase inhibitor nor-NOHA, L-arginine supplementa-
tion or N-acetyl-L-cysteine (NAC), a ROS inhibitor, were
utilized to reverse the suppressive effects of LOX-
1" CD15" PMN-MDSCs on T-cell proliferation in the
coculture system.'” As a result, the suppression of T-cell
proliferation and IFN-y production was reversed by ROS
inhibitor NAC, nor-HOHA and L-arginine (Fig. 3a). We
then investigated the ROS level of LOX-1" CD15" PMN
by DCFDA, which indicated that the ROS levels were

© 2017 John Wiley & Sons Ltd, Immunology, 154, 144-155
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Figure 2. Lectin-type oxidized LDL receptor-1 (LOX-1)" CD15" polymorphonuclear myeloid-derived suppressor cells (PMN-MDSC) from whole
blood (WB) and peripheral blood mononuclear cells (PBMC) of hepatocellular carcinoma (HCC) patients suppressed T-cell proliferation and

activation. CD3" T cells from PBMC were stimulated with anti-CD3/anti-CD28, cocultured with LOX-1"

CD15" PMN-MDSCs (a) or LOX-

1~ CD15" PMN (b) from the same donors at different ratios for 3 days, evaluated for CD4" and CD8" T cell proliferation by 5,6-carboxyfluores-
cein diacetate, succinimidyl ester (CFSE) labelling and interferon (IFN)-y production in supernatants by ELISA. Down cumulative data (n = 4)
and concentration of IFN-y in the media (n = 4). **P < 0-01; ***P < 0-001.

higher in HCC-related LOX-1" CD15" PMN-MDSCs
than LOX-1~ CD15" PMNs. Also, the mRNA levels of
the nicotinamide adenine phosphate
(NADPH) oxidase NOX2, the key protein complex
responsible for ROS production in MDSCs, were higher
in LOX-1" CD15" PMN-MDSC (Fig. 3b). Meanwhile, the
expression of arginase I and activity of arginase were also
significantly raised in HCC related LOX-1" CD15" PMN-
MDSCs compared with LOX-1~ CD15" PMNs (Fig. 3c).

dinucleotide

Endoplasmic reticulum (ER) stress mediated LOX-1
expression and suppressive function of LOX-
1" CD15" PMN-MDSCs

In order to test the molecular mechanism of HCC
related LOX-1" CD15%* PMN-MDSCs, LOX-17 CD15"

© 2017 John Wiley & Sons Ltd, Immunology, 154, 144-155

PMN-MDSCs and LOX-1~ CD15" PMN-MDSCs were
sorted from the same patients and whole transcriptome
analysis was performed using RNA-seq. A total of 124
genes were significantly different with P < 0-01 and
HR > 1-2 or < 0-8 (Fig. 4a). Cellular component analysis
reveals that the intrinsic component of membrane, intra-
cellular membrane-bound organelle, was the most chan-
ged field (Fig. 4b). Molecular function analysis revealed
that binding function, including nucleic acid binding,
presented the most altered genes (Fig. 4c). Combination
analysis of the molecular function and cell component,
the XBP1, a hallmarker for ER stress, was the most
potential mechanism for HCC-related LOX-1" CD15"
PMN-MDSCs. Previous studies demonstrated that PMN-
MDSCs in cancer patients displayed signs of ER stress
response and ER stress regulated the expression of LOX-1
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Figure 3. Lectin-type oxidized LDL receptor-1 (LOX-1)" CD15*
polymorphonuclear myeloid-derived suppressor cells (PMN-MDSC)
suppress functional T cells in a reactive oxygen species/arginase 1
(ROS/Argl)-dependent manner. (a) Effect of arginase inhibitor N
omega-hydroxy-L-arginine (NOHA), L-arginine supplementation or
ROS inhibitor N-acetyl-L-cysteine (NAC) on LOX-1" CD15" PMN-
MDSC function. T cells from end stage renal disease (ESRD)
patients were stimulated with anti-CD3/anti-CD28, cocultured with
LOX-1* CD15" PMN-MDSCs from whole blood at a 2: 1 ratio
with treatments as indicated, evaluated for T cell proliferation by
CFSE labelling and IEN-y production in supernatants by enzyme-
linked immunosorbent assay (ELISA). Representative flow cytometry
data, cumulative data (n = 3) and concentration of IFN-y in the
media (n = 3). (b) ROS level illustrated by 2’,7’-dichlorofluorescein
diacetate (DCFDA) and NOX2 expression in LOX-1" CD15" PMN-
MDSCs and LOX-1~ CD15" PMN. Right: representative flow
cytometry data. Middle: cumulative data (n =6). Left: NOX2
expression. (c) Expression of Argl and arginase activity in LOX-
1" CD15" PMN-MDSCs and LOX-1~ CD15" PMN. (n = 6).
*P < 0:-05; ¥*P < 0-01; ***P < 0-001. [Colour figure can be viewed
at wileyonlinelibrary.com]

in PMNs."” We then tested the expression of genes asso-
ciated with ER stress in LOX-1" and LOX-1~ PMNs.
LOX-1" CD15" PMN-MDSCs displayed a significantly
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higher expression of spliced X-box-binding protein 1
(sXBP1) than LOX-1- PMN, confirmed by qRT-PCR and
Western blot (Fig. 4d,e). Meanwhile, the expression of
ATF3 and CCAAT/enhancer binding protein (CHOP)
was also higher in LOX-1" PMN-MDSC tested by
qRT-PCR with negative Western blot tests (Fig. 4d,e).
Furthermore, we utilized ER stress inducer thapsigargin
(THG) to induce the expression of LOX-1 and suppres-
sive function in CD15" PMN from healthy donors with
or without the inhibitor of XBP1, B-I09. As a result,
THG-induced LOX-1 expression among CD15" PMN
and THG-induced LOX-1" CD15" PMN-MDSCs pre-
sented a suppressive capability to T-cell proliferation. The
efficacy of THG was abrogated by B-I09 (Fig. 5a). In
order to investigate whether XBP1 regulated the promoter
of LOX-1, we found the potential binding site of XBP1 in
the LOX-1 promoter region (Fig. 5b). However, ChIP
analysis revealed that XBP1 does not bind to the LOX-1
promoter (Fig. 5¢). Tumour-conditioned media of HCC
cell lines (Hu7, HepG2, 97L) and serum of HCC patients
with increased LOX-1" CD15" PMN-MDSCs were used
to induce LOX-1 and XBP1 expression in CD15" PMN
from healthy donors. However, HCC tumour cells
(TCM) and HCC serum did not increase the LOX-1 and
XBP1 expression significantly, compared with controls
(Fig. 5d). Above all, ER stress mediated LOX-1 expression
and the suppressive function of LOX-1" CD15" PMN-
MDSCs.

LOX-1" CD15" PMN-MDSC positively associated
prognosis of HCC patients

According to the above results, elevated LOX-1" CD15"
PMN-MDSCs potentially induced immune tolerance to
tumour cells in HCC patients. We then investigated the
clinical association of LOX-1" CD15" PMN-MDSCs with
clinical parameters and the most widely acknowledged
prognostic system, Cancer of the Liver Italian Program
(CLIP) score,''™* for HCC patients. LOX-1* CD15"
PMN-MDSCs associated with CLIP score, Child-Pugh
score, PT%, Eastern Cooperative Oncology Group perfor-
mance status (ECOG PS), tumour T stage, portal vein
thrombosis, lymph node metastasis (Fig. 6a and Support-
ing information, Table S2). Patients were then divided
into two parts according to LOX-1" CD15" PMN-
MDSCs level. Patients with low levels of LOX-
1" CD15" PMN-MDSCs presented better overall survival
(Fig. 6b).

Discussion

MDSC has been confirmed to be a critical mediator for
immune tolerance to multiple malignances and presents
promising clinical usage by basic researches and clinical
investigations.”'*'® Many drugs were found to eliminate
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Figure 4. Endoplasmic reticulum stress (ER) stress and clinical significance of lectin-type oxidized LDL receptor-1 (LOX-1)* CD15" polymor-
phonuclear myeloid-derived suppressor cells (PMN-MDSC) in hepatocellular carcinoma (HCC) patients. (a) Hierarchical clustering of samples
based on the expression levels of genes differentially expressed between LOX-1" and LOX-1~ PMN in HCC patients. (b) Cell components analy-
sis of different genes expressed. (c) Molecular function of different genes expressed. (d) Expression of X-box-binding protein 1 (XBP1), CCAAT/
enhancer binding protein (CHOP) and activating transcription factor 3 (ATF3) in LOX-1* CD15" PMN-MDSCs and LOX-1~ CD15" PMN by
quantitative reverse transcription—polymerase chain reaction (QRT-PCR). (n = 6). (e) Expression of XBP1, CHOP and ATF3 in LOX-1" CD15"
PMN-MDSCs and LOX-1~ CD15" PMN by Western blot.
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Figure 5. Endoplasmic reticulum stress (ER) stress induced lectin-type oxidized LDL receptor-1 (LOX-1) expression and suppressive function of
LOX-1-CD15" polymorphonuclear cells (PMN). (a) Percentage and suppression to T cell proliferation of LOX-1" CD15" PMN-myeloid-derived
suppressor cells (MDSC) derived from CD15" PMN isolated from six healthy donors and treated with 1 mM thapsigargin (THG) with or without
20 mM B-109. (b) X-box—binding protein 1 (XBP1) binding sites in the origin of light-strand replication (OLR) promoter. (¢) Chromatin immuno-
precipitation (ChIP) assays were performed with LOX-1* CD15" PMN-MDSC with antibodies against XBP1 or with an immunoglobulin (Ig)G
control. Recruitment of XBP1 to the LOX-1 promoter was determined by qPCR in eluted DNA. Data were normalized to the input DNA and are
presented as fold increases over the values obtained with IgG. (d) Percentage of LOX-1" CD15" PMN-MDSC derived from CD15" PMN isolated
from six healthy donors treated with serum from hepatocellular carcinoma (HCC) patients with increased LOX-1" CD15" PMN-MDSC and condi-
tioned medium from HCC tumour cells (TCM) was used at 20% (v/v) concentration. [Colour figure can be viewed at wileyonlinelibrary.com]

MDSC in tumour efficiently,®'” which made MDSC tar-
geted therapy practical for clinical trials. However, there
has been no successful MDSC-targeted therapy since
MDSC was first nominated in 2007.%'® One of the critical
causes was the issue of testing MDSC by density gradient
centrifugation, which was not a technique that was stan-
dardized easily by different laboratory.” Density gradient
centrifugation needs strict controls on time, temperature,
Ficoll density and other steps.® Different protocols
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between laboratories caused heterogenicity of the results.
Thus, it is necessary to develop a method that is easily
standardized. Lox-1" was the first specific marker for
human PMN-MDSC in lung cancer and head and neck
cancer patients.” PMN-MDSC is the major subtype of
MDSC, which means that PMN-MDSC can be tested in
WB by flow cytometry. Flow cytometry testing is a poten-
tial diagnostic technique which is used in multiple dis-
eases, especially leukaemia. Testing Lox-1" CD15" PMN-
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Figure 6. Prognostic value of lectin-type oxidized LDL receptor-1 (LOX-1)* CD15" polymorphonuclear myeloid-derived suppressor cells (PMN-
MDSC) in hepatocellular carcinoma (HCC) patients. (a) Association between LOX-1" CD15" PMN-MDSC and clinical parameters by linear
regression. (b) Kaplan—-Meier survival curves are shown for overall survival in low and high LOX-1" CD15" PMN-MDSC level HCC patients.

Hazard ratios (HRs) were calculated using the unadjusted Cox proportional hazards model. P-values were calculated using the unadjusted log-

rank test; 95% CI indicates 95% confidence interval. [Colour figure can be viewed at wileyonlinelibrary.com]

MDSC by flow cytometry makes MDSC testing at the
diagnostic level a near-future possibility. The present
study was aimed to determine the existence and clinical
usage of LOX-1" CD15" PMN-MDSC in HCC patients.

This study found that LOX-1" was the specific marker
for HCC-related MDSC. LOX-1" CD15" PMN-MDSCs
were elevated significantly in HCC patients and presented
strong suppressive function. LOX-1~ CD15" PMN was not
suppressive, which indicated that the traditional definition
for PMN-MDSCs (HLA-DR "°“CD15* CD14 CD11b")°
was not accurate and contained a great number of PMNss.
Also, LOX-1" CD15" PMN-MDSC were more abundant in
PBMC, which indicated that LOX-1" CD15* PMN-MDSC
were the real part of MDSC in HLA-DR°“CD15"
CD14~CD11b" PMN-MDSCs. More importantly, LOX-
1" CD15" PMN-MDSC levels were positively related to
prognosis and major prognostic factors. The clinical signifi-
cance of LOX-1" CD15" PMN-MDSC makes it a potential
target for immune therapy.

ER stress was reported to be the feature of MDSC,"”
especially for LOX-1" CD15" PMN-MDSC. In the present
study, we found that LOX-1" CD15" PMN-MDSC in
HCC patients presented a high level of ER stress. The
bioactivator of PMN-MDSC, arginase 1 and ROS, could
be the result of ER stress. These results suggest that ER
stress might be the key regulator for PMN-MDSC. How-
ever, it is not clear that what caused ER stress in myeloid
cell and how ER stress transfers normal myeloid cells into
MDSC." Tumour induced ER stress in myeloid cells by
remote control, as myeloid cells distant from the tumour
(PBMC) present ER stress. However, TCM and serum
from HCC patients failed to induce LOX-1" CD15"
PMN-MDSC and ER stress in CD15" cells from healthy
donors. The latent mechanism deserves further investiga-
tion. The entire map of the ER stress pathway in LOX-
1" CD15" PMN-MDSC needs further studies.

M-MDSC, HLA-DR "°*CD15-CD14" CD11b* cell in
PBMC, is the other subtype of MDSC'®"” which could
not be tested directly in WB. Future studies are needed to
find an easier way to test them directly in WB. Also, the
sample size of the present study was not large enough to
gain a reliable association between the MDSC level and
prognosis. Thus, we tested the relation between LOX-
1" CD15" PMN-MDSC and prognosis. Patients with high
levels of LOX-1" CD15% PMN-MDSC presented a
decreased OS and LOX-1" CD15" PMN-MDSC positively
associated with multiple strong prognostic factors. Thus,
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prospective studies and clinical trials targeted on LOX-
1" CD15" PMN-MDSC deserve further investigation.

In summary, the present study identified LOX-
1" CD15" PMN-MDSC in HCC patients. LOX-1" CD15"
PMN-MDSC suppressed T-cell proliferation through the
ROS/Arg 1 pathway with ER stress as a potential feature.
LOX-1" CD15" PMN-MDSC presented a positive associa-
tion with the prognosis of HCC patients, which made
testing LOX-1" CD15" PMN-MDSC in WB a practical
technology for clinical trials targeted on MDSC.
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