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Introduction

Summary

Myeloid-derived suppressor cells (MDSCs) have a wide spectrum of
immunosuppressive activity; control of these cells is a new target for
improving clinical outcomes in cancer patients. MDSCs originate from
differentiation of neutrophils or monocytes induced by
inflammatory cytokines, including granulocyte-colony stimulating factor
(G-CSF) and granulocyte-macrophage (GM)-CSF. However, MDSCs are
difficult to detect in neutrophil or monocyte populations because they are
not uniform cells, resembling both neutrophils and monocytes; thus, they
exist in a heterogeneous population. In this study, we investigated GPI-80, a
known regulator of Mac-1 (CD11b/CD18) and associated closely with
neutrophil maturation, to clarify this unusual differentiation. First, we
demonstrated that the mean fluorescence intensity (MFI) of GPI-80 and
coefficient of variation (CV) of GPI-80 were increased by treatment with G-

unusual

CSF and GM-CSF, respectively, using a human promyelocytic leukaemia
(HL60) cell differentiation model. To confirm the value of GPI-80 as a
marker of unusual differentiation, we measured GPI-80 expression and
MDSC functions using peripheral blood cells from metastatic renal cell
carcinoma patients. The GPI-80 CV was augmented significantly in the
CD16™ neutrophil cell population, and GPI-80 MFI was increased
significantly in the CD33" monocyte cell population. Furthermore, the
GPI-80 CV in the CD16™ population was correlated inversely with the
proliferative ability of T cells and the GPI-80 MFI of the CD33" population
was correlated with reactive oxygen species production. These results led us
to propose that the pattern of GPI-80 expression in these populations is a
simple and useful marker for unusual differentiation, which is related to
MDSC functions.

Keywords: GPI-80/VNN2, MDSCs, myeloid cell differentiation, renal cell
carcinoma

[4]. Therefore, detection of the unusual differentiation of

Many studies have focused on the differentiation of neutro-
phils and monocytes under pathological conditions,
because myeloid-derived suppressor cells (MDSCs) are
thought to result from unusual differentiation of these
cells. MDSCs are regulatory innate immune cells present in
many pathological conditions, including cancer [1].
MDSCs are expanded by imbalanced production of growth
factors and inflammatory cytokines [2,3], and these
cells can interrupt immunological therapy. In addition,
MDSCs can prevent hyperactivation of immune responses

myeloid cells is important to understand the immune sta-
tus of individual patients [5].

MDSCs do not represent a defined subset of myeloid
cells but, rather, a heterogeneous population of activated
immature myeloid cells that have been prevented from dif-
ferentiating fully into mature cells [6]. In humans, MDSCs
are defined most commonly as CD33"CD14 CD11b™ cells,
and lack the expression of mature myeloid and lymphoid
cell markers as well as human leucocyte antigen D-related
(HLA-DR). In healthy individuals, immature myeloid cells
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comprise ~0-5% of peripheral blood mononuclear cells
[6]. In contrast, a subset of mature human neutrophils
(CD11c™ 8" CD62LY™CD11b M CD 16" ™) represents a
unique circulating population of myeloid cells that is capa-
ble of suppressing human T cell proliferation [7]. Thus, the
expansion of a heterogeneous MDSC population is related
to either the prevention or acceleration of myeloid cell dif-
ferentiation, which is referred to as ‘unusual differentiation’
in this report.

Advanced studies using high-dimensional analysis meth-
ods (such as mass spectra flow cytometry or single-cell
RNA sequencing) have uncovered the existence of five neu-
trophil subsets and spatiotemporal regulation of mono-
cyte/macrophage differentiation [8-10]. High-dimensional
analysis is a powerful tool to understand a complicated cell
population. However, a biomarker reliant on high-
dimensional methodology is not a practical clinical test. To
use informative high-dimensional biomarkers for various clin-
ical therapies, there is a need to convert high-dimensional
data to a defined and understandable dimension.

The detection of unusual neutrophils and monocytes
using limited depth is very difficult. This is based on the
fact that neutrophils and monocytes are basically heteroge-
neous, and MDSCs are also observed in a wide variety of
cell types. In the case of renal cell carcinoma (RCC)
patients, six types of MDSCs have been reported [11]. To
address this issue, we tried to scale the heterogeneity of
the cells and investigate the relationship between the non-
uniformity of the cells and immune status in this study.

In mice, Gr-1 (Ly6G, and Ly6C) and arginase I are used
for the detection of MDSCs [12]. Disappointingly, in
humans, orthologues of Gr-1 are not found [11], and argi-
nase I is detected in normal neutrophils [13,14]. Further-
more, although arginase activity has been correlated with
the function of MDSCs [15,16], L-arginine supplementa-
tion failed to demonstrate a clinical benefit [17]. In this
study, we propose to measure glycosylphosphatidylinositol-
anchored 80 kD protein/Vanin 2 (GPI-80/VNN?2), which is
expressed highly on human neutrophils and not found in
mice. GPI-80 is suggested to work as a modulator of
macrophage-1 antigen (Mac-1) (CD11b/CD18) function
[18]. Our previous studies also demonstrated that GPI-80
expression is associated with myeloid maturation [19].

MDSCs have a wide spectrum of immunosuppressive
activities, such as suppression of T cell proliferation and
cytotoxicity, inhibition of natural killer (NK) cell activation
and expansion of regulatory T cells [20]. Furthermore, pre-
vious studies have implicated the involvement of MDSCs
in the escape of tumours from immune suppression as well
as anti-angiogenic drug resistance [21]. Therefore, suppres-
sion of MDSCs is a promising target for effective cancer
immunotherapy [20]. Indeed, for myeloid lineage
redistribution, induced by sunitinib, in metastatic RCC
(mRCC), the target of an oral anti-angiogenic agent used
for first-line therapy can be regarded as a predictive marker

Table 1. Patient characteristics (n = 12)

Age, median (range, years) 64-5 (44-78)
Gender, n (%)
Male 10 (83-3)
Female 2 (16-7)
Histology, n (%)
Clear cell 7 (58:3)
Papillary 2 (16:7)
Unknown 3 (25-0)
T stage, n (%)
Tla 1(83)
Tib 1(83)
T2a 1(8:3)
T2b 1(8:3)
T3a 7 (58:3)
T3b 0 (0)
T3¢ 0 (0)
T4 1(83)
N stage, n (%)
NO 9
N1 1(8:3)
N2 2 (75-0)
M stage, n (%)
MO 0 (0)
M1 12 (100)
Site of metastasis, 1 (%)
Lung 6 (50-0)
Liver 3 (25-0)
Bone 2 (16-7)
Lymph node 5 (41-7)
Peritoneum 1(83)

TNM (tumour node metastasis) stage was determined with refer-
ence to Unio Internationalis Contra Cancrum (UICC). The clinical
stage of all patients was stage IV.

for tumour regression [22]. In this study, we demonstrate
that the pattern of GPI-80 expression is a useful marker for
detection of unusual differentiation of myeloid cells in periph-
eral blood from mRCC patients. This marker will contribute
towards the development of MDSC-targeting therapies.

Materials and methods

Peripheral blood collection and manipulation

This study was approved by the Ethics Committee of
Yamagata University, Faculty of Medicine. Peripheral blood
(5-10 ml) was collected from mRCC patients and healthy
volunteers after receiving informed consent, and heparinized
through the addition of 5 U/ml low molecular-weight hepa-
rin. The blood was collected from patients immediately
before starting clinical therapies. These samples were kept at
20-25°C and used for experiments within 24 h. Of the
included mRCC patients, 10 were male and two were female,
with a mean age of 62-9 years (range = 38-78). Detailed
characteristics of patients are presented in Table 1. Healthy
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volunteers included 10 men and one woman, with a mean
age of 46-5 years (range = 45-54).

Differentiation of human promyelocytic
leukaemia (HL60)

The human promyelocytic cell line, HL60, was obtained
from the Health Science Research Resources Bank of the
Human Science Foundation (Osaka, Japan). The cells were
differentiated as described previously [19]. In this study,
4 X 10° cells/ml were incubated with 1-25% dimethyl
sulphoxide (DMSO) in RPMI-1640 medium (Sigma-
Aldrich, St Louis, MO, USA) containing 10% fetal bovine
serum, 50 U/ml penicillin G potassium and 50 pg/ml strep-
tomycin sulphate at 37°C in an atmosphere of 5% CO, in
air with humidity. During incubation, various cytokines
were added to the medium at day 0. Several cytokines were
gifted from companies as follows: recombinant human (rh)
interleukin (IL)-1B was from Otsuka Pharmaceutical
(Tokyo, Japan); rhIL-6 was from Ajinomoto Co. (Tokyo,
Japan); rh tumour necrosis factor (TNF)-a was from
Dainippon Sumitomo Pharma (Osaka, Japan); and rh
granulocyte-colony stimulating factor (G-CSF) was from
Chugai Pharmaceutical (Tokyo, Japan). In addition, rh
granulocyte/macrophage (GM)-CSF was purchased from
Genzyme (Cambridge, MA, USA) and rhIL-21 was from
PeproTech (Rocky Hill, NJ, USA).

Cell surface staining

HL60 or whole blood cells were stained with antibodies as
described previously [19,23]. Briefly, cells were aliquoted
into microtubes (50 pl of 2 X 10° cells or blood per tube)
and incubated with Fc Blocker (BioLegend, San Diego, CA,
USA) for 5 min. After blocking of Fc receptors, cells were
incubated with antibodies for 30 min on ice, and then
treated with BD Phosflow lyse/fix buffer (0-5 ml; BD Bio-
sciences, San Jose, CA, USA) for 10 min at 37°C to lyse red
blood cells (RBCs) and fix white blood cells (WBCs). HL60
cells were fixed with lyse/fix buffer diluted in phosphate-
buffered saline (PBS). After washing with PBS, the cells
were measured by flow cytometry using a fluorescence
activated cell sorter (FACS)Canto II (BD Biosciences). For
morphological observations, the cells were haemolysed
using ammonium chloride buffer and then sorted using
FACSAria (BD Biosciences). The data were analysed using
FlowJo software version 6.2 (TreeStar, Ashland, OR, USA).
The antibodies used in this study are as follows: fluorescein
isothiocyanate (FITC)-conjugated anti-CD11b mAb (BEAR1),
phycoerythrin (PE)-conjugated anti-CD71 mAb (YD].1.2.2),
both from ImmunoTec (Marseille, France); PE-conjugated
anti-CD16 mAb (3G8), FITC or PE-conjugated anti-CD14
mAb (M@P9), FITC-conjugated anti-CD64 mAD (clone 10.1)
and  allophycocyanin  (APC)-conjugated  anti-HLA-DR
mAD (G46-6) from BD Biosciences; Pacific Blue-conjugated
anti-CD3 mAb (UCHT1), FITC-conjugated anti-CD15 mAb
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(HI98), Brilliant violet 421-conjugated anti-CD33 mAb
(WM53) and FITC-conjugated anti-CD62L mAb (DREG-56)
from BioLegend; APC-conjugated anti-latency-associated
polypeptide (LAP)-1 [transforming growth factor (TGF)-B1]
mAD (#27232) from R&D Systems (Minneapolis, MN, USA);
PE- or FITC-conjugated anti-GPI-80 mAb (3H9) from MBL
(Nagoya, Japan) or prepared originally as described previously
[24,25]. The isotype-matched control mAbs, immunoglobulin
(Ig)G1 control (MOPC-21) and IgG2a control (G155-178),
were obtained from BD Biosciences. The secondary antibodies,
PE-conjugated rabbit anti-mouse Ig antibodies, were pur-
chased from Dako (Glostrup, Denmark).

Phagocytosis assay

Phagocytosis assay was performed as described previously
[23]. Briefly, a cell suspension (0-2 ml) was mixed with
FITC-labelled Escherichia coli BioParticles (0-05 mg/ml;
Life Technologies, Eugene, OR, USA) and incubated for 30
min at 37°C in microtubes. After incubation, 50 pl of the
sample was fixed with immediately lyse/fix buffer (0-5 ml)
and washed with PBS. The fixed cells were incubated with
unlabelled anti-GPI-80 mAb (3H9) and stained with
PE-labelled rabbit anti-mouse Ig antibody (Dako). The
mean fluorescence intensity (MFI) of each sample was
measured by flow cytometry (ec800; Sony, Tokyo, Japan).

Cell adhesion assay

Cell adhesion assays were performed as described previously
[19]. Cells (2 X 10° cells/0-2 ml/well) were incubated with
or without 2 pM formyl-methionyl-leucyl-phenylalanine
(fMLP; Sigma-Aldrich) for 30 min in 96-well flat-bottomed
culture plates. After incubation, non-adherent cells were
aspirated and adherent cells were stained with 0-05% crystal
violet solution containing 12% neutralized formaldehyde
and 10% methanol for 30 min at room temperature, as
described previously [25,26]. The stained cells were lysed
using a 1% sodium dodecyl sulphate (SDS) solution, and
the optical density (OD) at 595 nm was measured for each
well using a microplate reader (Sunrise Remote; Tecan,
Minnedorf, Switzerland).

Measurement of reactive oxygen species (ROS)

ROS measurement was performed as described previously
[23]. Peripheral blood or differentiated HL60 cells were
incubated with 5 uM CellRox Green (ThermoFisher Scien-
tific, Carlsbad, CA, USA) for 30 min at 37°C and then fixed
immediately with lyse/fix buffer at 37°C for 10 min. In this
study, the cells were not stimulated using any reagents,
such as phorbol 12-myristate 13-acetate, which means that
spontaneous ROS production was measured. The fixed
cells were stained with anti-GPI-80 mAb and analysed as
described above.
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Measurement of IL-10-producing cells

IL-10-producing cells in whole blood were detected using an
IL-10 Secretion Assay Detection Kit (Miltenyi Biotec, Bergish
Gladbach, Germany), according to the manufacturer’s instruc-
tions. In brief, peripheral blood (0-1 ml) was washed with
RPMI-1640 and then labelled with IL-10 catch reagent. The
labelled cells were incubated in 1 ml RPMI-1640 with gentle
horizontal rotation at 37°C for 45 min. After incubation, the
cells were washed and stained with IL-10 detection antibody
and anti-CD33, CD16 and GPI-80 mAbs for 10 min at 4°C.
After reactions with these antibodies, erythrocytes were lysed
immediately and leucocytes were fixed using lyse/fix buffer
(BD Bioscience), and fixed cells were analysed by flow cytome-
try (FACSCanto II). In this study, the blood samples were not
stimulated using any reagents, such as lipopolysaccharide.

T cell proliferation assay

The T cell proliferation assay was performed as described
previously [27]. Mononuclear leucocytes (MNL) and poly-
morphonuclear cells (PMN) were separated from periph-
eral blood using Ficoll-Paque. T cells in MNL samples were
isolated using the BD IMag anti-human CD3 (HIT3a) par-
ticle (BD Bioscience), according to the manufacturer’s
instructions. Isolated T cells (1 X 10° cells/ml) were stained
with 5 pM carboxyfluorescein diacetate succinimidyl ester
(CFSE; ThermoFisher Scientific, and stimulated with anti-
biotin MACSiBead Particles preloaded with biotinylated
CD2, CD3 and CD28 [regulatory T cell (T,ey) Suppression
Inspector; Miltenyi Biotec]. Autologous PMNs were added
at ratio of 1 : 1 (T cells: PMNs) and incubated for 7 days in
RPMI-1640 containing 10% autologous plasma in 96-well
flat-bottomed culture plates. After incubation, the cells
were stained with Pacific blue-conjugated anti-CD3 mAb
(UCHT1), and CFSE fluorescence intensity was analysed,
gating with CD3 " cells by flow cytometry.

Statistics

Data are displayed as the mean = standard error (s.e.).
Comparisons between two groups were performed using
an unpaired Student’s f-test, and comparisons across multi-
ple groups were analysed using a one-way analysis of var-
iance (anova) with a Bonferroni’s post-hoc test. The
correlation was calculated with Spearman’s rank test. These
statistical analyses were performed using Prism software
version 5.03 (GraphPad Software, San Diego, CA, USA).
P-values less than 0-05 were considered significant.

Results

GPI-80 expression with neutrophil maturation
in HL60 cells

To confirm the association between GPI-80 expression and
neutrophil differentiation, HL60 cells were differentiated

with 1-25% DMSO for 4 days, and several cell surface differen-
tiation markers were analysed by flow cytometry (Supporting
information, Fig. 1, panels of flow cytometry analysis). Before
differentiation, CD71 (transferrin receptor), which is a known
marker of proliferating cells, was detected on almost all cells
(Supporting information, Fig. 1, upper-left panel). After dif-
ferentiation, CD71 was down-regulated (Supporting informa-
tion, Fig. 1, lower-left panel). In contrast, the expression of
CDI11b (Mac-1a chain), a known myeloid cell marker, was
found in a small population (< 10%) before the differentia-
tion (Supporting information, Fig. 1, upper-middle and left
panels). After differentiation, more than half the cells became
CD11b"* (Supporting information, Fig. 1, lower-middle and
left panels). CD16 (FcyR III), a known neutrophil marker,
was detected in a small fraction of cells before differentiation
(Supporting information, Fig. 1, upper-middle and right pan-
els). After differentiation, the proportion of CD16™ cells was
increased in the population of CD11b™ cells (Supporting
information, Fig. 1, lower-middle panel). Before differentia-
tion, GPI-80 expression was not detected in cells (Supporting
information, Fig. 1, upper-right panel). Ten to 20% of CD16™"
cells expressed GPI-80 at 4 days differentiation (Supporting
information, Fig. 1, lower-right panel). These results showed
that differentiation inhibited cell proliferation and increased
the number of myeloid-cell antigen-positive cells, and that the
expression of a neutrophil antigen (CD16) was present in
myeloid antigen-positive cells. Furthermore, GPI-80" cells
were mainly present in the population of neutrophil antigen
(CD16)-positive cells, indicating that GPI-80 expression was
linked to neutrophil maturation.

To support these results, each cell subset was sorted and
observed for cell morphology (Supporting information,
Fig. 1, lower panels). The sorting gates were indicated as
gates (a) to (f) in Supporting information, Fig. 1, lower
panels. Gate (a), CD11b"CD16" cells, was from a specimen
of promyelocytes, with cells exhibiting a large nucleus and
blue-stained cytosol. Gate (b), CD11b" CD16™ cells, con-
sisted of myelocyte-type cells, which have a brighter cytosol
than that of promyelocytes. Gate (c) CD11b"CD16™ cells
were of the metamyelocyte type, which show slight segmen-
tation of nuclei and a very bright cytosol. Gate (d),
CD16 GPI-80™ cells, was a mixture of promyelocytes and
myelocytes. Gate (e), CD16 GPI-80" cells, represented a
minor population with neutrophil morphology, such as seg-
mented and condensed nuclei and a very bright cytosol. Gate
(f), CD16"GPI-80" cells, consisted of cells with a similar
shape to that of gate (e); the morphology was more indica-
tive of a neutrophil, compared to that of gate (c). These mor-
phological observations indicated that GPI-80 expression
was related to neutrophil maturation in HL60 cells.

Effect of cytokines on neutrophil maturation

Inflammatory cytokines are considered to inhibit neutro-
phil maturation and induce myeloid-derived suppressor
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Fig. 1. Effect of inflammatory cytokines on neutrophil
differentiation. HL60 cells were incubated with 1-25%
dimethylsulphoxide (DMSO) in the presence of interleukin (IL)-1f
(100 U/ml), IL-6 (1 nM), IL-21 (1 nM), tumour necrosis factor
(TNF)-a (100 U/ml), granulocyte-colony stimulating factor (G-CSF)
(1 nM) and granulocyte-macrophage (GM)-CSF (1 nM). The cells
were also differentiated with 1 uM all-trans retinoic acid (ATRA),
used as a negative control for terminal maturation. After 4 days
incubation, the percentages of viable (a) CD11b*CD16" or (b)
CD16™ glycosylphosphatidylinositol-anchored 80 kD protein
(GPI-80) cells were analysed by flow cytometry. *P < 0-05;

4P < 0-001; compared to DMSO (n=4).

cells (MDSCs) [2]. To clarify the effects of cytokines in
a human neutrophil maturation model, we investigated
if various inflammatory cytokines could inhibit neutrophil
maturation in the HL60 model (Fig. 1). In this experiment,
CDI11b"CD16" cells were mature neutrophils, and
CD16"GPI-80" cells were more maturate than
CD11b"CDI16™" cells. It is known that all-trans retinoic
acid (ATRA) induces granulocytic differentiation but
inhibits the maturation of HL60 cells, as shown in Fig. 1
[19]. Treatment with TNF-a accelerated maturation, but
also induced cell death (more than 60% of cells were dead,
data not shown). Unexpectedly, there was no significant
difference in maturation when cells were treated with IL-13
and IL-21 in this comparison group. Furthermore, IL-6
and G-CSF, believed to be inducers of MDSCs, slightly

GPI-80 and unusual myeloid cells

augmented maturation. Among the six inflammatory cyto-
kines, only GM-CSF inhibited maturation. These results
suggested that inflammatory cytokines, except GM-CSF,
did not inhibit neutrophil maturation.

Inhibition of phagocytosis and cell adhesion by
GM-CSF, but not by G-CSF or GM-CSF in
combination with IL-6

It is commonly assumed that IL-6 is a factor of MDSC
induction, and that blockade of IL-6 signalling is a promis-
ing therapeutic strategy for some cancers [28-30]. How-
ever, single stimulation with IL-6 did not inhibit the
neutrophil maturation in HL60 cells (Fig. 1). Thus, we
speculated that the combination of IL-6 with growth fac-
tors might be required to inhibit neutrophil maturation. To
clarify the effects of growth factors, alone or in combina-
tion with IL-6, on neutrophil differentiation, neutrophil
functions were measured (Supporting information, Fig. 2).
Phagocytosis was observed only in GPI-80" cells (Support-
ing information, Fig. 2a). The addition of G-CSF (+G-CSF)
or the combination of IL-6 and G-CSF (+G-CSF + IL-6)
during the differentiation augmented phagocytosis signifi-
cantly compared to that of a vehicle treatment (Supporting
information, Fig. 2b, left side). The combination of IL-6 and
G-CSF (+G-CSF + IL-6) did not show an additive effect
compared to the addition of G-CSF (+G-CSF) alone
(Supporting information, Fig. 2b, left side). Neither GM-
CSF (+GM-CSF) nor the combination of IL-6 and GM-CSF
(+GM-CSF + IL-6) augmented phagocytosis (Supporting
information, Fig. 2b, right side). Cell adhesion, which was
induced by fMLP stimulation, was also augmented signifi-
cantly by the addition of G-CSE, but not by the addition of
GM-CSF alone or in combination with IL-6 (Supporting
information, Fig. 2¢). We also sorted GPI-80" cells after dif-
ferentiation in the presence of these cytokine combinations,
and observed morphology. However, there were no signifi-
cant differences in the neutrophil features of morphology
(data not shown). These results suggested that G-CSF
augmented these neutrophilic functions, whereas IL-6 had
no effects. In contrast, GM-CSF inhibited these functions
strongly.

Augmentation of ROS production in GPI-80™
cells by both G-CSF and GM-CSF

ROS are known as effector molecules required for the inhibi-
tion of T cell proliferation by MDSCs [7,16]. We measured
ROS production in differentiated HL60 cells, which were
treated with inflammatory cytokines (Supporting information,
Fig. 2d). In contrast to phagocytosis results, ROS production
was increased slightly but significantly by the addition of both
G-CSF (+G-CSF) and GM-CSF (+GM-CSF) compared to
that of the control (vehicle). These results suggested that ROS
production was augmented by the addition of GM-CSE in
contrast to its functions in phagocytosis and cell adhesion.
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cytometry, and the mean fluorescence
intensity (MFI) and coefficient of variation
(CV) of GPI-80 in CD16" cells were

analysed. Percentage of increase in GPI-80
MEFI was calculated as follows: % increase of
GPI-80 MFI = [(GPI-80 MFI treated with
G-CSE, GM-CSF or combination) — (GPI-80
MFI treated with vehicle)/(GPI-80 MFI
treated with vehicle] X 100. CV was

vehicle

G-CSF

+GM-CSF
vehicle J

G-CSF

Increased coefficient of variation (CV) of GPI-80
expression after treatment with a combination of G-
CSF with GM-CSF

We have demonstrated that GPI-80 expression is useful to
monitor neutrophil maturation, as described above. Fur-
thermore, G-CSF augments neutrophil maturation,
whereas GM-CSF inhibits it. Therefore, we tried to recon-
stitute conditions required for the expansion of MDSCs by
treating HL60 cells with a combination of G-CSF and
GM-CSE, and subsequently analysing GPI-80 expression
(Fig. 2).

HL60 cells were differentiated by 1-25% DMSO in the
presence of G-CSE, GM-CSF or a combination of G-CSF
and GM-CSF; GPI-80 expression was then measured in dif-
ferentiated cells (CD16™ cells), as shown in Fig. 2a. The
histogram patterns of GPI-80 expression were drastically

378

G-CSF ]

calculated automatically as robust CV by
Flow]Jo software using the following formula:
CV =100 X 1/, (intensity at 84-13 percentile
— intensity at 15-87 percentile)/median.

*P < 0-05; **P < 0-01; **P<0-001 compared
to vehicle (n=4).

GM-CSF
+GM-CSF

G-CSF

different for each treatment (Fig. 2a). Indeed, the MFI of
GPI-80 was increased significantly by G-CSF and decreased
significantly by GM-CSF (Fig. 2b). However, there was no
significant difference between the vehicle-treated group
and that treated with a combination of G-CSF and GM-
CSE, even after calculating the percentage increase. The
GPI-80 MFI may have been counteracted by a mixture of
the increasing effect of G-CSF and the decreasing effect of
GM-CSE.

To present the variation of GPI-80 (for example, the var-
iation of neutrophil maturation), we analysed the coeffi-
cient of variation (CV) for GPI-80 (Fig. 2¢). The addition
of GM-CSF and the combination of G-CSF and GM-CSF
augmented the GPI-80 CV significantly. These results sug-
gested that the increasing GPI-80 MFI was indicative of
augmentation of neutrophil maturation (dominant in the
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Fig. 3. Representative analysis of the myeloid cell population in human peripheral blood. Whole blood cells were stained with CD33, CD16,
human leucocyte antigen D-related (HLA-DR) and glycosylphosphatidylinositol-anchored 80 kD protein (GPI-80). The population of CD33"
(monocytic cell type, upper side) or CD16" (neutrophilic cell type, lower side) were sorted, and then stained with May—Giemsa as shown in
each respective photograph. The photographs are representative of four independent experiments. Bar = 10 pm. The expression of CD16 (middle
panels) and HLA-DR (right side panels) was compared to that of GPI-80 in the CD33" and CD16"™ cell population. [Colour figure can be

viewed at wileyonlinelibrary.com]

G-CSF-treated group) and that the increasing GPI-80 CV
was indicative of unusual neutrophil maturation (domi-
nant in the GM-CSF- or G-CSF and GM-CSF-treated
groups). Therefore, we speculated that the unbalancing
effect of cytokines was elevated with MDSC differentiation
and may be detected by the GPI-80 MFI or CV parameters.

Simple separation of monocytic and neutrophilic cell
types in peripheral blood using CD33 and CD16

To analyse whole blood, we first determined the simple
parameters to separate myeloid cells from peripheral blood.
CD33 is a well-used myeloid cell marker used to detect
human MDSCs [11]. HL60 cells also express CD33 abun-
dantly before and after differentiation (data not shown). To
separate the neutrophilic cell type from the monocytic cell
type, peripheral blood cells were stained with CD16 as
described previously [23]. Representative analysis is shown
in Fig. 3. According to morphological observation of the
sorted cells, the CD33" population comprised mainly
monocytic cells. This population also expressed CDI14

© 2016 British Society for Immunology, Clinical and Experimental Immunology, 186: 373-386

(data not shown). The CD16™ population comprised
mainly neutrophilic cells. CD11b has also been used to
detect human MDSCs, as described previously [11]. Thus,
we also confirmed CD11b expression on CD33"™ and
CD16™ populations (Supporting information, Fig. 4, right-
side histogram). However, CD11b did not discriminate
between the monocytic cell type (CD33"™) and the neutro-
philic cell type (CD16™). In contrast, there was clearly dif-
ferential expression of GPI-80 between CD33" and CD16"
cells (Supporting information, Fig. 4, lower-side histo-
gram). These observations demonstrated that the marking
set, consisting of CD33, CD16 and GPI-80, was useful for
the separation of myeloid cells.

CD16 is also a monocyte marker, in particular of non-
classical and intermediate monocytes [31,32]. The non-
classical monocyte subset represents a new nomenclature of
monocyte subsets, which are associated with various diseases
such as infections and tumours. In this study, the monocytic
cell population was gated by the CD33" population (Fig. 3).
This CD33"™ population included classical monocytes
(CD14" " CD167), intermediate monocytes (CD14" "CD16™)
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and non-classical monocytes (CD147CD16" ™). We have
investigated previously the GPI-80 expression on monocytes
in peripheral blood [33]. The GPI-80 expression on mono-
cytes was detected in both CD14*™ and CD14" subpopula-
tions, suggesting that all three monocytic subpopulations
express GPI-80.

The GPI-80" population on monocytes was detected
mainly on the CD11b™, Fc receptors™ and HLA class 1I'°
population, which is superior in terms of phagocytosis and
ROS production but inferior in antigen presentation (neu-
trophil-like functions). With regard to the non-classical
monocyte subset (CD147CD16™ "), down-regulation of
HLA-DR expression and up-regulation of CD11b expres-
sion were induced by bacterial infections [32]. Thus, the
expression of GPI-80 might be augmented in non-classical
monocyte subsets during systemic inflammation. Indeed,
GPI-80 expression correlated strongly with CD16 expres-
sion in the CD33™ monocytic population (Supporting
information, Fig. 6), and CD16" cells in the CD33M popu-
lation also exhibited high GPI-80 expression (Fig. 3).

Augmentation of percentage and CV of GPI-80 in
CD16" neutrophilic cell type from mRCC patients

To verify our hypothesis (increased GPI-80 MFI and GPI-
80 CV suggests a pathological imbalance of MDSC-related
cytokines), we analysed peripheral blood from mRCC
patients and healthy volunteers. In peripheral blood from

patients, the percentage and CV of GPI-80 in CD16™ cells
were elevated significantly compared to those of healthy
volunteers (Fig. 4).

IL-10, TGF-B and ROS produced by MDSCs are consid-
ered to be effector molecules for the suppression of T cell
proliferation and the induction of T.g [12]. We therefore
measured TGF-B expression (LAP-1 MFI), ROS produc-
tion (CellROX MFI) and IL-10-producing cells (IL-10"
cells) in the CD16™ cell population. There were no signifi-
cant differences in these effectors between patients and
healthy volunteers. These results suggested that the immu-
noregulatory functions of the CD16™ population were not
enhanced clearly in the peripheral blood.

Augmentation of GPI-80 MFI, CD16 MFI, TGF-3
expression and ROS production in monocytic cell
types from mRCC patients

In the CD33™ monocytic population, GPI-80 MFI and
CD16 MFI were increased significantly in patients com-
pared to those parameters in healthy volunteers (Fig. 5a).
The increases in GPI-80 and CD16 expression were similar
to the results from G-CSF-treated HL60 cells. Therefore,
these observations suggested that the monocytic popula-
tion from patients had neutrophilic features.

Both TGF-B1 expression (LAP-1 MFI) and ROS produc-
tion (CellROX MFI) in the CD33" monocytic population
from mRCC patients were elevated significantly compared
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Fig. 5. Increase in CD16 mean fluorescence intensity (MFI) and glycosylphosphatidylinositol-anchored 80 kD protein (GPI-80)" MFI in CD33"
cell populations from metastatic renal cell carcinoma (mRCC) patients. (a) Neutrophil maturation markers (GPI-80 MFI and CD16 MFI) and
immunosuppressive molecules {[latency-associated peptide (LAP)-1 (transforming growth factor (TGF)-B1] MFI, CellROX MFI and IL-10" cells}
were measured in CD33™ cell (monocytic cell type) populations from peripheral blood of healthy volunteers and mRCC patients. (b) Correlation
between GPI-80 MFI and reactive oxygen species (ROS) production (upper figure) or between CD16 MFI and LAP-1 (TGF-B1) MFI (lower
figure). Open circles indicate the results from healthy volunteers and closed circles show the results from mRCC patients.

to those of healthy volunteers (Fig. 5a). However, there was
no significant difference in IL-10 production between
patients and healthy volunteers. Interestingly, the GPI-80
MFI was correlated significantly with ROS production, and
the CD16 MFI was also correlated significantly with LAP-1
MFI (Fig. 5b). The GPI-80 MFI and CD16 MFI were also
correlated significantly with each other (P = 0-0008, Sup-
porting information, Fig. 6). These results suggested that
GPI-80 expressing CD33" cells may have immunoregula-
tory functions related to ROS production and TGF-B1
expression, as described in previous reports [16,34].

Relationship between GPI-80 CV and T cell
proliferation

To verify the immunosuppressive effect of the neutrophilic
cell type population from patients in this study, we exam-
ined the relationship between increasing GPI-80 CV and
inhibition of T cell proliferation (Fig. 6). Predictably, the
results from patient samples showed a higher GPI-80 CV
and a lower ratio of proliferating T cells, compared to
results from healthy volunteers. An increase in neutrophilic
cell variation (higher GPI-80 CV) was observed signifi-
cantly in the patients (Fig. 4). Therefore, higher GPI-80 CV

© 2016 British Society for Immunology, Clinical and Experimental Immunology, 186: 373-386

in patients indicates a high potency of suppression of pro-
liferating T cells. Furthermore, a correlation was also
observed between intermediate levels of GPI-80 CV and
intermediate levels of suppression of proliferating T cells in
healthy volunteers. These observations suggest that the cor-
relation between GPI-80 CV and suppression of proliferat-
ing T cells is found in physiological and pathological
conditions.

Based on these observations, we summarized the associ-
ation between reported MDSC markers and GPI-80 expres-
sion in Supporting information, Table 1. The observations
of GPI-80 CV in CD16™ and GPI-80 MFI in CD33" popu-
lations were applied to all reported MDSC subsets.

Discussion

We have demonstrated that a disturbance or augmentation
in neutrophilic maturation was accompanied by an
increase in GPI-80 CV or GPI-80 MF], respectively. Indeed,
increases in the GPI-80 CV in the neutrophilic cell popula-
tion and GPI-80 MFI in the monocytic cell population
were observed in mRCC patients. Furthermore, the GPI-80
CV was correlated inversely with the proliferative ability of
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analysed by flow cytometry, are shown. The upper panel is the result from patients and the lower panel is from healthy volunteers. (b) GPI-80

CV in CD16" population in peripheral blood was measured (vertical axis) and CFSE-labelled T cells were incubated with autologous
polymorphonuclear leucocytes [polymorphonuclear cells (PMN), mainly CD16™ population]; the ratio of T cells to PMN was adjusted to 1 : 1.

After incubation, the percentage of proliferating T cells was measured (horizontal axis). The results from the patients are indicated as closed

circles and the results from healthy volunteers are shown as open circles.

T cells, whereas GPI-80 MFI was correlated with ROS pro-
duction. These results allow us to propose that the GPI-80
CV combined with the GPI-80 MFI in each cell population
is a simple and useful marker for analysis of unusual mye-
loid cell differentiation associated with MDSC function.

HL60 cells can also differentiate to a monocyte linage
[35]. Therefore, it was necessary to verify GPI-80 expres-
sion on HL60 cells undergoing monocytic differentiation.
Previously, we examined the expression of GPI-80 on HL60
cells that were differentiated towards a monocytic lineage
using activating vitamin D and phorbol 12-myristate
13-acetate [19]. GPI-80 expression was not detected on
monocytic-differentiated HL60 cells. Furthermore, mono-
blastic cell lines such as U937 and THP-1 did not express
GPI-80 before and after treatment with DMSO. These find-
ings suggest that GPI-80 expression was restricted to HL60
cells treated with DMSO.

The GPI-80" population of DMSO-treated HL60 cells was
analysed with various antigens, as in a previous study [19].
The GPI-80™ population included CD71"CD117CD16™ cells,
and expressed the urokinase-type plasminogen activator
receptor (uPAR, CD87) highly. Furthermore, we also meas-
ured monocytic antigens (CD14, CD64 and HLA-DR) on
HL60 cells after differentiation induced by DMSO (Support-
ing information, Fig. 3a—c). CD14 expression was increased
by the addition of G-CSE similar to GPI-80 and CD16
expression. However, the expression of CD64 and HLA-DR
did not increase on DMSO-treated HL60 cells, even with the
addition of G-CSE. These results suggested that GPI-80 was

detected in the population of CD16™ and CD14" HL60 cells,
which is similar to the mixed feature of neutrophils, interme-
diate monocytes and non-classical monocytes, but not to that
of classical monocytes, as described previously [31,32]. Thus,
GPI-80" cells were CD14"CD16" HLA-DRCD64~ HL60
cells induced by G-CSE.

CD15, CD16 and CD33 are often used for the separation
of myeloid populations [36,37]. GPI-80 expression was com-
pared to expression of other markers (Supporting informa-
tion, Fig. 4). The CD33" monocyte population (red gate)
consisted of a CD16~ and CDI16™ subpopulation. The
CD16 CD33" population was considered an eosinophil pop-
ulation (green gate), whereas the CD16"CD33" population
was the neutrophil population (blue gate). The levels of GPI-
80 expression were clearly different in each of the three popu-
lations. The CD16™CD33" population (neutrophils) showed
the highest expression of GPI-80, and the CD16 CD33" pop-
ulation (green = eosinophils) showed the lowest GPI-80
expression among the three populations. The CD33" popula-
tion (red = monocytes) showed intermediate GPI-80 expres-
sion. CD15 staining showed similar results to CD16 staining.
GPI-80 expression was very low on the CD33™ lymphoid cell
population (black gate). Furthermore, the CD16" NK cell
population also showed very low GPI-80 expression (Sup-
porting information, Fig. 5). These observations indicate that
GPI-80 is expressed selectively on the myeloid cell population
and that GPI-80 expression is highest in neutrophilic cells.

We measured the amount of IL-6, TNF-a, G-CSF
and GM-CSF in plasma, as these cytokines are known as
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candidate inducers of MDSCs [2,3,12]. However, these
cytokines were either virtually undetectable or not elevated
significantly in the plasma from mRCC patients in this
study (data not shown). Although these cytokines certainly
regulate MDSC expansion in bone marrow, they may be at
undetectable levels or they might fluctuate transiently in
plasma samples. Thus, measurements of GPI-80 in these
neutrophilic and monocytic cell populations appear to be a
more sensitive assay than the measurement of these cyto-
kines to detect unusual myeloid cell differentiation.

MDSCs are defined by their inhibitory function on T cell
proliferation. In this study, we found a correlation between
an increase in GPI-80 CV and a decrease in T cell prolifera-
tion. However, augmentation by inhibitory effector mole-
cules, such as TGF-, ROS and IL-10, was not observed in
neutrophilic cell populations. One possibility is that orches-
tration of these molecules might be associated with inhibi-
tory functions. Another possibility is that the sensitivity of
the proliferation assay might be higher than that of the
detection assay for these effector molecules. In either case,
the measurement of GPI-80 CV in neutrophilic cells is a
sensitive assay, in addition to the T cell proliferation assay.

Scaling the heterogeneity of neutrophils using the GPI-
80 CV has the advantage of analysing unknown cell subsets
expressing unknown effector molecules or unknown sur-
face antigens. The concept of scaling the heterogeneity has
already been used for the analysis of complex systems such
as the gut microbiota or for assessing biodiversity [38,39].
This study proposes that the CV of flow cytometry analysis
is a convenient biomarker for the diversity of cell subsets.

A previous study reported that IL-6 was correlated with
MDSCs in cancer patients [40]. In the HL60 model system,
IL-6 augmented GPI-80 MFI slightly but significantly in
the presence of GM-CSF (data not shown). Recently, tar-
geted anti-IL-6 mAb therapy has been used not only for
inflammatory diseases, but also for cancer [28,41]. Moni-
toring of GPI-80 MFI in CD33" populations in the periph-
eral blood of cancer patients could be used to predict the
clinical outcome of anti-IL-6 mAb therapy.

In this study, spontaneous production of ROS and pre-
cursors of TGF-B were elevated significantly in the mono-
cytic cell population of mRCC patients. Although IL-10 is
known to be an MDSC effector molecule of immunosup-
pression [12], there was no significant difference in IL-10-
producing cells in the peripheral blood of patients and
healthy volunteers. IL-10 production from MDSCs may
not occur in peripheral blood. Monocytic MDSCs have the
ability to differentiate into tumour-associated macrophages
(TAM) or granulocytic MDSCs after migration to tumour
tissues in mice [42,43]. Thus, it is possible that IL-10 pro-
duction is induced after the migration into tumour tissues
in humans.

Blood samples used in this study were collected from
mRCC patients immediately before treatment. We also col-
lected blood samples from mRCC patients after various

GPI-80 and unusual myeloid cells

clinical treatments. The administration of molecular-
targeting drugs to patients sometimes induced haemato-
toxicity, and induced an elevation in GPI-80 CV. Therefore,
accurate evaluation of unusual myeloid differentiation was
difficult during drug administration. However, several cases
exhibited a decrease in GPI-80 CV after therapy compared
to the GPI-80 CV value before therapy (Kato and Takeda,
unpublished results). A follow-up study of GPI-80 expres-
sion will clarify the relationship between efficacy of thera-
pies and pattern of GPI-80 expression.

Up- or down-regulation of various cell surface antigens
including MDSC markers are induced by both cell differentia-
tion and cell activation. The clarification of the relationship
between MDSCs and activated neutrophils is important to
understand the heterogeneity of MDSCs. Conversely, our
group has established two different monoclonal antibodies to
GPI-80, named 3H9 and 4D4 [44]. In this study we used 3H9,
which recognizes peptide of GPI-80. Previously, we demon-
strated that there are two populations of GPI-80 that differ in
their ability to bind 4D4, which recognizes carbohydrate moi-
eties. The 4D4-binding form might regulate Mac-1-dependent
neutrophil adhesion, and might be converted subsequently to
a 4D4-unrecognized form during neutrophil activation. It is of
interest to compare the characteristics of these two popula-
tions based on the recognition of the two different anti-GPI-
80 antibodies. In future, the ratio of the 4D4-recognized form
to the 3H9-recognized form might be a useful indicator for
MDSCs associated with neutrophil activation.

Herein we propose the identification of unusual myeloid
differentiation by analysing the ectopic expression and CV
of the neutrophil maturation molecule, GPI-80. This analy-
sis method could be useful for the clinical detection of a
new cell subset in heterogeneous myeloid cell populations.
In other words, the change in deviation of a known single
parameter indicates the appearance of unknown cell sub-
sets, which is composed of non-uniform groups or hetero-
geneous single cells. This viewpoint might complement
high-dimensional analysis.
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Supporting information

Additional Supporting information may be found in the
online version of this article at the publisher’s web-site:

Table S1. Association between reported myeloid-derived sup-
pressor cell (MDSC) markers and glycosylphosphatidylinositol-
anchored 80 kD protein (GPI-80) expression

Fig. S1. Glycosylphosphatidylinositol-anchored 80 kD
protein (GPI-80) was expressed in mature human promy-
elocytic leukaemia (HL60) cells. HL60 cells were differen-
tiated with 1-25% dimethylsulphoxide (DMSO) for 4
days. CD11b, CD16, CD71 and GPI-80 expression on
undifferentiated (upper panels, day 0) or differentiated
HL60 cells (lower panels, day 4) was analysed by flow
cytometry. The differentiated cells were sorted from the
indicated gated area (a—f). The sorted cells were stained
with May—Giemsa and are shown in photographs. (a—f)
The lower panels correspond to gated areas (a—f), respec-
tively. Data are representative of four independent experi-
ments. Bar = 10 pm.

Fig. S2. Effects of granulocyte-colony stimulating factor (G-
CSF) and granulocyte—macrophage GM-CSE, alone or in com-
bination with interleukin (IL)-6, on neutrophil functions.
Human promyelocytic leukaemia (HL60) cells were differenti-
ated by 1-25% dimethylsulphoxide (DMSO) in the presence of
1 nM G-CSF or GM-CSE, or a combination of 1 nM IL-6 and
G-CSF or GM-CSF for 4 days. After differentiation, the cells
were used for functional assays as below: (a) phagocytosis assay.
Differentiated cells were incubated with BioParticle (30 min).
For background staining, cells were fixed immediately after the
addition of BioParticle (0 min). After incubations, the cells were
fixed and stained with anti- glycosylphosphatidylinositol-
anchored 80 kD protein (GPI-80) monoclonal antibody (mAb)
and phycoerythrin  (PE)-conjugated rabbit anti-mouse

GPI-80 and unusual myeloid cells

immunoglobulin (Ig) antibodies. The cells were measured by
flow cytometry and the mean fluorescence intensity (MFI) of
BioParticle in the GPI-80 ™" cell subset was analysed. Representa-
tive data are shown in (a) and the results are presented in (b).
(c) Cell adhesion assay in response to N-formyl-methionyl-
leucyl-phenylalanine (fMLP). The differentiated cells were incu-
bated with (closed column) or without (open column) 2 uM of
fMLP for 1 h. After incubation, the adherent cells were stained
with crystal violet solution and optical density (OD) was meas-
ured at 595 nm. (d) Reactive oxygen species (ROS) production.
The differentiated cells were incubated with CellROX green for
30 min to detect ROS production. After the incubations, the
cells were fixed and stained with anti-GPI-80 mAb as described
above. The cells were analysed by flow cytometry, and the MFI
of CellROX green was measured in both GPI-80™ (closed col-
umn) and GPI-80" (open column) cell subsets. *P < 0-05;
**P < 0-01; P < 0-001; n.s. = non-significant; compared to
vehicle (n = 4-5).

Fig. S3. The relationship between glycosylphosphatidylinositol-
anchored 80 kD protein (GPI-80) expression and monocytic
markers, CD14, CD64 and human leucocyte antigen D-related
(HLA-DR) in differentiated human promyelocytic leukaemia
(HL60) cells. HL60 cells were differentiated with 1-25% dime-
thylsulphoxide (DMSO) in the presence of 1 nM granulocyte-
colony stimulating factor (G-CSF) or granulocyte—macrophage
(GM)-CSE, or a combination of G-CSF and GM-CSF for 4
days. After differentiation, the expression of GPI-80, CD14,
CD64 and HLA-DR on the cells was measured by flow cytome-
try. The cells were analysed with antibodies targeting (a) GPI-80
(vertical axis) and CD14 (horizontal axis), (b) HLA-DR (vertical
axis) and CD14 (horizontal axis) and (c) GPI-80 (vertical axis)
and CD64 (horizontal axis). Treatments with cytokines (alone
or in combination) are indicated in each panel. Data are repre-
sentative of three independent experiments.

Fig. S4. Representative analysis of glycosylphosphatidylinositol-
anchored 80 kD protein (GPI-80) expression on various cell
populations in human peripheral blood. Whole blood cells were
stained with CD11b, CD16, CD15, CD33 and GPI-80. The
blood cells were separated by CD16 and CD33 expression into
four populations as shown, and included the CD33™ population
(red gate), CD16 CD33" population (green gate), CD16"C-
D33 population (blue gate) and CD33~ population (black
gate) (left side panels). To compare CD16 staining with CD15
staining, the cells were also separated by CD15 and CD33 into
four populations as shown, which included the CD33" popula-
tion (red gate), CDI15CD33" population (green gate),
CD15"CD33" population (blue gate) and CD33” population
(black gate) (middle panels). The expression of GPI-80 in each
population was compared in the overlay histogram (under open
arrow). The histogram colours correspond to the gate colours.
The expression of CD11b in the CD33™ population (grey filled
histogram) was compared to that in the CD16™CD33" or
CD15"CD33" population (open line) on the right side of the
histogram (indicated as dashed arrow to right side panel).
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Fig. S5. Glycosylphosphatidylinositol-anchored 80 kD
protein (GPI-80) expression on lymphocytes in human
peripheral blood. Whole blood cells were stained with
CD16, CD33, human leucocyte antigen D-related
(HLA-DR) and GPI-80. The blood cells were separated
into CD33°CD16  lymphocytes (lower left side panel)
and CD33°CD16" natural killer (NK) cells (lower right
side panel). These cell populations were analysed for

HLA-DR (vertical axis) and GPI-80 (horizontal axis)
expression.

Fig. S6. Correlation between glycosylphosphatidylinositol-
anchored 80 kD protein (GPI-80) mean of fluorescence
intensity (MFI) and CD16 MFI in CD33" monocytic cell
population. Open circles indicate the results from healthy
volunteers and closed circles show the results from meta-
static renal cell carcinoma (mRCC) patients.
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