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Increased levels of myeloid cells, especially myeloid-derived suppressor cells (MDSCs),
have been reported to correlate with bad prognosis and reduced survival in cancer
patients. However, limited data are available on their conclusive phenotypes and their
correlation with clinical settings. The aim of this study was to investigate levels and
phenotype of myeloid cells in peripheral blood and tumor microenvironment (TME) of
colorectal cancer (CRC) patients, compared to blood from healthy donors (HDs) and
paired, adjacent non-tumor colon tissue. Flow cytometric analysis was performed to
examine the expression of different myeloid markers in fresh peripheral blood samples
from CRC patients and HDs, and tissue-infiltrating immune cells from CRC patients.
We found significantly higher levels of cells expressing myeloid markers and lacking
the expression of major histocompatibility complex class Il molecule HLA-DR in blood
and tumor of CRC patients. Further analysis revealed that these cells were granulocytic
and expressed Arginase 1 indicative of their suppressive phenotype. These expanded
cells could be neutrophils or granulocytic MDSCs, and we refer to them as granulocytic
myeloid cells (GMCs) due to the phenotypical and functional overlap between these cell
subsets. Interestingly, the expansion of peripheral GMCs correlated with higher stage
and histological grade of cancer, thereby suggesting their role in cancer progression.
Furthermore, an increase in CD33*CD11b*HLA-DR-CD14-CD15~ immature myeloid
cells was also observed in CRC tumor tissue. Our work shows that GMCs are expanded
in circulation and TME of CRC patients, which provides further insights for developing
immunotherapeutic approaches targeting these cell subsets to enhance antitumor
immune and clinical responses.

Keywords: myeloid cells, neutrophils, colorectal cancer, circulation, tumor microenvironment

INTRODUCTION

Evasion of immune response has been proposed as an emerging hallmark of cancer. Remarkable
increase of cancers in immune-compromised patients provided further insights into the relation-
ship between immune suppression and increased susceptibility to cancers (1, 2). Therefore, studies
focusing on mechanisms involving host immune suppression have attracted great interest in recent
years. Myeloid-derived suppressor cells (MDSCs) and T regulatory cells (Tregs) have been identified
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as key mediators in the negative regulation of immune responses
in tumor microenvironment (TME). Several studies showed that
elevated levels of immunosuppressive cells in periphery, tumor-
draining lymph node, and TME correlates with worse prognosis
and tumor progression in various cancers (3).

Myeloid-derived suppressor cells are a heterogeneous popu-
lation of myeloid origin, which exhibit a potent immunosuppres-
sive activity against T-cell responses (4). Cells of myeloid origin
were first described in cancer patients as natural suppressor
cells (5). MDSCs are expanded in different pathophysiological
conditions including cancers (6). The terminal differentiation
of immature myeloid cells (IMCs) is halted at varying stages of
maturation and differentiation giving rise to a morphological
mixture of granulocytic and monocytic cells, which are immu-
nosuppressive in nature (7).

Myeloid-derived suppressor cells are commonly identi-
fied as cells expressing common myeloid markers CD33 and
CD11b, but lack the expression of markers for mature myeloid
and lymphoid cells and the major histocompatibility complex
(MHC) class II molecule HLA-DR (7). Human MDSCs are
broadly classified into monocytic (M) and granulocytic (G) or
polymorphonuclear (PMN) subset based on the expression of
CD14 and CD15 markers (8). Monocytic MDSCs (M-MDSCs)
are mostly CD33*CD11b*CD14*HLA-DR~*", whereas granu-
locytic MDSCs (G-MDSCs) are CD33*CD11b*HLA-DR-°"
CD14°CD15" (9, 10). A third population of MDSCs has also
been described as immature or early stage MDSCs, lacking CD14,
CD15, and HLA-DR (11). Surface markers of G-MDSC includ-
ing CD11b, CD33, and CD15 are also well-established markers
for mature neutrophil granulocytes. Neutrophils and G-MDSC
share phenotypical properties and functional characteristics. It
is challenging to distinguish between neutrophils and G-MDSC,
and currently, there is no accepted consensus on exclusive mark-
ers to differentiate them. Pillay et al., however, suggested that
G-MDSCs could be a phenotypic subset of neutrophils with
functional heterogeneity (12).

Several studies have shown that levels of neutrophils and
MDSCs are increased in peripheral blood and TME in various
cancers and exhibit tumor-specific immunosuppression and
tumor-promoting effects (13-15). However, neutrophils have
been shown to exhibit a dual role in tumor development by
either promoting the growth, invasion, and metastasis of tumor
or by exerting tumoricidal activity through secretion of antitu-
moral factors or by stimulating T-cell responses and antitumor
immunity (16, 17). Elevated neutrophil to lymphocyte ratio is
frequently reported in cancer patients and is used as a predictive
and prognostic factor in various human cancers (15). In relation
to their immunosuppressive role, neutrophils and MDSCs utilize
various mechanisms, which involve production of Arginase 1
(ARG1), inducible nitric oxide synthase, and reactive oxygen spe-
cies (18, 19). These cells have also been shown to play important
roles in promoting growth of various cancers including colorectal
cancer (CRC) (20).

Colorectal cancer is the third most common cancer
worldwide and is responsible for around 0.5 million deaths
per year (21, 22). It is an inflammatory cancer, often closely
related to inflammatory bowel disease, and inflammation is

recognized as a key factor in the pathogenesis of both sporadic
and hereditary CRC (23). The disruption of myelopoiesis and
hemopoiesis are recognized as the key immune mechanisms
involved in inflammation-related tumorigenesis, which result
in the accumulation of MDSCs (24). Although higher levels of
circulating or tumor-infiltrating MDSCs have been reported
in CRC patients (25, 26), there is not enough information
regarding the phenotypical characterization of these cells.
Therefore, studies identifying and characterizing various sub-
types of MDSCs in CRC patients are warranted. In the present
study, we compared levels of circulating myeloid cells between
healthy donors (HDs) and CRC patients and investigated ARG1
expression, indicative of their suppressive phenotype. We found
significant increase in the levels of different subsets of myeloid
cells in peripheral blood of CRC patients compared with HDs.
We also found that higher levels of myeloid cells of granulocytic
and immature phenotypes accumulated in tumor tissue (TT)
compared with adjacent non-tumor colon tissue. Our findings
identify the expansion of granulocytic myeloid cells (GMCs)
in circulation and TME of CRC patients and provide insights
for immunotherapeutic strategies targeting these cells in CRC
patients.

MATERIALS AND METHODS

Patients and Healthy Donors

Peripheral blood samples were collected in heparinized tubes
(200 IU) from patients with CRC (n = 21) at Tawam Hospital, Al
Ain, UAE and Al Noor Hospital, Abu Dhabi, UAE. Additionally,
tumor tissues (TT) and paired, adjacent non-tumor colon tis-
sues (NT) were collected from patients who underwent surgery
(n = 9). Peripheral blood samples were also collected from
HDs (n = 21) as controls. None of the patients included in this
study received any treatment prior to surgery. Ethical approval
was obtained from Al Ain Medical District Human Research
Ethics Committee and written consent forms were signed by
all patients and donors prior to collection of samples. Table 1
shows clinical and pathological characteristics of all participat-
ing individuals.

Enzyme Disaggregation of Tumor and

Normal Tissues for Cell Isolation

Fresh colorectal TT and NT were collected in cold RPMI-1640
media. Enzyme disaggregation (ED) of tissue was performed
on a rollover mixer at 37°C for 60 min. Briefly, tissues were first
washed with phosphate-buffered saline (PBS) and then mechani-
cally cut into small pieces (around 2-4 mm) using a surgical
scalpel. Samples were then suspended into RPMI-1640 with 1%
penicillin/streptomycin and enzyme cocktail, consisting of 1 mg/
ml collagenase, 100 pg/ml hyaluronidase type V, and 30 IU/ml
of deoxyribonuclease I (all from Sigma-Aldrich, UK). The cell
suspension was then passed through a 100 pm BD Falcon cell
strainer (BD Biosciences, Oxford, UK) to remove debris and
aggregates. Cells were then washed with RPMI-1640 and resus-
pended in RPMI-1640 enriched with 10% FCS and 1% penicillin/
streptomycin.
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TABLE 1 | Characteristic features of study populations.

HD CRC
Number 21 21 (9P
Age (median) 30 (19-51)2 46 (32-74)*
Gender (male:female) 9:12 13:8
TNM stage
| 2 (1P
Il 7 (3P
Il 11 (4P
v 1P
Tumor size (cm) 4.2 (0.2-10)2
Lymph node invasion 11
Liver metastasis 1
Histological grade
Well/moderate 17
Poor/undifferentiated 4

HD, healthy donor; CRC, colorectal cancer.
aData shown represent median (range).
bSamples taken from patients for investigating tissue-infiltrating immune cells.

Staining of Whole Blood and
Tissue-Infiltrating Immune Cells
for Flow Cytometric Analyses

Two hundred microliters of blood from each sample was used
for whole blood staining for different MDSC markers; 100 pl
was used as non-stained control and 100 pl was stained for
each sample. Mouse anti-human CD33-APC (Clone WM53),
mouse anti-human CD11b-APC-Cy7 (Clone ICRF44), mouse
anti-human HLA-DR-PE (Clone G46-6), mouse anti-human
CD14-PerCP-Cy5.5 (Clone M5E2), and mouse anti-human
CD15-PE-Cy7 (Clone HI98) antibodies were added to the
stained sample. All antibodies were purchased from BD
Biosciences. Tubes were incubated at 4°C for 25 min. RBC
lysis buffer (BD FACS lysing solution) was then added to each
tube and incubated in dark for 5 min. After washing the sam-
ples twice with PBS, cells were fixed and permeabilized using
Fixation/Permeabilization Buffer (eBioscience, San Diego, CA,
USA) and incubated at 4°C for 45 min after thorough vortex-
ing. Samples were then washed twice with permeabilization
wash buffer (eBioscience) and stained with sheep anti-human/
mouse ARG1-FITC antibody (R&D Systems, Minneapolis, MN,
USA) for intracellular staining by incubating at 4°C for 25 min,
followed by two washes with wash buffer (eBioscience). The
cell pellet was resuspended in 300 pl of flow cytometry stain-
ing buffer (eBioscience) to analyze on BD FACS Canto II flow
cytometer (BD Bioscience, USA).

For staining immune cells extracted by ED, cells were first
blocked for Fc receptor using FcR Blocker (Miltenyi Biotec,
Bergisch Gladbach, Germany). 7AAD viability dye (eBiosci-
ence) was added, followed by staining with mouse anti-human
CD11b-APC-Cy7 (BD Biosciences), mouse anti-human CD33-
FITC (Clone P67.6, BioLegend, San Diego, CA, USA), mouse
anti-human HLA-DR-PE (BD Biosciences), CD14-PE-Cy7
(Clone 61D3, eBioscience), and mouse anti-human CD15-APC
(Clone HI98, BioLegend). After incubation at 4°C, samples were
washed twice with PBS and the pellet was resuspended in 300 pl
flow cytometry staining buffer (eBioscience) for analyzing on

BD FACS Canto II flow cytometer. Flow cytometric data were
analyzed on BD FACSuite software (BD Biosciences).

Statistical Analyses

Statistical analyses were performed using GraphPad Prism
5.0 software (GraphPad Software, USA). Paired/Wilcoxon
matched-pairs signed rank test or unpaired/Mann-Whitney
tests were used to examine the differences within groups or
between groups, respectively. A p value of <0.05 was considered
statistically significant. The data are presented as means + SEM.
Levels of cells were measured as relative percentages or calcu-
lated percentages from parent population(s). For statistical
analyses, staining of 20 peripheral blood samples from CRC
patients was used.

RESULTS

CD33+*CD11b*HLA-DR"°" Myeloid Cells
Are Expanded in Peripheral Blood of CRC
Patients, Compared with Healthy Donors

We investigated levels and nature of myeloid cells in circulation
and TME of CRC patients using flow cytometric analysis of dif-
ferent markers. Flow cytometric plots of the gating strategy used
to identify myeloid cells are shown in Figure 1A. Fluorescence
minus one (FMO) controls were used for all markers to iden-
tify positive populations (Figures SIA-E in Supplementary
Material). Scatter plots of the means of calculated percentages
+SEM of each myeloid subpopulation are shown in Figure 1B.
The frequency of each population was calculated out of the par-
ent population. The relative percentages of each population were
multiplied by relative percentage of its parent population and
the resulting number was presented as calculated percentage.
We found that CRC patients had significantly higher levels of
CD33" cells compared with HDs (CRC: 85.3 + 2.0% vs. HD:
78 + 2.9%; Figure 1B). Further analysis showed a similar trend
in the levels of CD33*CD11b" cells; CRC patients showed sig-
nificantly higher levels of CD33*CD11b* subsets compared with
HDs (CRC:81.9 +2.1% vs. HD: 74.6 + 2.6%; Figure 1B). MDSCs
are known to lack the expression of HLA-DR (27, 28); therefore,
we investigated expression of HLA-DR within CD33*CD11b*
subsets. Levels of circulating CD33*CD11b*HLA-DR~"" sub-
sets in CRC patients were also significantly higher compared
with HDs as shown in Figure 1B (CRC: 78.2 + 2.7% and HD:
70.9 + 2.4%).

The Expanded Myeloid Cells in Peripheral

Blood of CRC Patients Are Granulocytic

To find out if the expanded circulating myeloid cells in CRC
patients are granulocytic or monocytic, we analyzed expression of
CD15 and CD14 within the CD33*CD11b*HLA-DR~*" subsets.
CRC patients showed significantly higher levels of circulating
CD33*CD11b*HLA-DR*CD15* cells compared with HD
(CRC: 75.8 + 2.8%, HD: 67.1 + 2.7%; Figure 1B). These cells
could be neutrophil granulocytes or G-MDSCs (12); however,
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FIGURE 1 | Gating strategy of myeloid cells and comparisons of levels of different subsets of circulating myeloid cells between HDs and CRC
patients. Representative flow cytometric plots showing the gating strategy used to identify myeloid cells in peripheral blood of HDs and CRC patients (A). CD33*
cells were gated first from all cells, followed by gating CD11b* cells and HLA-DR~°* cells from parent populations. MMCs were then identified as CD14+ cells, while
GMCs were identified based on the expression of CD15. Fresh whole blood from 21 HDs and 20 CRC patients was stained for these markers. (B) Shows scatter
plots of the means of calculated percentages + SEM of each myeloid subpopulation including CD33* cells, CD33+*CD11b* cells, CD33*CD11b*HLA-DR~" cells,

due to lack of conclusive evidence on their suppressive ability, we
referred to them as GMCs. We also investigated levels of CD14*
cells within the CD33*CD11b*HLA-DR~" populations in the
two study groups. There was no significant difference in levels
of CD33*CD11b*HLA-DR™*CD14" monocytic myeloid cells
(MMCs) in CRC patients compared to HDs (CRC: 2.4 + 0.5%;
HD: 3.2 + 0.5%; Figure 1B). The overall levels of MMCs were sig-
nificantly lower than GMCs in the two study groups (p < 0.001)
(Figure 1B). We also investigated the levels of IMCs subset,
which lack CD14 and CD15 expression, but did not find any
difference in level of these cells between the two study groups
(data not shown).

ARG1 Expression in Myeloid Cell Subsets

Myeloid-derived suppressor cells express high levels of ARGI,
which assists in their characteristic attribute of T-cell suppres-
sion (6). We examined expression of ARG1 by both MMCs
and GMCs. Figures 2A,B show flow cytometric plots of ARG1
expression by CD33*CD11b*HLA-DR*CD14* MMCs and
CD33*CD11b*HLA-DR**CD15* GMCs in a HD and CRC
patient, respectively. Flow cytometric plots for FMO for ARG1
are shown in Figure S1F in Supplementary Material. Both subsets
expressed different levels of ARGI (Figure 2). Levels of ARGI1-
expressing GMCs were significantly higher in peripheral blood of
CRC patients than HDs (CRC: 63.1 + 2.9% vs. HD: 45.3 + 3.7%;
Figure 2C). There was no significant difference in levels of ARG1-
expressing MMC:s in the two study groups (CRC: 0.7 + 0.2, HD:
0.6 +0.2; Figure 2D). In line with our previous study in pancreatic

cancer patients (29), GMCs expressed significantly higher levels
of ARG1 than MMCs (Figures 2C,D).

Tumor-Associated GMCs and IMCs Are
Expanded in Colorectal Tumor Tissue,
Compared with Normal Colon Tissue

A major focus of this study was to investigate the nature and
levels of myeloid cells in TME. We examined levels of tumor-
infiltrating myeloid cells in CRC TTs and compared with NT
from each patient (Figure 3A). Viable cells were first gated
using 7AAD viability dye, followed by gating based on expres-
sion of myeloid cell markers. We found significant increase in
levels of myeloid cells in TT compared with NT from nine CRC
patients. There was an increase in CD33*, CD33*CD11b*, and
CD33*CD11b*HLA-DR~" subsets in TT compared with NT in
CRC patients (Figure 3A).

When further investigated, if these myeloid cells are of
monocytic or granulocytic nature, we found that, similar to
the results obtained in peripheral blood, this expansion was
in CD33*CD11b*HLA-DR“CD15* GMCs. There was a
significant increase in the relative percentage of CD15* GMCs
in TT compared with NT (NT: 11.2 + 4.0 vs. TT: 27.6 + 5.0;
Figure 3B). This difference was further confirmed when the
numbers were calculated based on the percentage of parent
population; there was a significant increase in the calculated
percentages of CD15* cells within CD33*CD11b*HLA-DR~"*"
populations in TT compared with adjacent NT (NT: 0.03%
vs. TT: 0.9%; Figure 3C). In contrast, there was a significant
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FIGURE 2 | Arginase 1 expression by MMCs and GMCs in peripheral blood of HDs and CRC patients. Fresh blood from HD (n = 21) and CRC patients

(n = 20) was stained for different MDSC markers to identify MMCs and GMCs cells, followed by intracellular staining for the expression of ARG1. Representative flow
cytometric plots showing expression of ARG1 by CD33*CD11b*HLA-DR~"**CD14* MMCs and CD33*CD11b*HLA-DR~"**CD15* GMCs cells in a HD (A) and a CRC
patient (B). Scatter plots comparing calculated percentages + SEM of ARG1 level in CD33+*CD11b*HLA-DR~°*CD15* (C) and CD33+*CD11b*HLA-DR°**CD14* (D)
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reduction in relative percentage, but not calculated percentage, of
CD33*CD11b*HLA-DR**CD14* MMCs in TT compared with
NT (NT:4.5+ 1.4 vs. TT: 2.0 + 0.7; Figures 3B,C). Furthermore,
similar to peripheral blood, levels of GMCs were significantly
higher than MMCs in both N'Ts and TTs (Figures 3B,C). There
was also a significant increase in calculated percentage of
CD33*CD11b*HLA-DR"CD14-CD15" (IMCs) in TT compared
with NT (Figure 3D).

We investigated expression of ARG1 by monocytic and granu-
locytic populations in cells isolated from NT and T'T of three CRC
patients. Both tumor-infiltrating CD33*CD11b*HLA-DR™""
CD14* and CD33*CD11b*HLA-DR*"CD15" cells expressed
ARG]L. Representative plots showing expression of ARG1 in these
cell subsets are shown in Figures 3E,F. However, sufficient data
were not collected for statistical analysis due to limited number
of samples.

Circulating ARG1-Expressing GMCs Are
Expanded in CRC Patients with Regional/
Distant Metastases and in Patients with

Poorly Differentiated Tumors

Next, we investigated if the expansion of GMCs in CRC patients
could potentially correlate with tumor stage or histological grade.
In peripheral blood analysis, patients were divided into two
groups according to TNM stage; patients with localized disease
(stages I and II; n = 9) and patients with regional lymph node or
distant metastases (stages IIT and IV; n = 11). We found signifi-
cantly higher levels of circulating GMCs in patients with regional/
distant metastases compared with HDs, and these cells expressed
higher levels of ARG1 (Figures 4A,B). Although there was no dif-
ference in GMCs levels between HDs and patients with localized
CRC (Figure 4A), GMCs in these patients expressed significantly
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FIGURE 3 | Myeloid cells and arginase 1 expression in tissue-infiltrating immune cells. (A) Representative flow cytometric plots showing levels of different
subsets of myeloid cells in normal tissue (NT) and tumor tissue (TT) of nine CRC patients. Doublets were excluded and live cells were gated. The frequency of each
population was calculated out of the parent population. Scatter plots showing mean of relative percentages + SEM (B), and calculated percentages + SEM,
calculated by multiplying the relative percentages of each subpopulation with their respective parent populations, of CD33*CD11b*HLA-DR~* CD14* MMCs and
CD33+*CD11b*HLA-DR~"*" CD15* GMCs in NT and TT of CRC patients (C); inset showing the expansion of GMCs in TT compared with adjacent NT. (D) Means of
calculated percentage + SEM of CD33*CD11b™HLA-DR-CD14-CD15- IMCs in NT and TT. Representative flow cytometric plots show the expression of ARG1 by

tumor-infiltrating CD33+*CD11b*HLA-DR~°“CD14+ MMCs (E) and CD33+CD11b*HLA-DR~**CD15* GMCs (F) in tumor tissue of CRC patients.

higher levels of ARG1 compared with HDs (Figure 4B). There
were no differences in ARG1-expressing myeloid cells when com-
pared between patients with different tumor stages. Furthermore,
there was no significant difference in MMCs levels between
patients with different tumor stages and HDs (data not shown).
We also found significant differences in levels of circulating
myeloid cells between HDs and CRC patients when categorized
based on histological grade of differentiation of tumor cells
(Figures 4C,D). Patients with histological grade I and II cancers
had well to moderately defined tumor cells and are grouped as

“low-grade tumors”; while grade III patients presented with
poorly or undifferentiated tumor cells and are referred as “high-
grade tumors”. CRC patients with high-grade tumors (n = 4) had
significantly higher levels of circulating CD33*, CD33*CD11b*,
and CD33*CD11b*HLA-DR" cells compared with HDs
(n = 21) and patients with low-grade tumors (n = 16). The
expansion of CD33*CD11b*HLA-DR" cells was due to
increase in the granulocytic CD15" subset; high-grade CRC
patients had significantly elevated levels of GMCs than HDs
(high-grade: 86.0 & 2.2 vs. HDs: 67.1 + 2.7; Figure 4C) and
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FIGURE 4 | Comparisons of levels of circulating GMCs between HDs and different TNM stages and histological grades of colorectal cancer. Scatter
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low-grade CRC patients (low-grade: 73.2 + 3.2; Figure 4C).
Furthermore, these cells expressed high levels of ARG1 (high-
grade 74.8 = 3.1; HDs: 45.26 + 3.7; low-grade: 60.1 + 3.1;
Figure 4D). There was no difference in expression levels of
CD33*CD11b*HLA-DR*CD15* cells between patients
with low-grade tumors and HDs (Figure 4C), but these cells
expressed significantly higher levels of ARG1 in low-grade
CRC patients compared with HDs (Figure 4D). There was no
difference in the levels of MMCs and their ARGI expression
between the two patient subgroups and HDs (data not shown).
For tumor-infiltrating immune cells, it was not possible to
compare patients based on tumor stage or histological grade
due to limited sample size.

DISCUSSION

In recent years, several studies have reported expansion of
regulatory myeloid cells including neutrophils and MDSCs in

peripheral blood and TME of different human cancers (9, 12,
15, 19). Human MDSCs consist of immature progenitor cells
and mature cells of mononuclear or PMN phenotype. However,
due to their heterogeneous nature, specific markers of human
MDSCsare not well defined. It is also very difficult to discriminate
between G-MDSCs and neutrophil granulocytes, which share
phenotypical and functional characteristics. As a result, most of
the studies have provided inconclusive evidence of their immu-
nophenotypical nature. Moreover, a role of tumor-infiltrating
myeloid cells in cancer patients is not well defined, and very few
studies have reported their levels in peripheral blood and TME
from the same cancer patients. In this study, untreated CRC
patients with different tumor stages and histological grades were
examined for the parallel analysis of myeloid cell levels in circula-
tion and TME, and were compared with their levels in peripheral
blood of HDs. As a control for their levels in TME, cells isolated
from paired, adjacent non-tumor colon tissue were used from
the same patients.
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We used freshly drawn whole blood for analysis because vari-
ous studies emphasized on the importance of sample handling and
processing when monitoring levels of myeloid cells in circulation
(10, 28, 30, 31). Florcken et al. did not find any differences in
the expression levels of MDSC when analyzed in whole blood or
PBMCs (31). However, Mandruzzato et al. suggested to monitor
MDSC levels in whole blood instead of Ficoll-purified mononu-
clear cells as some MDSC subsets might not be detected if only
PBMCs were examined (30). Fresh blood is preferred to prevent
possible loss of GMCs and attenuation of cell surface markers due
to Ficoll gradient separation (10).

We found significantly higher levels of circulating
CD33*CD11b* HLA-DR~ cells in CRC patients compared with
HDs. This expansion is in accordance with previously reported
findings (25, 26, 28). Additionally, we report that these expanded
cells are granulocytic in nature. Studies on other cancers includ-
ing cutaneous melanoma also reported the accumulation of
circulating granulocytic MDSC like cells in patients compared
to HDs (10, 32). Zhang et al., however, reported the expansion
of IMCs lacking CD14 and CD15 in CRC (26). Furthermore, in
contrast to monocytic MDSCs, which are commonly reported
within different cancers, less evidence is available on levels of
granulocytic MDSCs in cancers (33). Thus, our findings provide
a further insight into myeloid cells in CRC.

Previous studies have investigated the functional activity of
neutrophils and MDSCs through their suppression of T cells
in vitro and expression of ARGI1. T-cell suppression by myeloid
cells is well documented in different cancers, such as gastric
cancer (34), prostate cancer (35), breast cancer (28), and CRC
(26). L-arginine is required for the proliferation and function of
T cells and ARGI results in the depletion of L-arginine in the
microenvironment, thereby limiting its availability for T cells,
which reduces their expression of CD3{ chain, inhibit T-cell pro-
liferation, and induce T-cell apoptosis (32, 36). It has previously
been shown that production of ARG1 by mature myeloid cells in
TME could inhibit antigen-specific T cell responses (37). Other
studies have also demonstrated T-cell suppression by MDSCs
through ARG1 (38). We found that the expanded circulating
GMCs express ARG1 with higher mean fluorescence intensity
(MFI) than MMCs (data not shown). Similar to peripheral blood,
we found significant accumulation of tumor-infiltrating myeloid
cells compared to adjacent N'T, which were primarily granulocytic
and expressed ARG1.

Circulating GMCs were significantly elevated in CRC patients
with regional and distant metastases compared with HDs.
However, there were no differences in GMCs levels between
patients with different tumor stages. These results are in agree-
ment with previous studies in CRC and cutaneous melanoma,
which have also shown higher levels of MDSCs in metastatic
cancers compared with control group (10, 26). There are stud-
ies, however, which reported significant differences in levels of
myeloid cells between HDs and patients with low stage cancers,
and between patients with different cancer stages (25, 28); this
discrepancy could be due to the number of patients and type of
cancer investigated.

Previous studies have highlighted the immunosuppressive
functions of neutrophils and myeloid cells, which would facilitate

tumors to evade local immune response, and a role of GMCs
in invasion and metastases is emerging from ongoing research
(11, 12, 19). Tumor cells secrete several soluble factors such as
Interleukin 6 and GM-CSE which influence bone marrow and
help in expansion of myeloid cells. These cells accumulate in TME
and produce factors such as VEGE matrix metallopeptidase 9
(MMP9), and transforming growth factor beta (TGF-p), which
support angiogenesis and tumor growth and eventually invasion
and metastases of tumor cells (11, 15, 39). Thus, our results sug-
gest a role of immunosuppressive GMCs in cancer invasion and
metastases.

Grading of tumors depends upon histological differentiation
of tumor cells compared to normal cells, and it represents how
quickly a tumor can grow and spread. Histological grade has
been shown to be stage-independent prognostic variable in
CRC patients; high-grade CRC patients with poorly or undif-
ferentiated cancer cells have worse disease prognosis compared
to low-grade CRC patients with well or moderately differenti-
ated tumor cells (40, 41). Our work shows that in high-grade
CRCs, GMCs may play important role in tumor-mediated
immune suppression and suggest their involvement in tumor
progression.

In conclusion, our study shows that GMCs and IMCs are
expanded in CRC patients. Importantly, expansion of GMCs
correlated with tumor stage and histological grades, thereby
identifying these cells as key players among others in CRC
patients. Better understanding of their characteristics should aid
in therapeutic strategies to target immunosuppressive pathways
employed by tumors.

AUTHOR CONTRIBUTIONS

ST and AK performed experimental work and data analysis and
wrote the manuscript. EE conceived the idea, designed the study,
obtained fund, analyzed and interpreted data, and wrote and
revised the manuscript. HS, OB, JK, and MJ contributed to sample
collection, acquisition of patients’ clinical data, and revising the
manuscript. All the authors were involved in the final approval of
the manuscript.

ACKNOWLEDGMENTS

The authors are grateful to all the patients and healthy donors for
their donation of samples.

FUNDING

This work was supported by grants from United Arab Emirates
Program of Advanced research (Grant No. 31M190) and Terry
Fox Foundation (Grant No. 21M094).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at http://journal.frontiersin.org/article/10.3389/fimmu.
2016.00560/full#supplementary-material.

Frontiers in Immunology | www.frontiersin.org

December 2016 | Volume 7 | Article 560


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://journal.frontiersin.org/article/10.3389/fimmu.2016.00560/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fimmu.2016.00560/full#supplementary-material

Toor et al.

Myeloid Cells in CRC Patients

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Vajdic CM, van Leeuwen MT. Cancer incidence and risk factors after solid
organ transplantation. Int ] Cancer (2009) 125(8):1747-54. doi:10.1002/
ijc.24439

Corthay A. Does the immune system naturally protect against cancer? Front
Immunol (2014) 5:197. doi:10.3389/fimmu.2014.00197

Chaudhary B, Abd Al Samid M, al-Ramadi BK, Elkord E. Phenotypic alter-
ations, clinical impact and therapeutic potential of regulatory T cells in cancer.
Expert Opin Biol Ther (2014) 14(7):931-45. doi:10.1517/14712598.2014.
900539

Gabrilovich DI, Bronte V, Chen SH, Colombo MP, Ochoa A, Ostrand-
Rosenberg S, et al. The terminology issue for myeloid-derived suppressor cells.
Cancer Res (2007) 67(1):425. doi:10.1158/0008-5472.CAN-06-3037

Young MR, Newby M, Wepsic HT. Hematopoiesis and suppressor bone
marrow cells in mice bearing large metastatic Lewis lung carcinoma tumors.
Cancer Res (1987) 47(1):100-5.

Toor SM, Elkord E. Myeloid-derived suppressor cells. eLS (2015) 1-8.
doi:10.1002/9780470015902.20024245

Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as regulators
of the immune system. Nat Rev Immunol (2009) 9(3):162-74. doi:10.1038/
nri2506

Dumitru CA, Moses K, Trellakis S, Lang S, Brandau S. Neutrophils and gran-
ulocytic myeloid-derived suppressor cells: immunophenotyping, cell biology
and clinical relevance in human oncology. Cancer Immunol Immunother
(2012) 61(8):1155-67. doi:10.1007/s00262-012-1294-5

Brandau S, Moses K, Lang S. The kinship of neutrophils and granulo-
cytic myeloid-derived suppressor cells in cancer: cousins, siblings or
twins? Semin Cancer Biol (2013) 23(3):171-82. doi:10.1016/j.semcancer.
2013.02.007

Stanojevic I, Miller K, Kandolf-Sekulovic L, Mijuskovic Z, Zolotarevski L,
Jovic M, et al. A subpopulation that may correspond to granulocytic
myeloid-derived suppressor cells reflects the clinical stage and progression of
cutaneous melanoma. Int Immunol (2016) 28(2):87-97. doi:10.1093/intimm/
dxv053

Bronte V, Brandau S, Chen SH, Colombo MP, Frey AB, Greten TFE et al.
Recommendations for myeloid-derived suppressor cell nomenclature and
characterization standards. Nat Commun (2016) 7:12150. do0i:10.1038/
ncomms12150

Pillay J, Tak T, Kamp VM, Koenderman L. Immune suppression by neutro-
phils and granulocytic myeloid-derived suppressor cells: similarities and
differences. Cell Mol Life Sci (2013) 70(20):3813-27. d0i:10.1007/s00018-013-
1286-4

Chioda M, Peranzoni E, Desantis G, Papalini E Falisi E, Solito S, et al.
Myeloid cell diversification and complexity: an old concept with new turns in
oncology. Cancer Metastasis Rev (2011) 30(1):27-43. doi:10.1007/s10555-011-
9268-1

Gabrilovich DI, Ostrand-Rosenberg S, Bronte V. Coordinated regulation of
myeloid cells by tumours. Nat Rev Immunol (2012) 12(4):253-68. doi:10.1038/
nri3175

Moses K, Brandau S. Human neutrophils: their role in cancer and relation
to myeloid-derived suppressor cells. Semin Immunol (2016) 28(2):187-96.
doi:10.1016/j.smim.2016.03.018

Eruslanov EB, Bhojnagarwala PS, Quatromoni ]G, Stephen TL, Ranganathan A,
Deshpande C, et al. Tumor-associated neutrophils stimulate T cell responses
in early-stage human lung cancer. ] Clin Invest (2014) 124(12):5466-80.
doi:10.1172/JCI77053

Zilio S, Serafini P. Neutrophils and granulocytic MDSC: the Janus god of
cancer immunotherapy. Vaccines (Basel) (2016) 4(3):ii:E31. doi:10.3390/
vaccines4030031

Ostrand-Rosenberg S. Myeloid-derived suppressor cells: more mechanisms
for inhibiting antitumor immunity. Cancer Immunol Immunother (2010)
59(10):1593-600. doi:10.1007/s00262-010-0855-8

Coffelt SB, Wellenstein MD, de Visser KE. Neutrophils in cancer: neu-
tral no more. Nat Rev Cancer (2016) 16(7):431-46. doi:10.1038/nrc.
2016.52

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Solito S, Marigo I, Pinton L, Damuzzo V, Mandruzzato S, Bronte V. Myeloid-
derived suppressor cell heterogeneity in human cancers. Ann N Y Acad Sci
(2014) 1319:47-65. doi:10.1111/nyas.12469

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA Cancer J Clin (2016)
66(1):7-30. doi:10.3322/caac.21332

Arnold M, Sierra MS, Laversanne M, Soerjomataram I, Jemal A, Bray E. Global
patterns and trends in colorectal cancer incidence and mortality. Gut (2016).
doi:10.1136/gutjnl-2015-310912

Triantafillidis JK, Nasioulas G, Kosmidis PA. Colorectal cancer and inflamma-
tory bowel disease: epidemiology, risk factors, mechanisms of carcinogenesis
and prevention strategies. Anticancer Res (2009) 29(7):2727-37.
Ostrand-Rosenberg S, Sinha P. Myeloid-derived suppressor cells: linking
inflammation and cancer. J Immunol (2009) 182(8):4499-506. doi:10.4049/
jimmunol.0802740

Sun HL, Zhou X, Xue YF, Wang K, Shen YE, Mao JJ, et al. Increased frequency
and clinical significance of myeloid-derived suppressor cells in human col-
orectal carcinoma. World ] Gastroenterol (2012) 18(25):3303-9. doi:10.3748/
wjg.v18.i25.3303

Zhang B, Wang Z, Wu L, Zhang M, Li W, Ding J, et al. Circulating and
tumor-infiltrating myeloid-derived suppressor cells in patients with col-
orectal carcinoma. PLoS One (2013) 8(2):e57114. doi:10.1371/journal.pone.
0057114

Almand B, Clark JI, Nikitina E, van Beynen J, English NR, Knight SC, et al.
Increased production of immature myeloid cells in cancer patients: a mech-
anism of immunosuppression in cancer. ] Immunol (2001) 166(1):678-89.
doi:10.4049/jimmunol.166.1.678

Diaz-Montero CM, Salem ML, Nishimura MI, Garrett-Mayer E,
Cole DJ, Montero AJ.Increased circulating myeloid-derived suppressor
cells correlate with clinical cancer stage, metastatic tumor burden, and
doxorubicin-cyclophosphamide chemotherapy. Cancer Immunol Immunother
(2009) 58(1):49-59. d0i:10.1007/500262-008-0523-4

Khaled YS, Ammori BJ, Elkord E. Increased levels of granulocytic
myeloid-derived suppressor cells in peripheral blood and tumour tis-
sue of pancreatic cancer patients. JImmunol Res (2014) 2014:879897.
doi:10.1155/2014/879897

Mandruzzato S, Solito S, Falisi E, Francescato S, Chiarion-Sileni V,
Mocellin S, et al. IL4Ralpha+ myeloid-derived suppressor cell expansion in
cancer patients. ] Immunol (2009) 182(10):6562-8. doi:10.4049/jimmunol.
0803831

Florcken A, Takvorian A, Singh A, Gerhardt A, Ostendorf BN, Dorken B,
et al. Myeloid-derived suppressor cells in human peripheral blood: optimized
quantification in healthy donors and patients with metastatic renal cell
carcinoma. Immunol Lett (2015) 168(2):260-7. doi:10.1016/j.imlet.2015.
10.001

Rodriguez PC, Ernstoff MS, Hernandez C, Atkins M, Zabaleta J, Sierra R,
et al. Arginase I-producing myeloid-derived suppressor cells in renal cell
carcinoma are a subpopulation of activated granulocytes. Cancer Res (2009)
69(4):1553-60. d0i:10.1158/0008-5472.CAN-08-1921

Shipp C, Speigl L, Janssen N, Martens A, Pawelec G. A clinical and biological
perspective of human myeloid-derived suppressor cells in cancer. Cell Mol Life
Sci (2016) 73(21):4043-61. doi:10.1007/s00018-016-2278-y

Wang L, Chang EW, Wong SC, Ong SM, Chong DQ, Ling KL. Increased
myeloid-derived suppressor cells in gastric cancer correlate with cancer
stage and plasma SI00A8/A9 proinflammatory proteins. J Immunol (2013)
190(2):794-804. doi:10.4049/jimmunol.1202088

Hossain DM, Pal SK, Moreira D, Duttagupta P, Zhang Q, Won H, et al.
TLR9-targeted STAT3 silencing abrogates immunosuppressive activity of
myeloid-derived suppressor cells from prostate cancer patients. Clin Cancer
Res (2015) 21(16):3771-82. doi:10.1158/1078-0432.CCR-14-3145

Rodriguez PC, Quiceno DG, Ochoa AC. vr-arginine availability regulates
T-lymphocyte cell-cycle progression. Blood (2007) 109(4):1568-73.
doi:10.1182/blood-2006-06-031856

Rodriguez PC, Quiceno DG, Zabaleta J, Ortiz B, Zea AH, Piazuelo MB, et al.
Arginase I production in the tumor microenvironment by mature myeloid
cells inhibits T-cell receptor expression and antigen-specific T-cell responses.
Cancer Res (2004) 64(16):5839-49. doi:10.1158/0008-5472.CAN-04-0465

Frontiers in Immunology | www.frontiersin.org

December 2016 | Volume 7 | Article 560


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1002/ijc.24439
https://doi.org/10.1002/ijc.24439
https://doi.org/10.3389/fimmu.2014.00197
https://doi.org/10.1517/14712598.2014.900539
https://doi.org/10.1517/14712598.2014.900539
https://doi.org/10.1158/0008-5472.CAN-06-3037
https://doi.org/10.1002/9780470015902.a0024245
https://doi.org/10.1038/nri2506
https://doi.org/10.1038/nri2506
https://doi.org/10.1007/s00262-012-1294-5
https://doi.org/10.1016/j.semcancer.2013.02.007
https://doi.org/10.1016/j.semcancer.2013.02.007
https://doi.org/10.1093/intimm/dxv053
https://doi.org/10.1093/intimm/dxv053
https://doi.org/10.1038/ncomms12150
https://doi.org/10.1038/ncomms12150
https://doi.org/10.1007/s00018-013-1286-4
https://doi.org/10.1007/s00018-013-1286-4
https://doi.org/10.1007/s10555-011-9268-1
https://doi.org/10.1007/s10555-011-9268-1
https://doi.org/10.1038/nri3175
https://doi.org/10.1038/nri3175
https://doi.org/10.1016/j.smim.2016.03.018
https://doi.org/10.1172/JCI77053
https://doi.org/10.3390/vaccines4030031
https://doi.org/10.3390/vaccines4030031
https://doi.org/10.1007/s00262-010-0855-8
https://doi.org/10.1038/nrc.2016.52
https://doi.org/10.1038/nrc.2016.52
https://doi.org/10.1111/nyas.12469
https://doi.org/10.3322/caac.21332
https://doi.org/10.1136/gutjnl-2015-310912
https://doi.org/10.4049/jimmunol.0802740
https://doi.org/10.4049/jimmunol.0802740
https://doi.org/10.3748/wjg.v18.i25.3303
https://doi.org/10.3748/wjg.v18.i25.3303
https://doi.org/10.1371/journal.pone.0057114
https://doi.org/10.1371/journal.pone.0057114
https://doi.org/10.4049/jimmunol.166.1.678
https://doi.org/10.1007/s00262-008-0523-4
https://doi.org/10.1155/2014/879897
https://doi.org/10.4049/jimmunol.0803831
https://doi.org/10.4049/jimmunol.0803831
https://doi.org/10.1016/j.imlet.2015.10.001
https://doi.org/10.1016/j.imlet.2015.10.001
https://doi.org/10.1158/0008-5472.CAN-08-1921
https://doi.org/10.1007/s00018-016-2278-y
https://doi.org/10.4049/jimmunol.1202088
https://doi.org/10.1158/1078-0432.CCR-14-3145
https://doi.org/10.1182/blood-2006-06-031856
https://doi.org/10.1158/0008-5472.CAN-04-0465

Toor et al.

Myeloid Cells in CRC Patients

38.

39.

40.

41.

Bronte V, Serafini P, Mazzoni A, Segal DM, Zanovello P. L-arginine metabo-
lism in myeloid cells controls T-lymphocyte functions. Trends Immunol (2003)
24(6):302-6. doi:10.1016/S1471-4906(03)00132-7

Marvel D, Gabrilovich DI. Myeloid-derived suppressor cells in the tumor
microenvironment: expecttheunexpected. ] Clin Invest (2015) 125(9):3356-64.
doi:10.1172/JCI80005

Compton CC. Colorectal carcinoma: diagnostic, prognostic, and molecular
features. Mod Pathol (2003) 16(4):376-88. doi:10.1097/01.MP.0000062859.
46942.93

Ueno H, Kajiwara Y, Shimazaki H, Shinto E, Hashiguchi Y, Nakanishi K, et al.
New criteria for histologic grading of colorectal cancer. Am ] Surg Pathol
(2012) 36(2):193-201. doi:10.1097/PAS.0b013e318235edee

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2016 Toor, Syed Khaja, El Salhat, Bekdache, Kanbar, Jaloudi and Elkord.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

10

December 2016 | Volume 7 | Article 560


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/S1471-4906(03)00132-7
https://doi.org/10.1172/JCI80005
https://doi.org/10.1097/01.MP.0000062859.46942.93
https://doi.org/10.1097/01.MP.0000062859.46942.93
https://doi.org/10.1097/PAS.0b013e318235edee
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Increased Levels of Circulating and Tumor-Infiltrating Granulocytic Myeloid Cells in Colorectal Cancer Patients
	Introduction
	Materials and Methods
	Patients and Healthy Donors
	Enzyme Disaggregation of Tumor and Normal Tissues for Cell Isolation
	Staining of Whole Blood and 
Tissue-Infiltrating Immune Cells 
for Flow Cytometric Analyses
	Statistical Analyses

	Results
	CD33+CD11b+HLA-DR−/low Myeloid Cells Are Expanded in Peripheral Blood of CRC Patients, Compared with Healthy Donors
	The Expanded Myeloid Cells in Peripheral Blood of CRC Patients Are Granulocytic
	ARG1 Expression in Myeloid Cell Subsets
	Tumor-Associated GMCs and IMCs Are Expanded in Colorectal Tumor Tissue, Compared with Normal Colon Tissue
	Circulating ARG1-Expressing GMCs Are Expanded in CRC Patients with Regional/Distant Metastases and in Patients with Poorly Differentiated Tumors

	Discussion
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


