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Abstract
Myeloid-derived suppressor cells (MDSC) populate the peripheral blood and contribute to immune regulation in cancer. 
However, there is limited knowledge on the myeloid cell types with proinflammatory capacities that may serve as opponents 
of MDSC. In the circulation of cancer patients, a monocyte subpopulation was identified with a specific immunophenotype 
and transcriptomic signature. They were predominantly  CD14+CD33hiCD16−/+HLA-DR+/hi cells that typically expressed 
CD66b. In accordance with the transcriptomics data, NALP3, LOX-1 and PAI-1 levels were also significantly upregulated. 
The  CD66b+ monocytes displayed high phagocytic activity, matrix adhesion and migration, and provided costimulation 
for T cell proliferation and IFN-γ secretion; thus, they did not suppress T cell responses. Irrespective of clinical stage, they 
were identified in various cancers. In conclusion, the  CD66b+ monocytes represent a novel myeloid subpopulation which is 
devoid of immune regulatory influences of cancer and displays enhanced proinflammatory capacities.

Keywords Myeloid-derived suppressor cells (MDSC) · Monocyte · PMN-MDSC · Transcriptomics · Monocyte subtypes · 
Neutrophil

Introduction

Monocytes are bone marrow-derived mononuclear phago-
cytes which constitute the primary reserve for professional 
antigen-presenting cells (APC) [1, 2]. They patrol through-
out the body, respond to various stimuli and differentiate 
into functionally distinct subsets of macrophages or den-
dritic cells (DC) [3]. These cells not only take place in the 
first line of defense against infections but also contribute 
to tissue repair and hemostasis. Monocytes and monocyte-
derived cells ingest, process and present antigens to T cells; 
therefore, they constitute a link between innate and adaptive 
immunity [4–6].

Based on the expression of CD14 and CD16 markers, 
the human monocytes are divided into three major subsets. 
The  CD14++CD16− classical monocytes are the major sub-
type in the peripheral blood; whereas, CD16 expression 
determines the two non-classical subtypes  (CD14++CD16+ 
and  CD14+CD16++) that increase in inflammatory disor-
ders such as autoimmunity and cancer [7–9]. Nevertheless, 
according to the pathophysiological circumstances, mono-
cytes frequently undergo functional and phenotypic adjust-
ments; however, whether the variations and discrepancies 

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s0026 2-020-02656 -y) contains 
supplementary material, which is available to authorized users.

 * Gunes Esendagli 
 gunese@hacettepe.edu.tr

1 Department of Basic Oncology, Hacettepe University Cancer 
Institute, 06230 Ankara, Turkey

2 Present Address: Department of Immunology, Faculty 
of Medicine, Bursa Uludag University, Bursa, Turkey

3 Department of Medical and Surgical Research, Institute 
of Health Sciences, Hacettepe University, Ankara, Turkey

4 Department of Medical Genetics, Faculty of Medicine, 
Hacettepe University, Ankara, Turkey

5 Department of General Surgery, Diskapi Yildirim Beyazit 
Research and Training Hospital, University of Health 
Sciences, Ankara, Turkey

6 Present Address: Department of General Surgery, Gulhane 
Faculty of Medicine, University of Health Sciences, Ankara, 
Turkey

7 Department of General Surgery, Faculty of Medicine, 
Hacettepe University, Ankara, Turkey

http://orcid.org/0000-0003-4865-2377
http://crossmark.crossref.org/dialog/?doi=10.1007/s00262-020-02656-y&domain=pdf
https://doi.org/10.1007/s00262-020-02656-y


76 Cancer Immunology, Immunotherapy (2021) 70:75–87

1 3

amongst the monocytes could represent distinct subsets 
remains disputed [10, 11]. Inflammation alters the steady-
state dynamics of myelopoiesis; critically, continuum of 
perpetual stimulation in chronic inflammatory diseases not 
only promotes the expansion of myeloid cells but also per-
turbs their differentiation and functional competence [12]. 
In cancer, these newly generated myeloid cells are char-
acterized with immunosuppressive activities and defined 
as the myeloid-derived suppressor cells (MDSC) [13]. In 
humans, CD33 and low levels of HLA-DR are the hallmarks 
of MDSC and according to CD14, CD15 or CD66b expres-
sion, they can be further characterized as polymorphonu-
clear (PMN-MDSC), monocytic (M-MDSC) and early-stage 
(e-MDSC) subsets [14–17]. In response to the cancer-asso-
ciated inflammation and the factors derived from tumor 
microenvironment, functional impairment or acquisition of 
suppressive properties have been reported almost in every 
type of myeloid cells [18–20]. Nevertheless, phenotypic and 
functional heterogeneity observed amongst individual cells 
of a specific myeloid type limits the consensus-building for 
the determination of novel subsets [21].

In this study,  CD33hiCD14+ monocytes were profiled 
according to the CD66b expression. The  CD66b+ mono-
cytes constituted a subpopulation in the peripheral blood of 
cancer patients. In contrast to the previously defined mye-
loid-derived cells that emerge in cancer,  CD66b+ monocytes 
possessed proinflammatory signatures, displayed increased 
functional competence, and did not interfere with T cell 
responses. In conclusion, CD66b marks a new monocyte 
subset that retains immune-stimulatory and proinflamma-
tory capacities.

Materials and methods

Patients and healthy controls

Peripheral blood was obtained from newly diagnosed, treat-
ment-naïve breast cancer (BC) patients [n = 66 (females), 
median age 54 (min 32–max 83)] or colorectal cancer (CRC) 
patients [n = 70 (32 females, 38 males), median age 62 (min 
32–max 89)] (Supplementary Table 1). Samples from repre-
sentative patients with small cell lung cancer, gastric cancer, 
and pancreatic cancer were also used. Blood collected from 
healthy volunteers [n = 48 (22 females, 26 males), median 
age 48 (min 24–max 62)] were used as controls. Overall 
survival was defined as time from diagnosis to death from 
colorectal cancer. This study was approved by Hacettepe 
University and University of Health Sciences local ethics 
committees and conducted in agreement with the guid-
ing principles of the declaration of Helsinki and the good 
clinical practice. Informed consent was obtained from the 

participants and all methods were performed in accordance 
with the relevant guidelines and regulations.

Blood collection and processing

Blood samples were collected in trisodium citrate (3.2%) 
tubes (Vacutest) and processed within 2 h. For density 
gradient separation of peripheral blood mononuclear cells 
(PBMC), samples were diluted (1:1 with 1 × phosphate-
buffered saline (PBS)), layered over 1.077 g/mL Ficoll-
Hypaque (Sigma-Aldrich), and centrifuged at 400× g for 
30 min. without brake and acceleration. Total PBMC was 
collected, washed, counted and used in further experiments.

Flow cytometry

Various panels of monoclonal antibodies (mAb) were used 
for immunophenotyping (Supplementary Table 2). Cells 
were suspended in FACS buffer (CellWASH, BD Bio-
sciences) and incubated for 20 min. at 4 °C with appropriate 
combinations of mAb and Fc Block (BD). The samples were 
run on a FACSAria II cell sorter (BD) and the data were 
analyzed using FlowJo software v10.0.7 (Treestar). Percent-
age of the positive cells and median fluorescence intensity 
(MFI) values were calculated considering isotype-matched 
antibody and fluorescence minus one (FMO) controls.

Cell sorting and purification

CD14+ and  CD66b+ populations amongst PBMC were iso-
lated with anti-CD14 and anti-CD66b magnetic-activated 
cell sorting (MACS) immunobeads, respectively, according 
to the manufacturer’s instructions (Miltenyi Biotec). Then, 
the isolation of  CD14+CD66b− and  CD14+CD66b+ mono-
cyte subpopulations, and  CD14−CD66b+ PMN-MDSC was 
continued with fluorescence-activated cell sorting (FACS). 
Briefly, for the purification of  CD66b+ monocytes and PMN-
MDSC, freshly collected PBMC were resuspended in MACS 
buffer (1 × PBS/2 mM EDTA/0.5% BSA) and incubated with 
anti-CD66b immunobeads, applied onto MACS-LS columns 
(Miltenyi Biotec) and the immobilized cells were positively 
selected. This CD66b-enriched fraction was further labeled 
with anti-CD14 and anti-CD66b antibodies (BioLegend); 
 CD14+CD66b+ and  CD14−CD66b+ populations were puri-
fied by FACS. The PBMC collected in the flow-through of 
CD66b MACS were incubated with anti-CD14 magnetic 
beads and  CD66b− monocytes were enriched by CD14 posi-
tive selection. Then, these cells were labeled with anti-CD14 
and anti-CD66b antibodies and the  CD14+CD66b− popula-
tion were further purified by FACS. The purity of sorted 
cells was assessed by flow cytometric immunophenotyping 
(Supplementary Fig. 1).



77Cancer Immunology, Immunotherapy (2021) 70:75–87 

1 3

RNA sequencing (RNA‑seq) analysis

Total RNA was isolated from highly purified  CD66b− and 
 CD66b+ monocyte subpopulations according to the manu-
facturer’s instructions (RNeasy RNA isolation kit, QIA-
GEN). The RNA samples were pooled in three groups as 
healthy controls (n = 9), breast cancer patients (n = 12), and 
colorectal cancer patients (n = 12). Gene expression lev-
els of over 2 × 104 human RefSeq genes were measured by 
Ampliseq Human Gene Expression Panel (Thermo Fisher 
Scientific) on an Ion Torrent next-generation sequencing 
platform (Ion S5, Thermo Fisher Scientific). Heat maps 
showing hierarchical clustering and differentially expressed 
genes were generated with integrated differential expression 
and pathway (iDEP) software [22]. Briefly, the genes with 
read counts per million < 0.5 were excluded by pre-process-
ing on iDEP. Heat map data were centered by subtracting the 
average expression level for each gene. For cluster analysis 
and principal component analysis, started-log transforma-
tion, which is equivalent to the logCPM offered in edgeR, 
was applied to read counts. Differentially expressed genes 
(DEG) between  CD66b+ and  CD66b− monocyte subpopu-
lations were determined according to two criteria: i. A fold 
change > 4 where adjusted p value is ≤ 0.01, and ii. No sig-
nificant difference (a fold change < 2 where adjusted p value 
is ≤ 0.05) in the gene expression levels between  CD66b+ 
monocytes obtained from CRC and BC patients. Out of 24 
DEG that were determined according to these stringent cri-
teria given above, six genes (OLR1, CCL2, DND1, CCL7, 
NLRP3, and SERPINE1) were identified with an adjusted 
p value < 0.001 and marked on volcano plots. Search tool 
for the retrieval of interacting genes/proteins (STRING) 
adjusted to high-level of confidence was used to construct 
protein–protein interaction network [23]. Kyoto encyclo-
pedia of genes and genomes (KEGG) pathway enrichment 
analyses were performed by manual examination of gene 
lists. Percentile enrichment was calculated by normaliza-
tion of total read counts of each KEGG gene set. Gene set 
enrichment analysis (GSEA) was used for further assess-
ment of enriched specific biological pathways or signatures. 
The most variable genes were surveyed in the collection of 
molecular signatures database (MsigDB) by GSEA 3.0 [24] 
(Supplementary Table 3).

Microscopy

Purified cell populations were cytocentrifuged onto glass 
slides (50× g for 3 min), air-dried, and fixed in 4% paraform-
aldehyde for 20 min for immunofluorescence or in metha-
nol for 5 min for May-Grünwald Giemsa (Merck) staining. 
Paraformaldehyde-fixed cells were permeabilized with 0.1% 
Triton X-100 (Sigma-Aldrich) in PBS and blocked with 1% 
BSA (Sigma-Aldrich). Then, the slides were incubated 

with anti-human CD14 (EPR3653; 1:400), CD66b (G10F5; 
1:400), NALP3 (polyclonal; 1:400), LOX-1 (EPR4025, 
1:400), PAI-1 (polyclonal, 1:400) primary antibodies, fol-
lowed by Alexa488- or Alexa555-conjugated secondary 
antibodies and DAPI (Abcam) staining. Where needed, 
FITC-conjugated CD14 (M5E2; 1:200) or FITC-conjugated 
CD66b (G10F5; 1:200) antibodies were also used. The slides 
were mounted and representative micrographs were taken 
and processed by ImageJ (NIH).

Stimulation of monocytes

CD66b− monocytes from the healthy individuals were 
purified by CD14 MACS and cultured (5 × 105 cells/well 
in 96-well tissue culture plate) in complete RPMI 1640 
medium supplemented with 10% fetal bovine serum (FBS) 
or 10% patient serum, L-glutamine (2 mM), penicillin (100 
U/mL) and streptomycin (100 μg/mL) at 37 °C in a humidi-
fied 5%  CO2 incubator. The monocytes were stimulated with 
recombinant cytokines IFN-γ (50 ng/mL), IL-6 (10 ng/mL), 
G-CSF (100 ng/mL) (R&D Systems) or their combinations 
for 48 h. Then, the cells were harvested and CD66b, CD80, 
CD86, and HLA-DR levels on  CD14+ cells were analyzed 
by flow cytometry.

Analysis of monocytes’ co‑stimulatory influence on T 
cell responses

Monocytes were depleted from healthy donors’ PBMC using 
CD14 MACS (Miltenyi Biotec); then, the monocyte-depleted 
PBMC were labelled with carboxyfluorescein succinimidyl 
ester (CFSE, 5 µM) (Invitrogen) according to the manufac-
turer’s protocol. Purified  CD66b+ and  CD66b− monocytes 
from cancer patients or  CD66b− monocytes from healthy 
controls were co-cultured with the CFSE-labelled monocyte-
depleted allogeneic PBMC  (105 cells/200 µL in U-bottom 
96-well plates) at different ratios for 72 h in the presence of 
anti-CD3 mAb (25 ng/mL; HIT3a; BioLegend) which mim-
ics the first signal for T cell activation.  CD8+ and  CD4+ T 
cells were gated and proliferation was assessed according to 
CFSE fluorescence dilution by flow cytometry. Monocyte-
derived  CD1a+CD83+ DC were also used in the co-cultures 
as technical positive controls for maximal T cell costimula-
tion. For the generation of DC, purified  CD14+ monocytes 
(5 × 105 cells/mL) were cultured in complete RPMI 1640 
medium supplemented with 100 ng/mL granulocyte–mac-
rophage colony-stimulating factor (GM-CSF) and 30 ng/mL 
IL-4 for 24 h; followed by an additional 48 h incubation with 
50 ng/mL GM-CSF and 60 ng/mL IL-4. On the 5th day, DC 
maturation was induced by lipopolysaccharide (LPS, 50 ng/
mL) for 48 h.

In addition to T cell proliferation, supernatants were col-
lected from the co-cultures and the levels of IL-1α, IL-1β, 
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IL-2, IL-4, IL-6, IL-10, IL-12, IL-17A, IFN-γ, TNF-α, and 
GM-CSF were determined by an ELISA array system (QIA-
GEN). Expression of CD69, CD137, and CD25 activation 
markers on  CD8+ and  CD4+ T cells was also determined in 
the co-cultures at 24 h by flow cytometry (Supplementary 
Table 4).

Determination of ROS and NO production

PBMC fraction was labeled with anti-CD14 and anti-
CD66b antibodies (BioLegend), resuspended in serum-free 
RPMI 1640 medium, and incubated either with the reac-
tive oxygen species (ROS) indicator, 5-(and-6)-carboxy-
2′,7′-dichlorofluorescein diacetate (1 µM,  H2-DCF-DA; 
Sigma-Aldrich), or with the nitric oxide (NO) indicator, 
4,5-diaminofluorescein-diacetate (2 µM, DAF-2DA; Sigma-
Aldrich), for 25 min. at room temperature. Maximal ROS 
and NO production was induced with phorbol 12-myristate 
13-acetate (PMA, 800 nM; Sigma-Aldrich) and the sub-
populations of interest were gated by flow cytometry and 
 H2-DCF-DA or DAF-2DA fluorescence was simultaneously 
analyzed. ROS or NO production capacity index was calcu-
lated by normalization of MFI from PMA-stimulated cells 
to unstimulated cells.

Latex bead capture assay

PBMC in RPMI 1640 medium containing 5% FBS were 
incubated with 4% fluorescent-tagged carboxylate-modified 
polystyrene latex beads (2 μm, Sigma-Aldrich) for 4 h at 
37 °C. After incubation, unbound beads were washed away 
and the cells were stained with anti-CD14 and anti-CD66b 
mAb (BioLegend).  CD14+CD66b− and  CD14−CD66b+ 
monocyte subpopulations and PMN-MDSC were gated and 
percentage of the cells that captured latex beads was deter-
mined by flow cytometry.

Analysis of migration capacity

Purified cells were resuspended in RPMI 1640 medium with 
1% FBS, and seeded  (105 cells/well) onto polycarbonate 
24-well transwell inserts (pore size, 5 μm; Corning-Cos-
tar). The lower chambers were filled with complete medium. 
After 3 h of incubation, the upper surface of the inserts was 
swabbed and the cells that migrated and adhered underneath 
the inserts were fixed with methanol, stained with Giemsa, 
and counted under a light microscope.

Adhesion assay

Adhesion kinetics of the cells were examined on a xCEL-
Ligence real-time cell analysis platform (ACEA Bio-
sciences). E-plates (ACEA Biosciences) were coated with 

the extracellular matrix components, laminin, fibronectin 
(Biological Industries), matrigel, and collagen type 1 (Corn-
ing-Costar), according to the manufacturers’ recommenda-
tions. Following a background impedance reading with 
complete medium, the purified myeloid cell subpopulations 
 (105 cells/200 μL) were seeded. The plates were placed into 
xCELLigence station and impedance was measured for 8 h.

Quantification and statistical analysis

Graphical output and statistical analysis of significance 
were performed with Prism 6 software (GraphPad). Statis-
tical analyses were carried out by one-way analysis of vari-
ance (ANOVA) with post-hoc analyses or Student’s paired 
or unpaired t test where appropriate. Differences were con-
sidered as statistically significant when p value was ≤ 0.05. 
Otherwise noted, the data are shown as the mean ± standard 
error of the mean (SEM).

Results

CD66b+ monocytes emerge in the circulation 
of cancer patients and are not related to MDSC

MDSC have been described as immature myeloid regulatory 
cells that emerge within the peripheral blood mononuclear 
cells (PBMC) of cancer patients [13]. Either M-MDSC or 
PMN-MDSC subsets are universally recognized as HLA-
DR−/lo leukocytes where the latter bears CD15 and CD66b 
granulocyte-specific surface antigens [21]. Moreover, the 
monocytes have been renowned as CD66b-negative cells 
[25]. Nevertheless, when the HLA-DR gating was omit-
ted, a subpopulation of  CD11b+CD33hi cells (i.e.,  CD14+ 
monocytes) that moderately expressed CD66b was identified 
together with the  CD14−CD33moCD66bhi PMN-MDSC. The 
 CD66b+ monocytes appeared as negligible events when the 
HLA-DR−/lo cells were gated with the common immunophe-
notyping strategy used for M-MDSC (Fig. 1a). Fluorescence 
minus one (FMO) and isotype-matched Ig controls indicated 
a specific labeling for CD66b on these  CD14+CD33hi cells 
(Fig. 1b). Immunophenotyping was also confirmed with two 
different anti-human CD66b monoclonal antibody clones 
(Supplementary Fig. 2a and b). Immunofluorescence imag-
ing on the purified  CD66b+ or  CD14+ leukocytes from the 
PBMC fraction (< 1.077 g/mL) of breast cancer (BC) or 
colorectal cancer (CRC) patients validated the coexistence 
of CD14 and CD66b (Supplementary Fig. 3 and Fig. 1c). In 
contrast to  CD66b− monocytes and  CD66b+ PMN-MDSC, 
the  CD66b+ monocytes displayed various nuclear mor-
phologies: mostly bi-lobed, irregular with prominent folds 
or delicate convolutions (Fig. 1d). They were  CD11bhi and 
negative for the non-PMN granulocyte marker, CD125. 
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Minor and variable percentages of  CD66b+ monocytes were 
HLA-DR−/lo (15.95 ± 11.30%),  CD15mo (13.77 ± 19.98%), 
 CD16mo (23.11 ± 13.32%), and  CD16hi (9.55 ± 5.33%). 
When  CD66b+ monocytes were back-gated, 8.70 ± 5.15% of 
M-MDSC, 25.71 ± 15.27% of  CD14+CD16mo intermediate 
monocytes, and 16.27 ± 11.86% of  CD14+CD16hi non-clas-
sical monocytes found to be positive for CD66b (Fig. 1e). To 
test whether the expression of CD66b was inducible, mono-
cytes from healthy donors were stimulated with inflamma-
tory factors (IFN-γ, IL-6, G-CSF or the combinations of 
these cytokines) and patient sera; however, CD66b was not 
upregulated on the  CD14+ monocytes, ex vivo (Supplemen-
tary Fig. 4).

These  CD14+CD33hiCD66b+ cells were barely detect-
able in healthy subjects (median 2.7%; range 0.2–6.03% 
of  CD14+ monocytes); whereas, they constituted a nota-
ble population in the cancer patients’ circulation (median 
8.45%; range 1.06–29.5% of  CD14+ monocytes) includ-
ing breast, colorectal, lung, pancreatic, and gastric cancers 
(Fig. 2a). Both absolute count and percentage of these cells 
were augmented in BC and CRC patients (Fig. 2b and c); 

intriguingly, no significant difference was observed when 
the data were stratified according to the histopathological 
or clinical grades (Fig. 2d and e). In general, the percentage 
of  CD66b+ monocytes was not significantly correlated with 
that of MDSC subsets (Fig. 2f and g) or conventional mono-
cyte subtypes (Supplementary Fig. 5). Only in CRC, the 
percentage of  CD14+CD33hiHLA-DR−/loCD66b− M-MDSC 
was significantly correlated with  CD66b+ monocytes 
(Fig. 2f and g). Albeit not reaching to the level of statistical 
significance, a trend was observed between the percentages 
of  CD66b+ monocytes and  CD14+CD16mo or  CD14+CD16hi 
monocytes in BC, but not in CRC (Supplementary Fig. 5).

Even though the clinical follow-up of the patients 
enrolled to this study was limited to ~ 48 months, high 
levels of  CD14+CD33hiCD66b+ cells tended to associate 
with longer overall survival in CRC but it did not reach 
the level of statistical significance (Fig. 2h). On the other 
hand, when the increment in MDSC population was con-
sidered as a factor related to disease progression, the posi-
tive tendency of  CD66b+ monocytes on the survival was 
completely lost (Fig. 2h). Accordingly, not the amount of 

Fig. 1  Identification of  CD66b+ monocytes by immunophenotyp-
ing. a Flow cytometry gating strategy commonly (yellow gates) 
used for detection of MDSC and the alternative gating strategy 
(purple gates) used to identify  CD66b+ monocyte subpopulation 
in a cancer patient. b Fluorescence minus one (FMO) analysis for 
CD66b staining. c The presence of  CD66b+CD14+ subpopulation 
amongst the PBMCs from breast cancer (BC) and colorectal can-
cer (CRC) patients was confirmed by immunofluorescence staining 

of the cells purified with CD66b or CD14 MACS (Supplementary 
Fig. 3) (scale bar, 10 μm). d May-Grünwald Giemsa staining on cyto-
spin preparations of  CD66b− and  CD66b+ monocytes and PMN-
MDSC from cancer patients (scale bar, 10  μm). e Distribution of 
 CD66b+ monocytes amongst the myeloid cell populations according 
to CD11b, CD125, CD15, HLA-DR, CD14, CD16 expression lev-
els.  (CD14+CD33hiCD66b+ monocytes, red;  CD66b+CD14+CD33hi 
monocytes, green;  CD14−CD33moCD66b+ PMN-MDSC, gray)
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 CD66b+ monocytes but their proportion to MDSC was 
significantly decreased in the patients with metastatic 
disease (Fig. 2j).

Collectively, in the peripheral blood of cancer patients, 
a subset of  CD14+CD33hi monocytes was identified with 
CD66b expression. These cells were essentially HLA-
DRhiCD16−; however, CD66b was also detected on minor 
populations which displayed surface antigens previously 
associated with archetypal sub-types of monocytic cells. 
Certain inflammatory factors did not induce CD66b on 
healthy monocytes and  CD66b+ monocytes did not show 
strong correlation with MDSC or conventional monocyte 
subtypes. Moreover, high levels of  CD66b+ monocytes 
were associated with overall survival.

CD66b+ monocytes constitute a distinct 
subpopulation with proinflammatory profile

Next, we performed a flow cytometry-based surface antigen 
screening array and a whole genome mRNA transcriptomics 
analysis to better define the  CD66b+ monocytes. Critically, 
out of 80 surface antigens tested, which are associated with 
hematological lineages, 33 were differentially expressed by 
the  CD66b+ monocytes when compared to the PMN-MDSC 
which are also identified with CD66b marker. Twenty-three 
markers were expressed at different levels on the  CD66b+ 
monocytes when compared to the  CD66b− monocytes 
(Fig. 3a). There were only 7 molecules (CD275, CD276, 
CD278, CD284, CD68, CCRL2, and CD66b) that could be 

Fig. 2  CD66b+ monocytes are increased in cancer patients. a Repre-
sentative flow cytometry scatter plots showing  CD66b+ subpopulation 
of  CD33hi monocytes and  CD66b+CD33mo PMN-MDSC in healthy 
controls (HC), breast cancer (BC), colorectal cancer (CRC), small 
cell lung cancer (SCLC), pancreatic cancer (PC), and gastric can-
cer (GC) patients’ circulation. b Absolute count of  CD66b+ mono-
cytes and (c) their percentage in  CD14+ monocytic cells in healthy 
subjects (n = 44) and in cancer patients (CRC, n = 51; BC, n = 37). 
b, c Red lines represent the median values. Distribution of absolute 
count and percentage data according to the (d) histopathological and 

(e) clinical stages of BC and CRC patients. Correlation analyses of 
 CD66b+ monocytes with MDSC subtypes that emerge in (f) BC and 
(g) CRC peripheral blood. Kaplan–Meier curves for the CRC patients 
followed-up for 48  months are given according to (h) the percent-
age of  CD14+CD33hiCD66b+ monocytes and (i) their proportion 
to MDSC. (j) The distribution of  CD14+CD33hiCD66b+ cells (left 
panel) and their proportion to MDSC (right panel) in CRC patients 
with or without metastasis are given. Data were obtained from at least 
three independent experiments and are shown as mean ± SEM (Stu-
dent’s t-test; *p < 0.05, **p < 0.01)
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Fig. 3  Inflammatory signatures are prominent in  CD66b+ mono-
cytes. a Flow cytometry-based array for 80 molecules expressed in 
 CD66b+ and  CD66b− monocytes, and PMN-MDSC. MFI values from 
specific subpopulations were normalized to those of from total events 
counted. b RNA-seq and hierarchical clustering analyses were per-
formed on purified cells, and expression data are presented for each 
monocyte subpopulation. c Gene set enrichment heatmaps for mono-

cyte subpopulations, (d) network analysis, (e) percent enrichment of 
the pathways, and (f) volcano plots showing differentially expressed 
genes in  CD66b+ monocytes compared to that of  CD66b− in BC and 
CRC patients. The data from  CD66b− monocytes are available in 
Supplementary Fig. 9. Please note the similar pattern plotted between 
 CD66b+ monocytes from BC and CRC 
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useful to discriminate the  CD66b+ monocytes from both the 
 CD66b− conventional monocytes and the  CD66b+ PMN-
MDSC (Supplementary Fig. 6). Nevertheless, CD66b dis-
played the most distinctive expression pattern and the other 
six molecules’ expression has been previously shown to be 
altered in response to inflammatory mediators [26–30].

Two different strategies were used to determine the dif-
ferentially expressed genes (DEGs) between  CD14+CD66b+ 
and  CD14+CD66b− monocyte subpopulations in BC and 
CRC. When statistical criteria on the transcripts were set to 
at least twofold difference and adjusted p value was ≤ 0.05; 
2087 upregulated, 68 downregulated genes were identified 
in BC, and 349 upregulated, 276 downregulated genes were 
identified in CRC (Supplementary Table 5). The number 
of DEGs overlapped both in BC and CRC was 219 (208 
upregulated and 11 downregulated). Thus, the transcrip-
tomic analysis revealed a large difference between BC- and 
CRC-derived monocytes (Fig. 3b–f). For transcriptomics, 
RNA samples of  CD14+CD66b+ and  CD14+CD66b− mono-
cyte subpopulations isolated from different patients were 
pooled; thus, we preferred to apply more stringent criteria 
for identifying the signature genes amongst DEGs with a 
fold change > 4 and adjusted p value < 0.01. Accordingly, 
the hierarchical clustered heatmaps obtained from RNA-
Seq analyses of  CD14+CD66b+ and  CD14+CD66b− mono-
cyte subpopulations showed a set of genes (24 DEGs with 
adjusted p value < 0.05 and fold change > 4) strongly upregu-
lated in  CD66b+ monocytes from both CRC and especially 
BC patients (Supplementary Table 6). The transcriptomic 
profile of the  CD66b− monocytes was very close to that 
of healthy control subjects (Fig. 3b and Supplementary 
Fig. 7). The Inflammation-associated gene set enrichment 
demonstrated increased expression of certain cytokines 
and costimulatory molecules including the members of 
chemokine, interleukin (IL), interferon (IFN), and tumor 
necrosis factor (TNF) families. Critically, many transcrip-
tion factors related to cell cycle, differentiation and devel-
opment, and epigenetic regulation processes were explicitly 
augmented in  CD14+CD66b+ subpopulation (Fig. 3c). The 
network biology integration of the genes that were signifi-
cantly upregulated in the  CD66b+ monocytes indicated an 
increase in the cellular activities related to cell migration 
and adhesion, detection of chemical stimuli, and expres-
sion of factors related to IFN family, cAMP signaling, chro-
mosomal stability, ribosomal biogenesis, and cell division 
(Fig. 3d). The genes responsible for extracellular matrix 
(ECM) interaction and cell adhesion, and inflammatory 
responses were upregulated in the  CD14+CD66b+ cells. 
Nevertheless, expression of the genes employed in basal 
cellular functions, metabolism and maintenance showed a 
decline (Fig. 3e). The gene set enrichment analysis (GSEA) 
revealed that the over-represented genes in  CD66b+ mono-
cytes were not compatible with those previously reported 

macrophage or monocyte gene sets (nominal p value < 0.05) 
(Supplementary Fig. 8). As signature genes (fold change > 4, 
and adjusted p value ≤ 0.001), oxidized low-density lipo-
protein receptor 1 (OLR1), CCL2, CCL7, nod-like receptor 
family pyrin domain containing 3 (NLRP3), DND micro-
RNA-mediated repression inhibitor 1 (DND1), and serine 
protease inhibitor 1 (SERPINE1) were explicitly and dif-
ferentially expressed in the  CD66b+ monocytes (Supple-
mentary Table 6). These genes were at similar levels in the 
 CD66b+ subpopulations both from BC and CRC (Fig. 3f). 
High-level expression of LOX-1, NALP3, and PAI-1, which 
are the respective proteins encoded by OLR1, NLRP3, and 
SERPINE1, was also determined in the  CD14+CD66b+ sub-
population (Supplementary Fig. 10).

In summary,  CD66b+ monocytes that expand in cancer 
were distinguished as a distinct subpopulation with potential 
influences on the inflammatory responses.

T cell costimulation capacity and myeloid functions 
are pronounced in  CD66b+ monocytes

In cancer, the myeloid cell compartment becomes func-
tionally hampered [13]. Not only the specific subsets 
of myeloid regulatory cells emerge but also the overall 
magnitude of myeloid cells’ inflammatory capacities are 
reduced [12]. Thus, the influence of  CD66b+ monocyte-
derived costimulatory signals on T cell reactions was 
evaluated. For this purpose, the monocytes were co-cul-
tured with T cells in the presence of anti-CD3 mAb that 
mimics the signal-1 produced by T cell receptor (TCR) 
complex. The early T cell activation markers CD69, 
CD137, and CD25 were induced at similar levels upon 
co-culturing with  CD66b+ or  CD66b− monocytes (Supple-
mentary Table 4). Nevertheless, the  CD66b− monocytes 
from cancer patients either were inefficient at provid-
ing costimulation for the effector responses, or harbored 
immunosuppressive populations; however, the costimula-
tion by  CD66b+ monocytes, which was compatible with 
that of healthy monocytes, maintained the T cell prolif-
eration and differentiation (Fig. 4a–e). T cell prolifera-
tion in the presence of  CD66b+ monocytes from either 
BC or CRC patients (at 0.125:1 monocyte:T cell ratio; 
range, 46.78–72.7%) was approximately 1.5-fold higher 
than that of observed with the  CD66b− monocytes (range 
31.43–57.53%). Nevertheless, they were not as proficient 
as the monocyte-derived DC at providing costimulatory 
signals for T cell proliferation (Fig. 4a). In comparison 
with the patient-derived  CD66b− monocytes, under the 
influence of  CD66b+ monocytes, secretion of proinflam-
matory cytokines such as IL-1β, IL-6, and IFN-γ was not 
suppressed (Fig. 4b) and both  CD4+ and  CD8+ T cells 
were essentially proliferated (Fig. 4d and e). Accordingly, 
T cell-derived IFN-γ levels were comparable to or even 
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higher (in BC) than that of produced in the presence of 
healthy donor  CD66b− monocytes (Fig. 4c). Next, the 
functions directly related to myeloid cells were evaluated. 
There was no significant difference in NO or ROS pro-
duction capacities between  CD66b+ and  CD66b− mono-
cyte subpopulations (Fig. 4f). Nevertheless, the  CD66b+ 
monocytes were able to capture high amount of latex beads 

(Fig. 4g), displayed enhanced migratory capacity (Fig. 4h), 
and efficiently adhered to the extracellular matrix such as 
Matrigel, fibronectin, and collagen (Fig. 4i).

All in all, the  CD66b+ monocytes were not of the mye-
loid regulatory cells which emerge in cancer; in contrast, 
they represented a functionally distinct subpopulation 
which provokes inflammatory responses.

Fig. 4  Functional evaluation of  CD66b+ monocytes in BC and CRC 
patients. a Influence of  CD66b+ or  CD66b− monocytes from healthy 
controls (HC), breast cancer (BC) or colorectal cancer (CRC) patients 
on the proliferation of T cells amongst monocyte-depleted PBMC 
stimulated with anti-CD3 monoclonal antibody (the first activation 
signal for T cells). This setup enables to monitor costimulation (the 
second signals) provided by the monocytes. Monocyte-derived DC 
were used as positive controls that provide proficient costimulation 
for T cell proliferation. Representative histograms showing CFSE 
dilution in the T cells proliferated under the influence of monocyte 
subpopulations are given in the  right panels. b Graphical output of 
inflammatory cytokine ELISArray and (c) IFN-γ ELISA performed 
with the supernatants collected from the co-cultures of anti-CD3-
stimulated PBMC and  CD66b− or  CD66b+ monocytes. Change in the 

proliferation of  CD4+ and  CD8+ T cells stimulated with anti-CD3 and 
the monocyte subpopulations from (d) BC and (e) CRC patients  is 
shown.  CD66b+ and  CD66b− monocytes and PMN-MDSC from 
cancer patients were evaluated for (f) nitric oxide (NO) and reactive 
oxygen species (ROS) production (upper panels, representative flow 
cytometry overlay histograms of PMA-induced cells), (g) latex-bead 
capture (right panel, representative flow cytometry overlay histo-
grams). h Percentage of myeloid cells migrated towards high-FBS 
gradient were assayed with transwell chambers with 5-μm pore-size 
inserts. i Adhesion kinetics of  CD66b+ or  CD66b− monocyte sub-
populations, and PMN-MDSC onto extracellular matrix components 
were measured on a xCELLigence real-time cell analysis platform. 
Data were obtained from at least three independent experiments and 
are shown as mean ± SEM (Student’s t test; *p < 0.05, **p < 0.01)
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Discussion

The monocyte lineage retains a high capacity to adapt 
microenvironmental changes and differentiate into func-
tional subsets of macrophages or dendritic cells [3]. Mono-
cytes represent one of the most plastic leukocyte types that 
circulate without full maturation or terminal differentiation 
[4]. Accordingly, both phenotypic and functional hetero-
geneity are observed amongst the circulating monocytes 
in the context of various diseases [7–9]. Nevertheless, to 
date, only limited number of monocyte subtypes has been 
described under inflammatory or pathological circum-
stances [10, 16, 31–34]. Here, in the cancer patients’ circu-
lation, a unique subpopulation of monocytes was identified 
to carry CD66b, a marker classically associated with the 
granulocyte lineage. Even though the loss-of-functional 
competence in the myeloid cells is a common facet in 
cancer, the  CD66b+ monocytes retained proinflammatory 
capacity and functionally contributed to the immune reac-
tions, ex vivo.

Ever since the initial description of the phagocytic 
cells, our knowledge on the monocytes became stronger 
through new concepts and changing perspectives regard-
ing origin, morphology, molecular signatures, and func-
tional differentiation. Under physiological conditions, 
the circulating monocytes are characterized according 
to the differential expression of the lipopolysaccharide 
(LPS) co-receptor CD14 and the type III Fcγ receptor 
CD16 [25]. Accordingly, classical monocytes, non-clas-
sical monocytes, and intermediate monocytes are three 
well-defined subtypes; while distinctions amongst them 
are clearly established, recent studies pointed out further 
heterogeneity in the monocyte lineage both in human and 
mouse [35, 36]. Even though numerous surface molecules 
have been identified on the peripheral blood monocytes, 
only a few has been reported to be associated with spe-
cific subpopulations that are distinguished with functional 
discrepancies [6, 30]. Especially, the pathological condi-
tions, which induce emergency monopoiesis and alter 
hematopoietic signaling pathways, result in the egress of 
monocyte populations with distinct features that are not 
commonly observed in healthy individuals [5]. In can-
cer, chronic inflammation and tumor-derived factors not 
only hamper anti-tumor capacities of myeloid cells but 
also lead to accumulation of monocyte-related M-MDSC 
and e-MDSC populations [13]. In addition, circulating 
FcεRI+ monocytes [32],  CD64hiCD33hiCD13loCSF1R+ 
proliferating monocytes [33], M1 monocytes [10], TIE2-
expressing monocytes [37] as well as precursors of fibro-
cytes [31] and osteoclasts [34] have been detected in vari-
ous diseases. In mouse,  CD209ahiMHCIIhi monocytes 
[38],  Ceacam1+Msr1+Ly6C−F4/80−Mac1+ monocytes 

that share granulocyte characteristics [39], and the neu-
trophil-like  Ly6Chi monocytes [40] have been previously 
reported. Recently, monocyte-like precursors of granu-
locytes (MLPGs) were identified in human cancers that 
commit to PMN-MDSC, a similar phenomenon previously 
reported in the tumor-bearing mice [41, 42].

The granulocyte-associated markers such as CD66b and 
especially CD15, which is preferred over CD66b, are fre-
quently used to discriminate between M-MDSC and PMN-
MDSC [21]. Currently, MDSC immunophenotyping relies 
on the presence or absence of certain surface molecules and 
should be followed by functional analyses [11]. Nonethe-
less, strict gating strategies might preclude new observa-
tions on the alterations in distinct cell populations [43]. In 
our study, the exclusion of HLA-DRmo/hi monocytes, which 
is a common immunophenotyping approach for M-MDSC 
detection, was one of the main factors reducing the percent-
age of  CD66b+CD33hiCD14+ cells to a negligible level. In 
addition, the presence of distinct fractions amongst  CD66b+ 
monocytes with various levels of CD16 or CD15, could be 
another reason for the ignorance of this subpopulation by 
other researchers. Even the diverse nuclear shape and other 
morphological features of  CD66b+CD33hiCD14+ cells were 
indicative of a certain level of heterogeneity from the point 
of view of classical cytology. CD66b expression can be 
found on e-MDSC as well; however, they are distinguished 
as CD14 negative and  CD33mo cells [21]. Alternatively, in 
severe infections, activated neutrophil granulocytes can 
express CD14 and HLA-DR, and loose CD15 and CD66b 
[44–46]. Nevertheless, in addition to the immunopheno-
typing arrays where many monocyte-associated surface 
molecules were identified, whole genome transcriptomics 
enabled the discrimination of  CD66b+ monocytes from 
the conventional monocytes, PMN and MDSC. Moreo-
ver, healthy donor monocytes failed to upregulate CD66b 
upon stimulation with certain cytokines and patient sera. 
Therefore, CD66b, which is an important indicator for the 
granulocytes both in the peripheral blood and bone marrow, 
marked a subpopulation of monocytes in the cancer patients’ 
circulation.

Even though CD66b was the most distinctive surface 
molecule for this monocyte subpopulation, the expression 
of CD275, CD276, CD278, CD284, CD68, and CCRL2 was 
also remarkable. CD275 (B7-H2) and CD276 (B7-H3) are 
of the B7 family of immune regulatory ligands which could 
directly enhance or modulate T cell responses such as prolif-
eration, differentiation and cytokine production [47]. CD68, 
CCRL2 (atypical chemokine receptor 5), and CD284 (Toll-
like receptor 4) can indicate increased functional capaci-
ties such as phagocytosis, LPS sensing, and regulation of 
chemotaxis [29, 48–50]. Furthermore,  CD66b+ monocytes 
displayed transcriptional signatures distinct from the pre-
viously reported monocyte subtypes. The most significant 
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DEGs OLR1, CCL2, CCL7, NLRP3, and SERPINE1 were 
also indicating the migration, phagocytosis, and inflam-
matory potential of these cells [51–55]. Even though our 
results argue a common signature for  CD66b+ monocytes, 
large transcriptomic differences were also noted between the 
monocytes from breast cancer and colorectal cancer patients 
that specify a disease-associated differentiation state. The 
pathway enrichment analyses on the  CD66b+ monocytes 
highlighted their activities on many cellular processes, and 
indicated an increased capacity for migration, adhesion, and 
detection of chemical stimuli. In addition to the inflamma-
tory mediators such as cytokines and chemokines, mRNA 
levels of numerous transcription factors were upregulated. 
Notably, the transcription factors UHRF1 and PHF5A are 
epigenetic regulators that bridge DNA methylation and 
chromatin modifications together with ZNF16, TFDP1, 
and E2F6 which are also implicated in cell cycle regulation 
[56–60]. The distinctive transcription factor signatures are 
essential for functional differentiation and subtype classifica-
tion of the cells. Collectively, the  CD66b+ monocytes that 
emerge in the cancer patients’ circulation are in an active 
state and display a proinflammatory profile.

The monocytes serve as the precursors of macrophages 
and DC, which are professional at perceiving extracellu-
lar stimuli, engulfing and processing antigens, migration, 
providing costimulatory molecules and T cell-polarizing 
cytokines [3, 5]. These processes should be fine-tuned for 
a successful anti-tumor immunity which is essentially medi-
ated through Th1-oriented responses [61]. The  CD66b+ 
monocytes both from breast cancer and colorectal cancer 
patients can be distinguished with two aspects: First, they 
did not fail to support both  CD8+ cytotoxic T cell and  CD4+ 
Th cell proliferation and to induce the secretion of key proin-
flammatory cytokines, such as IFN-γ. Second, the  CD66b+ 
monocytes were distinctive with their improved abilities 
related to cell migration, adhesion, and phagocytosis. Never-
theless, whether these cells are in an interim functional state, 
display plasticity similar to that observed in the intermediate 
monocytes or represent a functionally differentiated popula-
tion remain to be comprehensively investigated.

The importance of functional characterization over clas-
sical immunophenotyping, especially for myeloid regulatory 
cell subsets, has been highlighted [21]. Many discrepancies 
observed during functional assays can be attributed to diver-
sity of the laboratory practices or the patient samples. In 
addition, the cells isolated according to specific markers 
may harbor various fractions of heterogeneous populations 
which may impede the consistency of functional assays [11]. 
In the laboratory practice, the  CD66b+ monocytes might 
be contained amongst M-MDSC and PMN-MDSC iso-
lated from the cancer patients, and may interfere or mask 
the immune suppression anticipated from these suppressive 
cells. The dysregulation in the myeloid cells is not only seen 

in cancer but also in many chronic inflammatory diseases 
such as infections and autoimmunity [7–9]. Therefore, the 
presence of  CD66b+ monocytes under many pathological 
circumstances and their contribution to inflammatory course 
of the diseases need to be defined.

Conclusion

The  CD66b+ monocytes were identified as a novel myeloid 
cell subpopulation that emerge in cancer patients’ circulation 
along with the MDSC. In contrast to the pro-tumor subver-
sion observed in the myeloid cells, the  CD66b+ monocytes 
displayed unique molecular and functional signatures of 
proinflammatory capacities that highlight their immune-
provoking potential in cancer. A better understanding of this 
monocyte subpopulation might have important implications 
for cancer immunology and immunotherapy approaches.
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