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CD16 and Siglec expression
refine the phenotypic
heterogeneity of steady-state
myeloid-derived suppressor cells
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Darren Sigal®™ and Matthew S. Macauley™

tDepartment of Chemistry, University of Alberta, Edmonton, AB, Canada, 2Scripps Clinic and Scripps
Cancer Center, San Diego, CA, United States, *Department of Molecular Medicine, Scripps Research
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Background: Polymorphonuclear myeloid-derived suppressor cells (PMN-
MDSCs) mediate cancer immune suppression by promoting an
immunosuppressive microenvironment that inhibits effective anti-tumor
immunity. However, they are still a poorly understood, heterogeneous mix of
neutrophil subsets. This study aims to determine the Siglec expression profile on
several neutrophil subsets and assess their immunosuppressive ability.

Methods: We identified CD16"9" and CD16'°" neutrophil subsets from the low-
density fractions of human peripheral blood and compared them to high-density
neutrophils. We profiled the expression of the entire family of Siglecs on these
three key neutrophil populations under steady-state conditions in healthy
subjects as well as cancer patients. Moreover, the ability of these populations,
isolated from healthy subjects, to suppress T cell proliferation was assessed.

Results: Two distinct subpopulations were investigated within the low-density
fraction of human peripheral blood (CD15"CD66b*CD16'°" and
CD15*CD66b*CD16"9") and compared to high-density neutrophils
(CD157CD66b*CD16™9"). We found that in addition to CD33 (Siglec-3), Siglec-
5/-14, -7, and -9, are differentially expressed on the CD16'°" and CD16"9" low-
density subsets in both healthy, steady-state subjects, and cancer patients.
Upregulated expression of CD33 on the CD16"" cells led to the initial
speculation that they are MDSCs. As the differential expression of Siglec-9
between these two populations was striking, we used CD16 and Siglec-9
double staining to quantify these populations, which demonstrated that the
CD16'°"Siglec-9'°" population is greatly upregulated in cancer patients. The
CD16M9" low-density and high-density neutrophils, but not the CD16'°" low-
density neutrophils from healthy subjects, inhibited T cell proliferation, indicating
that the CD16'°"Siglec-9'°" population are not MDSCs.

Conclusions: These results demonstrate that Siglecs are differentially expressed
on neutrophil subsets, and along with CD16, may be used to help further define
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what is a PMN-MDSC. Consistent with current observations by others, PMN-
MDSCs may encompass an array of neutrophil subtypes, including low-density
neutrophils, and point to the need for more work to precisely define the genetic
signatures of PMN-MDSCs.

Siglec, MDSC, neutrophil, CD16, T cell suppression, steady-state

1 Introduction

The tumor microenvironment is composed of cellular and
soluble immunosuppressive components that promote tumor
growth and immune evasion (1, 2). The cellular components of the
suppressive tumor microenvironment contain different types of cells,
such as tumor associated macrophages (TAM) and tumor associated
neutrophils (TAN) (3), which are thought to be derived from
peripheral blood monocytes (4) and neutrophils (5), respectively.
Another putative cell type implicated in immune suppression are
myeloid-derived suppressor cells (MDSCs) (6, 7). MDSCs are
proposed to be immunosuppressive through multiple mechanisms
(8-11). Despite the extensive number of publications characterizing
MDSCs, the precise population that represents these cells is still not
resolved (12). It is widely believed that MDSCs are upregulated in
cancer (13), and other pathological conditions (14) and the vast
majority of studies have isolated MDSCs from cancer patients but not
healthy subjects. This may be due to low numbers of MDSCs in
healthy, steady-state conditions, making it challenging to study this
population. However, more recently, there has been a call for further
study of MDSCs in steady-state, or homeostatic conditions (12).

MDSCs have historically been divided into two main subsets:
polymorphonuclear MDSCs (PMN-MDSC) and monocytic MDSCs
(M-MDSC). PMN-MDSCs share many of the same markers as
neutrophils (CD1 1b"CD33™4CD14 CD15*CD66b HLA-DR’), while
M-MDSCs are phenotypically described more like monocytes
(CD11b*CD33"8"CD14"CD15HLA-DR"°"). In recent years,
researchers have begun to refine what constitutes an MDSC (15, 16),
although it is important to note that there is still no consensus (12). For
PMN-MDSCs, the majority of studies use density centrifugation to
separate the less dense peripheral blood mononuclear cell (PBMC)
fraction from the heavier granulocyte fraction, with the PMN-MDSCs
generally considered to be part of the low-density neutrophils.
However, even within this low-density fraction, there are conflicting
reports on what subpopulations of neutrophils are immunosuppressive
and whether PMN-MDSCs may simply be immature neutrophils (17,
18) or degranulated neutrophils (7, 16, 19). For PMN-MDSCs to be a
defined population, experts agree that a more robust panel of markers
is needed (12).

Three markers that have been explored for their ability to subset
the low-density neutrophils, in hopes of better defining PMN-

Frontiers in Oncology

MDSCs, are CD16, LOX-1, and CD33 (Siglec-3). During
granulopoiesis, maturing neutrophils start to express CD16 (7),
and several studies have used this marker to help differentiate
PMN-MDSCs from mature and immature neutrophils (20, 21).
LOX-1 is reported to be expressed at low levels on mature
neutrophils, and high on PMN-MDSCs, therefore, LOX-1 has
been proposed to differentiate these two populations (18). CD33
is another marker commonly used to help identify MDSCs but is
mainly used as a general marker of myeloid cells and used early in
the gating process to differentiate between M-MDSCs (CD33Migh)
and PMN-MDSCs (CD33™) (22-24). While CD33 is reported to
be expressed at higher levels on PMN-MDSCs compared to mature
neutrophils (7, 15, 25), CD33 is also highly expressed on immature
neutrophils (26), so it remains to be determined if CD33 levels
differentiate PMN-MDSCs from immature neutrophils.

CD33 is a member of the Siglecs (Sialic acid-binding immunoglobulin
type lectins), which are a family of immunomodulatory receptors that
regulate immune cell signaling through interactions with their sialic acid-
containing glycoconjugate ligands (27). Sialic acid is considered as a self-
associated molecular pattern as it is not presented by most bacteria and
fungi (28). There are 15 Siglecs in humans with diverse and broad
expression on different immune cells. A majority of Siglecs have an
immunoreceptor tyrosine-based inhibitory motif (ITIM) within an
intercellular tail that can antagonize immune cell signaling. Siglecs
expressed on immune cells serve as immune check points and dampen
the immune response through interactions with their Sialic acid ligands
(29). Recently, a functional role for another member of the Siglec family,
Siglec-9, has been described on PMN-MDSCs (30). Another study
analyzed Siglec expression on PMN-MDSCs and M-MDSCs, but how
the cells in that study differed from conventional neutrophils and
monocytes is not clear (31). As the differential expression of Siglecs are
broadly used to define immune cell subsets (27), it is possible that
differential expression of Siglecs could help differentiate neutrophil
subsets including mature high-density neutrophils, low-density
neutrophils, and immature neutrophils, of which at least one of these
are expected to have immunosuppressive properties characteristic of
PMN-MDSCs.

Here, we assessed the expression of Siglecs on each neutrophil
subset as well as assessed their ability to suppress T cell
proliferation. We find that CD15"CD66" neutrophils from the
PBMC:s of both healthy, steady-state subjects, and cancer patients,
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differentially express CD33, Siglec-5/-14, -7, and -9 based on the
expression of CD16. Higher expression of CD33, along with lower
expression of Siglec-9, on the CD16'°" low-density neutrophils led
us to speculate that these are PMN-MDSCs. Supporting this
hypothesis is our observation that the number of
CD15"CD66b"CD16'°"Siglec-9'°" cells within the PBMCs
increased twelve-fold in cancer patients compared to healthy
controls. However, we found that the CD16"8" low-density
neutrophils, and not the CD16"" population, inhibited T cell

high low-

proliferation in healthy subjects. Moreover, the CD16
density neutrophils suppressed T cell proliferation to the same
degree as CD16™" high-density neutrophils. Overall, these results
demonstrate that Siglecs are differentially expressed on neutrophil
subsets and point to none of the low-density neutrophil subsets
having a more profound immunosuppressive capacity than

mature neutrophils.

2 Methods
2.1 Human subjects

Peripheral blood from gastrointestinal (GI) cancer patients was
obtained at Scripps Health, San Diego, CA, under IRB protocol
number IRB-15-6598, and analyzed at the University of Alberta
with approval from the Human Ethics Research Board - Biomedical
Panel; study number Pro00083934. Blood was collected from
pancreatic, colorectal, esophageal, and cholangiocarcinoma
patients with a range of severity from Stage II to stage IV.

Blood from healthy donors was collected at the University of
Alberta, Edmonton, AB, Canada, with approval from the Human
Research Ethics Board - Biomedical Panel, study number
Pro00092144. All study participants gave written informed consent.

2.2 Blood collection and processing

Peripheral blood was collected from GI cancer patients via
venipuncture and collected into BD Vacutainer tubes containing
EDTA. Blood was stored at 4°C and shipped overnight to the
University of Alberta in Therapak® NanoCool temperature-
controlled shipping boxes (Avantor) to maintain 2°C-8°C. Blood
from healthy donors was collected into similar EDTA vacutainers
and processed either immediately or stored overnight at 4°C to
match cancer blood sample storage conditions. Both healthy and
cancer blood was then analyzed together.

5 mL whole blood was diluted into 15 mL HBSS, layered onto 15
mL of Ficoll-Paque™ Plus (Cytiva) and spun at 400 RCF for 40
minutes, at 18°C. The interface, containing the PBMCs, and the
granulocyte layer were collected separately, washed with HBSS, and
the red blood cells (RBC) were lysed. Briefly, cells were resuspended
in 40 ml RBC lysis buffer (80.2 g/L ammonium chloride, 8.2 g/L
sodium bicarbonate, 3.7 g/L EDTA) for 2 minutes, spun at 400 RCF
for 5 minutes, then washed with HBSS. Cells were then resuspended
in 0.5 mL flow buffer (HBSS containing 0.1% BSA and 0.1% EDTA).
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2.3 Antibody staining and flow cytometry

Cells were first incubated with Human TruStain FcX Fc
receptor blocking solution (BioLegend) at 1:200 for 10 minutes at
rt. Cells were then stained with a mixture of antibodies for 30
minutes, on ice. Antibodies used were: CD3-FITC (BD, clone
UCHT]I, 1:100), CD19-APC/Cy7 (BD, 1:100), CD56-BV510 (BD,
clone NCAM16.2, 1:100), CD66b-BV421 (BD, clone G10F5, 1:100),
CD123-PE/Cy7 (BioLegend, clone 6H6, 1:100), CD16-BV786 (BD,
clone 3GS8, 1:100), Siglec 9-PE (BioLegend, clone K8, 1:200), CD14-
BV605 (BD, clone M5E2, 1:100), CD15-BUV395 (BD, clone HI96,
1:100), and LOX-1-APC (Biolegend, clone 15C4, 1:100). Cells were
then washed with flow buffer twice and resuspended in 0.3 mL flow
buffer containing the live/dead marker 7-aminoactinomycin D (7-
AAD) (Thermo Fisher Scientific). Flow cytometry was done using a
BD LSRFortessa X-20 flow cytometer. For each sample, the entire
0.3 mL was run, and both cell numbers in target gates and
CountBrightTM bead numbers were recorded. To calculate total
cell numbers, 10,000 CountBrightTM beads (Thermo Fisher
Scientific) were added to each sample prior to flow cytometry and
the number of cells was calculated based on the number of beads
recovered and expressed as cells/mL of blood.

For Siglec-staining, each blood sample was divided into 13
aliquots and stained as above, however each Siglec antibody (Siglec-
1, -2, -3, -4, -5/-14, -6, -7, -8, -9, -10, and isotype) was added
(BioLegend, 1:200) in the PE channel instead of Siglec-9. For Siglec-
11 and -15, a goat anti mouse total IgG secondary antibody
conjugated to PE was used (1:500).

2.4 T cell suppression assay

PBMCs and granulocytes were isolated from healthy subjects, as
above, and the PBMC CD15" population was enriched using CD15
Microbeads (Miltenyi Biotec) as per the manufacturer’s protocol.
Enriched PBMCs, and granulocytes, were then stained for 30
minutes on ice with the following antibodies (detailed above,
unless otherwise indicated): CD56-BV510, CD3-FITC, CD19-
APC/Cy7, CD123-PE/Cy7, CD16-BV786, CD14-BV421
(BioLegend, clone M5E2), CD15-APC (BioLegend, clone HI98),
all at 1:100, and Siglec 9-PE (1:200). The CD15"CD16""Siglec-9'""
and CD15"CD16"#"Siglec-9"€" populations from enriched PBMCs
and the CD15"CD16™€" population from granulocytes was sorted
using a BD FacsMelody cell sorter.

Autologous human T cells were isolated based on the
manufacturer’s protocol using the human Pan T cell isolation kit
(Miltenyi Biotec). Isolated T cells were resuspended in pre-warmed
PBS and stained with 5 uM cell trace violet (CTV, Thermo Fisher
Scientific) for 6 min at 37°C in the dark. 5 mL of pre-warmed RPMI
media containing 10% FBS was added to the T cells and then
incubated for two minutes at rt to remove unbound CTV. 1 mL of
pre-warmed RPMI (10% FBS, 100 Units/mL Penicillin, 100 pg/mL
Streptomycin, 0.02% BME, 1% HEPES, 1% Sodium pyruvate, 1%
MEM non-essential amino acids) was then added to the T cells.
Cells from each donor were counted and human anti-CD3/CD28
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dynabeads (Thermo Fisher Scientific) were added based on the
manufacturer’s protocol (1:1 bead:T cell). T cells were cultured in a
96-well round bottom plate at a density of 5,000 cells/well in the
above-mentioned media with 100 U/mL IL-2 (BioLegend).

Sorted low-density PBMCs and high-density neutrophils were
added to the T cells at 4:1, 2:1, 1:1, and 1:2 ratios and incubated
together for 96 hours. T cell proliferation was measured by tracking
CTV dilution using a BD LSRFortessa X-20 flow cytometer using the
following antibodies at 1:150: CD4-BV711 (BioLegend, Clone RPA-
T4), CD8a-FITC (BioLegend, Clone HIT8a), CD15-APC (BioLegend,
Clone HI98), CD3-BV650 (BioLegend, Clone OKT3) and 7-AAD as
a viability dye. Proliferation data was plotted using the measured
Proliferation Index from FlowJo software (Becton Dickinson, BD).

2.5 Statistical analysis

Statistical analysis was done using one-way ANOVA and Tukey
multiple comparison post-test in Figures 1-3, 5, 6 using GraphPad
Prism 9 software (Dotmatics). A two-tailed paired t-test was used in
Figure 4, and the Pearson correlation coefficient was calculated.

3 Results
3.1 Siglec e Pression on human peripheral
blood CD15"CD66b* low-density

neutrophils in healthy subjects

Human peripheral blood low-density neutrophils were
separated from high-density neutrophils using a Ficoll gradient,

10.3389/fonc.2025.1570121

where they are present in the PBMC and granulocyte fractions,
respectively (Figure 1A). A multicolor panel of antibodies was used
to identify CD15"CD66b " cells within the PBMCs by first gating out
other cell types with standard lineage markers: B (CD19) and T cells
(CD3), NK cells (CD56), basophils (CD123), and monocytes
(CD14) (Figure 1B). The remaining cells were predominantly
CD15"CD66b" cells of the neutrophil lineage. Within the PBMCs,
but not the granulocytes, these cells contained CD16™¢" and
CD16"" subpopulations (Figure 1C). Differential expression of
CD16 on low-density neutrophils has been observed previously
(20, 21, 32). To carefully assess how the other two described
markers of PMN-MDSCs, LOX-1 and CD33, track with CD16
expression, we assessed their levels in the CD16"#" and CD16°"
low-density neutrophils. The CD16"™&" population did express
higher levels of LOX-1 than the CD16"" population of low-
density neutrophils, despite substantial heterogeneity in the
CD16'" population between individuals (Figure 1D).
Consequently, there was no difference in the expression of LOX-1
between CD16™8" low- and high-density neutrophils. On the other
hand, there was a very consistent inverse correlation between CD16
and CD33 expression levels (Figure 1E). As higher levels of CD33
expression have been reported to be associated with PMN-MDSCs,
compared to neutrophils, it was interesting to observe that CD33
expression levels were indistinguishable between high-density
neutrophils and CD16"8" low-density neutrophils, but markedly
increased on the CD16"" low-density neutrophils. These results
suggested that the CD16'" low-density neutrophils could be
PMN-MDSCs.

Given that CD33 is differentially expressed on CD16™" vs
CD16™#" low-density neutrophils, we wondered if any other
Siglecs are likewise differentially expressed. Accordingly, we
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Expression of CD16, CD33, and LOX-1 on peripheral blood neutrophils from healthy subjects. (A) Schematic of ficoll gradient for separating low-
density and high-density neutrophils. (B) Flow cytometry gating strategy for gating out B cells, T cells, NK cells, basophils and monocytes. (C) Flow

cytometry gating strategy for CD16'°" low-density, CD16™9" low-density, and CD16™" high-density neutrophils. (D) LOX-1 expression on CD1
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low-density, CD16™" low-density, and CD16™9" high-density neutrophils. Data is presented as median fluorescent intensity of LOX-1 expression
and representative histograms for CD16™" low-density and CD16™" high-density neutrophils and histograms of CD16'°" low-density for three
healthy subjects. (E) CD33 expression on CD16'°" low-density, CD16"" low-density, and CD16™9" high-density neutrophils. Data is presented as
representative histograms and median fluorescent intensity of CD33 expression. * = p<0.05, ** = p<0.01, ns = not significant.
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Expression of Siglecs on peripheral blood neutrophils in healthy subjects. (A) Expression of Siglec-1, -2, -4, -5/-14, -6, -7, -8, -9, -10, -11 and -15 on
CD16"Y low-density, CD16™9" low-density, and CD16"9" high-density neutrophils. Data is presented as representative flow cytometry histograms.
(B) Quantification of Siglec-5/-14, -7 and -9 expression CD16'°" low-density, CD16™" low-density, and CD16™" high-density neutrophils. Data is
presented as median fluorescent intensity of Siglec expression. *** = p<0.001, **** = p<0.0001, ns = not significant.

assessed the expression of the entire Siglec family on the CD16'°" vs
CD16"¢" subpopulation of CD15*CD66b* cells from the PBMCs in
a cohort of healthy subjects, with additional comparison to Siglec
expression on CD15"CD66b" high-density neutrophils from the
granulocytic fraction. Only CD33, Siglec-5/-14, -7, and -9 showed
significant expression levels (Figure 2A). Similar to CD33, the other
three Siglecs (Siglec-5/-14, -7, and -9) displayed significant

low

differences in expression levels between the CD16°" and

CD16™¢" low-density neutrophils, while there were no differences
in expression between the CD16™¢" low-density and high-density
neutrophils (Figures 2A, B). However, unlike CD33, which had

low

higher expression on the CD16°" subpopulation (Figure 1E),
Siglec-5/-14, -7, and -9, showed significantly reduced expression

on the CD16"" cells in the PBMCs.

3.2 Siglec expression on low-density
neutrophils in gastrointestinal cancer
patients

To examine if the expression profile of Siglecs between the

CD16" and CD16"®" low-density neutrophils are altered in
cancer, we examined Siglec expression on cells obtained from
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peripheral blood of GI cancer patients (Figure 3). Consistent with
the healthy group, CD33, Siglec-5/14, -7, and -9 were all
significantly different between the CD16'°" and CD16"&"
subpopulations. Specifically, CD33 expression was elevated on the
CD16"" low-density neutrophils compared to the CD16"&"
density neutrophils, while the other three Siglecs showed the

low-

opposite pattern. Unlike in healthy subjects, there is a small, but
statistically significant, difference in Siglec-5/-14, -7, and -9

high

expression between the CD16 low-density neutrophils and

high-density neutrophils.

3.3 Quantifying CD16'°% low-density
neutrophils in Gl cancer patients

It is well documented that PMN-MDSCs are increased in many
types of cancers (33), including pancreatic and other GI cancers (34,
35). Therefore, we were interested to see if the CD16™" low-density
neutrophils were increased in cancer patients. As we did not have
access to fresh blood from cancer patients, we carefully assessed
whether storing whole blood overnight at 4°C for analysis the next
day, to mimic an overnight shipment on ice, altered the number of
CD16"" and CD16"" low-density neutrophils. To improve the
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FIGURE 3

Expression of Siglecs on peripheral blood neutrophils from cancer patients. Expression of Sigec-3, -5/-14, -7 and -9 on CD16'°" low-density,
CD16M" low-density, and CD16™9" high-density neutrophils. Data is presented as median fluorescent intensities of Siglec expression. ** = p<0.01,

*** = p<0.001, **** = p<0.0001, ns = not significant.

separation of CD16'°" and CD16"8" populations for quantification,
we included Siglec-9 in our staining protocol (Figure 4A), as this
marker showed the greatest difference between CD16"" and
CD16™¢" populations; 13-fold higher in healthy subjects
(Figure 2B), and 7-fold higher in cancer patients (Figure 3).
Although there was a statistically significant increase in the
absolute number of CD16'"Siglec-9'" low-density neutrophils
after 24 h, the average increase was modest, from 520 to 820
cells/mL (Figure 4B). The Pearson correlation coefficient between
fresh and 24 h blood was 0.92 (Figure 4C). In contrast, the number
of CD16"®"Siglec-9"¢" low-density neutrophils greatly increased
after 24 h, from 580 to 12,900 cells/mL (Figure 4D), with a Pearson
correlation coefficient of -0.21 (Figure 4E). These results suggest
that quantifying the number of CD16'°*Siglec-9'°", but not
CD16"&"Siglec-9"", low-density neutrophils from whole blood
stored overnight at 4°C may provide an accurate gauge of their
numbers in fresh blood.

Blood from healthy subjects (n=26) and GI cancer patients (n=22)
was analyzed for the number of CD16"" low-density neutrophils. In
healthy subjects, CD16"" numbers ranged from 80 to 3,400 cells/mL,
with an average of 880 cells/mL. In cancer patients, the range of these
cells was from 400 to 74,500 cells/mL, with an average of 10,300 cells/
mL (Figure 5A), which represents a statistically significant twelve-fold
increase. As the GI cancer group included pancreatic, colorectal,
esophageal, and cholangiocarcinoma cancers, we broke down our
findings into individual groups and while not statistically significant,
likely due to fewer number of patients in each group, there was a clear
trend towards elevated CD16""Siglec-9'" low-density neutrophils in
these cancers (Figure 5B).

3.4 CD16"9" but not CD16'°" low-density
neutrophils have suppressive activity in
healthy subjects

The definition of a PMN-MDSC relies on their ability to
suppress T cell activity. Accordingly, we assessed whether the
three populations of neutrophils (CD16"Y and CD16™&" low-
density neutrophils, and high-density neutrophils) can suppress T
cell proliferation. As we have shown that the CD16™¢"Siglec-9"&"
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population from cancer blood assayed at 24 h cannot be reliably
isolated, we assessed T cell suppression in healthy, steady-state
subjects. The three neutrophil populations were isolated by
fluorescence-activated cell sorting and mixed with autologous T
cells at various ratios to assess their ability to suppress the
proliferation of CD4" and CD8" T cells (Figures 6A, B). We
found that high-density neutrophils had the strongest ability to
inhibit T cell proliferation, with statistically significant suppression
of CD4™ T cells down to a ratio of 1:1 neutrophils:T cells, and at a
4:1 ratio for CD8" T cells (Figure 6C). CD16™&" low-density
neutrophils also significantly suppressed CD4" and CD8" T cells
but for CD4" T cells, suppression was only observed down to a 2:1
neutrophil:T cell ratio, and a 4:1 ratio for CD8" T cells (Figure 6D).
On the other hand, CD16'" low-density neutrophils did not show
any suppression of either CD4" and CD8" T cells (Figure 6E).
Taken together, these results show that CD16" low-density
neutrophils have no suppressive activity and, therefore, are likely
not PMN-MDSCs. On the other hand, the ability of CD16™8? low-
density neutrophils to suppress T cells gives them the key
phenotypic property of a PMN-MDSC. Nevertheless, high-density
neutrophils and CD16"#" low-density neutrophils had similar
suppressive activities, bringing into question of what precisely
constitutes a PMN-MDSC.

4 Discussion

Since the early 2000’s, researchers have been trying to
characterize and define an MDSC, but a survey of the literature
reveals that while they can be defined phenotypically via their
suppressive activity, markers to precisely define them are lacking.
Accordingly, there has been a concerted effort to unify the definition
and markers needed to define a PMN-MDSC, with limited success
(11, 16). More recently, a panel of experts gave their views on the
challenges of defining MDSCs and their consensus is that MDSCs
are a heterogeneous population of cells of the neutrophil lineage, of
various maturation states, but that we still do not have a panel of
markers that can unequivocally define what is an MDSC (12). Using
our panel of markers, including CD16 and Siglec-9, which are not
commonly used by other groups, we feel is a step in the right
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direction in helping to better define what a PMN-MDSC is, and
is not.

The general consensus in the literature has been that PMN-
MDSCs are not very abundant in healthy subjects, in a steady-state
environment (13), however, few studies have isolated PMN-MDSCs
from healthy subjects and assessed their ability to suppress T cell
proliferation. It is, therefore, interesting that high-density
neutrophils from healthy subjects were able to suppress T cell
proliferation in our assays, along with the CD16™¢" low-density
population. Several other studies have shown similar results of T cell
inhibition by high-density neutrophil populations in both healthy
subjects (20), and cancer patients (36) but, unfortunately, the
majority of published studies do not include high-density
neutrophil controls. Moreover, in studies that do not fractionate

Frontiers in Oncology

neutrophils based on density, the contribution of mature
neutrophils to their PMN-MDSC suppressive population may not
be accounted for, and even in studies that do fractionate based on
density, contamination of the low-density fraction by mid- or high-
density neutrophils could still be an issue, and additional neutrophil
maturity markers on these populations could be assessed to rule this
out. Although we found the CD16™¢" low-density population in
healthy subjects to be suppressive, the degree of suppression is
relatively low compared to some studies on cancer patients (37, 38),
albeit some studies have observed similar levels of suppression as in
our study (39). This could indicate that while PMN-MDSCs can
indeed be found in steady-state, healthy subjects, they are not yet
primed to suppress T cells to as great a degree as in the pathogenic
environment in cancer or may be due to differences in T cell
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suppression and MDSC isolation protocols. Further studies are
needed to determine not only what role mature high-density
neutrophils are playing as part of the heterogenous group of cells
that are considered PMN-MDSCs, but also their role in steady-state,
homeostatic environments.

There are only a few studies that have examined Siglec
expression on PMN-MDSCs (30, 31), and these previous studies
did not differentiate between the low- and high-density neutrophil
fractions. Using our panel, we have shown differential Siglec
expression on CD16"" versus CD16"8" low-density neutrophils.
It is curious that both the CD16™€" population and high-density
neutrophils had similar Siglec expression patterns in healthy
subjects and is what led us to our initial hypothesis that the
CD16""Siglec9'™ cells might be the PMN-MDSC population,
particularly because of their higher expression of CD33. However,
our results clearly revealed that the CD16'"Siglec9'™" low-density
neutrophils were not suppressive towards CD4" or CD8" T cells,
which supports this population as not being PMN-MDSCs. In our
suppression assay, we used bead-linked CD3/CD28 antibodies to
activate T cells, which is also the method used by most studies.
However, some studies use allogenic T cells, as opposed to
autologous T cells as we used, which is an important variable that
could possibly lead to different outcomes in the T cell
suppression assay.

Given the inability of the CD16'°"Siglec9'®" cells to be
immunosuppressive, it brings up two interesting questions: (i) if
they are not MDSCs, what are these cells? and (ii) why were their
numbers so strikingly increased in cancer patients? Addressing the
first question, it is noteworthy that one study isolated HLA-DR
CD33™dCD14°CD15* low-density cells, and then characterized
them further using CD10 and CD16 expression, with similar
findings as us, in that the CD10°CD16" cells were not suppressive
(20). Just as interesting, the CD10"CD16" cells from this study were
just as suppressive as high-density neutrophils, which is also similar
to our observations. As CD10 and CDI16 are both markers of
neutrophil maturation, it is likely that CD10°CD16" low-density
neutrophils may just be immature neutrophils consisting of
myeloblasts, promyelocytes, or myelocytes (7). Another study
isolated CD33™9CD66b"CD14" low-density cells and further
characterized them using CD16 (21). This study found that the
CD16" population was the most suppressive, while the CD16" cells
were least suppressive. Importantly, the CD16" cells had a
polymorphonuclear shaped nuclei that is characteristic of a
mature neutrophil, while the CD16  cells had a nuclear
morphology of a band cell, which is characteristic of an immature
neutrophil. These results may indicate that CD16'" low-density
neutrophils are simply immature neutrophils, while CD16"" low-
density neutrophils may be mature neutrophils that have
degranulated. Addressing the second question, it is well
established that PMN-MDSCs are increased in the peripheral
blood in a multitude of cancers, which is what made us initially
speculate that the CD16""Siglec-9'" cells might be PMN-MDSCs.
We speculate that the increased presence of CD16'"Siglec-9'"
low-density neutrophils in the blood of cancer patients is likely due
to the neutrophil “left shift” whereby the bone marrow releases
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more immature neutrophil precursors into the blood in response to
infection or other stressors (40-42). It is interesting that only half of
the cancer patients had elevated levels of the CD16'"Siglec-9'*"
population. The wide distribution observed could be due to the
stage of disease, as well as the course of treatment that each patient
was undergoing. In the future, it would be interesting to follow
patients through the course of their disease, to see if CD16°"Siglec-
9'°" low-density neutrophil fluctuations correlated with increased
severity or treatment regime. As we did not have access to fresh
blood from cancer patients, the CD16"™&"Siglec-9"€" low-density
neutrophil population could not be quantified in cancer patients
because the numbers of this population were altered after overnight
incubation of the blood at 4°C, which likely represents ex vivo
activation/degranulation of neutrophils (43, 44).

In summary, we have shown that Siglecs are differentially
expressed on CD16"°Y and CD16"8" low-density neutrophil
subsets. T cell suppressive activity tracks with CD16 expression

but it is also crucial to point out that regular CD16""

high-density
neutrophils showed as strong, or even stronger, immunosuppressive
capacity. Therefore, density centrifugation of whole blood to
separate the low- and high-density cells is an important step that
should ideally be carried out when looking for PMN-MDSCs. Our
findings underscore the hypothesis that PMN-MDSCs are a
difficult-to-pinpoint population of cells, but our definition of

Siglec expression on neutrophil subsets should help in this quest.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

Peripheral blood from pancreatic cancer patients was obtained at
Scripps Health, San Diego, CA, under IRB protocol number IRB-15-
6598, and analyzed at the University of Alberta with approval from
the Human Ethics Research Board - Biomedical Panel; study
number Pro00083934. Blood from healthy donors was collected at
the University of Alberta, Edmonton, AB, Canada, with approval
from the Human Research Ethics Board — Biomedical Panel, study
number Pro00092144. The studies were conducted in accordance
with the local legislation and institutional requirements. The
participants provided their written informed consent to participate
in this study.

Author contributions

CS: Data curation, Formal analysis, Investigation, Methodology,
Validation, Writing — original draft, Writing - review & editing. ZJ:
Data curation, Formal analysis, Investigation, Validation, Writing -
original draft, Writing - review & editing. AB: Investigation,
Methodology, Resources, Writing - review & editing. SS:

frontiersin.org


https://doi.org/10.3389/fonc.2025.1570121
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

St. Laurent et al.

Investigation, Methodology, Resources, Writing — review & editing.
SD: Formal analysis, Investigation, Writing — review & editing, Data
curation. DS: Data curation, Writing - review & editing,
Conceptualization, Funding acquisition, Methodology, Project
administration, Resources, Supervision, Validation, Writing -
original draft. MM: Conceptualization, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Supervision, Validation, Writing - original draft,
Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. MM received funding
from Glyconet (grant#CR-03) and through the Canada Research
Chair in Chemical Glycoimmunology. DS thanks the SCMG
Research and Education Award.

Acknowledgments

We thank Takashi Angata (Academia Sinica) for providing the
Siglec-15 antibody. We are grateful to Kelli McCord, Liany Luna
Dulcey, and Kayla Graham, for their help obtaining blood samples

References

1. Roerden M, Spranger S. Cancer immune evasion, immunoediting and
intratumour heterogeneity. Nat Rev Immunol. (2025) 25, 353-69. doi: 10.1038/
s41577-024-01111-8

2. Liu W, Zhou H, Lai W, Hu C, Xu R, Gu P, et al. The immunosuppressive
landscape in tumor microenvironment. Immunol Res. (2024) 72:566-82. doi: 10.1007/
512026-024-09483-8

3. Krishnamoorthy M, Gerhardt L, Maleki Vareki S. Immunosuppressive effects of
myeloid-derived suppressor cells in cancer and immunotherapy. Cells. (2021) 10:1170.
doi: 10.3390/cells10051170

4. Wynn TA, Chawla A, Pollard JW. Macrophage biology in development,
homeostasis and disease. Nature. (2013) 496:445-55. doi: 10.1038/nature12034

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

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

7. Bergenfelz C, Leandersson K. The generation and identity of human myeloid-
derived suppressor cells. Front Oncol. (2020) 10:109. doi: 10.3389/fonc.2020.00109

8. 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 mechanism of
immunosuppression in cancer. J Immunol. (2001) 166:678-89. doi: 10.4049/
jimmunol.166.1.678

9. Suzuki E, Kapoor V, Jassar AS, Kaiser LR, Albelda SM. Gemcitabine selectively
eliminates splenic Gr-1+/CD11b+ myeloid suppressor cells in tumor-bearing animals
and enhances antitumor immune activity. Clin Cancer Res. (2005) 11:6713-21.
doi: 10.1158/1078-0432.CCR-05-0883

10. Srivastava MK, Sinha P, Clements VK, Rodriguez P, Ostrand-Rosenberg S.
Myeloid-derived suppressor cells inhibit T-cell activation by depleting cystine and
cysteine. Cancer Res. (2010) 70:68-77. doi: 10.1158/0008-5472.CAN-09-2587

11. Bhardwaj V, Ansell SM. Modulation of T-cell function by myeloid-derived
suppressor cells in hematological Malignancies. Front Cell Dev Biol. (2023) 11:1129343.
doi: 10.3389/fcell.2023.1129343

12. Akkari L, Amit I, Bronte V, Fridlender ZG, Gabrilovich DI, Ginhoux F, et al.
Defining myeloid-derived suppressor cells. Nat Rev Immunol. (2024) 24:850-7.
doi: 10.1038/541577-024-01062-0

Frontiers in Oncology

10

10.3389/fonc.2025.1570121

for this study. We also thank Emma Scott (Newcastle University)
and Xavier Clemente-Casares (University of Alberta) for feedback
on this work.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

13. Gabrilovich DI. Myeloid-derived suppressor cells. Cancer Immunol Res. (2017)
5:3-8. doi: 10.1158/2326-6066.CIR-16-0297

14. Ostrand-Rosenberg S, Lamb TJ, Pawelec G. Here, there, and everywhere:
myeloid-derived suppressor cells in immunology. J Immunol. (2023) 210:1183-97.
doi: 10.4049/jimmunol.2200914

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

16. Cassetta L, Bruderek K, Skrzeczynska-Moncznik ], Osiecka O, Hu X, Rundgren IM,
et al. Differential expansion of circulating human MDSC subsets in patients with cancer,
infection and inflammation. J Immunother Cancer. (2020) 8. doi: 10.1136/jitc-2020-001223

17. Sagiv JY, Michaeli J, Assi S, Mishalian I, Kisos H, Levy L, et al. Phenotypic
diversity and plasticity in circulating neutrophil subpopulations in cancer. Cell Rep.
(2015) 10:562-73. doi: 10.1016/j.celrep.2014.12.039

18. Condamine T, Dominguez GA, Youn JI, Kossenkov AV, Mony S, Alicea-Torres
K, et al. Lectin-type oxidized LDL receptor-1 distinguishes population of human
polymorphonuclear myeloid-derived suppressor cells in cancer patients. Sci Immunol.
(2016) 1. doi: 10.1126/sciimmunol.aaf8943

19. Bowers NL, Helton ES, Huijbregts RP, Goepfert PA, Heath SL, Hel Z. Immune
suppression by neutrophils in HIV-1 infection: role of PD-L1/PD-1 pathway. PLoS
Pathog. (2014) 10:¢1003993. doi: 10.1371/journal.ppat.1003993

20. Gondois-Rey F, Paul M, Alcaraz F, Bourass S, Monnier J, Malissen N, et al.
Identification of an immature subset of PMN-MDSC correlated to response to
checkpoint inhibitor therapy in patients with metastatic melanoma. Cancers (Basel).
(2021) 13:1362. doi: 10.3390/cancers13061362

21. Lang S, Bruderek K, Kaspar C, Hoing B, Kanaan O, Dominas N, et al. Clinical
relevance and suppressive capacity of human myeloid-derived suppressor cell subsets.
Clin Cancer Res. (2018) 24:4834-44. doi: 10.1158/1078-0432.CCR-17-3726

22. Horzum U, Yoyen-Ermis D, Taskiran EZ, Yilmaz KB, Hamaloglu E, Karakoc D,
et al. CD66b(+) monocytes represent a proinflammatory myeloid subpopulation in cancer.
Cancer Immunol Immunother. (2021) 70:75-87. doi: 10.1007/s00262-020-02656-y

23. Tavukcuoglu E, Horzum U, Yanik H, Uner A, Yoyen-Ermis D, Nural SK, et al.
Human splenic polymorphonuclear myeloid-derived suppressor cells (PMN-MDSC)

are strategically located immune regulatory cells in cancer. Eur | Immunol. (2020)
50:2067-74. doi: 10.1002/eji.202048666

frontiersin.org


https://doi.org/10.1038/s41577-024-01111-8
https://doi.org/10.1038/s41577-024-01111-8
https://doi.org/10.1007/s12026-024-09483-8
https://doi.org/10.1007/s12026-024-09483-8
https://doi.org/10.3390/cells10051170
https://doi.org/10.1038/nature12034
https://doi.org/10.1038/nrc.2016.52
https://doi.org/10.1038/nri2506
https://doi.org/10.3389/fonc.2020.00109
https://doi.org/10.4049/jimmunol.166.1.678
https://doi.org/10.4049/jimmunol.166.1.678
https://doi.org/10.1158/1078-0432.CCR-05-0883
https://doi.org/10.1158/0008-5472.CAN-09-2587
https://doi.org/10.3389/fcell.2023.1129343
https://doi.org/10.1038/s41577-024-01062-0
https://doi.org/10.1158/2326-6066.CIR-16-0297
https://doi.org/10.4049/jimmunol.2200914
https://doi.org/10.1038/ncomms12150
https://doi.org/10.1136/jitc-2020-001223
https://doi.org/10.1016/j.celrep.2014.12.039
https://doi.org/10.1126/sciimmunol.aaf8943
https://doi.org/10.1371/journal.ppat.1003993
https://doi.org/10.3390/cancers13061362
https://doi.org/10.1158/1078-0432.CCR-17-3726
https://doi.org/10.1007/s00262-020-02656-y
https://doi.org/10.1002/eji.202048666
https://doi.org/10.3389/fonc.2025.1570121
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

St. Laurent et al.

24. Amini RM, Enblad G, Hollander P, Laszlo S, Eriksson E, Ayoola Gustafsson K,
et al. Altered profile of immune regulatory cells in the peripheral blood of lymphoma
patients. BMC Cancer. (2019) 19:316. doi: 10.1186/s12885-019-5529-0

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

26. McKenna E, Mhaonaigh AU, Wubben R, Dwivedi A, Hurley T, Kelly LA, et al.
Neutrophils: need for standardized nomenclature. Front Immunol. (2021) 12:602963.
doi: 10.3389/fimmu.2021.602963

27. Lin SY, Schmidt EN, Takahashi-Yamashiro K, Macauley MS. Roles for Siglec-
glycan interactions in regulating immune cells. Semin Immunol. (2024) 77:101925.
doi: 10.1016/j.smim.2024.101925

28. Laubli H, Varki A. Sialic acid-binding immunoglobulin-like lectins (Siglecs)
detect self-associated molecular patterns to regulate immune responses. Cell Mol Life
Sci. (2020) 77:593-605. doi: 10.1007/s00018-019-03288-x

29. Duan S, Paulson JC. Siglecs as immune cell checkpoints in disease. Annu Rev
Immunol. (2020) 38:365-95. doi: 10.1146/annurev-immunol-102419-035900

30. Wieboldt R, Sandholzer M, Carlini E, Lin CW, Borsch A, Zingg A, et al.
Engagement of sialylated glycans with Siglec receptors on suppressive myeloid cells
inhibits anticancer immunity via CCL2. Cell Mol Immunol. (2024) 21:495-509.
doi: 10.1038/541423-024-01142-0

31. Santegoets KCM, Gielen PR, Bull C, Schulte BM, Kers-Rebel ED, Kusters B, et al.
Expression profiling of immune inhibitory Siglecs and their ligands in patients with glioma.
Cancer Immunol Immunother. (2019) 68:937-49. doi: 10.1007/s00262-019-02332-w

32. Apodaca MC, Wright AE, Riggins AM, Harris WP, Yeung RS, Yu L, et al.
Characterization of a whole blood assay for quantifying myeloid-derived suppressor
cells. ] Immunother Cancer. (2019) 7:230. doi: 10.1186/s40425-019-0674-1

33. Rajkumari S, Singh J, Agrawal U, Agrawal S. Myeloid-derived suppressor cells in
cancer: Current knowledge and future perspectives. Int Immunopharmacol. (2024)
142:112949. doi: 10.1016/j.intimp.2024.112949

34. Dong P, Yan Y, Fan Y, Wang H, Wu D, Yang L, et al. The role of myeloid-
derived suppressor cells in the treatment of pancreatic cancer. Technol Cancer Res
Treat. (2022) 21:15330338221142472. doi: 10.1177/15330338221142472

Frontiers in Oncology

11

10.3389/fonc.2025.1570121

35. Zhang J, Guan X, Zhong X. Immunosenescence in digestive system cancers:
Mechanisms, research advances, and therapeutic strategies. Semin Cancer Biol. (2024)
106-107:234-50. doi: 10.1016/j.semcancer.2024.10.006

36. Vanhaver C, Aboubakar Nana F, Delhez N, Luyckx M, Hirsch T, Bayard A, et al.
Immunosuppressive low-density neutrophils in the blood of cancer patients display a
mature phenotype. Life Sci Alliance. (2024) 7. doi: 10.26508/1sa.202302332

37. Kiaee F, Jamaati H, Shahi H, Roofchayee ND, Varahram M, Folkerts G, et al.
Immunophenotype and function of circulating myeloid derived suppressor cells in
COVID-19 patients. Sci Rep. (2022) 12:22570. doi: 10.1038/s41598-022-26943-z

38. Heuvers ME, Muskens F, Bezemer K, Lambers M, Dingemans AC, Groen HJM,
et al. Arginase-1 mRNA expression correlates with myeloid-derived suppressor cell
levels in peripheral blood of NSCLC patients. Lung Cancer. (2013) 81:468-74.
doi: 10.1016/j.lungcan.2013.06.005

39. Bazargan S, Bunch B, Ojwang AME, Blauvelt J, Landin A, Ali J, et al. Targeting
myeloid-derived suppressor cells with gemcitabine to enhance efficacy of adoptive cell
therapy in bladder cancer. Front Immunol. (2023) 14:1275375. doi: 10.3389/
fimmu.2023.1275375

40. Evrard M, Kwok IWH, Chong SZ, Teng KWW, Becht E, Chen J, et al
Developmental analysis of bone marrow neutrophils reveals populations specialized
in expansion, trafficking, and effector functions. Immunity. (2018) 48:364-79.e8.
doi: 10.1016/j.immuni.2018.02.002

41. Casbon AJ, Reynaud D, Park C, Khuc E, Gan DD, Schepers K, et al. Invasive
breast cancer reprograms early myeloid differentiation in the bone marrow to generate
immunosuppressive neutrophils. Proc Natl Acad Sci U.S.A. (2015) 112:E566-75.
doi: 10.1073/pnas.1424927112

42. McCoach CE, Rogers JG, Dwyre DM, Jonas BA. Paraneoplastic leukemoid

reaction as a marker of tumor progression in non-small cell lung cancer. Cancer Treat
Commun. (2015) 4:15-8. doi: 10.1016/j.ctrc.2015.03.003

43. Li C, Farooqui M, Yada RC, Cai JB, Huttenlocher A, Beebe DJ. The effect of
whole blood logistics on neutrophil non-specific activation and kinetics ex vivo. Sci Rep.
(2024) 14:2543. doi: 10.1038/s41598-023-50813-x

44. Connelly AN, Huijbregts RPH, Pal HC, Kuznetsova V, Davis MD, Ong KL, et al.
Optimization of methods for the accurate characterization of whole blood neutrophils.
Sci Rep. (2022) 12:3667. doi: 10.1038/s41598-022-07455-2

frontiersin.org


https://doi.org/10.1186/s12885-019-5529-0
https://doi.org/10.1007/s00262-012-1294-5
https://doi.org/10.3389/fimmu.2021.602963
https://doi.org/10.1016/j.smim.2024.101925
https://doi.org/10.1007/s00018-019-03288-x
https://doi.org/10.1146/annurev-immunol-102419-035900
https://doi.org/10.1038/s41423-024-01142-0
https://doi.org/10.1007/s00262-019-02332-w
https://doi.org/10.1186/s40425-019-0674-1
https://doi.org/10.1016/j.intimp.2024.112949
https://doi.org/10.1177/15330338221142472
https://doi.org/10.1016/j.semcancer.2024.10.006
https://doi.org/10.26508/lsa.202302332
https://doi.org/10.1038/s41598-022-26943-z
https://doi.org/10.1016/j.lungcan.2013.06.005
https://doi.org/10.3389/fimmu.2023.1275375
https://doi.org/10.3389/fimmu.2023.1275375
https://doi.org/10.1016/j.immuni.2018.02.002
https://doi.org/10.1073/pnas.1424927112
https://doi.org/10.1016/j.ctrc.2015.03.003
https://doi.org/10.1038/s41598-023-50813-x
https://doi.org/10.1038/s41598-022-07455-2
https://doi.org/10.3389/fonc.2025.1570121
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	CD16 and Siglec expression refine the phenotypic heterogeneity of steady-state myeloid-derived suppressor cells
	1 Introduction
	2 Methods
	2.1 Human subjects
	2.2 Blood collection and processing
	2.3 Antibody staining and flow cytometry
	2.4 T cell suppression assay
	2.5 Statistical analysis

	3 Results
	3.1 Siglec expression on human peripheral blood CD15+CD66b+ low-density neutrophils in healthy subjects
	3.2 Siglec expression on low-density neutrophils in gastrointestinal cancer patients
	3.3 Quantifying CD16low low-density neutrophils in GI cancer patients
	3.4 CD16high but not CD16low low-density neutrophils have suppressive activity in healthy subjects

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


