pathogens

Review

The Enigma of Low-Density Granulocytes in Humans:
Complexities in the Characterization and Function of LDGs

during Disease

Brittany G. Seman ! and Cory M. Robinson 1-2/*

check for

updates
Citation: Seman, B.G.; Robinson, C.M.
The Enigma of Low-Density
Granulocytes in Humans:
Complexities in the Characterization
and Function of LDGs during Disease.
Pathogens 2021, 10, 1091. https://
doi.org/10.3390/ pathogens10091091

Academic Editor: Lawrence S. Young

Received: 30 July 2021
Accepted: 25 August 2021
Published: 27 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Microbiology, Immunology, and Cell Biology, West Virginia University School of Medicine,
Morgantown, WV 26506, USA; brittany.seman@hsc.wvu.edu

Vaccine Development Center, West Virginia University, Morgantown, WV 26506, USA

*  Correspondence: cory.robinsonl@hsc.wvu.edu

Abstract: Low-density granulocytes (LDGs) have been characterized as important immune cells
during healthy and disease states in humans, including microbial infections, cancer, and autoim-
mune dysfunction. However, the classification of this cell type is similar to other immune cells (e.g.,
neutrophils, myeloid-derived suppressor cells) and ambiguous functional standards have rendered
LDG identification and isolation daunting. Furthermore, most research involving LDGs has mainly
focused on adult cells and subjects, leaving increased uncertainty surrounding younger populations,
especially in vulnerable neonatal groups where LDG numbers are elevated. This review aims to
bring together the current research in the field of LDG biology in the context of immunity to disease,
with a focus on infection. In addition, we propose to highlight the gaps in the field that, if filled,
could improve upon isolation techniques and functional characterizations for LDGs separate from
neutrophils and myeloid-derived suppressor cells (MDSCs). This will not only enhance understand-
ing of LDGs during disease processes and how they differ from other cell types but will also aid in
the interpretation of comparative studies and results with the potential to inform development of
novel therapeutics to improve disease states in patients.

Keywords: low-density granulocyte; neutrophil; myeloid-derived suppressor cell; infection;
cancer; autoimmunity

1. Introduction

Low-density granulocytes (LDGs) are characterized as important immune cells during
healthy and disease states in humans, with elevated numbers occurring in numerous
microbial infections, cancers, and autoimmune disorders [1-4]. Many studies working
with LDGs within these disease states classify LDGs as granulocytic myeloid-derived
suppressor cells (gMDSCs) and low-density neutrophils (LDNs), with similar cell surface
marker expression and functional characterizations utilized for each cell type. Thus, the
classification of LDGs through surface marker expression and functional mechanisms
remains challenging, especially when distinguishing from neutrophils. Further, MDSCs
in recent years have been functionally characterized by their ability to suppress T cell
proliferation. However, a set threshold of suppression has not been established in the
field, leaving numerous studies with inconsistent suppression levels, which are at times
even undetected [5-7]. We and others have adopted the strategy of considering cells in the
low-density fraction that fail to robustly suppress T cell proliferation as LDGs or LDNSs,
but this practice is not universally accepted. For the purpose of this review, we describe
the cells as the authors of the published work did, even if there is reason to question
that classification.
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In addition to the classification and functional challenges, LDG research has mainly
focused on adult cells and subjects. This has left increased uncertainty in fields surround-
ing younger populations, especially in vulnerable neonatal groups where LDG/gMDSC
numbers are elevated even without disease [8]. Overall, the goal of this review is to bring
together the current research in the field of LDG biology, with a main focus on LDGs during
infection, alongside comparisons in both cancer and autoimmune disease. We highlight
discrepancies in the field that, if improved upon, could enhance isolation and functional
characterizations for LDGs independent of neutrophils and myeloid-derived suppressor
cells (MDSCs). These improvements will clarify the importance of each cell type during
disease states, aid in the comparison of published studies, and in the end could lead to
improved therapeutic development and human health.

2. Body
2.1. Classification Issues

The term “low-density granulocyte” is used to describe a heterogeneous population of
granulocytic myeloid cells isolated from the peripheral blood mononuclear layer (PBMC) af-
ter density gradient centrifugation. Ficoll® Paque, Lymphoprep™, Histopaque®, Percoll®
Plus and other media made of polymers suspended in aqueous solutions at varying den-
sities (usually starting at 1.077 g/mL) are largely used to separate LDGs from normal-
or high-density neutrophils in whole blood or buffy coats [9,10]. When density gradient
media are layered appropriately under or above diluted whole blood/buffy coats and
centrifuged without a brake for acceleration or deceleration, a gradient will form. In the
simplest example, the gradient will yield heavier granulocytes and erythrocytes in a pellet
at the bottom of the tube, a density media layer, and a top layer that includes mononuclear
cells and other low-density cell types [11]. Once the mononuclear cells are separated,
LDGs/low-density neutrophils (LDNs)/granulocytic MDSCs (gMDSCs) can be further
isolated using cell surface marker expression via cell sorting or magnetic bead isolation.

In our most recent publication, we describe our neonatal LDGs (from cord blood
mononuclear cells, or CBMCs) as CD66M, CD33+, CD14!°, and HLA-DR ™, a phenotype
established in a 2013 report on neonatal gMDSCs by Rieber et al. [3,7]. Other studies have
used similar cell surface markers to characterize LDGs, gMDSCs, and LDNs (Table 1). He
et al. [8] described gMDSCs from both adult and neonatal patients with CD11b*, CD14~,
and CD15* markers. However, in adults infected with Mycobacterium tuberculosis (Mtb),
LDNs were characterized as CD33", CD66*, CD11b*, and HLA-DR* [2]. The expression
of HLA-DR in this study in comparison to other studies which cite a lack of HLA-DR
expression on LDGs highlights one inconsistency in surface marker expression as a means
of LDG classification, although the level of expression was unimpressively different from
the isotype control. Another well-known surface marker for LDGs is CD33, which is
positively expressed in most studies on gMDSCs, LDGs, and LDNs (Table 1). However,
in some studies of cancer, autoimmunity, and healthy donors, CD33 expression alters
between moderate and low expression [12-14]. The discrepancies noted with HLA-DR and
CD33, and other cell surface marker discrepancies, lead us to hypothesize that LDG surface
marker expression (and potentially immune function, reported later in this review) could be
age, microbe, and pathologically context-dependent. In addition, the elapsed time between
blood collection from patients and isolation of cells, potentially reducing or eliminating
disease-associated factors or signals, could also alter the expression of some cell surface
markers. For instance, CD66 is found abundantly on both normal-density neutrophils
(NDNs) and LDGs/LDNs/gMDSCs [15,16] (Table 1). However, there is some evidence
that CD66 expression is increased further after NDNs have undergone degranulation,
effectively altering their buoyancy status to a lower density [17-20]. Degranulation can
occur excessively in many inflammatory disease states, including autoimmune disorders
and sepsis [21]. Overall, the discrepancies in expression described here for surface markers
serve as indicators that we should reconsider how we classify and identify LDGs. For
instance, should both HLA-DR and CD33 be considered markers for use in determining
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LDGs from other cell types, or is there a potential threshold of each marker (e.g., medium
to high expression of CD33, or low to negative expression of HLA-DR) that should be
considered when naming LDGs?

Several surface markers are implemented in the global phenotyping of all three
granulocytic cell types: positive expression of CD11b, CD15, and/or CD66 (Table 1).
With similar expression levels across LDGs, LDNs, and gMDSCs, as well as NDNs, a
question arises: if these cells are different from one another, how do we separate them
beyond surface marker expression? Some studies in lupus, cancer, and other diseases
have suggested the additional marker of LOX-1 to further clarify LDGs/gMDSCs apart
from NDNs, though this has not become a regular component of the classification, and
perhaps more importantly, it is unclear if it can distinguish LDGs/LDNs from gMDSCs in
the same mononuclear fraction [6,22]. Could and should LOX-1 become a novel marker
to further clarify LDGs? A separate study involving lupus LDGs described subsets of
LDGs based on CD10 surface expression: CD10~ LDGs were classified as immature LDGs
that were unable to synthesize inflammatory damage on endothelial tissues and did not
phagocytose bacteria or release significant levels of MPO compared to CD10" LDGs, which
had enhanced chemotactic and type I IFN-stimulated gene expression with lower levels
of cell cycle-related genes [23]. Could CD10 be another marker that could be used to
differentiate LDGs from gMDSCs? These questions must be addressed to further prevent
confusing interpretations and inappropriate comparisons of published findings in the
current literature.

Table 1. Classification of LDGs, gMDSCs, and LDNs based on disease state, age, and surface marker expression.

Cell Type Surface Marker Expression Disease State Age Reference
gMDSC CD11b*, CD14—, CD15%, CD66b* Cancer, Breast Adult [24]
gMDSC CD33*, CD11b*, CD15*, HLA-DR /10 Cancer, Proﬁszﬁ' Head and Adult [25]
gMDSC LOX-1*, CD66b™* Cancer, Head and Neck Adult [26]
gMDSC HLA-DR~/'°, CD11b*, CD14~, CD15* Cancer, Lung Adult [27]
gMDSC CD11b*, CD14~, CD15%, CD33%, HLA-DR ™ Cancer, Multiple Myeloma Adult [28]
gMDSC CD11b*, HLA-DR~, CD33™°, CD66b* Cancer, Pancreatic and Gastric Adult [12]
gMDSC CD11b*, CD15* gﬁgﬁlg?ﬁ;f&gﬁiﬁj Adult [29]
gMDSC CD66b*, CD33*, CD14~, HLA-Dr'*/~ Healthy Adult [30]
gMDSC CD15%, CD33'°%, HLA-DR ™~ Healthy Adult [13]
gMDSC CD33M, CD66bM, IL-4RAMer, HLA-DRY™ Infection, P. aeruginosa Pediatric [31]
gMDSC CD66b* Healthy Neonatal [32]
gMDSC CD66bM, CD33M, TL-4RAMer, HLA-DR™~ Healthy Neonatal [7]
gMDSC CD66b*, CD33*, CD14~, HLA-Drlo/~ Infection, bacterial sepsis Neonatal [33]
gMDSC CD66b™* Infection, E. coli Neonatal [34]
gMDSC CD66b™* Infection, E. coli Neonatal [35]
gMDSC HLA-DR~, CD14~, CD33*, CD11b*, CD15* Healthy Neonatal/Adult [36]
gMDSC CD11b*, CD14~, CD15* Healthy Neonatal / Adult [8]
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Table 1. Cont.

Cell Type Surface Marker Expression Disease State Age Reference
LDG ﬁf;g%{‘{h&gﬁg{g‘}fggﬂ;’nggg‘ifgg%‘;tm Autoimmune, ANCA-AAV Adult [14]
LDG CD15%,CD14~ Autoimmune, AAV Adult [37]
LDG CD14*, CD15M, CD16!° Autoimmune, RA Adult [38]
LDG LIN-, HLA-DR~, CD11b*, CD33*, CD15* Autoimmune, SLE Adult [6]
LDG CD15*, CD14"°, CD10* Autoimmune, SLE Adult [39]
LDG CD15%, Cd14', CD10* Autoimmune, SLE Adult [40]
LDG CD11b*, CD62L1® Autoimmune, SLE Adult [41]
LDG CD11b*, CD15*, CD16*, CD33*, CD66b* Infection, HIV Adult [42]
LDG CD14°, CD15* Infection, Mtb Adult [19]
LDG SSChi CDe66b*, CD16%, CD14~, MCHII—, CD15* Infection, P. vivax Adult [43]
LDG CD62Ll°, CD66b*, CD41a* Infection, SARS-CoV-2 Adult [44]
LDG CD10~/+, CD14", CD15* Autoimmune, PAPA /SLE Adult/Pediatric [45]
LDG CD15*% Autoimmune, SLE Pediatric [46]
LDG CD66M, CD33+, CD14%°, HLA-DR ™~ Infection, E. coli Neonatal [3]
LDN CD15%, CD66b™ Cancer, Gastric Adult [47]
LDN CD15*%, CD11b*, CD66b™ Cancer, Lung Adult [48]
LDN CD10", CD11b*, ggégilcggiigmebhi, CD62L", Healthy Adult [49]
LDN CD16*, CD15*, CD33*, CD66b", CD114*, CD11b*/1° Infection, bacterial sepsis/E. coli Adult [50]
LDN CD15%, CD??BSBS?E; CCII{)AL?OZ L', CD80, Infection, HIV Adult [51]
LDN HLA-DR*, CDé66b* Infection, Leishmania spp. Adult [52]
LDN CD33M, CD14-, CD15* Immunodeficiency, CVID Adult [53]
LDN Cps3T, CD66+’CCd?éP,)I+{’LC E ]1)()1;;CD15+, Cp13*, Infection, Mtb Adult [2]
LDN CDé66b*, CD16* Infection, SARS-CoV-2 Adult [54]
LDN HLA-DR*, CD66b™* Infection, Leishmania spp. Adult/Pediatric [55]

2.2. Functional Issues

For many years, gMDSCs have been characterized by their ability to suppress T
and natural killer (NK) cell function through their release of arginase-1 (ARG-1), in-
ducible nitric oxide synthase (iNOS), tumor growth factor beta (TGFf3), and other effector
molecules [29,56-59]. Suppression of T cell proliferation has indeed become a functional
hallmark for MDSC assignment, but there are lapses in demonstration of this characteristic
that are found throughout the literature. In addition, recent work in our lab has shown that
LDGs inhibit innate immunity, specifically some aspects of monocyte killing of bacteria
during co-culture [3]. This finding is consistent with the release of extracellular DNA
from LDGs, and the inclusion of DNAse during co-culture increases bacterial viability [3].
Cell-free conditioned media from LDG cultures further impaired monocyte phagocyto-
sis of bacteria. This work suggests that release of DNA could be considered an effector
mechanism for immune suppression [3]. Dietz et al. also demonstrated suppression of
innate immunity with cells they describe as gMDSCs [35]. In their study, gMDSCs impaired
the ability of monocytes to stimulate T cell proliferation, as well as inhibiting the ability
of monocytes to phagocytose bacteria. This group demonstrated induction of inhibitory
molecules by gMDSCs that decreased MHC class 1I, CD11b, and CD18 markers on mono-
cytes [35]. Collectively, these studies highlight immunosuppressive activity associated
with gMDSCs and LDGs.
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While immune suppressive activity is widely associated with gMDSCs and LDGs/LDNSs,
numerous studies have recently appeared that detect varying degrees of immune suppres-
sion on T cells specifically, including no suppressive activity at all (either unexamined or
undetected), that signals a need for guidance on the interpretation of immunosuppression
as a functional characteristic of MDSCs versus LDGs. In a study involving LDNs from
patients suffering from chronic graft-versus-host disease, Matthews et al. discovered that
this cell type enhanced T cell proliferation [5]. LDGs from patients with SLE (systemic
lupus erythematosus) induced T cells to produce significantly higher levels of interferon
gamma (IFN-y) and tumor necrosis factor alpha (TNF-«), two proinflammatory cytokines,
compared to NDNs [6]. In our recent study, we found that neonatal LDGs only moderately
suppressed T cell function, at proliferation indices of 0.75 for CD8* cells and 0.62 for CD4*
cells [3]. In another study using neonatal gMDSCs, T cell proliferation indices were much
lower (e.g., ~0.3 for CD8* cells, ~0.4 for CD4" cells) [7]. In adults with head/neck or
urologic cancer, Lang et al. found that proliferation of T cells was significantly reduced
in the presence of gMDSCs, though some of the individual data points graphed suggest
that there were at least some patients in which T cell proliferation was not affected by
gMDSCs [60]. In a recent study on the effect of gMDSCs during SARS-CoV-2 infection,
Agrati et al. found that adding gMDSCs at a fivefold ratio to T cells reduced proliferation
from 50.6% to 34.5% [61]. It is reasonable to question the biological relevance of this ratio
and it does speak to limited suppressive activity on a per cell basis. These data overall
suggest that there is no clear interpretation for the amount, or threshold, of suppression in
the functional characterization of LDGs/LDNs/gMDSCs. In addition, there seems to be
no clear indication of the amount of LDGs/LDNs/gMDSCs that are necessary for T cell
suppression (e.g., 1:1 ratio of LDGs:T cells versus 5:1 ratio of gMDSCs:T cells). Thus, we
suggest that a functional standard for suppression of T cells be established for classification
of granulocytic cells. For instance, is a threshold of 50% suppression of T cell proliferation
sufficient for considering cells gMDSCs? Is there a specific threshold of suppression that
must occur before an LDG/LDN is considered a gMDSC, and what are the details of the
assay to be used? If not T cell suppression, is some other functional characteristic worthy of
being used? These functional thresholds should then be applied to LDGs and gMDSCs from
different age groups and disease states to further clarify the cell type under investigation.

2.3. Disease States and Issues
2.3.1. LDGs during Infection

Recent work has expanded on the increasing importance of LDGs during infection.
LDG/gMDSC populations are increased during mild and severe SARS-CoV-2 [61-63],
bacterial sepsis [64], HIV/AIDS [65], and tuberculosis (Mtb) [66], among other infections.
A major objective of these studies is to determine whether the increased abundance of
LDGs is consistent with a more severe pathological outcome. Overall, Janols et al. found
that gMDSCs were more abundant in patients with both Gram-positive and Gram-negative
bacterial sepsis infections [64]. In addition, patients with elevated numbers of gMDSCs
early during sepsis were more susceptible to severe infections and had a higher probability
of acquiring secondary hospital infections [67]. Patients with HIV infection were also found
to have elevated gMDSCs, which correlated with increasing viral load and decreasing
numbers of CD4" T cells, suggesting that gMDSCs may suppress T cell proliferation during
HIV infection [68]. Indeed, MDSCs from HIV-infected progressors restricted proliferation
of CD8" T cells from healthy donors and HIV-controllers in vitro [68]. The cystic fibrosis
opportunistic pathogen P. aeruginosa not only increases gMDSC abundance during infection,
but this gMDSC increase also seems to correlate with overall lower lung function in juvenile
patients [31]. In adult patients with Mtb, gMDSCs were present in higher levels in both the
lungs and peripheral blood compared to healthy controls, and this expansion correlated
with a significant increase in nitric oxide in the blood [66]. Importantly, arginine levels
were significantly depleted in Mtb patients, suggesting that gMDSCs, which produce nitric
oxide synthase, may be metabolizing arginine to generate nitric oxide for inhibition of T
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cell proliferation [66]. These studies strongly suggest that increased LDG levels correlate
with poor outcomes during infection.

We and others have found that LDGs and gMDSCs can phagocytose bacteria during
infection. In our recent publication, we examined the phagocytic function of neonatal
LDGs compared to monocytes from the same cord blood mononuclear cell (CBMC) layer,
and found that, although less efficiently than monocytes, LDGs are able to phagocytose
pathogenic E. coli, traffic the bacteria into acidic lysosomes, and eventually kill the bacte-
ria [3]. Lieber et al. also found that neonatal gMDSCs phagocytosed a laboratory strain of
E. coli and Group B Streptococcus at similar rates compared to neonatal NDNs [34]. LDGs
are also noted to phagocytose the malaria-causing parasite P. vivax similarly to NDNs in
afflicted adult patients [43]. In a recent report, adult LDNs were shown to phagocytose
opsonized latex beads at a significantly higher rate than NDNs [49]. We also demonstrated
similar findings in that the frequency of neonatal LDGs capable of phagocytosing large
numbers of pathogenic E. coli O1:K1:H7 is greater than neonatal NDNs [3]. However, in
another study focusing on the effects of LDNs in Mtb patients, La Manna et al. found
that these cells did not phagocytose Mtb compared to NDNs [2]. The disparities in inter-
nalization may suggest that the nature of the particle, bacterium, and/or the population
from which the cell was derived (neonate versus adult) contributes to the level of activity.
Our LDGs also produce extracellular DNA traps (ETs) in the presence of E. coli during
infection, which is in contrast to the work by La Manna et al. in the context of Mtb infection,
where no ETs were produced by LDNs [2]. However, Blanco-Camarillo et al. reported
significant release of DNA following LDN stimulation with phorbol myristate acetate
(PMA), a mitogen used often in neutrophil activation [49,69]. Overall, these results suggest
that there is potentially an age- and microbe-dependent influence on the phagocytic and
extracellular DNA trap functionality of LDGs.

Contrary to the hypothesis that increased LDGs equate to worse infectious outcomes
in the host, some studies suggest that the presence of some proportion of LDGs may
be beneficial. Stoll et al. describe the inhibition of MDSC expansion in the presence of
increasing S. aureus enterotoxin production [70]. This could promote T and NK cell activity
and a stronger inflammatory response to S. aureus. However, a study in mice suggests that
too many CD4* T cells can actually result in exacerbated infection and damage to tissues
during S. aureus pneumonia [71], though this has not been shown directly in humans yet.
NK cells can also contribute to excessive inflammatory cytokine production during malaria
infection that results in increased systemic symptoms, such as fever in humans, and cerebral
damage in mice [72-74]. Overall, these studies suggest that in some infectious scenarios,
LDGs and MDSCs can regulate pathological inflammation and promote a more balanced
immune response. Indeed, this balance has been proposed in the fetal-maternal interface
(where gMDSCs are elevated compared to non-pregnant women), in which elevated levels
of gMDSCs (and monocytic MDSCs) may prevent maternal immune response to paternal
antigens and promote successful pregnancy [75]. Similarly, an increased abundance of
MDSCs alleviated pathology in a newborn mouse model of necrotizing enterocolitis [76].
This suggests that MDSCs may protect the host from pathological inflammatory responses
during the first days of commensal colonization following birth. However, MDSC or LDG
activity may counteract protective host responses to pathogens and promote susceptibility
to infection by the newborn, a time period in which LDGs are significantly increased
compared to older infants, juveniles, and adults [7,8,33,77,78]. Thus, the balance of MDSCs,
LDGs, or LDNs may be beneficial or deleterious depending on the circumstances. It is
important to note that the increase in LDGs is not the only dysfunction that occurs in the
immune systems of newborns; other cells, such as neonatal neutrophils that have impaired
migration functions, or macrophages that have impaired cytokine expression, can also affect
the immune response of the neonate to infection [79,80]. However, elevated LDG levels in
the neonate have been shown in several studies to contribute to impaired phagocytosis
of bacteria, inhibition of monocytes to phagocytose bacteria, and an induction in Th2 and
T regulatory responses that can promote susceptibility to infection [3,32,35]. Therapeutic
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manipulation of MDSCs, LDGs, or LDNs during infection or other clinical conditions,
especially in neonates, therefore may promote an improved immunological balance.

2.3.2. LDGs during Cancer

LDGs and gMDSCs are well-known cell types found in high abundance during cancer,
usually within tumors, though some sources describe monocytic MDSCs as more com-
mon within tumors [81]. Elevated levels of MDSCs in association with tumors have been
correlated with higher rates of mortality in patients [82]. In patients with non-small cell
lung cancer, gMDSCs were elevated in lung tumor samples, and these levels were elevated
further as severity of disease progressed from stage I to stage III [27]. Patients with squa-
mous cell carcinoma of the larynx/oropharynx (head and neck cancer) had significantly
elevated levels of gMDSCs in tumors compared to healthy donors, and this elevated state
correlated with worsened outcome [26]. High levels of gMDSCs (and monocytic MDSCs)
also correlated with higher mortality in patients with metastatic colorectal cancer [83].
Thus, the general consensus currently theorized in the cancer field is that the increased
presence of LDGs and gMDSCs leads to a poor outcome in patient survival or remission.

LDGs are generally characterized by their ability to suppress T cell function in cancer.
However, some studies identify cancer patients with gMDSCs that fail to restrict T cell
proliferation. Alfaro et al. has demonstrated that gMDSCs from patients with advanced
lung and prostate cancer do not reduce T cell proliferation [25]. Interestingly, the monocytic
MDSCs in this study were found to suppress T cell proliferation. In addition, gMDSCs from
the cancerous patients produce extracellular traps when exposed to lipopolysaccharide
or IL-8, similarly to NDNs from healthy patients [25]. Are these data an indication that
these cells are perhaps not true MDSCs? More rigorous classification standards could help
clarify these identity discrepancies as they appear, especially when the cells are available
in the blood (versus tissue) for additional study.

One major element abundantly explored in cancer patients are therapeutics that target
LDG populations. Pharmaceuticals, including maraviroc, gemcitabine, cisplatin, tadalafil,
entinostat, and docetaxel, among others, have been studied extensively in both mice
and in human clinical trials, with some success [84]. Tasquinimod, an anti-angiogenic
chemotherapeutic, has been shown to decrease human prostate cancer tumor growth by
50% compared to controls in a xenograft mouse model [85]. This chemotherapeutic has
been shown to directly target MDSC populations in murine prostate cancer models, though
clinical trials are still in early phases for determining whether tasquinimod can work as
a suppressor of MDSCs in cancer patients [86,87]. Sunitinib, a receptor tyrosine kinase
inhibitor that blocks platelet-derived growth factor receptor (PDGF-R), colony-stimulating
factor-1 receptor (CSF-1), and vascular endothelial growth factor receptor (VEGF-R), has
been used in patients experiencing renal cell carcinoma [88]. Shortly after its introduction as
a cancer therapeutic, studies showed that levels of gMDSCs decreased in patients following
1-2 cycles of treatment [89]. However, in a mouse study on the effects of sunitinib in
prostate cancer, Fu et al. surprisingly found that sunitinib treatment actually increased the
abundance of gMDSCs in peripheral blood of mice, with little effect on the recruitment of
gMDSCs to tumor cells [90]. Although these inconsistencies are surprising, differences in
therapeutic outcomes between humans and mice are not unprecedented [91-93]; thus, there
may be key elements of the murine studies that are not translatable. Interest in programmed
cell death protein 1 (PD-1) and its ligand (PD-L1) on the surface of gMDSCs has also grown
extensively over the years as therapeutic targets [94]. In one study utilizing gMDSCs from
patients with non-small cell lung cancer, Kim et al. found that in patients who did not
respond to anti-PD-1-therapy (using nivolumab), a higher number of gMDSC-associated
chemokines (including CXCL2, CCL23, and CX3CL1) were increased compared to patients
who responded to treatment [95]. Accordingly, patients who responded to nivolumab
tended to have lower numbers of gMDSCs; surprisingly, this response to nivolumab
also tended to exhibit a higher number of T regulatory (Treg) cells in peripheral blood.
An inverse correlation between Treg cells and gMDSCs was observed in the treatment
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responsive cohort [95]. The calculated ratio of Tregs to gMDSCs predicted treatment
responsiveness when it exceeded a threshold value of 0.39 [95]. Indeed, a better prognosis
in non-small cell lung cancer patients utilizing anti-PD-1 therapy (via pembrolizumab or
nivolumab) correlated with lower levels of gMDSCs (and monocytic MDSCs and CD39*
CD8" T cells) [96]. Although this section gives a brief overview of LDGs in cancer and
some therapeutic advances in the field that could potentially be applied to infection studies,
there are still many additional studies to be conducted. Most of these studies describe
LDGs as gMDSCs, which seems to be a general consensus among the cancer field, save
for a few studies using the nomenclature LDN (Table 1). This reasserts the question in
the cancer field, are all gMDSCs from cancer patients equivalent to LDGs, or is there
sufficient heterogeneity that both populations with differential phenotypic and functional
characteristics exist? We suggest a need for single cell sequencing-based studies that are
paired with functional assays using low-density cell granulocyte fractions from cancer
patients to better discern the differences between gMDSCs and LDGs in this field.

2.3.3. LDGs in Autoimmunity

Low-density granulocytes are almost synonymous with diseases such as lupus (SLE)
in the autoimmune field since Hacbarth et al. discovered PBMCs from SLE patients
“contaminated with low buoyant density neutrophils” [97]. In this disease, LDGs do
not suppress T cell proliferation but rather induce inflammatory cytokines from T cells,
including IFN-y and TNF-« [6], a sharp contrast from other studies in cancer and infection.
This inflammatory increase exacerbates SLE and can lead to other inflammatory issues
including vascular inflammation and atherosclerosis of the heart [98,99]. LDGs in SLE also
produce extracellular traps of DNA that induce damage to endothelial cells, potentially
through mitochondrial reactive oxygen species generation [99,100]. Mistry et al. performed
an in-depth transcriptomic, chromatin accessibility, and functional analysis of CD66*
neutrophil subpopulations. This included two separate LDG populations that were CD10~
and CD10", as well as CD10" NDNs from lupus patients [23]. The CD10~ LDGs were
regarded as more immature, restricted proliferation and IFN-y production from T cells,
and were impaired in their ability to generate NETs, phagocytose bacteria, and release
MPO compared to CD10* LDGs [101]. Both subsets were also elevated in lupus patients,
but only CD10" LDGs correlated with increased organ damage, including renal failure [23].
Interestingly, CD10~ LDGs, CD10" LDGs, and CD10* NDNs could be discriminated based
on transcriptional profile, with the CD10~ LDG fraction expressing the lowest levels of
type I IFN-stimulated genes, as well as a set of other genes associated with the cell cycle,
phagocytosis, and chemotaxis [23]. How do we characterize these LDGs across fields where
this nomenclature and others are used (gMDSC, LDN)? It is tempting to speculate that
CD10~ LDGs, CD10* LDGs, and CD10" NDNs may correspond to gMDSCs, LDNs, and
NDN s, respectively. Further studies with healthy and other disease states will be required
to know whether or not this is the case. This study by Mistry et al. further suggests that
within a population of LDGs from lupus patients, the threshold of expression of specific
genes defines subpopulations of LDGs that align with functional outcomes during lupus,
such as organ damage and inflammation [23]. Could further subcategorization of LDGs
from both cancer and infection help us to characterize LDGs, as is seen in Mistry et al., and
could a gene expression pattern along with cell surface marker phenotyping and functional
activity unlock a universal classification formula?

Alongside their role in inflammation in SLE patients, LDGs may have a role in
vasc+ular inflammation in anti-neutrophil cytoplasm autoantibody (ANCA) vasculitis
(AAV). LDGs are elevated in AAV patients compared to healthy patients. However, these
cells are not responsive to anti-MPO antibodies, and were unable to produce high levels of
ROS with antibody compared to NDNs [37], suggesting that these LDGs may be affecting
more than just inflammation during this disease. LDG levels are also elevated significantly
in patients with moderate-to-severe asthma [102] and may correlate with decreased lung
function during disease. In adult and juvenile autoimmune arthritis (adult Still’s disease,
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or juvenile idiopathic arthritis, JIA), LDGs are elevated in peripheral blood compared
to healthy donors [103,104]. Interestingly, Ramanathan et al. found that expression of
some neutrophil granule proteins, such as elastase and MPO, was significantly elevated
in JIA patients compared to healthy controls, which correlates with the increased extracel-
lular trap production and corresponding toxicity often seen in autoimmune dysfunction
patients [103]. Extracellular trap formation and DNA-elastase complexes were also signif-
icantly elevated in adult patients compared to healthy controls [104]. Elevated levels of
LDGs and subsequent extracellular trap formation are also observed in patients with an-
other form of autoimmune arthritis called pyogenic arthritis, pyoderma gangrenosum and
acne (PAPA) syndrome [45]. LDGs have also been found in elevated states in patients with
both multiple sclerosis (MS) and neuromyelitis optica spectrum disorder, both of which are
neuroautoimmune diseases, compared to healthy controls [105]. In particular, MDSCs as
a whole have also been found to be elevated in relapsing-remitting MS patients, though
monocytic MDSCs represented the majority of the population elevation [106]. However, it
is currently unknown whether these cells were LDGs but perhaps inappropriately named
MDSCs during the study, considering that CD3* T cells actually increased in prolifera-
tion in cultures with the MDSCs [106]. Thus, elevated LDGs in autoimmune disease can
be found systematically (e.g., SLE), or limited to organ-specific populations, such as the
neuroautoimmune disorders described above. Overall, the prevalence of LDGs in various
forms of autoimmune disease, ranging from lupus to asthma to arthritis, seems to be asso-
ciated with inflammation and exacerbated disease onset. As stated earlier, this correlation
seems to be in stark contrast to the suppressive effects that we normally associate with
LDGs during infections and cancer. With this statement, it is important to ask: are these
LDGs really LDGs or could they be another associated cell type? If these cells are LDGs,
then how do we adjust our thinking on what we call gMDSCs, LDNs, and LDGs during
infections and cancer?

3. Conclusions

It is clear from this brief review that there are questions that still must be addressed in
regard to the classification of LDGs throughout disciplines. How do we differentiate LDGs
from gMDSCs and LDNs? How do we unite as a field to clarify our classification of LDGs
in different disease states and within different age ranges? Figure 1 depicts some of the
questions that still remain in the field to clarify the meaning of “low-density granulocyte”:
what cell surface markers should be used? What threshold of immune cell suppression
should be used to justify calling these cells LDGs? Finally, how do we bring together the
field of LDG biology in infections, cancer, autoimmune disease, and other dysfunctions of
the body? Clarifying the specificities (e.g., regulatory targets, surface marker expression,
etc.) of gMDSCs and LDGs/LDNs during disease states will be important in the determi-
nation of therapeutic targeting. Not only will immunotherapeutic targeting improve, but
the downstream benefits of the health and wellness of patients within certain disease states
will improve along with our understanding of comparative studies.
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Figure 1. What defines a low-density granulocyte? This schematic depicts an LDG and four of the categories of conflict
that we discuss in this article, outlined in red: cell surface marker expression, a threshold of suppression for T cell/NK
cell proliferation, the differences in LDG abundance in different age groups, and the functional differences that occur in
different disease states, including microbial infections, autoimmunity dysfunction, and cancer. We highlight the need for a
better classification of LDGs, distinct from gMDSCs. Cell surface markers, especially CD66, CD11b, and CD15, are common
among LDGs, gMDSCs, and LDNs, while some markers, such as HLA-DR, CD33, LOX-1, and CD10 have been suggested
as classifying markers, although differences in expression of these markers occur dependent on the study. In the context
of T cell and NK cell suppression, we suggest a threshold of suppression (perhaps at least 50% or more) of T cells (and
potentially NK cells) with a standard assay to classify cells as gMDSCs apart from LDGs/LDNs. It is important to note
that LDG/gMDSC abundances differ depending on the age of the individual (e.g., higher abundance of these cell types
in neonates), as well as the disease state the individual is in (e.g., higher abundance of these cell types in tumors, lupus,
and microbial infections compared to healthy individuals). Both age and disease state should be taken into consideration
when classifying LDGs so that a more clarified determination of therapeutic targeting can occur. Infections associated
with LDGs/gMDSCs include Gram-positive bacteria (e.g., S. aureus, red), Gram-negative bacteria (e.g., E. coli, green), and
mycobacteria (e.g., Mtb, blue). Autoimmune disease is depicted as LDGs attacking a host cell and causing inflammation.
Cancer tumors are depicted as black spots in example organs, such as the lungs and the prostate.

Author Contributions: Conceptualization, B.G.S. and C.M.R,; resources, B.G.S. and CM.R,; data
curation, B.G.S.; writing—original draft preparation, B.G.S.; writing—review and editing, B.G.S. and
C.M.R;; visualization, B.G.S. and C.M.R; supervision, C.M.R.; project administration, CM.R,; funding
acquisition, C.ML.R. Both authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by NIH grant #AI1163333.

Acknowledgments: We would like to thank members of the Robinson lab and Stephen M. Akers for
stimulating discussions.

Conflicts of Interest: The authors declare no conflict of interest.



Pathogens 2021, 10, 1091 11 of 15

References

1.  Carmona-Rivera, C.; Kaplan, M.]. Low-density granulocytes: A distinct class of neutrophils in systemic autoimmunity. Semin.
Immunopathol. 2013, 35, 455-463. [CrossRef] [PubMed]

2. La Manna, M.P,; Orlando, V.; Paraboschi, E.M.; Tamburini, B.; Di Carlo, P.; Cascio, A.; Asselta, R.; Dieli, F.; Caccamo, N.
Mycobacterium tuberculosis Drives Expansion of Low-Density Neutrophils Equipped with Regulatory Activities. Front. Immunol.
2019, 10, 2761. [CrossRef] [PubMed]

3. Seman, B.G.; Vance, ].K.; Akers, S.M.; Robinson, C.M. Neonatal low-density granulocytes internalize and kill bacteria but suppress
monocyte function using extracellular DNA. J. Cell Sci. 2021, 134. [CrossRef]

4. Wang, X,; Qiu, L.; Li, Z.; Wang, X.-Y.; Yi, H. Understanding the Multifaceted Role of Neutrophils in Cancer and Autoimmune
Diseases. Front Immunol. 2018, 9, 2456. [CrossRef] [PubMed]

5. Matthews, N.C,; Burton, C.S.; Alfred, A. Low-density neutrophils in chronic graft versus host disease (cGVHD) are primarily
immature CD10~ and enhance T cell activation. Clin. Exp. Immunol. 2021, 205, 257-273. [CrossRef]

6. Rahman, S,; Sagar, D.; Hanna, R.N.; Lightfoot, Y.L.; Mistry, P.; Smith, C.K.; Manna, Z.; Hasni, S.; Siegel, R.; Sanjuan, A.M.; et al.
Low-density granulocytes activate T cells and demonstrate a non-suppressive role in systemic lupus erythematosus. Ann. Rheum.
Dis. 2019, 78, 957-966. [CrossRef]

7.  Rieber, N.P; Gille, C.; Kostlin, N.; Schéfer, I.; Spring, B.; Ost, M.; Spieles, H.; Kugel, H.A.; Pfeiffer, M.; Heininger, V.; et al.
Neutrophilic myeloid-derived suppressor cells in cord blood modulate innate and adaptive immune responses. Clin. Exp.
Immunol. 2013, 174, 45-52. [CrossRef] [PubMed]

8. He, Y.-M,; Li, X,; Perego, M.; Nefedova, Y.; Kossenkov, A.V,; Jensen, A.E.; Kagan, V.E.; Liu, Y.-E; Fu, S.-Y.; Ye, Q.-].; et al.
Transitory presence of myeloid-derived suppressor cells in neonates is critical for control of inflammation. Nat. Med. 2018, 24,
224-231. [CrossRef]

9.  Ulmer, A; Scholz, W.; Ernst, M.; Brandt, E.; Flad, H.-D. Isolation and Subfractionation of Human Peripheral Blood Mononuclear
Cells (PBMC) by Density Gradient Centrifugation on Percoll. Immunobiology 1984, 166, 238-250. [CrossRef]

10. Jaatinen, T.; Laine, J. Isolation of Mononuclear Cells from Human Cord Blood by Ficoll-Paque Density Gradient. Curr. Protoc.
Stem Cell Biol. 2007, 1, 2A.1.1-2A.1.4. [CrossRef]

11. Rahmanian, N.; Bozorgmehr, M.; Torabi, M.; Akbari, A.; Zarnani, A.-H. Cell separation: Potentials and pitfalls. Prep. Biochem.
Biotechnol. 2016, 47, 38-51. [CrossRef] [PubMed]

12.  Tavukcuoglu, E.; Horzum, U.; Yanik, H.; Uner, A.; Yoyen-Ermis, D.; Nural, S.K.; Aydin, B.; Sokmensuer, C.; Karakoc, D.;
Yilmaz, K.B.; et al. Human splenic polymorphonuclear myeloid-derived suppressor cells (PMN-MDSC) are strategically located
immune regulatory cells in cancer. Eur. J. Immunol. 2020, 50, 2067-2074. [CrossRef]

13. Bruger, AM.; Vanhaver, C.; Bruderek, K, Amodio, G.; Tavukcuoglu, E.; Esendagli, G.; Gregori, S.; Brandau, S.;
van der Bruggen, P. Protocol to assess the suppression of T-cell proliferation by human MDSC. Methods Enzymol. 2020,
632, 155-192. [CrossRef] [PubMed]

14. Endo, A.; Komagata, Y.; Yamagishi, K.; Kawashima, S.; Arimura, Y.; Kaname, S. Two distinct subsets of LDGs (low density
granulocytes) in ANCA-associated vasculitis. Mod. Rheumatol. 2021, 1-25. [CrossRef] [PubMed]

15. Ducker, T.P,; Skubitz, K.M. Subcellular localization of CD66, CD67, and NCA in human neutrophils. J. Leukoc. Biol. 1992, 52,
11-16. [CrossRef]

16. Skubitz, KM.; Ducker, T.P; A Goueli, S. CD66 monoclonal antibodies recognize a phosphotyrosine-containing protein bearing a
carcinoembryonic antigen cross-reacting antigen on the surface of human neutrophils. J. Immunol. 1992, 148, 852-860.

17. Hassani, M.; Hellebrekers, P.; Chen, N.; Van Aalst, C.; Bongers, S.; Hietbrink, F.; Koenderman, L.; Vrisekoop, N. On the origin of
low-density neutrophils. J. Leukoc. Biol. 2020, 107, 809-818. [CrossRef]

18. Klein, M.L.; McGhee, S.A.M.; Baranain, J.; Stevens, L.; Hefta, S.A. Role of nonspecific cross-reacting antigen, a CD66 cluster
antigen, in activation of human granulocytes. Infect. Immunol. 1996, 64, 4574-4579. [CrossRef]

19. Deng, Y.; Ye, J.; Luo, Q.; Huang, Z.; Peng, Y.; Xiong, G.; Guo, Y,; Jiang, H.; Li, ]. Low-Density Granulocytes Are Elevated in
Mycobacterial Infection and Associated with the Severity of Tuberculosis. PLoS ONE 2016, 11, e0153567. [CrossRef]

20. McKenna, K.C.; Beatty, K.M.; Miguel, R.V.; Bilonick, R.A. Delayed processing of blood increases the frequency of activated
CD11b+ CD15+ granulocytes which inhibit T cell function. J. Immunol. Methods 2009, 341, 68-75. [CrossRef]

21. Lacy, P. Mechanisms of Degranulation in Neutrophils. Allergy Asthma Clin. Immunol. 2006, 2, 98-108. [CrossRef] [PubMed]

22. Condamine, T.; Dominguez, G.A.; Youn, J.-I.; Kossenkov, A.V.; Mony, S.; Alicea-Torres, K.; Tcyganov, E.; Hashimoto, A;
Nefedova, Y.; Lin, C.; et al. Lectin-type oxidized LDL receptor-1 distinguishes population of human polymorphonuclear
myeloid-derived suppressor cells in cancer patients. Sci. Immunol. 2016, 1, aaf8943. [CrossRef] [PubMed]

23. Mistry, P.; Nakabo, S.; O'Neil, L.; Goel, R.R;; Jiang, K.; Carmona-Rivera, C.; Gupta, S.; Chan, D.W.; Carlucci, PM.; Wang, X.;
et al. Transcriptomic, epigenetic, and functional analyses implicate neutrophil diversity in the pathogenesis of systemic lupus
erythematosus. Proc. Natl. Acad. Sci. USA 2019, 116, 25222-25228. [CrossRef]

24. Alshetaiwi, H.; Pervolarakis, N.; McIntyre, L.L.; Ma, D.; Nguyen, Q.; Rath, J.A; Nee, K.; Hernandez, G.; Evans, K,; Torosian, L.;

et al. Defining the emergence of myeloid-derived suppressor cells in breast cancer using single-cell transcriptomics. Sci. Immunol.
2020, 5, aay6017. [CrossRef]


http://doi.org/10.1007/s00281-013-0375-7
http://www.ncbi.nlm.nih.gov/pubmed/23553215
http://doi.org/10.3389/fimmu.2019.02761
http://www.ncbi.nlm.nih.gov/pubmed/31849955
http://doi.org/10.1242/jcs.252528
http://doi.org/10.3389/fimmu.2018.02456
http://www.ncbi.nlm.nih.gov/pubmed/30473691
http://doi.org/10.1111/cei.13612
http://doi.org/10.1136/annrheumdis-2018-214620
http://doi.org/10.1111/cei.12143
http://www.ncbi.nlm.nih.gov/pubmed/23701226
http://doi.org/10.1038/nm.4467
http://doi.org/10.1016/S0171-2985(84)80042-X
http://doi.org/10.1002/9780470151808.sc02a01s1
http://doi.org/10.1080/10826068.2016.1163579
http://www.ncbi.nlm.nih.gov/pubmed/27045194
http://doi.org/10.1002/eji.202048666
http://doi.org/10.1016/bs.mie.2019.05.046
http://www.ncbi.nlm.nih.gov/pubmed/32000895
http://doi.org/10.1080/14397595.2021.1918883
http://www.ncbi.nlm.nih.gov/pubmed/33896353
http://doi.org/10.1002/jlb.52.1.11
http://doi.org/10.1002/JLB.5HR0120-459R
http://doi.org/10.1128/iai.64.11.4574-4579.1996
http://doi.org/10.1371/journal.pone.0153567
http://doi.org/10.1016/j.jim.2008.10.019
http://doi.org/10.1186/1710-1492-2-3-98
http://www.ncbi.nlm.nih.gov/pubmed/20525154
http://doi.org/10.1126/sciimmunol.aaf8943
http://www.ncbi.nlm.nih.gov/pubmed/28417112
http://doi.org/10.1073/pnas.1908576116
http://doi.org/10.1126/sciimmunol.aay6017

Pathogens 2021, 10, 1091 12 of 15

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Alfaro, C.; Teijeira, A.; Onate, C.; Pérez, G.; Sanmamed, M.F.; Andueza, M.-P; Alignani, D.; Labiano, S.; Azpilikueta, A.;
Rodriguez-Paulete, A.; et al. Tumor-Produced Interleukin-8 Attracts Human Myeloid-Derived Suppressor Cells and Elicits
Extrusion of Neutrophil Extracellular Traps (NETs). Clin. Cancer Res. 2016, 22, 3924-3936. [CrossRef] [PubMed]

Si, Y.; Merz, S.E; Jansen, P.; Wang, B.; Bruderek, K.; Altenhoff, P.; Mattheis, S.; Lang, S.; Gunzer, M.; Klode, J.; et al. Multidimen-
sional imaging provides evidence for down-regulation of T cell effector function by MDSC in human cancer tissue. Sci. Immunol.
2019, 4, eaaw9159. [CrossRef]

Yamauchi, Y.; Safi, S.; Blattner, C.; Rathinasamy, A.; Umansky, L.; Juenger, S.; Warth, A.; Eichhorn, M.; Muley, T.; Herth, E].E; et al.
Circulating and Tumor Myeloid-derived Suppressor Cells in Resectable Non-Small Cell Lung Cancer. Am. J. Respir. Crit. Care
Med. 2018, 198, 777-787. [CrossRef]

Perez, C.; Botta, C.; Zabaleta, A.; Puig, N.; Cedena, M.-T.; Goicoechea, I.; Alameda, D.; José-Eneriz, E.S.; Merino, J.;
Rodriguez-Otero, P.; et al. Immunogenomic identification and characterization of granulocytic myeloid-derived suppressor cells
in multiple myeloma. Blood 2020, 136, 199-209. [CrossRef]

Fultang, L.; Panetti, S.; Ng, M.; Collins, P; Graef, S.; Rizkalla, N.; Booth, S.; Lenton, R.; Noyvert, B.; Shannon-Lowe, C.; et al.
MDSC targeting with Gemtuzumab ozogamicin restores T cell immunity and immunotherapy against cancers. EBioMedicine
2019, 47, 235-246. [CrossRef]

Kostlin-Gille, N.; Flaig, L.-A.; Ginzel, M.; Arand, J.; Poets, C.F; Gille, C. Granulocytic Myeloid-Derived Suppressor Cells in
Breast Milk (BM-MDSC) Correlate with Gestational Age and Postnatal Age and Are Influenced by Infant’s Sex. Nutrients 2020,
12,2571. [CrossRef]

Rieber, N.P; Brand, A.; Hector, A.; Graepler-Mainka, U.; Ost, M.; Schéfer, I.; Wecker, I.; Neri, D.; Wirth, A.; Mays, L.; et al. Flagellin
Induces Myeloid-Derived Suppressor Cells: Implications forPseudomonas aeruginosalnfection in Cystic Fibrosis Lung Disease.
J. Immunol. 2012, 190, 1276-1284. [CrossRef]

Kostlin, N.; Vogelmann, M.; Spring, B.; Schwarz, J.; Feucht, J.; Hartel, C.; Orlikowsky, T.W.; Poets, C.E,; Gille, C. Granulocytic
myeloid-derived suppressor cells from human cord blood modulate T-helper cell response towards an anti-inflammatory
phenotype. Immunology 2017, 152, 89-101. [CrossRef] [PubMed]

Schwarz, J.; Scheckenbach, V.; Kugel, H.; Spring, B.; Pagel, J.; Hartel, C.; Pauluschke-Frohlich, J.; Peter, A.; Poets, C.F,; Gille, C.;
et al. Granulocytic myeloid-derived suppressor cells (GR-MDSC) accumulate in cord blood of preterm infants and remain
elevated during the neonatal period. Clin. Exp. Immunol. 2018, 191, 328-337. [CrossRef] [PubMed]

Leiber, A.; Schwarz, J.; Kostlin, N.; Spring, B.; Fehrenbacher, B.; Katava, N.; Poets, C.E.; Gille, C. Neonatal myeloid derived
suppressor cells show reduced apoptosis and immunosuppressive activity upon infection with Escherichia coli. Eur. J. Immunol.
2017, 47, 1009-1021. [CrossRef] [PubMed]

Dietz, S.; Schwarz, J.; Vogelmann, M.; Spring, B.; Molnar, K.; Orlikowsky, T.W.; Wiese, F.; Holzer, U.; Poets, C.F,; Gille, C.; et al.
Cord blood granulocytic myeloid-derived suppressor cells impair monocyte T cell stimulatory capacity and response to bacterial
stimulation. Pediatr. Res. 2019, 86, 608-615. [CrossRef] [PubMed]

Gervassi, A.; Lejarcegui, N.; Dross, S.; Jacobson, A.; Itaya, G.; Kidzeru, E.; Gantt, S.; Jaspan, H.; Horton, H. Myeloid De-
rived Suppressor Cells Are Present at High Frequency in Neonates and Suppress In Vitro T Cell Responses. PLoS ONE 2014,
9, €107816. [CrossRef]

Ui Mhaonaigh, A.; Coughlan, A.M.; Dwivedi, A.; Hartnett, J.; Cabral, J.; Moran, B.; Brennan, K.; Doyle, S.L.; Hughes, K.; Lucey, R.;
et al. Low Density Granulocytes in ANCA Vasculitis Are Heterogenous and Hypo-Responsive to Anti-Myeloperoxidase
Antibodies. Front Immunol. 2019, 10, 2603. [CrossRef] [PubMed]

Wright, H.L.; Makki, FA.; Moots, R.J.; Edwards, S.W. Low-density granulocytes: Functionally distinct, immature neutrophils in
rheumatoid arthritis with altered properties and defective TNF signalling. J. Leukoc. Biol. 2016, 101, 599-611. [CrossRef] [PubMed]
Villanueva, E.; Yalavarthi, S.; Berthier, C.C.; Hodgin, J.B.; Khandpur, R.; Lin, A.M.; Rubin, C.J.; Zhao, W.; Olsen, S.H.; Klinker, M.;
et al. Netting Neutrophils Induce Endothelial Damage, Infiltrate Tissues, and Expose Immunostimulatory Molecules in Systemic
Lupus Erythematosus. J. Immunol. 2011, 187, 538-552. [CrossRef] [PubMed]

Denny, M.E,; Yalavarthi, S.; Zhao, W.; Thacker, S.G.; Anderson, M.; Sandy, A.R.; McCune, W.].; Kaplan, M.]. A Distinct Subset
of Proinflammatory Neutrophils Isolated from Patients with Systemic Lupus Erythematosus Induces Vascular Damage and
Synthesizes Type I IFNSs. |. Immunol. 2010, 184, 3284-3297. [CrossRef]

Stockfelt, M.; Larsson, G.; Engstrom, H.; Puttonen, H.; Zetterberg, H.; Blennow, K.; Sjowall, C.; Strevens, H.; Jonsen, A.;
Bengtsson, A.; et al. Activated low-density granulocytes in peripheral and intervillous blood and neutrophil inflammation in
placentas from SLE pregnancies. Lupus Sci. Med. 2021, 8, e000463. [CrossRef] [PubMed]

Cloke, T.; Munder, M.; Bergin, P.; Herath, S.; Modolell, M.; Taylor, G.; Miiller, L; Kropf, P. Phenotypic Alteration of Neutrophils in
the Blood of HIV Seropositive Patients. PLoS ONE 2013, 8, €72034. [CrossRef] [PubMed]

Rocha, B.C.; Marques, P.E.; Leoratti, EM.D.S.; Junqueira, C.; Pereira, D.; Antonelli, L.; Menezes, G.B.; Golenbock, D.T.;
Gazzinelli, R.T. Type I Interferon Transcriptional Signature in Neutrophils and Low-Density Granulocytes Are Associated
with Tissue Damage in Malaria. Cell Rep. 2015, 13, 2829-2841. [CrossRef] [PubMed]

Leppkes, M.; Knopf, J.; Naschberger, E.; Lindemann, A.; Singh, J.; Herrmann, I.; Stiirzl, M.; Staats, L.; Mahajan, A.; Schauer, C.;
et al. Vascular occlusion by neutrophil extracellular traps in COVID-19. EBioMedicine 2020, 58, 102925. [CrossRef]


http://doi.org/10.1158/1078-0432.CCR-15-2463
http://www.ncbi.nlm.nih.gov/pubmed/26957562
http://doi.org/10.1126/sciimmunol.aaw9159
http://doi.org/10.1164/rccm.201708-1707OC
http://doi.org/10.1182/blood.2019004537
http://doi.org/10.1016/j.ebiom.2019.08.025
http://doi.org/10.3390/nu12092571
http://doi.org/10.4049/jimmunol.1202144
http://doi.org/10.1111/imm.12751
http://www.ncbi.nlm.nih.gov/pubmed/28464218
http://doi.org/10.1111/cei.13059
http://www.ncbi.nlm.nih.gov/pubmed/28963753
http://doi.org/10.1002/eji.201646621
http://www.ncbi.nlm.nih.gov/pubmed/28493377
http://doi.org/10.1038/s41390-019-0504-7
http://www.ncbi.nlm.nih.gov/pubmed/31349362
http://doi.org/10.1371/journal.pone.0107816
http://doi.org/10.3389/fimmu.2019.02603
http://www.ncbi.nlm.nih.gov/pubmed/31781107
http://doi.org/10.1189/jlb.5A0116-022R
http://www.ncbi.nlm.nih.gov/pubmed/27601627
http://doi.org/10.4049/jimmunol.1100450
http://www.ncbi.nlm.nih.gov/pubmed/21613614
http://doi.org/10.4049/jimmunol.0902199
http://doi.org/10.1136/lupus-2020-000463
http://www.ncbi.nlm.nih.gov/pubmed/33685997
http://doi.org/10.1371/journal.pone.0072034
http://www.ncbi.nlm.nih.gov/pubmed/24039734
http://doi.org/10.1016/j.celrep.2015.11.055
http://www.ncbi.nlm.nih.gov/pubmed/26711347
http://doi.org/10.1016/j.ebiom.2020.102925

Pathogens 2021, 10, 1091 13 of 15

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Mistry, P.; Carmona-Rivera, C.; Ombrello, A.; Hoffmann, P,; Seto, N.L.; Jones, A_; Stone, D.L.; Naz, E.; Carlucci, P.; Dell'Orso, S.;
et al. Dysregulated neutrophil responses and neutrophil extracellular trap formation and degradation in PAPA syndrome. Ann.
Rheum. Dis. 2018, 77, 1825-1833. [CrossRef]

Midgley, A.; Beresford, M.W. Increased expression of low-density granulocytes in juvenile-onset systemic lupus erythematosus
patients correlates with disease activity. Lupus 2015, 25, 407-411. [CrossRef]

Kanamaru, R.; Ohzawa, H.; Miyato, H.; Matsumoto, S.; Haruta, H.; Kurashina, K.; Saito, S.; Hosoya, Y.; Yamaguchi, H.;
Yamashita, H.; et al. Low-density neutrophils (LDN) in postoperative abdominal cavity assist the peritoneal recurrence through
the production of neutrophil extracellular traps (NETs). Sci. Rep. 2018, 8, 632. [CrossRef]

Liu, Y;; Hu, Y,; Gu, F; Liang, J.; Zeng, Y.; Hong, X.; Zhang, K.; Liu, L. Phenotypic and clinical characterization of low-density
neutrophils in patients with advanced lung adenocarcinoma. Oncotarget 2017, 8, 90969-90978. [CrossRef]

Blanco-Camarillo, C.; Aleman, O.R.; Rosales, C. Low-Density Neutrophils in Healthy Individuals Display a Mature Primed
Phenotype. Front. Immunol. 2021, 12, 672520. [CrossRef]

Patera, A.C.; Drewry, A.M.; Chang, K,; Beiter, E.R.; Osborne, D.; Hotchkiss, R.S. Frontline Science: Defects in immune function in
patients with sepsis are associated with PD-1 or PD-L1 expression and can be restored by antibodies targeting PD-1 or PD-L1.
J. Leukoc. Biol. 2016, 100, 1239-1254. [CrossRef]

Bowers, N.L.; Helton, E.S.; Huijbregts, R.P.H.; Goepfert, P.A.; Heath, S.L.; Hel, Z. Inmune Suppression by Neutrophils in HIV-1
Infection: Role of PD-L1/PD-1 Pathway. PLoS Pathog. 2014, 10, €1003993. [CrossRef] [PubMed]

Davis, R.E.; Sharma, S.; Conceicdo, J.; Carneiro, P.; Novais, F,; Scott, P.; Sundar, S.; Bacellar, O.; Carvalho, E.M.; Wilson, M.E.
Phenotypic and functional characteristics of HLA-DR+ neutrophils in Brazilians with cutaneous leishmaniasis. J. Leukoc. Biol.
2016, 101, 739-749. [CrossRef] [PubMed]

Vlkova, M.; Chovancova, Z.; Nechvatalova, J.; Connelly, A.N.; Davis, M.D.; Slanina, P.; Travnickova, L.; Litzman, M.;
Grymova, T.; Soucek, P; et al. Neutrophil and Granulocytic Myeloid-Derived Suppressor Cell-Mediated T Cell Suppres-
sion Significantly Contributes to Immune Dysregulation in Common Variable Immunodeficiency Disorders. J. Immunol. 2019,
202, 93-104. [CrossRef] [PubMed]

Morrissey, S.M.; Geller, A.E.; Hu, X,; Tieri, D.; Ding, C.; Klaes, C.K.; Cooke, E.A.; Woeste, M.R.; Martin, Z.C.; Chen, O.; etal. A
specific low-density neutroph