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Abstract: Myeloid-derived suppressor cells (MDSCs) represent a heterogeneous population of
myeloid cells that suppress immune responses in cancer, infection, and trauma. They mainly act
by inhibiting T-cells, natural-killer cells, and dendritic cells, and also by inducing T-regulatory cells,
and modulating macrophages. Although they are mostly associated with adverse prognosis of
the underlying disease entity, they may display positive effects in specific situations, such as in
allogeneic hematopoietic stem cell transplantation (HSCT), where they suppress graft-versus-host
disease (GVHD). They also contribute to the feto-maternal tolerance, and in the fetus growth process,
whereas several pregnancy complications have been associated with their defects. Human umbilical
cord blood (UCB) is a source rich in MDSCs and their myeloid progenitor cells. Recently, a number
of studies have investigated the generation, isolation, and expansion of UCB-MDSCs for potential
clinical application associated with their immunosuppressive properties, such as GVHD, and autoim-
mune and inflammatory diseases. Given that a significant proportion of UCB units in cord blood
banks are not suitable for clinical use in HSCT, they might be used as a significant source of MDSCs
for research and clinical purposes. The current review summarizes the roles of MDSCs in the UCB, as
well as their promising applications.

Keywords: myeloid-derived suppressor cell (MDSC); umbilical cord blood (UCB); feto-maternal
immune-tolerance; immunology; infection; autoimmunity; inflammation; immunotherapy;
graft-versus-host disease (GVHD)

1. Introduction: Myeloid-Derived Suppressor Cells

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of myeloid
cells with the ability to suppress various types of immune responses [1]. The immuno-
suppressive properties of myeloid progenitor cell types in the bone marrow (BM) have
long been described, since 1987, in a lung cancer model by Young et al. [2]. However, the
phenotypic characteristics and biological roles of MDSCs were clarified only recently. This
population of cells is mainly characterized by their myeloid origin, their immature state,
and their ability to suppress T-cell response [3].

In mice, MDSCs are defined by the expression of the surface markers CD11b and
Gr-1 (Ly6G/Ly6C), whereas Gr-1 antigen is not expressed in humans [4]. MDSCs in
humans are characterized by the CD11b+CD33+HLA-DR−/low phenotype, and consist
of two main subpopulations, namely the granulocytic or polymorphonuclear MDSCs
(Gr- or PMN-MDSCs), and the monocytic MDSCs (M-MDSCs); an early MDSC (eMDSC)
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population is considered the precursor of both subtypes. The PMN-MDSCs appear similar
in phenotype to neutrophils, and express the granulocytic markers CD15 and CD66b, the
M-MDSCs express the monocytic surface antigen CD14, whereas the eMDSCs express
neither CD15 nor CD14 [5]. It should be mentioned that there is not an absolute phenotypic
distinction between PMN-MDSCs and neutrophils. However, PMN-MDSCs are low-
density cells with characteristic suppressive functions. Recently, the lectin-like oxidized
low-density lipoprotein receptor-1 (LOX-1) has been reported as a novel marker that
further differentiates PMN-MDSCs from other low-density cells [6]. A detailed analysis
of the identification of MDSCs in mice and humans is presented in this Special Issue by
Vanhaver et al. [7].

Under normal conditions, the immature myeloid cells generated in the BM are rapidly
differentiated into granulocytes, macrophages, or dendritic cells (DCs) [3]. However, under
abnormal conditions, the immature myeloid cells expand as a result of a partial blockage
of their differentiation. This is the first step required for the generation and accumulation
of MDSCs. The responsible factors for this step include transforming growth factor beta
(TGF-β); interleukin (IL)-1, IL-6, IL-10, IL-12, IL-13; granulocyte macrophage colony stimu-
lating factor (GM-CSF); prostaglandin E2 (PGE2); macrophage colony stimulating factor
(M-CSF); cyclooxygenase-2 (COX2); and vascular endothelial growth factor (VEGF) [8–10].
The second step requires a proper microenvironment for the activation of MDSCs, and
acquisition of their suppressive character through the influence of certain factors, such as
interferon-γ (IFN-γ); TGF-β, IL-1β, IL-4, IL-6, IL-10, IL-13; tumor necrosis factor-α (TNF-α);
COX-2; hypoxia including factor-1α (HIF-1α); and Toll-like receptor (TLR) ligands [8,11].

The accumulation of MDSCs was initially described under conditions of malignancy
where MDSCs inhibit different cell types, such as T-cells, Natural Killer (NK) cells, DCs, and
macrophages [12–14]. In different types of tumors, cancer cells produce factors involved
in the myelopoiesis (VEGF, GM-CSF, IL-1β, IL-6, HIF-1α, TGF-β, COX-2), as well as in
the recruitment (CCL2, CCL3) and activation (TNF-α, IL-10, IL-1β, IL-6, INF-γ, COX-2,
HIF-1α) of MDSCs [8,11]. In addition, MDSCs promote the proliferation and differentiation
of Foxp3+ T regulatory cells (Tregs) and tumor-associated macrophages (TAM), which act
in favor of tumor progression [15].

Studies in mice demonstrated that MDSCs suppress CD8+ T-cells through cell-to-cell
contact, and CD4+ T-cells via non-specific humoral immune mechanisms [16,17]. The
most common of the different suppressive mechanisms of MDSCs is the depletion of
essential nutrients (L-arginine, L-cysteine, tryptophan) for T-cell proliferation via the
expression of arginase-1 (Arg-1), inducible nitric oxide synthase (iNOS), and indoleamine-
2,3-dioxygenase (IDO) [18]. Other mechanisms include the upregulation of COX-2, and
the production of peroxynitrite (PNT), which cause nitration of the T-cell receptor-CD8
complex [19,20]. Except from their immunosuppressive functions, MDSCs play an emerg-
ing role in angiogenesis, thus contributing to tumor proliferation and metastasis via the
secretion of matrix metalloproteinase (MMP-9), TGF-β, VEGF, and basic fibroblast growth
factor (bFGF) [12].

In contrast to previous reports characterizing MDSCs as deleterious cells, there is
current evidence suggesting that these cells can display either a positive or negative
immune-regulatory role depending on the microenvironment and the situation. Thus,
Pastula et al. characterized them as “double-edged sword” [21], whereas Budhwar et al.
described them as having both “Yang and Yin” functionality [22]. Surprisingly, even in
cancer, MDSCs may have anti-tumor activity through a direct neoplasmatic cells phago-
cytosing capacity, via interactions with T- and NK cells, and production of cytokines and
effector molecules, such as NO, which, in small concentrations, has anti-tumor rather than
pro-tumor effects [21].

Accumulation of MDSCs with opposing effects has also been described in conditions
other than cancer, namely infections, trauma, obesity, autoimmune diseases, ageing, and
transplantation [23]. MDSCs are beneficial during trauma and stress, as they prevent
tissue damage through attenuating the excessive activation of the immune system [21].
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Probably the most profound example where this function is needed is transplantation,
where MDSCs prevent the rejection of the allograft [24]. Elevated levels of MDSCs have
been described in the adipose tissue, and may contribute to the increased risk of cancer
development in obese individuals; however, their presence may also have a beneficial
role by inhibiting the metabolic deregulation observed in obesity [25]. Several studies
have indicated that the accumulation of MDSCs in infections from Staphylococcus aureus
and Mycobacterium tuberculosis, and in systemic lupus erythematosus, is associated with
poor prognosis. In contrast, the abundance of MDSCs has been associated with good
prognosis and protection from Pseudomonas aeruginosa and Klebsiella pneumonia infections,
and from auto-immune conditions, such as rheumatoid arthritis and immune-related
colitis [22,26]. In accordance with the aforementioned contradictory effects, pregnancy is
another condition where MDSCs show not only their “bad”, but also their “good” side, as
will be extensively presented below [22].

2. Immune Cells and MDSCs in Pregnancy, Fetal-Maternal Cross-Talk, and Neonatal
Period

Pregnancy is a natural situation in which the mother’s immune system develops
tolerating mechanisms to prevent rejection of the “allograft” fetal tissue. The maternal
immune system provides an immune milieu at the feto-maternal interface, allowing the
expression of paternal antigens by the fetus [26–29]. Dynamic changes between trophoblast
and decidual immune cells are needed for the successful implantation and the development
of the fetus [11]. Several studies demonstrate that, in pregnant women, CD4+ T-cells are
biased toward Th2-responses, and CD8+ T-cells are short-lived compared to non-pregnant
women [30]. Dysfunction of the immune adaptation during pregnancy usually leads to
many abnormal conditions, such as pregnancy loss, preterm birth, pre-eclampsia, and fetal
growth restriction [26].

The feto-maternal cross-talk occurs in the placenta, which is composed of both fetal
and maternal cells. The Human Leucocyte Antigen (HLA)-G molecule, which is expressed
by extravillous trophoblasts (EVTs) of the fetus, plays an important role in implantation
and immune tolerance by modulating the immune responses of NK cells, T-cells, DCs,
macrophages, innate lymphoid cells, as well as MDSCs [31]. Moreover, sex hormones,
and the balance between anti-inflammatory (TGF-β, IL-10) and pro-inflammatory (IL-17)
cytokines, also play distinct roles in the maintenance of pregnancy [31,32]. The cytokine
balance is adjusted dynamically during the different phases of pregnancy. More specifically,
in the first and third trimester, inflammatory responses are essential for the implantation
and the successful fetus delivery, respectively. In contrast, regulatory responses are the
major immunological events in the second trimester [33].

The number of studies investigating the role of MDSCs in pregnancy is growing
recently. MDSCs participate in pregnancy as important immune-regulatory cells, although
it is unclear how these cells migrate to the feto-maternal interface. Mauti et al. were the first
who described that the accumulation of MDSCs in pregnancy increase the tumor metastasis
in mice [13]. Several studies demonstrate increased frequency of MDSCs in all stages of
pregnancy in both human and animal models. Köstlin-Gille et al. have shown that the
number of PMN-MDSCs were increased ten-fold in the peripheral blood (PB) of pregnant
women compared to non-pregnant, whereas the numbers of M-MDSCs were unchanged.
The higher numbers of PMN-MDSCs were observed during early gestation, and dropped
to the levels of non-pregnant women a few days after labor [34]. Moreover, Nair et al. have
described that the numbers of MDSCs in the PB and endometrium were 30% decreased in
women that experienced miscarriage compared to healthy pregnant women [35].

The main role of PMN-MDSCs in feto-maternal tolerance is to produce immunosup-
pressive enzymes (Arg1, IDO, iNOS), and to suppress T-cells through ROS production.
PMN-MDSCs from the placenta exhibit increased levels of ROS compared to those from
the PB [34]. On the other hand, M-MDSCs, although expressing STAT1, Arg1, and iNOS,
showed less production of ROS [28]. Several studies in mice have shown that, in the
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absence of MDSCs, the proliferation of DCs and T-cells is increased, whereas NK cells and
macrophages alone are not capable of supporting a successful pregnancy [11].

Besides the suppression of T-cells, MDSCs modulate the polarization of Th-cells.
Many studies have shown predominant Th2 and simultaneously suppressed Th1 responses
during pregnancy. More specifically, PMN-MDSCs are capable of promoting Th2 responses,
and inhibiting Th1 responses in a cell-to-cell-contact-dependent manner [36]. In addition,
it is well documented that MDSCs induce Tregs via the production of TGF-β and the
transcription regulator β-catenin [37]. Surprisingly, Ren et al. observed an increase in the
number of Tregs when depleting MDSCs in an allogeneic-normal-pregnant mouse model.
NK-cytotoxicity was also altered by MDSCs via the inhibition of perforin-cytotoxicity, and
the decrease of the surface receptor NKG2D on NK cells [38].

In terms of hormones, it is known that progesterone is essential for pregnancy main-
tenance by preparing the endometrium for embryo implantation [39]. Progesterone and
signaling via the signal transducer and activator of transcription-3 (STAT3) increase the
number and the suppressive functions of PMN-MDSCs. The activation of the progesterone
receptor leads to higher expression of STAT3 in MDSCs, which in turn results in the ex-
pansion of MDSCs during pregnancy [40]. However, only one study has demonstrated a
positive correlation between M-MDSCs and estrogen and progesterone during pregnancy
through the STAT3 signaling pathway [41]. Moreover, other factors, such as HLA-G and
HIF-α, are also responsible for the expansion and differentiation of MDSCs via the STAT3
signaling pathway in a similar manner to the aforementioned hormones [11].

One million newborns die each year worldwide due to infections [42,43]. The vulnera-
bility of neonates and young children to infections is related to the immune system changes
during this period of life [44–46]. It is thought that alterations in different cell types, such as
monocytes, DCs, and NK cells, are responsible for this vulnerability to infections [47]. The
main characteristics of this period include reduced CD8+ T-cell responses, accumulation
of Tregs, and immaturity of DCs [48,49]. In neonates, CD4+ T-cells are biased towards
Th2 responses, and CD8+ T-cells are short-lived [49], whereas several studies have shown
that increased numbers of MDSCs play a key role as immuno-regulatory cells in fetuses
and neonates [50]. It has been shown that PMN-MDSCs are increased in the neonates,
especially during infection, presenting antimicrobial properties [51]. Specifically, neonatal
PMN-MDSCs are capable of phagocytosing bacterial pathogens, but also maintain their
immunosuppressive properties [52,53]. Overall, there is a rather controversial literature on
whether MDSCs are protective for fetal infections or not. Using mice and human specimens,
He et al. also proved the antibacterial potential of MDSCs in infants, and showed that lower
numbers of MDSCs were correlated with higher risk of death from severe infection [54].
On the other hand, Rieber et al. and Köstlin et al. argued that the increased number of
PMN-MDSCs in neonates may, in part, be the reason of the impaired response to infection
during this period of life [50,55]. Ongoing research on the topic will clarify the role of
MDSCs in the neonatal period.

3. Immune Cells and MDSCs in the Umbilical Cord Blood (UCB)

The umbilical cord is the link between the fetus and the placenta. It adheres to the
fetal part of the placenta; it has a mean length of 60 cm at term; and contains three vessels,
i.e., two arteries and one vein, surrounded by the Wharton’s jelly [56]. Wharton’s jelly is a
tissue composed from connective matrix and mesenchymal stem cells (MSCs) that protects
the vessels, and ensures the unhindered transfer of elements from and to the fetus [57].
The UCB has gained particular interest as an alternative source of hemopoietic stem cells
(HSCs) for transplantation (HSCT) in hematologic diseases. The HSC collection is simple
and non-invasive, and the procedure is less frequently associated with graft-versus-host
disease (GVHD) compared to BM-based HSCT, and thus, the HLA-matching requirements
may be less strict [58]. Since the first UCB HSCT in 1988 to a patient with Fanconi’s anemia,
a significant number of UCB banks have been established to provide candidate transplants
all over the world [59,60].
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Most of the HSCs present in the fetal circulation, i.e., in the placenta and the umbilical
cord, migrate to the BM after delivery; although, some may remain in the above tissues.
Interestingly, the concentration of HSCs in the UCB is higher compared to the BM or PB [58].
Furthermore, the UCB stem and progenitor cells have longer telomeres and different gene
expression profiles, and they can easily expand ex vivo even without growth factors, as
they have the ability to produce them in an autocrine manner [60,61]. The immature
CD34+rh123lowCD38− cells, and those expressing Thy-1, present the highest proliferation
rates in cultures [60]. In contrast, MSCs are present in low numbers in UCB, whereas the
identified endothelial cell populations probably derive from the umbilical cord rather than
the UCB [58].

The reduced risk of GVHD in HSCT of UCB-derived HSCs compared to BM is probably
associated with the unique characteristics of the UCB immune cells to achieve the feto-
maternal tolerance [62]. Although DCs are present in UCB, most of them do not express
CD11c, and they are not capable of stimulating T-cells and initiating the immune responses,
though they are capable of inducing CD4+CD25+ Tregs. Compared to the PB, the UCB
DCs express lower levels of MHC class II, CD80, and CD86 [62]. The T-cells of the UCB are
mostly naïve, with an absence of the cytotoxic and memory phenotype; they express low
levels of CD40 ligand and perforin; and present higher apoptosis rates [60,61]. Similarly,
NK cells express low levels of CD57, and present reduced cytotoxicity [60,62]. Tregs, on the
other hand, are abundant in the UCB, and fully functional, and thus, infusion of UCB Tregs
is a promising novel treatment of GVHD [62].

The numbers of MDSCs in the UCB and the PB of neonates are increased compared to
adults, and decrease during the first months of life [50]. The number of UCB MDSCs are
comparable to those observed in cancer patients [43]. It is unclear whether this accumu-
lation of MDSCs in neonates is beneficial or may cause susceptibility to infections. Many
studies have demonstrated that the higher amount of MDSCs observed in the umbilical
cord of preterm neonates may contribute to the higher risk to infections [51]. However,
other studies suggest that MDSCs may protect neonates from uncontrolled inflammatory
responses, as they produce higher levels of anti-microbial agents [52,54].

The majority of MDSCs in neonates are PMN-MDSCs, and are capable of suppressing
the proliferation of T-cells. UCB MDSCs are capable of suppressing Th1 responses, and
inducing Th2 responses and Tregs. Th1 responses are mediated through cell-to-cell con-
tact, whereas Th2 responses are mediated through the production of Arg1 and ROS. The
induction of Tregs is mediated through iNOS expression [26]. Other studies have shown
that UCB PMN-MDSCs have effects on monocytes. More specifically, PMN-MDSCs are
responsible of the downregulation of HLA class I and class II molecules; the upregulation
of co-inhibitory molecules, such as programmed death ligand-1 (PD-L1) and PD-L2; the
decrease of TNF-a and IL-1β; and the increase of IL-8 [63]. The interactions and properties
of the UCB immune cells are depicted in Figure 1.

3.1. In Vitro and Ex Vivo Expansion of UCB-MDSCs

Given their low numbers, the in vitro and ex vivo expansion of MDSCs for potential
therapeutic purposes, such as GVHD and prevention of autoimmunity, remains a chal-
lenge [1,64,65]. The UCB contains high numbers of precursor cells, and can thus serve as
an excellent source for this purpose. In the following paragraphs and in Table 1, the main
studies involving the expansion of UCB-MDSCs and their results are summarized.

Wu et al. cultured UCB-CD34+ cells in HSC medium containing GM-CSF, granulocyte-
colony stimulating factor (G-CSF), and/or IL-6 [67]. This combination of factors was
essential for the generation of CD11b+CD14+HLA-DR−/low cells. Moreover, these fac-
tors were important for the up-regulation of important immunosuppressive molecules in
the precursor cells facilitating the differentiation to MDSCs, such as M-CSF receptor (M-
CSFR), IL-4 receptor-α (IL-4Rα), PD-L1, Arg-1, and CCAAT/enhancer-binding protein-β
(C/EBPβ). The UCB-MDSCs that were treated with these factors suppressed the prolifera-
tion of CD3+, CD3+CD4+, or CD3+CD4− T-cells, and the production of IFN-γ from T-cells,
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and altered the expression of PD-L1 and CD3e from T-cells and forkhead box P3 (FoxP3),
the marker of Tregs. With this study, the authors gave evidence that the aforementioned cy-
tokines, also produced from solid tumors, lead to the transition of the HSC to an immature
myeloid cell, and, subsequently, by acquiring the suppressive character, to MDSCs [67].

Park et al. also generated MDSCs from UCB-CD34+ cells cultured with recombinant
human (rh) GM-CSF/stem cell factor (SCF), G-CSF/SCF or M-CSF/SCF [68]. The most
effective combination was the rh-GM-CSF/SCF. After 6 weeks of culture with rh-GM-
CSF/SCF, the cells expressed the markers specific for M-MDSCs, i.e., HLA-DRlow, CD11b+,
CD33+, CD14+, CD15−, as well as the typical signaling and suppressive molecules, i.e.,
STATs, mammalian target of rapamycin (mTOR), protein kinase B (PKB, Akt), Arg-1, IDO,
iNOS, IL-10, and VEGF. According to the authors, the generated cells suppressed the
proliferation of CD4+ and CD8+ T-cells, and led to the induction of FoxP3+ Tregs. Moreover,
the generated cells reduced the secretion of IFN-γ in the co-cultures of DCs and CD4+

T-cells. The authors tested the generated cells in a mouse acute GVHD (aGVHD) model,
where the infused MDSCs displayed a protective role, and improved the survival of mice
through the aforementioned mechanisms in vivo, suggesting that these cells could be used
in the treatment of human inflammatory diseases [68].
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Figure 1. Specific characteristics and interactions of different immune cells in the UCB. Immune cells
found in the UCB exhibit distinct features, leading to complex immune regulation patterns. Inhibition
of immune activation is elicited in multiple manners that implicate MDSCs, among others, finally
shifting the balance towards a tolerant microenvironment. Abbreviations: UCB, umbilical cord blood;
CD40L, CD40 ligand; DCs, dendritic cells; HLA, human leukocyte antigen; IL, interleukin; MDSCs,
myeloid-derived suppressor cells; NK cells, natural-killer cells; PD-L; programmed death ligand; Th:
T-helper cells; Tregs, T-regulatory cells; TNF, tumor necrosis factor.

Lim et al. cultured human UCB-CD34+ cells with rh-GM-CSF and rh-SCF [69]. The
generated cells showed increased numbers of CD14+HLA-DRlowCD11b+CD33+ popula-
tions, and elevated Arg-1 and iNOS, but not NADPH oxidase 2 (NOX2) expression. The
authors adoptively transferred these cells to two mouse models of chronic GVHD (cGVHD).
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MDSCs could be detected in vivo in the skin, lung, and spleen. The generated MDSCs sup-
pressed the proliferation of both mouse and human CD4+ and CD8+ T-cells in vitro. When
treated with MDSCs, the mice suffered less from cGVHD, and the damage in the organs
was decreased, including the thymus, which presented less expansion of donor-type T-cells.
Attenuated was also the damage and expansion of T-cells following G-CSF treatment in all
tissues, including the spleen, skin, and lung, among others. MDSCs changed the balance in
the cytokine production in the recipients by down-regulating the production of IL-17 and
IL-4 from CD4+ T-cells, and by up-regulating the production of IFN-γ from CD4+ T-cells,
and increasing FoxP3+ Tregs, favoring Th1 over Th2/Th17 differentiation. The findings of
this study show that MDSCs generated ex vivo from human UCB could be used in future
treatment regimens not only against aGVHD, but also against cGVHD [69].

Table 1. Studies involving in vitro and ex vivo expansion of UCB-MDSCs.

Study Progenitor
Cells-Origin Technique Generated Cells Importance

Yu et al. [66] UCB-CD33+

cells-human

Co-culture with
MDA-MB-231
human breast

cancer cells

CD45+CD33+CD13+

CD14−CD15− cells

Identification of (a) the
contact-dependent manner of the

immunosuppression of MDSCs and (b)
targets, i.e., MDSCs, molecules, and

pathways for possible novel therapies

Wu et al. [67] UCB-CD34+

cells-human

Culture with
GM-CSF with
G-CSF and/or

IL-6

CD11b+CD14+

HLA-DR−/low cells

Cytokines produced from solid tumors
lead to the transition of the

hematopoietic stem cells to immature
myeloid cells, and, subsequently, to
MDSCs with suppressive character

Park et al. [68] UCB-CD34+

cells-human
Culture with

rh-GM-CSF/SCF
HLA-DRlowCD11b+CD33+

CD14+CD15− cells

Evidence that generated MDSCs can be
used in the treatment of aGVHD and

human inflammatory diseases

Lim et al. [69] UCB-CD34+

cells-human

Culture with
rh-GM-CSF and

rh-SCF

CD14+HLA-DRlowCD11b+

CD33+ cells

MDSCs generated ex vivo from human
UCB can be used in treatment regimens

not only against aGVHD, but also
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Abbreviations: UCB—umbilical cord blood; MDSCs—myeloid-derived suppressor cells; CD—cluster of differenti-
ation; HLA-DR—human leukocyte antigen-DR isotype; GM-CSF—granulocyte-macrophage-colony-stimulating
factor; G-CSF—granulocyte-CSF; IL—interleukin; rh—recombinant human; SCF—stem cell factor; f-MDSCs—
fibrocytic-MDSCs; tDCs—tolerogenic dendritic cells; IL-4Ra—IL-4 receptor-a; a-SMA—a-smooth muscle actin;
aGVHD—acute graft-versus-host disease; cGVHD—chronic GVHD.

Yu et al. induced the generation of MDSCs by co-culturing UCB-CD33+ cells with
MDA-MB-231 breast cancer cells [66]. The CD45+CD33+CD13+CD14−CD15− cells were de-
fined as induced MDSCs (iMDSCs). The iMDSCs possessed the same immunosuppressive
properties as fresh MDSCs from cancer patients. The generated cells induced apoptosis of
T-cells, decreased the T-cell secretion of IFN-γ, and increased the T-cell secretion of IL-10
and TGF-β. The authors showed that the phosphorylation of STAT3 and the following
up-regulation of IDO are essential for the immune-modulatory actions of iMDSCs, by
blocking these molecules/pathways, as well as by comparing iMDSCs with untreated UCB-
CD33+ cells. The use of iMDSCs in this study highlights the contact-dependent manner of
the immunosuppression of MDSCs, and points MDSC-associated targets (molecules and
pathways) for novel therapies [66].
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Zoso et al. [70] and Mazza et al. [71] generated a novel population of MDSCs, named
fibrocytic MDSCs (f-MDSCs), which co-expresses markers of MDSC, tolerogenic DCs
(tDCs), and fibrocytes, i.e., CD33, IL-4Rα, CD11b, CD11c, CD13, CD14, CD15, HLA-DR,
CD86, CD40, collagen V, and a-smooth muscle actin (a-SMA). Moreover, the transcriptional
analysis of the cells depicted that they were a unique population relative to MDSCs, but
neither M- nor PMN-MDSCs, sharing markers and having a profile between the three types
of cells, i.e., MDSCs, tDCs, and fibrocytes. The cells were obtained by a 4-day culture of
UCB with rh-GM-CSF and rh-G-CSF. The generated cells had a fibrocyte-like morphology
and adhesive properties. The authors proved the suppressive character of f-MDSCs, which
is mediated via the induction of Tregs by IDO up-regulation upon contact of f-MDSCs with
T-cells rather than by the expression of Arg-1 or NOS2. This novel population delayed
the onset of Type 1 Diabetes when adoptively transferred in a mouse model. The authors
propose this novel subset as a tool for the treatment of allograft rejection and in vitro
generation of Tregs [70,71].

3.2. Applications of UCB-MDSCs: Experimental and Clinical

MDSCs have drawn the attention of scientists for the development of novel therapeutic
strategies involving blockage of their development, differentiation, depletion, deactivation,
or their adoptive transfer, as well as the recognition of novel MDSC-associated biomarkers
for personalized treatment approaches [1,64,65].

MDSCs displaying T-cell and NK cell suppressive function, and contributing to feto-
maternal tolerance, are increased in the UCB and in the fetus, and decrease gradually in
childhood. The increased MDSC cell population in UCB is that of PMN-MDSCs [31,43,53,72,73].
The PMN-MDSCs in the UCB are different from the placenta; they are heterogeneous in
phenotype, and are affected by several external factors [74]. Thus, the UCB-MDSCs and
molecules implicated in their immunosuppressive functions, such as Arg-1, have been
proposed as biomarkers of failure of feto-maternal tolerance [31,43,51,72,73]. Moreover,
the fact that MDSCs, and specifically PMN-MDSCs, fail to increase in the appropriate
levels in preeclampsia, intrauterine growth restriction, spontaneous abortion, and preterm
birth, suggests that they could not only serve as possible predictive biomarkers, but also as
therapeutic targets [11,28,75].

The increase in MDSCs has been associated with the ineffective response to in-
fections in the postnatal period. Interestingly, during infections, the levels of PMN-
MDSCs are further elevated, and are correlated with biochemical markers of inflamma-
tion [51]. In preterms, the increased MDSC numbers may have a beneficial role in the
blockade of uncontrolled inflammatory responses; however, it may also predispose to
infections [11,51]. Leiber et al. showed that PMN-MDSCs play a double role upon infec-
tion with Escherichia coli, i.e., potent phagocytes that can eliminate pathogens as first line
defense and anti-inflammatory regulators [52]. Dietz el al. co-cultured UCB-MDSCs and
monocytes, and described that MDSCs modulated the monocyte-associated markers and
production of TNF-α, but also inhibited their phagocytosis capacity [63]. Heinemann
et al. showed the association of S100A8/S100A9 alarmins, important molecules for MDSC
function, with septic shock and fatal sepsis in neonates by using human UCB samples and
a septic mouse model [76]. Accordingly, the PMN-MDSCs and the associated molecules
can act as biomarkers and therapeutic targets in severe infections and sepsis to improve the
defense during the neonatal period [50,55].

The immunosuppressive function of MDSCs is important to tackle the host inflam-
matory responses responsible for GVHD and autoimmunity [66–71]. The fact that MD-
SCs suppress T-cell responses, and promote the expansion of Tregs, is beneficial against
GVHD [77]. As described above, experimental data have shown that ex-vivo-expanded
UCB-MDSCs display beneficial effects in animal models of aGVHD, cGVHD, and type 1
diabetes associated with autoimmune responses [66–71].

Furthermore, novel applications are currently under consideration. McDonald et al.
treated mice that suffered hypoxic-ischemic brain injury by intraperitoneally infusing UCB
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cells. UCB cells were shown to have a neuroprotective effect by reducing inflammation
and cell death [78]. The study suggests the possible use of UCB cells in the management of
perinatal brain injury. Although these results can be partially mediated via MDSCs, further
research on this field is needed [78].

The interaction of MDSCs with umbilical cord cells is an ongoing field of research.
Yang et al. showed that co-cultures of peripheral blood mononuclear cells (PBMCs) and
UCB-MSCs result in the MSC-mediated proliferation of MDSCs via the HLA-G [79]. Qi
et al. showed that co-cultures of mice MDSCs with umbilical cord MSCs result in the
MSC-induced immaturity of PMN-MDSCs via PGE2, and of M-MDSCs via IFN-β [80].
Morton et al. simulated the human tumor microenvironment by generating mismatched
humanized mice via infusion of human UCB HSC/progenitor cells and UCB-MSCs [81].
After the implantation of head and neck squamous cell carcinoma (HNSCC) tumors, an
expansion of mice MDSCs was identified that concerned mainly the early stage MDSC
populations [81]. A summary on the potential applications of UCB-MDSCs is presented
in Figure 2.
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Figure 2. The role and potential applications of UCB-MDSCs. The use of UCB-MDSCs in clinical prac-
tice is currently under investigation. The MDSCs and molecules related to their function may be used
as biomarkers or/and therapeutic targets in failure of feto-maternal tolerance (i.e., preeclampsia, IGR,
abortion, preterm birth), in severe infections in neonatal period to facilitate the host immune defense
in this period, in aGVHD and cGVHD, in auto-immunity, and in neuro-inflammation. UCB-MDSCs
are also involved in immune interactions within different microenvironments, including the umbilical
cord, implicating cell-to-cell contacts and a variety of pathways and molecules. Abbreviations: UCB,
umbilical cord blood; MDSCs, myeloid-derived suppressor cells; IGR, intra-uterine growth restriction;
aGVHD, acute graft-versus-host disease; cGVHD, chronic GVHD.

4. Unpublished Data from the Public Cord Blood Bank of Crete

In an attempt to characterize the UCB-MDSCs for potential future therapeutic ap-
plications, we are evaluating the number of MDSCs in UCB of full-term pregnancies, as
well as factors that may affect the frequency of their populations, in the Public Cord Blood
Bank of Crete of the University Hospital of Heraklion, Crete, Greece. The MDSC sub-
populations have been so far measured in the mononuclear cell fraction of 40 UCB units
from full-term pregnancies (37 to 41 weeks) and the respective maternal PB samples using
flow cytometry as previously described [1]. Our preliminary, unpublished data show that
the proportion of UCB PMN-MDSCs and M-MDSCs correlate with the frequency of the
respective maternal cell populations, the proportion of UCB-CD34+ cells, the neonatal
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weight, the UCB unit volume, and the week of gestation, whereas it does not depend on
the sex of the newborn. In our next steps, we will study the functional characteristics of
UCB-MDSCs. It is well known that a significant proportion of UCB units are not suitable
for clinical use in HSCT [82]. Maternal, neonatal, and obstetric factors have an impact on
the quality of the UCB collections, and the most common reasons for inappropriateness are
delivery complications, compromised collection bag integrity, incomplete or inappropriate
labeling, positive infectious disease testing, unacceptable quality control indexes, and low
total nucleated cell count and/or low volume [83]. Given that a number of these UCB
units may be used for research purposes [84], including their potential use as a source for
MDSC isolation, the knowledge of the parameters that affect the number and the qualitative
characteristics of UCB-derived MDSCs are of particular importance.

5. Conclusions

MDSC populations, in contrary to what was believed in the past, play an immune-
modulatory role that can be either positive or negative depending on the microenvironment
and the situation in which these cells grow. They display a beneficial effect during preg-
nancy, as increased numbers of MDSCs are crucial in the development of immunological
tolerance of the fetus. UCB is a source rich in MDSCs, and UCB-MDSCs are gaining particu-
lar interest for potential clinical uses, such as, among others, in allogeneic HSCT for GVHD
inhibition. As UCB-MDSCs are candidate cells for several promising applications because
of their immunomodulatory potential, the UCB units that are not suitable for clinical use in
HSCT represent an attractive source for MDSC isolation for research and clinical purposes.

Author Contributions: Conceptualization, N.B. and H.A.P.; investigation, N.B., A.G., N.M., A.M.,
I.G., I.F., I.M. and H.A.P.; writing—original draft preparation, N.B.; writing—review and editing,
H.A.P.; supervision, H.A.P.; funding acquisition, H.A.P. All authors have read and agreed to the
published version of the manuscript.

Funding: Public investment fund of the Region of Crete: 135857/18-06-2018; University of Crete:
Maria Michail Manassaki Scholarship to Nikoleta Bizymi.

Institutional Review Board Statement: This review did not require ethical approval. The preliminary
data from the Umbilical Cord Blood derive from an ongoing research project, which is conducted
in accordance with the Declaration of Helsinki, and approved by the Institutional Review Board
of the University Hospital of Heraklion, Crete, Greece (protocol code, 10412; and date of approval,
9 October 2019).

Informed Consent Statement: Not applicable. The preliminary data from the Umbilical Cord Blood
are based on an ongoing research project in which all UCB donors have given informed consent.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available as the study is ongoing.

Acknowledgments: The authors thank the staff of the Health Region of Crete for their administrative support.

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

References
1. Bronte, V.; Brandau, S.; Chen, S.-H.; Colombo, M.P.; Frey, A.B.; Greten, T.F.; Mandruzzato, S.; Murray, P.J.; Ochoa, A.;

Ostrand-Rosenberg, S.; et al. Recommendations for myeloid-derived suppressor cell nomenclature and characterization standards.
Nat. Commun. 2016, 7, 12150. [CrossRef]

2. Young, M.R.; Newby, M.; Wepsic, H.T. Hematopoiesis and suppressor bone marrow cells in mice bearing large metastatic Lewis
lung carcinoma tumors. Cancer Res. 1987, 47, 100–105.

3. Gabrilovich, D.I.; Nagaraj, S. Myeloid-derived suppressor cells as regulators of the immune system. Nat. Rev. Immunol.
2009, 9, 162–174. [CrossRef]

4. Arocena, A.R.; Onofrio, L.I.; Pellegrini, A.V.; Silva, E.A.C.; Paroli, A.; Cano, R.C.; Aoki, M.P.; Gea, S. Myeloid-derived suppressor
cells are key players in the resolution of inflammation during a model of acute infection. Eur. J. Immunol. 2013, 44, 184–194.
[CrossRef]

5. Gabrilovich, D.I. MDSCs. Cancer Immunol. Res. 2018, 5, 3–8. [CrossRef]

http://doi.org/10.1038/ncomms12150
http://doi.org/10.1038/nri2506
http://doi.org/10.1002/eji.201343606
http://doi.org/10.1158/2326-6066.CIR-16-0297


J. Clin. Med. 2022, 11, 727 11 of 14

6. 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. [CrossRef]

7. Vanhaver, C.; van der Bruggen, P.; Bruger, A. MDSC in Mice and Men: Mechanisms of Immunosuppression in Cancer. J. Clin.
Med. 2021, 10, 2872. [CrossRef]

8. Millrud, C.R.; Bergenfelz, C.; Leandersson, K. On the origin of myeloid-derived suppressor cells. Oncotarget 2016, 8, 3649–3665.
[CrossRef]

9. Bunt, S.K.; Yang, L.; Sinha, P.; Clements, V.K.; Leips, J.; Ostrand-Rosenberg, S. Reduced Inflammation in the Tumor Mi-
croenvironment Delays the Accumulation of Myeloid-Derived Suppressor Cells and Limits Tumor Progression. Cancer Res.
2007, 67, 10019–10026. [CrossRef]

10. Gabitass, R.F.; Annels, N.E.; Stocken, D.D.; Pandha, H.A.; Middleton, G.W. Elevated myeloid-derived suppressor cells in
pancreatic, esophageal and gastric cancer are an independent prognostic factor and are associated with significant elevation of
the Th2 cytokine interleukin-13. Cancer Immunol. Immunother. 2011, 60, 1419–1430. [CrossRef]

11. Ahmadi, M.; Mohammadi, M.; Ali-Hassanzadeh, M.; Zare, M.; Gharesi-Fard, B. MDSCs in pregnancy: Critical players for a
balanced immune system at the feto-maternal interface. Cell. Immunol. 2019, 346, 103990. [CrossRef] [PubMed]

12. Umansky, V.; Blattner, C.; Gebhardt, C.; Utikal, J. The Role of Myeloid-Derived Suppressor Cells (MDSC) in Cancer Progression.
Vaccines 2016, 4, 36. [CrossRef] [PubMed]

13. Mauti, L.A.; Le Bitoux, M.-A.; Baumer, K.; Stehle, J.-C.; Golshayan, D.; Provero, P.; Stamenkovic, I. Myeloid-derived suppres-
sor cells are implicated in regulating permissiveness for tumor metastasis during mouse gestation. J. Clin. Investig. 2011,
121, 2794–2807. [CrossRef]

14. Poschke, I.; Mao, Y.; Adamson, L.; Salazar-Onfray, F.; Masucci, G.; Kiessling, R. Myeloid-derived suppressor cells impair the
quality of dendritic cell vaccines. Cancer Immunol. Immunother. 2011, 61, 827–838. [CrossRef]

15. Fleming, V.; Hu, X.; Weber, R.; Nagibin, V.; Groth, C.; Altevogt, P.; Utikal, J.; Umansky, V. Targeting Myeloid-Derived Suppressor
Cells to Bypass Tumor-Induced Immunosuppression. Front. Immunol. 2018, 9, 398. [CrossRef]

16. Tebartz, C.; Horst, S.A.; Sparwasser, T.; Huehn, J.; Beineke, A.; Peters, G.; Medina, E. A Major Role for Myeloid-Derived
Suppressor Cells and a Minor Role for Regulatory T Cells in Immunosuppression during Staphylococcus aureus Infection
Christina. J. Immunol. 2015, 194, 1100–1111. [CrossRef]

17. Tsukamoto, H.; Nishikata, R.; Senju, S.; Nishimura, Y. Myeloid-Derived Suppressor Cells Attenuate T H 1 Development through
IL-6 Production to Promote Tumor Progression. Cancer Immunol. Res. 2013, 1, 64–76. [CrossRef]

18. Condamine, T.; Gabrilovich, D.I. Molecular mechanisms regulating myeloid-derived suppressor cell differentiation and function.
Trends Immunol. 2011, 32, 19–25. [CrossRef]

19. De Sanctis, F.; Solito, S.; Ugel, S.; Molon, B.; Bronte, V.; Marigo, I. MDSCs in cancer: Conceiving new prognostic and therapeutic
targets. Biochim. Biophys. Acta 2016, 1865, 35–48. [CrossRef]

20. Solito, S.; Pinton, L.; Mandruzzato, S. In Brief: Myeloid-derived suppressor cells in cancer. J. Pathol. 2017, 242, 7–9. [CrossRef]
21. Pastuła, A.; Marcinkiewicz, J. Myeloid-derived suppressor cells: A double-edged sword? Int. J. Exp. Pathol. 2011, 92, 73–78.

[CrossRef] [PubMed]
22. Budhwar, S.; Verma, P.; Verma, R.; Rai, S.; Singh, K. The Yin and Yang of Myeloid Derived Suppressor Cells. Front. Immunol. 2018,

9, 2776. [CrossRef] [PubMed]
23. Pawelec, G.; Verschoor, C.P.; Ostrand-Rosenberg, S. Myeloid-Derived Suppressor Cells: Not Only in Tumor Immunity. Front.

Immunol. 2019, 10, 1099. [CrossRef] [PubMed]
24. Zhang, C.; Wang, S.; Yang, C.; Rong, R. The Crosstalk between Myeloid Derived Suppressor Cells and Immune Cells: To Establish

Immune Tolerance in Transplantation. J. Immunol. Res. 2016, 2016, 4986797. [CrossRef]
25. Ostrand-Rosenberg, S. Myeloid derived-suppressor cells: Their role in cancer and obesity. Curr. Opin. Immunol. 2018, 51, 68–75.

[CrossRef]
26. Köstlin-Gille, N.; Gille, C. Myeloid-Derived Suppressor Cells in Pregnancy and the Neonatal Period. Front. Immunol. 2020,

11, 584712. [CrossRef]
27. Wegmann, T.G.; Lin, H.; Guilbert, L.; Mosmann, T.R. Biderectional cytokine interactions in the maternal-fetal relationship: Is

successful pregnancy a TH2 phenomenon ? Immunol Today. 1993, 14, 5–8. [CrossRef]
28. Zhao, A.; Xu, H.; Kang, X.; Zhao, A.; Lu, L. New insights into myeloid-derived suppressor cells and their roles in feto-maternal

immune cross-talk. J. Reprod. Immunol. 2016, 113, 35–41. [CrossRef]
29. Crncic, T.B.; Laskarin, G.; Juretic, K.; Strbo, N.; Dupor, J.; Srsen, S.; Randic, L.; Bouteiller, P.L.; Tabiasco, J.; Rukavina, D. Perforin

and Fas/FasL Cytolytic Pathways at the Maternal—Fetal Interface. Am. J. Reprod. Immunol. 2005, 54, 241–248. [CrossRef]
30. Raghupathy, R. Th 1-type immunity is incompatible with successful pregnancy. Immunol. Today 1997, 18, 478–482. [CrossRef]
31. Tripathi, S.; Guleria, I. Biomarkers in Fetomaternal Tolerance. Clin. Lab. Med. 2018, 39, 145–156. [CrossRef] [PubMed]
32. Robinson, D.P.; Klein, S.L. Pregnancy and pregnancy-associated hormones alter immune responses and disease pathogenesis.

Horm. Behav. 2012, 62, 263–271. [CrossRef] [PubMed]
33. Mor, G.; Cardenas, I.; Abrahams, V.; Guller, S. Inflammation and pregnancy: The role of the immune system at the implantation

site. Ann. N. Y. Acad. Sci. 2011, 1221, 80–87. [CrossRef] [PubMed]

http://doi.org/10.3390/pathogens10091091
http://doi.org/10.3390/jcm10132872
http://doi.org/10.18632/oncotarget.12278
http://doi.org/10.1158/0008-5472.CAN-07-2354
http://doi.org/10.1007/s00262-011-1028-0
http://doi.org/10.1016/j.cellimm.2019.103990
http://www.ncbi.nlm.nih.gov/pubmed/31703912
http://doi.org/10.3390/vaccines4040036
http://www.ncbi.nlm.nih.gov/pubmed/27827871
http://doi.org/10.1172/JCI41936
http://doi.org/10.1007/s00262-011-1143-y
http://doi.org/10.3389/fimmu.2018.00398
http://doi.org/10.4049/jimmunol.1400196
http://doi.org/10.1158/2326-6066.CIR-13-0030
http://doi.org/10.1016/j.it.2010.10.002
http://doi.org/10.1016/j.bbcan.2015.08.001
http://doi.org/10.1002/path.4876
http://doi.org/10.1111/j.1365-2613.2010.00754.x
http://www.ncbi.nlm.nih.gov/pubmed/21314739
http://doi.org/10.3389/fimmu.2018.02776
http://www.ncbi.nlm.nih.gov/pubmed/30555467
http://doi.org/10.3389/fimmu.2019.01099
http://www.ncbi.nlm.nih.gov/pubmed/31156644
http://doi.org/10.1155/2016/4986797
http://doi.org/10.1016/j.coi.2018.03.007
http://doi.org/10.3389/fimmu.2020.584712
http://doi.org/10.1016/0167-5699(93)90235-D
http://doi.org/10.1016/j.jri.2015.11.001
http://doi.org/10.1111/j.1600-0897.2005.00320.x
http://doi.org/10.1016/S0167-5699(97)01127-4
http://doi.org/10.1016/j.cll.2018.11.002
http://www.ncbi.nlm.nih.gov/pubmed/30709502
http://doi.org/10.1016/j.yhbeh.2012.02.023
http://www.ncbi.nlm.nih.gov/pubmed/22406114
http://doi.org/10.1111/j.1749-6632.2010.05938.x
http://www.ncbi.nlm.nih.gov/pubmed/21401634


J. Clin. Med. 2022, 11, 727 12 of 14

34. Köstlin, N.; Kugel, H.; Spring, B.; Leiber, A.; Marmé, A.; Henes, M.; Rieber, N.; Hartl, D.; Poets, C.F.; Gille, C. Granulocytic myeloid
derived suppressor cells expand in human pregnancy and modulate T-cell responses. Eur. J. Immunol. 2014, 44, 2582–2591.
[CrossRef]

35. Nair, R.R.; Sinha, P.; Khanna, A.; Singh, K. Reduced Myeloid-derived Suppressor Cells in the Blood and Endometrium is
Associated with Early Miscarriage. Am. J. Reprod. Immunol. 2014, 73, 479–486. [CrossRef]

36. Sykes, L.; MacIntyre, D.A.; Yap, X.J.; Teoh, T.G.; Bennett, P.R. The Th1:Th2 Dichotomy of Pregnancy and Preterm Labour. Mediat.
Inflamm. 2012, 2012, 967629. [CrossRef]

37. Kang, X.; Zhang, X.; Liu, Z.; Xu, H.; Wang, T.; He, L.; Zhao, A. Granulocytic myeloid-derived suppressor cells maintain feto-
maternal tolerance by inducing Foxp3 expression in CD4+CD25-T cells by activation of the TGF- b/b-catenin pathway. Mol. Hum.
Reprod. 2016, 22, 499–511. [CrossRef]

38. Ren, J.; Zeng, W.; Tian, F.; Zhang, S.; Wu, F.; Qin, X.; Zhang, Y.; Lin, Y. Myeloid-derived suppressor cells depletion may cause
pregnancy loss via upregulating the cytotoxicity of decidual natural killer cells. Am. J. Reprod. Immunol. 2019, 81, e13099.
[CrossRef]

39. Giudice, L.C. Genes associated with embryonic attachment and implantation and the role of progesterone. J. Reprod. Med. 1999,
44, 165–171.

40. Pan, T.; Liu, Y.; Zhong, L.M.; Shi, M.H.; Duan, X.B.; Wu, K.; Yang, Q.; Liu, C.; Wei, J.Y.; Ma, X.R.; et al. Myeloid-derived suppressor
cells are essential for maintaining feto-maternal immunotolerance via STAT3 signaling in mice. J. Leukoc. Biol. 2016, 100, 499–511.
[CrossRef]

41. Pan, T.; Zhong, L.; Wu, S.; Cao, Y.; Yang, Q.; Cai, Z.; Cai, X.; Zhao, W.; Ma, N.; Zhang, W.; et al. 17β-Oestradiol enhances the
expansion and activation of myeloid-derived suppressor cells via signal transducer and activator of transcription (STAT)-3
signalling in human pregnancy. Clin. Exp. Immunol. 2016, 86–97. [CrossRef] [PubMed]

42. Blencowe, H.; Cousens, S. Review: Addressing the challenge of neonatal mortality. Trop. Med. Int. Health 2013, 18, 303–312.
[CrossRef] [PubMed]

43. Gantt, S.; Gervassi, A.; Jaspan, H.; Horton, H. The Role of Myeloid-Derived Suppressor Cells in Immune Ontogeny. Front.
Immunol. 2014, 5, 387. [CrossRef] [PubMed]

44. Levy, O. Innate immunity of the newborn: Basic mechanisms and clinical correlates. Nat. Rev. Immunol. 2007, 7, 379–390.
[CrossRef] [PubMed]

45. Philbin, V.J.; Levy, O. Developmental Biology of the Innate Immune Response: Implications for Neonatal and Infant Vaccine
Development. Pediatr. Res. 2009, 65, 98R–105R. [CrossRef] [PubMed]

46. Wilson, C.B.; Lewis, D.B. Basis and Implications of Selectively Diminished Cytokine Production in Neonatal Susceptibility to
Infection. Clin. Infect. Dis. 1990, 12, S410–S420. [CrossRef]

47. Kollman, T.R.; Levy, O.; Montgomery, R.R.; Goriely, S. Innate Immune Sensing by Toll-like Receptors in Newborns and the Elderly.
Immunity 2012, 37, 771–783. [CrossRef]

48. Maródi, L. Innate cellular immune responses in newborns. Clin. Immunol. 2006, 118, 137–144. [CrossRef]
49. Zaghouani, H.; Hoeman, C.M.; Adkins, B. Neonatal immunity: Faulty T-helpers and the shortcomings of dendritic cells. Trends

Immunol. 2009, 30, 585–591. [CrossRef]
50. Rieber, N.; Gille, C.; Köstlin, N.; Schäfer, 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]

51. Schwarz, J.; Scheckenbach, V.; Kugel, H.; Spring, B.; Pagel, J.; Härtel, C.; Pauluschke-Fröhlich, 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. 2017, 191, 328–337. [CrossRef] [PubMed]

52. Leiber, A.; Schwarz, J.; Köstlin, N.; Spring, B.; Fehrenbacher, B.; Katava, N.; Poets, C.F.; 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]

53. Gervassi, A.; Lejarcegui, N.; Dross, S.; Jacobson, A.; Itaya, G.; Kidzeru, E.; Gantt, S.; Jaspan, H.; Horton, H. Myeloid Derived
Suppressor Cells Are Present at High Frequency in Neonates and Suppress In Vitro T Cell Responses. PLoS ONE 2014, 9, e107816.
[CrossRef]

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

55. Köstlin, N.; Vogelmann, M.; Spring, B.; Schwarz, J.; Feucht, J.; Härtel, C.; Orlikowsky, T.W.; Poets, C.F.; 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]

56. Muniraman, H.; Sardesai, T.; Sardesai, S. Disorders of the Umbilical Cord. Pediatr. Rev. 2018, 39, 332–341. [CrossRef]
57. Taghizadeh, R.; Cetrulo, K.; Cetrulo, C. Wharton’s Jelly stem cells: Future clinical applications. Placenta 2011, 32, S311–S315.

[CrossRef]
58. Rogers, I.; Casper, R.F. Umbilical cord blood stem cells. Best Pract. Res. Clin. Obstet. Gynaecol. 2004, 18, 893–908. [CrossRef]

http://doi.org/10.1002/eji.201344200
http://doi.org/10.1111/aji.12351
http://doi.org/10.1155/2012/967629
http://doi.org/10.1093/molehr/gaw026
http://doi.org/10.1111/aji.13099
http://doi.org/10.1189/jlb.1A1015-481RR
http://doi.org/10.1111/cei.12790
http://www.ncbi.nlm.nih.gov/pubmed/26969967
http://doi.org/10.1111/tmi.12048
http://www.ncbi.nlm.nih.gov/pubmed/23289419
http://doi.org/10.3389/fimmu.2014.00387
http://www.ncbi.nlm.nih.gov/pubmed/25165466
http://doi.org/10.1038/nri2075
http://www.ncbi.nlm.nih.gov/pubmed/17457344
http://doi.org/10.1203/PDR.0b013e31819f195d
http://www.ncbi.nlm.nih.gov/pubmed/19918215
http://doi.org/10.1093/clinids/12.Supplement_4.S410
http://doi.org/10.1016/j.immuni.2012.10.014
http://doi.org/10.1016/j.clim.2005.10.012
http://doi.org/10.1016/j.it.2009.09.002
http://doi.org/10.1111/cei.12143
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/10.1371/journal.pone.0107816
http://doi.org/10.1038/nm.4467
http://www.ncbi.nlm.nih.gov/pubmed/29334374
http://doi.org/10.1111/imm.12751
http://doi.org/10.1542/pir.2017-0202
http://doi.org/10.1016/j.placenta.2011.06.010
http://doi.org/10.1016/j.bpobgyn.2004.06.004


J. Clin. Med. 2022, 11, 727 13 of 14

59. Gluckman, E.; Broxmeyer, H.E.; Auerbach, A.D.; Friedman, H.S.; Douglas, G.W.; Devergie, A.; Esperou, H.; Thierry, D.; Socie, G.;
Lehn, P.; et al. Hematopoietic Reconstitution in a Patient with Fanconi’s Anemia by Means of Umbilical-Cord Blood from an
HLA-Identical Sibling. N. Engl. J. Med. 1989, 321, 1174–1178. [CrossRef]

60. Gluckman, E. Umbilical cord blood biology and transplantation. Curr. Opin. Hematol. 1995, 2, 413–416. [CrossRef]
61. Mayani, H. Umbilical Cord Blood: Lessons Learned and Lingering Challenges after More Than 20 Years of Basic and Clinical

Research. Arch. Med Res. 2011, 42, 645–651. [CrossRef] [PubMed]
62. Lin, S.-J.; Yan, D.-C.; Lee, Y.-C.; Hsiao, H.-S.; Lee, P.-T.; Liang, Y.-W.; Kuo, M.L. Umbilical Cord Blood Immunology—Relevance to

Stem Cell Transplantation. Clin. Rev. Allerg. Immunol. 2012, 42, 45–57. [CrossRef] [PubMed]
63. Dietz, S.; Schwarz, J.; Vogelmann, M.; Spring, B.; Molnár, 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]

64. Talmadge, J.E.; Gabrilovich, D.I. History of myeloid-derived suppressor cells. Nat. Cancer 2013, 13, 739–752. [CrossRef] [PubMed]
65. Bizymi, N.; Bjelica, S.; Kittang, A.O.; Mojsilovic, S.; Velegraki, M.; Pontikoglou, C.; Roussel, M.; Ersvær, E.; Santibañez, J.F.;

Lipoldová, M.; et al. Myeloid-Derived Suppressor Cells in Hematologic Diseases: Promising Biomarkers and Treatment Targets.
HemaSphere 2019, 3, e168. [CrossRef] [PubMed]

66. Yu, J.; Du, W.; Yan, F.; Wang, Y.; Li, H.; Cao, S.; Yu, W.; Shen, C.; Liu, J.; Ren, X. Myeloid-Derived Suppressor Cells Suppress
Antitumor Immune Responses through IDO Expression and Correlate with Lymph Node Metastasis in Patients with Breast
Cancer. J. Immunol. 2013, 190, 3783–3797. [CrossRef] [PubMed]

67. Wu, W.-C.; Sun, H.-W.; Chen, H.-T.; Liang, J.; Yu, X.-J.; Wu, C.; Wang, Z.; Zheng, L. Circulating hematopoietic stem and progenitor
cells are myeloid-biased in cancer patients. Proc. Natl. Acad. Sci. USA 2014, 111, 4221–4226. [CrossRef] [PubMed]

68. Park, M.-Y.; Lim, B.-G.; Kim, S.; Sohn, H.-J.; Kim, S.; Kim, T.-G. GM-CSF Promotes the Expansion and Differentiation of Cord
Blood Myeloid-Derived Suppressor Cells, Which Attenuate Xenogeneic Graft-vs.-Host Disease. Front. Immunol. 2019, 10, 183.
[CrossRef]

69. Lim, J.-Y.; Ryu, D.-B.; Park, M.-Y.; Lee, S.-E.; Park, G.; Kim, T.-G.; Min, C.-K. Ex Vivo Generated Human Cord Blood Myeloid-
Derived Suppressor Cells Attenuate Murine Chronic Graft-versus-Host Diseases. Biol. Blood Marrow Transplant. 2018, 24,
2381–2396. [CrossRef]

70. Zoso, A.; Mazza, E.M.C.; Bicciato, S.; Mandruzzato, S.; Bronte, V.; Serafini, P.; Inverardi, L. Human fibrocytic myeloid-derived
suppressor cells express IDO and promote tolerance via Treg-cell expansion. Eur. J. Immunol. 2014, 44, 3307–3319. [CrossRef]

71. Mazza, E.M.C.; Zoso, A.; Mandruzzato, S.; Bronte, V.; Serafini, P.; Inverardi, L.; Bicciato, S. Gene expression profiling of human
fibrocytic myeloid-derived suppressor cells (f-MDSCs). Genom. Data 2014, 2, 389–392. [CrossRef] [PubMed]
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