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Myeloid derived suppressor cells (MDSCs) are a heterogeneous population of myeloid precursor and progenitor cells and endowed
with a robust immunosuppressive activity in multiple pathophysiological conditions. Recent studies have uncovered the crosstalk
between MDSCs and immune cells (i.e., natural killer cells, dendritic cells, macrophages, natural killer T cells, and regulatory T
cells) and its role in the establishment and maintenance of immune tolerant microenvironment in transplantation. Considering
their strong immunosuppressive capability, MDSCs could become a prospective clinical regimen during transplantation tolerance
induction, resulting in long-term graft survival with decreased or without immunosuppressive drugs. The review summarized
recent research advances in this field and looked ahead at the research directions in the future.

1. Introduction

One of the major concerned questions in solid organ trans-
plantation is how to establish long-term allograft survival
that is free from immunosuppressive strategies. The most
promising answer to this question is to establish immune
tolerance in the recipient. Decades of years have witnessed
the attempts to achieve this goal from cotransplantation
with hematopoietic stem cell to the induction of chimerism.
Recently, emerging evidence highlights that myeloid derived
suppressor cells (MDSCs) have great potential as a novel
immune intervention for inducing transplant tolerance.

MDSCs are a heterogeneous population of cells com-
posed of progenitors and precursors of myeloid cells such
as dendritic cells, macrophages, and granulocytes at various
stages of differentiation [1, 2]. In mice, MDSCs are generally
identified by coexpression of surface markers CD11b and Gr-
1, but with two subtypes, G-MDSCs andM-MDSCs, based on
their distinct expression of Ly-6C and Ly-6G [3]. However,
human MDSCs cannot be uniformly identified by specific

markers so far. Some investigators defined humanMDSCs as
CD11b+CD33+HLA-DRlow/− cells [4], but without consen-
sus in academics. Bartmann et al. affirmed in their study that
human MDSCs could also be subdivided into two main sub-
sets: CD15+CD14−CD11b+CD33+HLA-DRlow/− G-MDSCs
and CD15−CD14+CD11b+CD33+HLA-DRlow/− M-MDSCs
[4]. The reason why these cells with different origins can be
summarized as one group is that they share two common
characteristics: one is that they are all staying in an immature
state; the other is that they are able to exert strong suppressive
activity on T cell proliferation and activation. In terms of the
mechanism involved in T cell inhibition, G-MDSC subtype
is dependent on reactive oxygen system (ROS) while M-
MDSC subtype is through high expression of inducible nitric
oxide synthase (iNOS) and nitric oxide (NO) [5, 6]. High
expression of arginase-1 (Arg-1) is of pivotal importance
for both of these two subtypes [7]. MDSCs were originally
reported in tumor-associated animal models [8]. Locating in
the tumor microenvironment, MDSCs contribute to tumor
growth and metastasis via suppressing tumor antigen-driven
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activation of T cells [9]. MDSCs have also been shown to
produce vascular endothelial cell growth factor (VEGF), 𝛽-
fibroblast growth factor (𝛽-FGF), VEGF analogue Bv8, and
matrixmetalloproteinase 9 (MMP9), all of which are essential
for angiogenesis and tissue invasion at tumor sites [10].
Interestingly, MDSC’s role of promoting tumor progression
reminds us that they can serve as a potential immunotolerant
inducer in transplant immunity. Recent studies demonstrated
that MDSCs interacted with multiple immune cells and
contributed greatly to the induction of immune tolerance
in organ or cell transplants. This review summarized the
crosstalk between MDSCs and natural killer cells, dendritic
cells, macrophages, natural killer T cells, and regulatory T
cells as well as the effect on kidney transplant, skin transplant,
pancreatic islet transplant, cardiac transplant, and graft-
versus-host disease in hematopoietic stem cell transplanta-
tion.

2. The Crosstalk between MDSCs and
Immune Cells

2.1. MDSC and Natural Killer (NK) Cell. Currently, there still
exists controversy about the influence of MDSC on NK cells.
However, most investigators agreed that the coculture with
MDSC impaired NK cell’s recognition and cytotoxic effects
on alloantigens, leading to immune tolerance in transplants.
The study showed that MDSC was able to downregulate
the expression of CD247 on the surface of NK cells, which
was the key subunit of natural cytotoxicity receptor (NCR)
NKp46, NKp30, and Fc𝛾 RIII.The downexpression of CD247
inhibited the development and cytotoxic activity of NK cells,
therefore attenuating its killing effect on allogenic antigens
[11]. Besides, the expression of NKG2D, a killer lectin-like
receptor (KLR) which could initiate killing effects of NK cells,
and the secretion of interferon- (IFN-) 𝛾 were also downreg-
ulated after coculture [12]. Interestingly, the inhibition of NK
cell activity by MDSC was reversed when membrane-bound
transforming growth factor- (TGF-) 𝛽 expressed on MDSCs
was blocked, which indicated that the inhibitory effect was
dependent on cell-cell contact [13].

2.2. MDSC and Dendritic Cell (DC). Most investigations on
the interaction between MDSCs and DCs were implemented
on animal models or patients with tumors. These investiga-
tions reported that MDSCs could inhibit DCs maturation in
tumor microenvironment and prevent them from differenti-
ation, thereby inducing immune tolerance to tumor-specific
antigens [14]. The main mechanism in this process was that
vascular endothelial growth factor (VEGF) and interleukin-
(IL-) 10 in tumor microenvironment downregulated the
expression of major histocompatibility complex (MHC) II
and costimulators on DCs by activating signal transducer
and activator of transcription (STAT) 3 signaling [15, 16].
Another research on the MDSCs isolated from the patients
with melanoma revealed a different mechanism involving
MDSC-mediated retardant maturation of DC: MDSCs could
interfere with the process of antigen capture and the migra-
tion of immature DC to secondary lymphoid organs, both of

which are essential for DC maturation [17, 18]. In addition,
MDSCwas also reported to alter the cytokine profile secreted
by DCs [19]. Despite the development regarding the crosstalk
between MDSC and DC, the scientific academics have not
illuminated whether MDSC suppresses the process of DC
maturation directly orMDSC just redirects the differentiation
of immature DCs. Besides, one fact that must be clarified is
that seldom researches are implemented on animal transplant
model or relevant clinical settings so far, which restricts our
understanding in this field.

2.3. MDSC and Macrophage. Firstly, the crosstalk between
MDSC and macrophages altered the cytokine secretion
profiles of both: IL-10 secreted by MDSC decreased the
expression of IL-6, IL-12, and tumor necrosis factor- (TNF-)
𝛼while it increased the expression of NO in macrophages. In
return, IL-6 produced by macrophages could indirectly regu-
late IL-10 secretion byMDSC [20]. MDSC was demonstrated
to participate in the phenotype switch from proinflamma-
tory MI subtype to anti-inflammatory MII subtype, thereby
rebalancing the immune response in transplant towards
immune tolerance [21, 22]. Other studies concluded that the
interaction of MDSC and macrophages were strengthened
in inflammatory milieu [23]. For example, in the existing
of proinflammatory cytokine IL-1𝛽 or proinflammatory lipid
prostaglandin (PGE) 2, MDSC produced significantly greater
amount of IL-10 [24, 25]. Secondly, after coculture with
MDSC, the expression of MHC II molecules was downregu-
lated, and thus macrophages were unable to present alloanti-
gens as professional antigen-presenting cells, resulting in
specific unresponsiveness of T cells to alloantigens [26, 27].
Interestingly, this process was dependent on the expression
of IL-10, revealing the vital role of IL-10 in MDSC’s function
[27].

2.4. MDSC and Natural Killer T (NKT) Cell. NKT cells can
be divided into two subtypes: type I NKT cells, also known as
inducible NKT cells, participate in antitumor immunity, and
on the contrary, type IINKT cells facilitate tumor progression
[28, 29]. The investigations on the relationship between
MDSC and NKT cells are limited. One study showed that IL-
13 produced by type II NKT cells augmented the accumula-
tion of MDSCs in target organs [30]. A recent research found
that the crosstalk of MDSC and NKT cells contributes to
immunotolerant microenvironment in a clinical regimen for
immune tolerance induction [31]. In the microenvironment,
NKT cells were activated to produce a great number of IL-4,
which stimulated MDSC’s expansion and activation [31].

2.5. MDSC and Regulatory T Cells (Tregs). Being different
from conventional T cells, Tregs are a group of T cells that
exert immunoregulatory functions once activated by specific
antigens [32]. The relationship between MDSCs and Tregs
has been illustrated in abundant studies in vivo and in vitro.
Actually, it is widely acknowledged that the induction of
Tregs is one of the most important mechanisms involved in
MDSC-mediated T cell inhibition [5, 33, 34]. The induction
of Treg required both IFN-𝛾 and IL-10 secreted by MDSC,
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indicating that the crosstalk was not dependent on cell-cell
contact. The cytotoxic T-lymphocyte antigen (CTLA) 4 was
also required for the injection of anti-CTLA-4 antibodies into
tumor-bearing mice leading to blockade of tumor growth
[35–37]. Based on the results regarding the effect of MDSC
in transplant tolerance, we believe that the crosstalk between
MDSC and Tregs is a priority in contributing to immunotol-
erant microenvironment.

In conclusion, the crosstalk between MDSCs and these
immune cells not only results in the impaired capability
of eliciting specific recognition and response to alloanti-
gens, but also promotes the expansion and accumulation of
immunoregulatory participators such as Tregs and MDSCs
themselves, thereby contributing to the induction of immune
tolerance in tumor sites or allografts.

3. Induction of Transplant
Tolerance by MDSCs

3.1. Kidney Transplant. The study of Vanhove’s group showed
a significant accumulation of MDSCs in rat kidney trans-
plantation [38]. In this study, MDSCs have a nonspecific
immunosuppressive activity both in vivo and in vitro. The
suppressive function was dependent on iNOS in isolated
MDSC as well as in graft-infiltrating MDSC, and the admin-
istration of the iNOS inhibitor amino guanidine induced
the rejection of accepted allografts [38, 39]. Surprisingly,
CD4+CD25+Foxp3+ regulatory T cells were insensitive in
vitro to MDSC-mediated suppression. These results pre-
sented the crosstalk between these two cell types in immune
tolerance. More recently, clinical significance of MDSCs in
renal transplantation with acute T cell-mediated rejection
has been investigated. Allograft function was significantly
increased in patients with high accumulation of MDSCs.
Furthermore, isolated MDSCs from recipients are able to
expandTreg cells and inhibit production of IL-17 in vitro [40].
Another clinical investigation found that elevated frequencies
of circulating CD14− and CD14+ MDSCs were found in the
recipients of renal transplants. Furthermore, CD14−MDSCs
were found to be associated with higher occurrence of
squamous cell carcinoma in these patients [41].

3.2. Skin Transplant. In a model of skin allograft in mice,
the mechanism of MDSCs in transplant tolerance was
demonstrated to involve the inhibitory receptors Ig-like
transcript 2 (ILT2), an inhibitory T cell receptor (TCR)
whose activation caused the inhibition of T cell activation. In
this study, ILT2 interaction with human leukocyte antigen-
(HLA-) G was shown to induce expansion of MDSCs with
significant suppressive activity. In addition, survival of skin
allografts was prolonged after adoptive transfer of MDSC
from ILT2 transgenic mice and histologic evaluation of
the allografts, showing that MDSCs from ILT-2 transgenic
mice were recruited to the graft. ILT2 transgenic mice
also have an increased expression of Arg1, most likely
resulting from upregulated IL-4 and IL-13 in MDSCs [42].
Another study reported that adoptive transfer of MDSCs
from lipopolysaccharide- (LPS-) treated mice in untreated

recipients significantly prolonged skin allograft survival. In
this study, they identified heme oxygenase-1 (HO-1), a stress-
responsive enzyme of immunoregulatory properties, as the
main mechanism by which MDSC regulated alloreactive T
cells. Importantly, the fact that blockade of HO-1 before
MDSC transfer prevented the delay of skin allograft rejection
revealed a new immunosuppressive mechanism relevant for
transplantation in addition to iNOS and arginase-1 [43]. In
another skin graft model in mice, the in vivo induction
of Gr-1+CD11b+ MDSC by Neupogen, the recombinant
human granulocyte colony-stimulating factor (rhG-CSF), or
the induction of CD4+Foxp3+ Treg by IL-2 complexes (IL-
2C) similarly prolonged allograft survival [44]. Interestingly,
when mice were treated with both IL-2C and Neupogen,
a further increase of Tregs was recorded. This observation
suggested a possible crosstalk between MDSC and Treg to
prolong allograft survival.

3.3. Pancreatic Islet Transplant. Adoptive transfer of gra-
nulocyte-macrophage colony-stimulating factor (GM-CSF)
+IL-6-inducing MDSCs from bone marrow cells could pre-
vent allograft rejection and allow long-term survival of pan-
creatic islet allografts. This transplant tolerance was depen-
dent on the expression of regulatory transcription factor
CCAAT/enhancer binding protein beta (C/EBP𝛽) inMDSCs,
which suggested that C/EBP𝛽maywork as a critical regulator
of the immunosuppressive environment [45]. Another group
demonstrated that with injecting the mixture of cotransplan-
tation of 2.5× 106MDSCs and islet cells into diabeticmice, the
survival of the islet cell allograft was significantly prolonged
without requirement of immunosuppression. In this process,
both in vitro and in vivo data presented that B7-H1 was
absolutely indispensable for MDSC to exert immune tolerant
activity [46]. This group later reported that iNOS played a
key role in MDSC-mediated T cell unresponsiveness in islet
cell transplant. iNOS−/− MDSCs largely lost their ability to
induce islet allograft tolerance [47]. This study held great
potential of MDSC as a novel adjunctive immunotherapy for
islet transplantation andmay overcome the allograft rejection
in islet cell transplants.

3.4. Cardiac Transplant. It is demonstrated that the number
of CD11b+CD115+Gr1+ monocytic MDSCs was increased in
a mouse model of heart transplantation. Shortly after trans-
plantation, these MDSCs migrated from bone marrow where
they generated to the allograft where they promoted the
induction of Treg and prevented adaptive immune responses
[34]. This result suggested that mobilization of bone marrow
CD11b+CD115+Gr-1+ MDSCs under sterile inflammatoryv
conditions could induce indefinite cardiac allograft survival.
In another study, Luo’s group demonstrated the expansion of
two subpopulations ofMDSCs induced by donor splenocytes
treated with the chemical cross-linker ethylcarbodiimide
(ECDI-SPs) was important for cardiac allograft protec-
tion [48]. Lastly, mammalian target of rapamycin (mTOR)
inhibitors are the main immunosuppressive drugs for organ
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Figure 1: The role of MDSCs in immune tolerance induction of transplant. The crosstalk between MDSCs and immune cells such as NK
cells, DCs, Tregs, macrophages, and NKT cells contributes to the establishment of immune tolerance in kidney transplant, skin transplant,
pancreatic islet transplant, cardiac transplant, and GVHD in HSC transplant (NK cells: natural killer cells; DCs: dendritic cells; Tregs:
regulatory T cells; NKT cells: natural killer T cells; GVHD: graft-versus-host disease; HSC: hematopoietic stem cell).

transplant recipients. The results from murine cardiac trans-
plant model revealed that rapamycin treatment led to the
recruitment of MDSCs and increased their expression of
iNOS. Moreover, adoptive transcoronary arterial transfer of
MDSCs from rapamycin-treated recipients prolonged allo-
graft survival. The mTOR and Raf/MEK/extracellular signal
regulated kinase (ERK) signaling pathways played an impor-
tant role inMDSC expansion after rapamycin treatment [49].

3.5. Graft-versus-Host Disease (GVHD). Allogeneic hema-
topoietic stem cell transplantation will initiate GVHD, but
the effect of MDSCs on GVHD is not still fully understood.
In the study of Zhou’s et al., embryonic stem (ES) cells and
bone marrow hematopoietic stem (HS) cells derived MDSCs
were reported to exhibit strong suppression against T cell
proliferation via multiple mechanisms involving iNOS and
IL-10.They were also capable of inducing the development of
CD4+CD25+Foxp3+Tregs. Interestingly, adoptive transfer of
ES-MDSCs can effectively prevent lethal GVHD in mice and
lead to long-term survival among treated mice [50]. Highfill
et al. demonstrated similar effect of bone marrow-derived
MDSCs in preventing GVHD, however through a different
mechanism involving Arg1 [51]. Wang et al. investigated
the dynamic changes and effects of MDSCs in GVHD
development and found that adding functional MDSCs in
donor graft alleviated GVHD, whereas removal of MDSCs in
vivo exacerbated GVHD. However, the occurrence of GVHD
is not necessary for increase of MDSCs [52].

4. Final Remarks

In this review, we summarized the crosstalk betweenMDSCs
and natural killer cells, dendritic cells, macrophages, nat-
ural killer T cells, and regulatory T cells as well as the
effect on kidney transplant, skin transplant, pancreatic islet
transplant, cardiac transplant, and graft-versus-host disease
in hematopoietic stem cell transplantation (Figure 1). MDSCs
certainly have great function in attenuating or delaying

graft rejection and in inducing allograft immune tolerance,
which makes MDSCs a prospective strategy to control the
ensuing graft rejectionwithoutweakening thewhole immune
system of the recipients. Despite the breakthroughs we have
achieved in the mechanism of MDSC-mediated immune
tolerance, greater efforts are still needed in the following
respects. Firstly, cell-based regimens required a rather large
amount of identified and purified cells to exert the expected
therapeutic effects. Thus, clinically applicable protocols for
expanding MDSCs ex vivo would provide a significant boost
for translational application. Secondly, pharmacodynamics
and pharmacokinetics assessments after MDSC adminis-
tration are indispensable for determining whether or not
these reagents could be used in clinic. How long is half-
life period of MDSCs in vivo? Will MDSCs cause allergic
reactions within the body as allergens? The safety of these
heterogeneous cells should also be considered since severe
adverse effects are not permitted regardless of the therapeutic
effect. Last but not least, current studies on the crosstalk
between MDSCs and immune cells are mainly implemented
on animalmodels of transplantation.That is partially because
MDSCs in mice are more precisely identified than MDSCs
in humans. However, more experiments and preclinical trials
on human volunteers or recipients are required to determine
the safety and efficiency of MDSC-mediated treatment. With
breakthroughs regarding specific surface markers of human
MDSCs, we believe that immunotherapy based on MDSCs
could benefit induction of immune tolerance in solid organ
transplantation as well as hematopoietic stem cell transplan-
tation in the near future.
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