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Abstract

The exact cause of Alzheimer’s disease (AD) is still unknown, but the deposition of amyloid-f (Ap) plaques and chronic
inflammation indicates that immune disturbances are involved in AD pathogenesis. Recent genetic studies have revealed that
many candidate genes are expressed in both microglia and myeloid cells which infiltrate into the AD brains. Invading myeloid
cells controls the functions of resident microglia in pathological conditions, such as AD pathology. AD is a neurologic disease
with inflammatory component where the immune system is not able to eliminate the perpetrator, while, concurrently, it should
prevent neuronal injuries induced by inflammation. Recent studies have indicated that AD brains are an immunosuppressive
microenvironment, e.g., microglial cells are hyporesponsive to AP deposits and anti-inflammatory cytokines enhance Af
deposition. Immunosuppression is a common element in pathological disorders involving chronic inflammation. Studies on
cancer-associated inflammation have demonstrated that myeloid-derived suppressor cells (MDSCs) have a crucial role in the
immune escape of tumor cells. Immunosuppression is not limited to tumors, since MDSCs can be recruited into chronically
inflamed tissues where inflammatory mediators enhance the proliferation and activation of MDSCs. AD brains express a
range of chemokines and cytokines which could recruit and expand MDSCs in inflamed AD brains and thus generate an
immunosuppressive microenvironment. Several neuroinflammatory disorders, e.g., the early phase of AD pathology, have
been associated with an increase in the level of circulating MDSCs. We will elucidate the immunosuppressive armament of
MDSCs and present evidences in support of the crucial role of MDSCs in the pathogenesis of AD.
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Introduction

Alzheimer’s disease (AD) is a progressive neurodegenera-
tive disorder involving the accumulation of amyloid-f (AB)
plaques and tau-protein tangles in conjunction with the pro-
cesses of both acute and chronic inflammation. Currently,
it is a matter of debate whether the role of inflammation in
the pathogenesis of AD is a cause or a consequence of AD
pathology. The amyloid cascade hypothesis has dominated
AD research for 25 years [1]. However, recent genetic stud-
ies on AD have revealed many candidate genes expressed
in both microglia which are resident immune cells in the
brain and also in infiltrating myeloid-derived cells which
control the functions of microglia in pathological conditions,
such as AD pathology. Microglial cells as well as infiltrating
myeloid cells display extensive plasticity in their phenotypes
and their responses to different insults. For instance, micro-
glial cells can express either the pro-inflammatory M1 phe-
notype or anti-inflammatory M2 phenotype, or forms with
the characteristics of both phenotypes [2, 3]. Moreover,
invading myeloid cells can show a considerable adaptation
and even differentiate into other cell types under the local
microenvironmental pressure. The immune compartment
of AD brains displays considerable flexibility, since both
pro-inflammatory and anti-inflammatory responses occur
concurrently with gradually escalating AP deposition [2, 4].
Given that inflammatory reactions are not able to eliminate
the primary cause of AD pathology, e.g., excessive A pro-
duction, sporadic hypoxia, or virus infection, and thus, the
immune system should attempt to fight against perpetrator
while simultaneously protecting the integrity of neuronal
networks. Several studies have demonstrated that AD brains
reveal properties which are characteristic of an immunosup-
pressive milieu, e.g., microglial cells are hyporesponsive to
AP deposits [5, 6]. In addition, there is clear evidence that
anti-inflammatory cytokines enhance Af deposition. It is
known that chronic inflammation in many pathological con-
ditions stimulates the recruitment of myeloid cells which
consequently switch on immunosuppressive milieu to pro-
tect the host tissue.

Myeloid-derived suppressor cells (MDSCs) are the
major immunosuppressive cells which are recruited to
inflamed tissues where they inhibit excessive inflammatory
reactions and thus prevent tissues’ injuries [7, 8]. How-
ever, MDSCs are a double-edged sword, since the immune
suppression induced by MDSCs has beneficial effects in
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acute inflammation, but MDSCs exert detrimental influ-
ences in conditions where the insult cannot be removed
and inflammation turns to chronic phase. For instance,
in inflamed tumors, MDSCs provide immune escape for
cancer cells which can continue their proliferation, since
MDSCs suppress effector T cells and also activate other
suppressive cells, e.g., regulatory T cells (Tregs) (Fig. 1).
Recent studies have revealed that MDSCs can also be
recruited into inflamed normal tissues in different inflam-
matory disorders, e.g., in many neuroimmune diseases [9].
This means that the signals inducing the recruitment of
MDSC s into tissues are dependent on inflammation and
are not specific for cancer growth. It is known that sev-
eral inflammatory mediators can either recruit MDSCs
into tissues or enhance their proliferation and activation
in inflamed tissues to facilitate immunosuppression. Given
that MDSCs suppress the function of immune system, this
is a major obstacle to the efficiency of vaccination thera-
pies, e.g., in tumor immunotherapies [10], probably also
for anti-amyloid therapies in AD. We will first elucidate
the immune suppressive properties of MDSCs and then
clarify the role of microglia and infiltrated myeloid cells
in the generation of immunosuppressive microenvironment
in AD. Finally, we will present evidences that support the
crucial role of MDSCs in the pathogenesis of AD.
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Fig. 1 Functions of MDSCs in the generation of immunosuppression
in inflamed tissues. Chemokines secreted by inflamed tissue recruit
MDSCs into the tissue where MDSCs generate an anti-inflammatory
microenvironment by activating Tregs and Bregs and producing
immunosuppressive mediators. MDSCs suppress the functions of
effector T cells as well as inhibit B cells and dendritic cells and thus
reduce antibody production
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Myeloid-derived suppressor cells (MDSCs)
Origin and trafficking of MDSCs

MDSC:s are a heterogeneous population of immune suppres-
sor cells which originate from common myeloid progenitor
cells in the bone marrow, as earlier reviewed in detail [7,
11]. Chronic inflammatory mediators impair the differen-
tiation of immature myeloid cells to macrophages, granu-
locytes, or dendritic cells. Subsequently, these cells will
develop either monocytic or granulocytic MDSCs, which
are potent immune suppressors in different pathological
conditions. MDSCs, located in bone marrow and peripheral
lymphoid organs, migrate through chemotaxis into inflamed
tissues. Inflammatory cells release different chemokines
which provoke the infiltration of MDSCs into the affected
tissues where they will proliferate and become activated by
diverse immunomodulators (Fig. 2). The two most impor-
tant chemokines directing the chemotaxis of MDSCs are CC
ligand 2 (CCL2), also called monocyte chemoattractant pro-
tein-1 (MCP-1), acting through the CC receptor 2 (CCR2)
signaling [12] and CXC chemokine ligand 2 (CXCL2), pre-
viously called macrophage inflammatory protein-2 (MIP-
2), signaling through the CXCL2/CXCR2 pathway [13].
There is a significant heterogeneity in the phenotype and
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Fig.2 Activators and signaling pathways of MDSCs as well as the
immunosuppressive mediators secreted by MDSCs. There are sev-
eral activators of MDSC, mostly pro-inflammatory cytokines, com-
plement factors, and many alarming factors. STAT, NF-xB, and C/
EBPf pathways are the key signaling mechanisms which activate
the function of MDSCs. The major immunosuppressants include the
cytokines IL-10 and TGF-f, the inducers of amino acid catabolism,
i.e., ARGI and IDO, and the activators of oxidative stress

immunosuppressive capacities of MDSCs [14, 15]. For
instance, the phenotype and functional abilities of MDSC
subsets are dependent on inflammatory conditions in patho-
logical tissues. Bronte et al. [15] have recently proposed
the nomenclature and identification markers of human and
mouse MDSCs. The typical markers of human monocytic
MDSCs are CD11b*, CD14*, CD33*, CD39%, and HLA-
DR which appear in varying combinations in human dis-
eases [8, 14]. In addition to flow cytometric markers, func-
tional assays are required to identify those cells whether they
are genuine MDSCs [15].

Currently, there is debate whether MDSCs are differenti-
ated from immature myeloid cells (IMC) in the bone mar-
row or whether IMCs are transported through circulation to
the spleen and inflamed tissues where they are activated to
MDSCs [11]. Inflamed tissues abundantly produce differ-
entiation and activation factors both for IMCs and MDSCs.
However, given that the numbers of circulating MDSCs
increase in cancers and chronic inflammation [8, 16], it
indicates that the differentiation of MDSCs has occurred in
the spleen and the bone marrow via the signals mediated by
circulating inflammatory mediators. It is likely that MDSCs
are generated as a result of both the emergency myelopoiesis
in the bone marrow and the extramedullary myelopoiesis
in the spleen and inflamed tissues. Consequently, recruited
MDSCs can proliferate and boost their immunosuppressive
capacities in inflamed tissues.

Inflammatory mediators are major activators
of MDSCs

There is a close connection between inflammation and can-
cer, i.e., chronic inflammation increases the risk of carcino-
genesis, and it promotes the growth of tumors, angiogenesis,
and metastasis [17]. The chronic inflammation present in
many cancers enhances the infiltration, expansion, and acti-
vation of MDSCs which subsequently suppress immune sur-
veillance and antitumor immunity [18, 19]. Unexpectedly,
recent studies have revealed that not only cancers but also
chronic inflammatory disorders can stimulate immunosup-
pression through the activation of MDSCs. This process is
associated with many chronic inflammatory diseases, e.g.,
viral infections [20], hepatic inflammation and fibrosis [21],
sepsis and trauma [16, 22], and several neuroimmune dis-
eases [9]. It is known that infiltrated MDSCs have a benefi-
cial role in the resolution of inflammation during the acute
phase, e.g., through the secretion of anti-inflammatory
cytokines and suppression of T cell proliferation [21-23].
However, in chronic inflammation, the MDSC-induced
immunosuppression can prevent tissue injury, but, simul-
taneously, it disturbs the maintenance of immune homeo-
stasis in tissues, e.g., suppressing functions of microglia/
macrophages and effector T cells.
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There is compelling evidence that several inflammatory
mediators can stimulate the expansion and activation of
MDSCs in inflamed tissues (Fig. 2). Given that the activa-
tion of inflammasomes has been reported to be associated
with many chronic inflammatory diseases, it is not surprising
that IL-1p and IL-18 cytokines can stimulate the function
of MDSC:s in several experimental conditions. For instance,
Tu et al. [24] observed that the overexpression of IL-1f in
the stomach of transgenic mice induced gastric inflamma-
tion associated with the early recruitment of MDSCs into
the stomach. They also reported that IL-1f exposure-acti-
vated MDSCs via the IL-1R/NF-xB pathway. Lim et al. [25]
revealed that the IL-18 treatment of myeloid progenitor cells
induced the development of monocytic MDSCs which sup-
pressed the functions of T cells in an NO-dependent man-
ner. Furthermore, there are studies indicating that other
cytokines, e.g., IL-6 [26], IL-33 [27], TNF-« [28], and
MIF [29] also augmented the immunosuppressive activi-
ties of MDSCs (Fig. 2). It is also known that the activation
of inflammation-associated complement system enhanced
immunosuppression and consequently stimulated tumor
growth. Markiewski et al. [30] demonstrated that comple-
ment C5a augmented the suppressive capacity of MDSCs
in tumor microenvironment by increasing the production of
reactive oxygen and nitrogen species by MDSCs. Hsieh et al.
[31] reported that complement C3 also promoted the differ-
entiation of MDSCs from hepatic stellate cells. These obser-
vations indicated that the complement system is also able
to control inflammation through the activation of MDSCs
(Fig. 2).

High mobility group box 1 (HMGB1/HMG1) is a mul-
tifunctional nuclear protein which is involved in several
cellular functions, e.g., control of inflammatory responses
[32]. HMGBI is a common host defence signal released
from cells under stress, which, consequently, alerts the
immune system. HMGB1 stimulates immune cells through
the Toll-like receptors (TLR2, TLR4, and TLRY9) and
receptor for advanced glycation end-products (RAGE).
HMGBI is a major innate alarmin which triggers sterile
inflammation by activating resident immune cells. Acti-
vated immune cells further secrete HMGB1 which in turn
can recruit MDSCs into inflamed tissues, thus potentiating
the generation of chronic inflammation (Fig. 2). Parker
et al. [33] demonstrated that HMGBI1 exposure stimu-
lated the differentiation of MDSCs from myeloid-derived
progenitor cells in mice. They also reported that HMGB1
increased the production of IL-10 by MDSCs as well as
decreased their capacity to suppress antigen-driven T-cell
activation. Recently, Li et al. [34] revealed that HMGB1
increased the proliferation of MDSCs and thus promoted
the immune escape of renal carcinoma cells in mice. In
addition to the cancer-associated inflammation, there are
observations that HMGB1 augmented immunosuppression
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after tissue trauma through the increased functions of
MDSCs and regulatory T cells [35]. Two other alarmins,
S100A8 and A9, which are calcium-binding proteins, are
crucial pro-inflammatory mediators in both acute and
chronic inflammation [36]. These proteins are expressed
mainly in myeloid-derived cells, especially in inflamed
tissue, where they increase cytokine expression via the
activation of NF-«B signaling and inflammasome function.
S100A8/A9 proteins are highly expressed in and secreted
from MDSCs [37]. Sinha et al. [37] demonstrated that
S100 proteins are important mediators in the accumulation
of MDSCs into inflamed tissues. The alarmins SI00A8
and A9 signal through RAGE and TLR4 receptors and
subsequently activate the STAT3-dependent pathway in
MDSCs. Sinha et al. [37] proposed that S100 proteins act
in the autocrine loop which enhances and maintains the
function of MDSCs in inflammatory conditions.

Prostaglandins (PGs) are potent regulators of inflam-
mation in both acute and chronic pathological conditions
[38]. PGs are synthesized from arachidonic acid through
the action of cyclooxygenase (COX) isoenzymes and they
can either promote inflammation or enhance its resolution
in a prostaglandin subtype-specific manner. For instance,
PGE?2 can control inflammatory responses through four
different prostanoid receptor subtypes EP1-EP4 [38].
Sinha et al. [39] demonstrated that PGE2 and EP receptor
agonists induced MDSC differentiation from bone marrow
stem cells, whereas EP antagonists blocked this process.
Subsequent studies revealed that EP2 and EP4 receptors
are involved in the PGE2-induced development of MDSCs
[39, 40]. Obermajer et al. [41] revealed that there was a
close positive feedback loop between COX-2 and PGE2
which sustained local PGE2 production and consequently
induced the differentiation of monocytes into immature
MDSC cells in the inflammatory environment of human
cancers. An increased level of PGE2 inhibited the differ-
entiation of dendritic cells redirecting their development
toward monocytic MDSCs. Moreover, inhibition of COX-2
enzyme prevented the differentiation and accumulation of
MDSCs into inflamed cancer tissues [39, 41]. It is known
that an increased PGE2 exposure enhanced the traffick-
ing of MDSCs into tumors by stimulating the function
of CXCL12/CXCR4 homing axis as well as inducing the
expression of immune suppressive factors in MDSCs [40].
Obermajer et al. [40] have reviewed, in detail, the PGE2-
driven regulation of MDSC functions. In conclusion, it
seems that inflammatory mediators can control various
functions of MDSCs in different phases of inflammation,
i.e., enhancing the resolution of inflammation at the acute
phase, but, since MDSCs can generate immunosuppres-
sion, they have harmful effects during the chronic phase
of inflammation.
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Diverse signaling pathways are involved
in the activation of MDSCs

Given that several inflammatory mediators can control
the differentiation, trafficking, expansion, and activation
of MDSCs, a diverse network of signaling pathways is
required to regulate the genes involved in the generation
of immune suppressive milieu in inflamed tissues. This
topic has been examined in detailed reviews elsewhere [42,
43]. The JAK-STAT pathway mediates signals from many
cytokine receptors subsequently activating the expression of
distinct immunosuppressive factors which are secreted from
MDSCs (Fig. 2). The STAT factor family contains seven
members which have specific upstream connections, e.g.,
IFN-y activates STAT1, IL-6 and IL-10 stimulate STAT3,
and IL-4 triggers STATG6 [42, 43]. STAT3 is a key factor in
the MDSC-induced immunosuppression and immune escape
of tumors, since it can activate Tregs, Th17, and MDSCs
[44]. STAT3 controls the expression of arginase 1 (ARG1)
which is a marker enzyme for MDSCs and a crucial inducer
of immunosuppression [45]. The NF-kB system is another
signaling pathway working in conjunction with the JAK-
STAT axis to activate the function of MDSCs in inflamed
tissue (Fig. 2). There is substantial evidence that the STAT3
and NF-kB pathways have a close interaction in the regula-
tion of inflammation and cancer progression. For instance,
Yu et al. [46] demonstrated that the STAT3-induced expres-
sion of indoleamine-pyrrole 2,3-dioxygenase (IDO) was
mediated through the non-canonical activation of NF-kB in
MDSCs. The NF-kB system is the master regulator of acute
inflammatory responses, but it can also augment immune
suppression and cancer progression in chronic inflamma-
tion through the expansion and activation of MDSCs [24,
33, 46]. In addition to many cytokines, a variety of insults
can activate NF-xB signaling through the TLR pathways,
e.g., LPS, HMGBI1, and HSP70 [47]. There is compelling
evidence, indicating that the activation of NF-kB signaling
pathway can have both damaging and neuroprotective effects
in neurodegenerative diseases [48].

Tissue hypoxia, associated with cancer growth and
inflammatory disorders, stimulates the expression of
hypoxia-inducible factor-lae (HIF-1ax) as a host defence
response in affected tissues [49]. In fact, hypoxia has an
important role in the control of acute inflammatory effects as
well as chronic reactions by inducing immunosuppression;
this occurs in both the cancer milieu and inflamed normal tis-
sues [50, 51]. Corzo et al. [52] demonstrated that an increase
in the expression of HIF-1a stimulated the expression of
argl and inos genes in mouse MDSCs and subsequently
directed their differentiation toward the phenotype of tumor-
associated macrophages in tumor microenvironment. HIF-1a
expression also greatly upregulated the production of NO in
MDSC:s and thus suppressed the proliferation of nonspecific

T cells. Noman et al. [53] reported that the hypoxia-induced
HIF-1a expression in mouse MDSCs increased the secre-
tion of immunosuppressive IL-10 cytokine as well as the
expression of programmed death-ligand 1 (PD-L1), an
inhibitor of effector T cells. These studies clearly indicated
that hypoxia increased the immunosuppressive capacity of
MDSCs through HIF-1a signaling. There is also mounting
evidence that the hypoxia/HIF-1a signaling can directly
control the functions of macrophages, dendritic cells, and
T cells in inflamed tissues [50, 51]. Adenosine is a potent
immunomodulator acting through the adenosine receptors,
e.g., Ay, and A,y receptors. Ryzhov et al. [54] observed
that adenosinergic regulation increased the proliferation
and immunosuppressive activity of mouse MDSCs. They
also reported that the stimulation of A,y receptor, but not
other receptor subtypes, promoted the expansion of MDSCs,
preferentially that of granulocytic MDSCs. Sitkovsky [50]
proposed that the hypoxia-adenosinergic activation of Tregs-
induced immunosuppression and activated tissue-protecting
mechanism in hypoxic-inflamed tissues.

Marigo et al. [55] demonstrated that CCAAT/enhancer-
binding protein § (C/EBPp) is a crucial transcription factor
for the activation of cytokine-induced immunosuppressive
program in both bone marrow-derived and tumor-induced
MDSCs. They reported that the deficiency of C/EBPp pro-
tein in MDSCs caused a significant decrease in the expres-
sion of ARG1 and NOS2 enzymes and thus reduced the
suppression of T-cell activation. Moreover, the C/EBPp-
deficient MDSCs could not inhibit inflammation at the
early sepsis and were not immunosuppressive at the late
phase of sepsis [56]. C/EBP is an important inflamma-
tory mediator, e.g., through its crosstalk with NF-kB sign-
aling. For instance, C/EBP is a potent inducer of COX-2
transactivation [57] and thus stimulates PGE2 production
and subsequently the activation of MDSCs. There are also
observations that stress-related transcription factors, C/EBP-
homologous protein (CHOP) [58], and nuclear factor-eryth-
roid 2-related factor 2 (NRF2/NFE2L2) [59] can stimulate
the accumulation, survival, and activity of MDSCs (Fig. 2).

The signaling networks regulating the expansion and acti-
vation of MDSCs also contain several protein phosphatases
and micro-RNAs [60-62]. For instance, Kumar et al. [62]
reported that hypoxia induced the upregulation of CD45, a
protein tyrosine phosphatase, which inhibited the STAT3
signaling in mouse MDSCs (Fig. 2). Protein tyrosine phos-
phatase 1B (PTP1B) also targets STAT3, since a lack of
PTP1B enhanced the proliferation of MDSCs by increasing
the activity of STAT3 [60]. There is mounting number of
micro-RNAs (miRs) which are able to activate or suppress
the functions of MDSCs by targeting different components
of signaling pathways, e.g., miR-9, mir-17-5p, miR-20a,
miR-34a, miR-210, and miR-494 [61, 63]. Huang et al.
[63] demonstrated that miR-34a was able to increase the
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expansion of mouse MDSCs by inhibiting the apoptosis of
these cells. In conclusion, a multifaceted signaling network
controls the immunosuppressive functions of MDSCs which
means that there might be multiple targets to ameliorate the
functions of immune system in both cancers and chronic
inflammatory diseases.

MDSC-induced immunosuppression

MDSCs are the major inhibitory cells of immune system,
suppressing both adaptive and innate immunity reactions [7,
64, 65]. The immunosuppressive capacities of MDSCs have
been clarified especially in cancer growth, since MDSCs
have a key role in tumor escape from immune surveillance.
Currently, it is known that MDSCs generate anti-inflam-
matory and immunosuppressive effects by controlling the
functions of regulatory and effector T cells, macrophages,
and dendritic cells. There is a diverse set of mechanisms
through which MDSCs can inhibit the functions of T lym-
phocytes (Fig. 2). For instance, MDSCs secrete reactive oxy-
gen species (ROS), e.g., nitric oxide (NO), which nitrates
the tyrosine residues of T-cell receptor and thus renders T
cells unresponsive to antigen-specific stimulation [66]. The
activation of MDSCs stimulates the expression of inducible
nitric oxide synthase (iNOS) and NADPH oxidase 2 (NOX2)
which generate NO and other ROS compounds [67]. How-
ever, increased ROS production can also enhance inflam-
matory disorders, e.g., by causing endothelial dysfunction
which promotes the migration of myeloid cells across the
BBB into inflamed tissues [68]. Activated MDSCs also
express an elevated level of ARG1 which consumes L-argi-
nine, an essential amino acid, thus leading to arginine starva-
tion in inflammatory microenvironments [69, 70] (Fig. 2).
NO is synthesized from L-arginine, and thus, its production
augments the shortage of L-arginine during the activation
of MDSCs. L-arginine deficiency stimulates GCN2 kinase
which phosphorylates the translation initiation factor eIF2a
and thus inhibits protein synthesis. Arginine deprivation
represses the proliferation and activation of T cells as well
as other inflammatory cells, thus enhancing immunosup-
pression. MDSCs also display a high expression of IDO
enzyme which depletes extracellular tryptophan levels and
subsequently inhibits the proliferation of T cells, triggering
their apoptosis [71]. There are observations that MDSCs can
also suppress B-cell proliferation and thus repress antibody
production, probably through NO secretion and arginine
deprivation [72] (Fig. 1).

Activated MDSCs as well as other immune-suppressive
cells are abundant sources of secreted anti-inflammatory
cytokines in inflammatory microenvironments (Fig. 2).
IL-10 and TGF-f are the two major cytokines mediating a
variety of immunosuppressive functions via many signaling
pathways [73, 74]. IL-10 stimulates mainly the JAK-STAT
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pathways, e.g., activating MDSCs, whereas TGF-f trig-
gers the SMAD-driven gene expression. In general, IL-10
and TGF-p suppress the expression of pro-inflammatory
cytokines/chemokines, and thus, they maintain immune
homeostasis and protect tissues from excessive inflamma-
tory responses. For instance, IL-10 and TGF-p1 can skew
pro-inflammatory M1 macrophages to the anti-inflammatory
M2 phenotype [73, 75]. TGF-f inhibits the proliferation of
T cells and represses their differentiation into CD8* and
Th1/2 cells, while it stimulates the expansion of immuno-
suppressive FoxP3" Tregs [73]. It is also known that TGF-f
inhibits the proliferation and activation of B cells, and it
can induce the apoptosis of immature and resting B cells.
There is substantial evidence that TGF-f also inhibits the
expression of proteins involved in phagocytosis and anti-
gen presentation of macrophages [73]. IL-10 also impedes
the maturation of dendritic cells and thus impairs their anti-
gen presentation process [76]. These observations clearly
indicate that MDSCs can inhibit the functions of different
myeloid-derived cells through the secretion of immunosup-
pressive cytokines and thus inhibit immune responses in
both acute and chronic inflammation.

MDSCs can also induce immunosuppression by stimu-
lating the differentiation of Tregs and regulatory B cells
(Bregs) [65, 77] (Figs. 1, 3). Tregs have an important role
in the maintenance of immune homeostasis, since they can
suppress immune responses by secreting IL-10 and TGF-f
cytokines as well as having cell—cell contacts with effec-
tor T cells [78]. Tregs can suppress the proliferation and
activation of T cells in different pathological conditions.
MDSCs and Tregs can also benefit the membrane-bound
PD-L1 protein to inhibit T-cell activation through the bind-
ing of PD-L1 to the PD-1 receptor of T cells [79, 80]. The
PD-L1/PD-1 connections maintain T-cell tolerance and pre-
vent immune-mediated damages in inflamed tissues [79]. In
addition to T cells, many other immune cells, e.g., B cells,
dendritic cells, monocytes, and macrophages, express pro-
teins involved in the PD-L1/PD-1 system [79]. Forkhead box
P3 (FOXP3) transcription factor is a phenotypic marker of
Tregs and a crucial regulator of immune tolerance [81]. IL-2
and TGF-f are potent inducers of FOXP3 expression and
consequently control the activity of FOXP3* Tregs. MDSCs
and Tregs form an immunosuppressive network, since Tregs
can reciprocally regulate the proliferation and activity of
MDSCs in the inflammatory milieu [65]. Recently, it was
observed that MDSCs stimulated the expansion of regula-
tory B cells (Bregs) and ameliorated autoimmunity in sys-
temic lupus erythematosus [77]. Bregs, immature B cells,
are immunosuppressive cells impairing the functions of Thl
and Th17 cells, CD8" cytotoxic T cells, dendritic cells, and
monocytes, whereas they stimulate the expansion of Tregs
[82]. Bregs control other immune cells through the secre-
tion of IL-10, IL-35, and TGF-f cytokines. It seems that
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Fig.3 Potential mechanisms which could promote immunosuppres-
sion and maintain chronic inflammation in AD brains through the
recruitment and activation of MDSCs. Hypoxia and viral infections,
probable causes of AD, are strong inducers of the accumulation of
MDSCs into the brain. It is known that inflamed AD brains secrete
several chemokines which trigger the chemotaxis of MDSCs into the
brain. Consequently, several cytokines and complements as well as
prostaglandin PGE2 and alarmin HMGB1 stimulate the immunosup-
pressive functions of MDSCs in AD brains. Sustained MDSC activ-
ity provokes chronic inflammation involving the deposition of Ap,
increases brain atrophy, and, finally, leads to neuronal degeneration

immune homeostasis is regulated by flexible interactions
between MDSCs and different T- and B-cell populations,
dendritic cells, and macrophages. However, this regula-
tion is highly specific for pathological processes and tissue
microenvironments.

MDSC-induced immunosuppression
in gliomas and neuroinflammatory disorders

Gliomas are primary brain tumors originating from prolifer-
ating glial cells, either from astrocytes, oligodendrocytes, or
ependymal cells. Although there seem to be multiple causes
for gliomas, the infiltration and expansion of MDSCs have a
crucial role in the growth of gliomas [12, 83]. Several stud-
ies have indicated that cancerous glial cells and stem cells
are able to manipulate brain microglia/macrophages and
affect their immune functions, e.g., increasing their immu-
nosuppressive capacities and enhancing the chemotaxis
of myeloid cells [84]. It seems that the glioma-associated,

alternatively activated M2 microglia/macrophages (GAMs)
recruit MDSCs into gliomas, and consequently, GAMs and
MDSC:s act in collaboration to create the immunosuppres-
sive milieu present in gliomas [83, 84]. Chang et al. [12]
demonstrated that CCL2 was a critical chemokine in the
recruitment of monocytic MDSCs and Tregs into murine
gliomas. Immunosuppressive cells secrete IL-4, IL-10, and
TGF- cytokines which activate MDSCs and Tregs, inhibit
the functions of T cells and increase their apoptosis, reduce
the phagocytic capacity of macrophages, and stimulate
angiogenesis [83]. Fujita et al. [8§5] demonstrated that the
blockade of COX-2/PGE2 axis suppressed the growth of
gliomas which indicates that MDSCs have a significant role
in gliomagenesis. Gliomas provide an interesting model to
understand the adaptability of microglia and their crosstalk
with cancerous glial cells and infiltrated myeloid cells.

Acute and chronic inflammatory responses have been
associated with diverse neurological disorders and neuro-
degenerative diseases. It is known that the brain is a tar-
get of different myeloid-derived cells which possess both
anti-inflammatory and immunosuppressive capacities (see
below). In the brain, the role of MDSCs in autoimmune
diseases has been mostly studied in experimental autoim-
mune encephalomyelitis in mice [9] but to a lesser extent in
human multiple sclerosis [86]. There is an abundant litera-
ture to demonstrate that immune-suppressive MDSCs can
inhibit the damaging responses of T cells in autoimmune
brain diseases, enhance the resolution of inflammation,
and thus probably trigger the remission phase of multiple
sclerosis [86, 87]. Given that Tregs prevent the functions
of myelin-specific autoreactive T cells, it seems that there
are dysfunctions in Tregs in multiple sclerosis [88] which
might also affect the responses of MDSCs. Neuronal demy-
elination induced by Theiler’s virus provoked the infiltration
of MDSCs into mouse brain where they suppressed virus-
specific CD4% and CD8" T cells [89]. In this case, MDSCs
extended the demyelination phase and augmented the dis-
ease. Correspondingly, the depletion of MDSCs reduced the
virus-induced inflammation and demyelination injuries in
mouse brain.

There is mounting evidence that MDSCs are involved
in the inflammatory processes associated with injuries in
central nervous system (CNS), e.g., brain trauma, stroke,
and spinal cord injuries. Acute CNS lesions stimulate
an early immune activation in both CNS and peripheral
immune system which triggers a profound systemic immu-
nosuppression [22, 90, 91]. Liesz et al. [91] demonstrated
that the release of HMGB1 from mouse brain in the acute
phase after stroke not only induced a pro-inflammatory
cytokine response but also enhanced the release of imma-
ture monocytes from the bone marrow and stimulated a
great expansion of MDSCs in mouse spleen. An increased
proliferation of MDSCs in the spleen was abrogated by
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anti-HMGB/1 treatment, indicating that HMGB1-RAGE
signaling was involved in the activation of MDSCs. The
splenic MDSCs, isolated 3 days after a stroke, strongly
suppressed the proliferation of T cells. A significant
increase in the number of MDSCs, with a phenotype of
CDI11b*Ly-6C*, was also observed in the blood of human
stroke patients. Moreover, Liesz et al. [91] revealed that
the HMGB1-RAGE signaling in collaboration with cat-
echolamines was involved in the post-stroke immune sup-
pression in mice. For instance, norepinephrine can stimu-
late the proliferation of MDSCs and block the function of
T cells [92]. It is likely that both cytokine and hormonal
regulation mechanisms control the expansion of MDSCs
to generate immunosuppression after brain injuries. Saiwai
et al. [22] demonstrated that, in mouse spinal cord injury,
MDSCs enhanced the resolution of acute inflammation and
reduced tissue damages. Consequently, MDSCs promoted
angiogenesis in spinal cord and improved the functional
recovery of mice.

Chronic inflammation is involved in progressive neu-
rodegenerative diseases, e.g., Alzheimer’s disease, amyo-
trophic lateral sclerosis (ALS), Parkinson’s disease, and
Huntington’s disease. Currently, the exact role of immune
responses in the pathogenesis of these diseases still needs
to be clarified. Vaknin et al. [93] reported a twofold increase
in the number of MDSCs in the blood samples of sporadic
ALS patients as compared to healthy controls. Moreover,
a clear increase has been observed in the number of circu-
lating MDSCs in Parkinson’s disease patients [94]. Hen-
kel et al. [95] observed that the number of Tregs was sig-
nificantly reduced in the blood of ALS patients during the
rapid progression phase, indicating that immune-suppressive
capacity might be impaired in that stage and thus leading to
enhanced inflammatory damages. In Alzheimer’s disease,
Le Page et al. [96] detected a significant twofold increase of
circulating monocytic and granulocytic MDSCs in amnestic
mild cognitive impairment (aMCI) which is an early phase
of AD pathology. However, this upregulation was not pre-
sent in blood during the later AD phase. Currently, there
are no studies on the levels of MDSCs in the brain tissues
of MCI and AD patients or transgenic AD mice. Saresella
et al. [97] reported that the number of different types of
Tregs was significantly increased in the blood of both MCI
and AD patients as compared to controls. Especially, the
PD-17 pool of Tregs was increased in MCI patients indicat-
ing a strong immune-suppressive activity during the early
phase of AD. In functional assays, the immunosuppression
induced by circulating Tregs was more efficient in MCI than
in AD patients. Baruch et al. [98] demonstrated in 5xFAD
transgenic mice that the transient depletion of Tregs or their
pharmacological inhibition alleviated the phenotype linked
to AD pathology, e.g., Ap accumulation, neuroinflamma-
tion, and cognitive impairment. We will discuss below more
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thoroughly on the role MDSCs, Tregs, and immunosuppres-
sion in the pathogenesis of AD.

Immune suppression in AD brain
Chronic neuroinflammation in AD

Chronic inflammation is one of the hallmarks of AD pathol-
ogy [4]. AD is a neurodegenerative disease, although, cur-
rently, it is not clear whether inflammation is a cause of AD
pathology, through neurotoxic inflammatory mediators, or an
immune consequence of neuronal damages. The histopathol-
ogy of AD reveals an increased number of glial cells, both
microglia and astrocytes, in the affected areas of AD brains.
Entorhinal cortex and hippocampus are the most vulner-
able regions of AD-related pathology. The amyloid cascade
hypothesis, proposed by Hardy and Allsop [1], is the most
commonly accepted theory on the origin of AD pathology.
This hypothesis is supported not only by the accumulation
of AP peptides in brain but also substantial genetic evidence
which indicates that distinct variants in the genes regulating
APP processing, i.e., APP and presenilin PSEN1/2 genes,
can lead to the deposition of amyloid plaques. Interestingly,
recent studies on the AD risk genes have revealed that many
candidate genes, e.g., CD33 and TREM?2, are expressed in
microglia and regulate phagocytosis in these cells [99, 100].
Moreover, Huang et al. [101] demonstrated that the genetic
down-regulation of PU.1 (SPI-1) expression, a major tran-
scription factor of several microglial genes affecting the
expression levels of CD33 and TREM2 proteins, delayed
the onset of AD. However, PU.I, CD33, and TREM?2 are
also expressed in other myeloid cells, e.g., CD33 protein is
the molecular marker of human monocytic and granulocytic
MDSCs [14]. In addition, Fahrenhold et al. [102] demon-
strated that TREM2 protein seems to be located in recruited
monocytes rather than microglia in the brain samples of AD
patients. Currently, the role of CD33 and TREM2 proteins
in the regulation of immune functions by MDSCs and other
myeloid-derived cells needs to be clarified.

Microglia are resident cells in the brain which are origi-
nally derived from the yolk sac macrophages during embry-
onal development [103]. Microglial cells act as tissue sen-
tinel cells in the same way as macrophages in peripheral
tissues, eliminating microbes, dead cells, and extracellular
protein aggregates, i.e., they are the professional phagocytes
in the brain [104, 105]. Microglia can also control neuro-
genesis and synaptic plasticity as well as conferring pro-
tection against excitotoxicity. Microglial cells are immune
cells which express a variety of pattern-recognition receptors
detecting both pathogen-associated and damage-associated
molecular patterns (PAMPs/DAMPs). For instance, AP
oligomers trigger innate immunity defence by activating
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several pattern-recognition receptors [106]. Moreover,
microglia contain a wide range of other immune receptors,
e.g., cytokine and chemokine receptors and receptors for
immune complexes as well as receptors for many neurotrans-
mitters [104]. At rest, microglia show a ramified phenotype
actively surveying their microenvironment [107]. The acti-
vation of microglia triggers changes in their morphology and
stimulates the expression of a set of pro-inflammatory genes,
e.g., involving cytokines, chemokines, and innate immunity
receptors. However, recent phenotyping and transcriptome
studies have revealed the biological complexity of microglial
responses in health and diseases [105]. There is extensive
heterogeneity between microglial cells at the level of gene
expression and their functional responses to distinct insults
[105, 108]. Microglial cells are major guardians of brain
homeostasis, and thus, it is reasonable that their properties
and reactions are controlled by the crosstalk with other cells,
e.g., astrocytes and infiltrated myeloid cells. In pathologi-
cal conditions, astrocytes secrete chemokines, e.g., CCL2,
CCL5, CXCL2, and CXCL12 [109], potential chemoattract-
ants to MDSCs. Astrocytes and microglia also have close
interaction in Af clearance and neuroinflammation in AD
pathology [4], e.g., the activation of microglia can induce
reactive astrocytosis, abundantly present in AD brain [110].

AD is a progressive neurodegenerative disease involving
simultaneously acute pro-inflammatory and chronic anti-
inflammatory reactions. This can be seen in the upregula-
tion of distinct cytokines and chemokines normally associ-
ated with either acute or chronic inflammation (see below).
Macrophages and microglia can display remarkable plastic-
ity, since they are able to change their phenotype from pro-
inflammatory to anti-inflammatory subtype, or vice versa, as
a response to pathological alterations. This process is called
the macrophage/microglia polarization [3, 75]. Briefly, the
pro-inflammatory M1 phenotype is present in acute inflam-
matory conditions, whereas the M2 polarization, an alterna-
tive activation, has been switched on to facilitate resolution
of acute inflammation. In addition, the M2 phenotype, both
that of macrophages and microglia, can be categorized to
M2a, M2b, and M2c subtypes using distinct markers [2, 3,
75]. Some cytokines, e.g., IL-4, IL-10, IL-13, and TGF-p,
are the inducers of the anti-inflammatory M2 phenotype.
Correspondingly, alternatively activated M2 macrophages/
microglia secrete anti-inflammatory cytokines, e.g., IL-10
and TGF-p, as well as several chemokines and growth fac-
tors which facilitate the maintenance of anti-inflammatory
milieu and enhance the tissue repair process. Interestingly,
IL-10 and TGF-f, two potent inducers and maintenance
factors of M2 phenotype, are also major immune suppres-
sors secreted by MDSCs (Fig. 2). Currently, the paradigm
of M1 and M2 phenotypes has been critically debated due
to the large functional heterogeneity of cells including in
the M1 and M2 groups [111]. It seems that the phenotypes

of microglia form a continuum of different activation states.
Studies on AD have revealed controversial results on the role
of microglia in the pathogenesis of AD. For instance, Weitz
and Town [112] proposed that the role of microglia would
be widely context-dependent, i.e., they provoke either ben-
eficial or deleterious actions during the progression of AD
pathology. Microglia are not only versatile effector cells but
also sensitive sensors which can respond to local conditions
in cooperation with astrocytes and infiltrated myeloid cells
[113]. Microglial cells are also able to adapt to long-term
environmental changes, e.g., inflammatory disorders, aging
process, and growth of glioma [114].

Recruitment of myeloid-derived cells into brain
in AD

The brain is not completely immune-privileged tissue, since
circulating, bone marrow-derived myeloid, and lymphoid
cells can infiltrate into the brain where they form an immune
compartment with tissue-resident microglial cells [115,
116]. Hematopoietic stem cells differentiate into the myeloid
and lymphoid progenitor cells which, consequently, can be
committed to specific lineages [117]. The subsequent matu-
ration of these progenitor cells can occur in myeloid tissues,
peripheral immune organs, e.g., spleen and thymus, or even
in inflamed and cancerous tissues after the penetration of
immature cells. The immature myeloid cells can differenti-
ate into monocytes, MDSCs, dendritic cells, or neutrophils.
Consequently, monocytes and MDSCs are able to maturate
to tissue macrophages. The lymphoid progenitor lineage
generates B and T lymphocytes and natural killer cells. The
T helper cells, i.e., Thl, Th2, and Th17, and Tregs origi-
nate from naive CD4* T cells. Colony stimulating factors,
chemokines, and cytokines direct the differentiation pro-
cess of myeloid-derived cells. There is substantial evidence
that the distinct subsets of myeloid and lymphoid cells can
infiltrate into the brain, especially in gliomas and inflamma-
tory disorders [115, 118, 119]. The recruitment process of
immune cells into the CNS is guided by several chemokines
and their corresponding chemokine receptors in immune
cells. For example, monocytes, MDSCs, T cells, and Tregs
can invade into the inflamed brain. The choroid plexus, an
interface between blood and cerebrospinal fluid, is an impor-
tant entry site for immune cells [120], although it seems that
immune cells can also migrate across the blood—brain barrier
(BBB) elsewhere in the brain [119]. Specific penetration
mechanisms have been earlier described in detail [115].
Recent studies have revealed that pericytes, i.e., perivas-
cular cells surrounding endothelial cells in capillaries,
control inflammation, and immune cell trafficking across
capillary wall [121-123]. There are significant changes in
the structure and functions of pericytes in chronic neuroin-
flammation. Pericytes also have many properties of immune
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cells, e.g., they respond to inflammatory stimuli by secret-
ing cytokines and chemokines as well as they can polarize
microglia and display phagocytic ability. Stark et al. [121]
demonstrated that inflammatory mediators stimulated the
expression of several chemokines and adhesion molecule
ICAM-1 in human NG2-positive pericytes. ICAM-1 medi-
ated the attachment of monocytes and neutrophils to peri-
cytes. In mouse inflamed skin, arteriolar and capillary NG2
pericytes induced the chemotaxis of myeloid leukocytes and
subsequently interacted with extravasated immune cells. Per-
icytes directed the chemotaxis of immune cells by releas-
ing chemoattractants, e.g., MIF, CCL2, and IL-8, the level
being subject to the intensity of inflammatory stimulus. In
particular, MIF, a hypoxia-inducible chemokine, induced a
potent chemotaxis of monocytes. Hypoperfusion and cer-
ebral amyloid angiopathy are typical disorders of AD brain
[124-126]. Interestingly, it is known that pericytes have an
essential role in the regulation of capillary blood flow into
the brain [127, 128]. Impaired pericyte function in AD might
enhance the recruitment of myeloid cells into the AD brain.

There is substantial evidence that AD is associated with
both structural and functional disturbances in the BBB [129,
130]. It seems that a reduced integrity of BBB and the dis-
orders of pericyte functions in inflamed AD brain enhance
the infiltration of immune cells into the brain parenchyma.
In addition to parenchymal resident microglia, healthy brain
also contains myeloid-derived perivascular and meningeal
macrophages [116]. In AD, the infiltrated blood-derived
cells represent a diverse population of immune cells ranging
from myeloid monocytes to lymphoid T cells [131-133]. For
instance, circulating monocytes are versatile immune cells,
since, after recruitment into AD brains, they can secrete
inflammatory modulators and mature to macrophages (also
called monocyte-derived macrophages). There is compelling
evidence that the penetration of T lymphocytes is increased
into the brains of AD patients and transgenic AD mice [97,
133, 134]. For instance, Tregs and effector T cells, e.g.,
Th1 and Th2 helper cells, can invade AD brains and control
inflammation and subsequently affect neurodegenerative
processes.

Secreted chemokines and their receptors in invading
immune cells have a key role in the recruitment of mye-
loid-derived cells into the brain during the inflammatory
processes of AD [135, 136]. There is abundant evidence
that the CCL2/CCR2 chemotactic axis is the major mech-
anism which recruits blood CCR2* monocytes into the
inflamed brains including AD pathology [136, 137]. Gal-
imberti et al. [138] observed that the serum level of CCL2/
MCP-1 was clearly elevated in MCI and mild AD patients
but not in severe AD patients. Correspondingly, it has been
reported that the expression level of CCR2 was significantly
increased in blood mononuclear cells, especially in CD4*
cells, in AD patients [135]. CCL2 is commonly expressed in
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brain, e.g., astrocytes, microglia, and endothelial cells, can
secrete CCL2 chemokine which is a potent chemoattract-
ant to monocyte/macrophage. Selenica et al. [139] induced
the overexpression of CCL2 in mouse brain through the
intracranial injection of the rAAV viral construct expressing
CCL2 gene. They observed that viral induction dramatically
stimulated the expression of CCL2 in mouse hippocampus
and cortex regions. The overexpression of CCL2 induced
an abundant extravasation of myeloid-derived CD11b™ cells
into the CNS parenchyma. Moreover, the virally expressed
CCL2 activated the proliferation of microglia and polarized
them to either the M1 or M2 states. Interestingly, CCL2 is
the most important chemoattractant for MDSCs, and in gli-
oma, CCL2 stimulated the recruitment of MDSCs and Tregs
into the brain [12]. There are several other chemokines and
receptors which could augment the chemotaxis of immune
cells into the brain, e.g., CCL5, CXCL2, CXCLS8, and
CXCL12 [109, 136]. For instance, Liu et al. [140] revealed
that the expression of CXCR2 was increased in the blood T
cells of AD patients which increased their transendothelial
migration capacity. They also reported that the injection of
Ap into rat hippocampus increased the expression of IL-8/
CXCLS (ligand for CXCR?2) in circulating T cells and brain
endothelial cells. It seems that pro-inflammatory responses
precede the chemotaxis of T cells, since the inhibition of
microglial TNF-a production suppressed the CXCL8/
CXCR2-mediated recruitment of T cells into the brain
[140]. Interestingly, it was reported that CXCLS8 secreted
by tumors stimulated the recruitment of MDSCs through the
CXCLS8/CXCR2 chemotaxis, thus inducing immune escape
of tumors [13].

Immunosuppressive microenvironment in AD

The common hallmarks of AD are the deposition of
extracellular AP plaques and intracellular tau-protein tan-
gles being accompanied by chronic inflammation. This
progressive pathological process can be initiated about
10-20 years before the appearance of first dementia dis-
orders. Currently, the role of inflammation in the patho-
genesis of AD still needs to be clarified. Many early epide-
miological studies indicated that a lifelong use of NSAIDs
could prevent the appearance of AD pathology and cogni-
tive impairment, but, consequently, clinical studies with
AD patients have failed to show any beneficial effects of
NSAID therapy [141]. It has been postulated that inflam-
mation has a detrimental role in the early phase, and thus,
NSAIDs could prevent the onset of pathological processes,
even before the appearance of amyloid plaques [142]. This
assumption has received experimental support from the
studies with transgenic AD mice and rats (McGill-R-Thy1-
APP). These studies demonstrated that the levels of several
inflammatory markers were already increased before the
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appearance of A plaques [143, 144]. For instance, micro-
glial activation and astrogliosis preceded the accumulation
of AP deposits in cerebral cortex and hippocampus. More-
over, inflammatory changes seemed to be associated with
the intraneuronal increase of Ap-oligomers which might
have alerted innate immunity system through the secre-
tion of danger-associated molecules. These observations
emphasized the fact that inflammation process, both its
cellular players and inflammatory reactions, may fluctuate
during the evolution of AD pathology. Many studies have
indicated that the brain immune system is immunosup-
pressed rather than activated during the progression of
AD which might augment AD pathology. For instance, it
seems that microglial cells are hyporesponsive to Ap and
they are not able to phagocytose accumulating Af deposits
which further disturb the maintenance of homeostasis [5,
6, 145]. There is compelling evidence that the function
of microglial cells is impaired in both AD patients and
transgenic AD mice, thus exacerbating AD pathology [6,
145, 146]. However, the overexpression of pro-inflamma-
tory cytokines, e.g., IL-1p and TNF-a [147, 148], or the
injection of lipopolysaccharide (LPS) [149] significantly
reduced the AP load in the brains of transgenic AD mice.
This implies that the AD-related microglial immunosup-
pression can be mitigated by increasing pro-inflammatory
stimulus. Accordingly, it is known that the exposure of
anti-inflammatory cytokines increase the burden of AP
accumulation in transgenic AD mice [150—-152]. It seems
that the anti-inflammatory M2 phenotype promotes the
resolution of inflammation and improves neuronal survival
rather than supports the clearance of Ap plaques.

The screening of cytokine levels has revealed that the
profiles of inflammatory cytokines express both pro-inflam-
matory and anti-inflammatory modifications in a context-
dependent manner, indicating that there are significant
changes in the functions of microglia and astrocytes, another
source of cytokines, during the progression of AD pathol-
ogy [153—155]. Different research approaches have indicated
that especially two anti-inflammatory cytokines, IL-10 and
TGF-f, have a crucial role in the suppression of immune
functions in AD brains [150, 156, 157]. Zheng et al. [155]
have recently reviewed thoroughly the changes observed in
the levels of cytokines in AD patients and transgenic AD
mice. However, there are considerable inconsistencies in the
results between different human studies, probably indicating
that AD pathology contains fluctuating processes in differ-
ent phases of AD pathogenesis. It seems that the pro- and
anti-inflammatory processes are occurring simultaneously,
i.e., pro-inflammatory responses take care of AP clearance
but might impair neuronal homeostasis, whereas anti-inflam-
matory activity will protect neurons from the detrimental
effects of chronic inflammation by inhibiting microglial
activity, but, simultaneously, it augments A deposition.

Currently, it is difficult to corroborate the distinct role of
infiltrated myeloid and lymphoid cells in the clearance of
AP deposits or in the control of immunosuppressive func-
tions which is attributable to several puzzling results. There
are many studies, indicating that myeloid-derived cells can
phagocytose A aggregates and thus reduce AP deposition
in the brains of AD mice [131, 158, 159]. Prokop et al. [160]
demonstrated that when they conditionally depleted the resi-
dent microglial population in the brains of AD mice and
replaced that by circulating myeloid cells, they observed that
the blood-derived myeloid cells were not clustered around
AP plaques and AP pathology was not alleviated in trans-
genic AD mice. Moreover, Spangenberg et al. [161] revealed
that the chronic elimination of microglia in the brains of AD
mice rescued dendritic spines and prevented neuronal loss
but did not affect the accumulation of Ap plaques. Varvel
et al. [162] also reported that the replacement of microglia
with blood monocytes did not reduce AP burden, although
monocytes gradually clustered around A plaques if the
repopulation time was extended up to 6 months. It is known
that the brain infiltrating myeloid cells represent a heteroge-
neous population of cells which are not only able to differ-
entiate in the brain, but they also undergo specific crosstalk
with microglia and astrocytes in a context-dependent man-
ner. Given that myeloid cells, e.g., monocytes, are extremely
plastic cells, it is difficult to interpret results due to diffi-
culties in characterizing the invaded/injected cells after the
experiment. However, the microglia-depletion experiments
clearly indicated that infiltrated myeloid cells are immuno-
suppressive cells which can rescue neurons but are clearly
tolerant to AP deposits [160-162].

It is known that recruited myeloid cells trigger immuno-
suppression in brain in many pathological conditions where
MDSCs and Tregs are involved in the protection of neurons
against excessive inflammation in the context-dependent
crosstalk with resident microglia and recruited T cells and
monocytes/macrophages. An increased level of Treg cells
has been detected in the brain samples of both human MCI
and AD patients [97]. In immune defence, Treg cells can
suppress effector T cells, but they can also inhibit the func-
tion of resident microglia [163, 164]. Xie et al. [164] dem-
onstrated that cerebral Tregs inhibited the LPS-induced
expression of pro-inflammatory cytokines in microglia
through the secretion of anti-inflammatory IL-10 cytokine.
IL-10 is a potent enhancer of AP deposition in transgenic
AD mouse (see below). Tiemessen et al. [165] demonstrated
that human Tregs can induce the M2 polarization of mono-
cytes/macrophages either through cell contacts or via the
secretion of anti-inflammatory cytokines. On the other hand,
Ebner et al. [166] reported that the distinct type of micro-
glial cells could induce the activation of CD4*FoxP3" Tregs
which subsequently inhibited the activity of effector T cells.
Recently, Baruch et al. [98] demonstrated that the transient
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depletion of FoxP3* Treg cells or their pharmacological
inhibition enhanced the clearance of AP plaques and miti-
gated the cognitive impairment of transgenic 5XFAD mice.
They also reported that the systemic increase in the level
of Tregs with all-trans retinoic acid augmented the depo-
sition of AP plaques and increased cerebral astrogliosis in
AD mice. However, Dansokho et al. [167] reported that the
early transient depletion of Tregs did not affect the level of
Ap deposition but accelerated the onset of cognitive impair-
ment in transgenic APP/PS1 mice. It seems that differences
in mouse AD models as well as the Treg depletion methods
and timing in the phase of AD pathology might affect the
responses in mice.

There is also an interesting question about how the activa-
tion of innate immunity affects the function of Tregs in AD
pathology. It is known that TLR ligands, especially those
of TLR2, can induce the proliferation of mouse Tregs in
a MyD88-dependent signaling, both in vitro and in vivo
[168]. The expanded Treg population was functionally
intact displaying increased immunosuppressive activity.
Interestingly, TLR2 is a primary receptor for Af,, oligo-
meric aggregates in mouse microglia [169]. This means
double-edged responses, since TLR2 agonists can trigger
inflammation through microglia, whereas, by activating
Tregs, they suppress inflammation and support its resolution.
There is also clear evidence that TLR agonists can control
the differentiation and activation of MDSCs, thus enhancing
immunosuppression [170]. In addition, many pro-inflamma-
tory cytokines present in AD brain are potent activators of
MDSCs which, consequently, can stimulate Tregs and thus
boost immunosuppression (Fig. 2).

Recent immune therapies targeting A peptides have pro-
vided a compelling proof-of-concept, indicating that there
is immune suppression in AD brains [171]. Unfortunately,
human studies have not been as successful as those con-
ducted in transgenic AD mice, which might be attributable
to the nature of mouse AD models or the functional differ-
ences in immune systems between humans and mice. For
instance, there are considerable differences in the phenotypic
markers between mouse and human MDSCs [14], although
it seems that functional differences are minor. Given that
MDSCs and Tregs can inhibit the function of dendritic cells
and B lymphocytes, thus, they are able to suppress the pro-
duction of anti-Af antibodies in AD. However, there are
surprisingly few studies on the role of dendritic cells and
B lymphocytes in the pathogenesis of AD. Butovsky et al.
[172] reported that the selective depletion of bone marrow-
derived dendritic cells augmented the accumulation of AP
plaques in the brains of AD mice. There are also findings,
indicating that the percentage of myeloid-derived dendritic
cells was decreased in the blood of AD patients and the
decline was correlated with the severity of AD-related
symptoms [173]. These observations might indicate that
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antigen presentation is impaired in AD. Moreover, Ethell
et al. [174] demonstrated that the infusion of Af-specific T
cells from AP-vaccinated mice reduced the level of soluble
AP in the hippocampus of APP/PS1 mice as well as reversed
the memory impairment of these mice. Currently, it is not
known whether changes in memory B cells and plasma cells
are involved in the pathogenesis of AD. It seems that there
is a multifaceted contribution of both innate and adaptive
immunity behind the immunosuppression of AD pathology.

Anti-inflammatory cytokines enhance amyloid-f
deposition

There is mounting evidence that several anti-inflammatory
cytokines, e.g., IL-4, IL-10, and TGF-f, control the accumu-
lation of AP into the immunosuppressive microenvironment
of AD brain [150-152, 157, 175]. The families of IL-10 and
TGF-p cytokines are the key anti-inflammatory cytokines
which control not only the functions of immune cells but
also affect other cells of inflamed tissues via specific recep-
tors [73, 74]. For instance, IL-10 and TGF-f suppress the
function of macrophages/microglia, inhibits effector T cells,
and suppress antigen presentation by dendritic cells. The
suppression of inflammatory response is a double-edged
sword, since, in the case of pathogen infection, e.g., viruses
and bacteria, the clearance of a pathogen is blocked, or
even can lead to pathogen growth. The main purpose is to
stimulate the resolution of detrimental inflammation and
protect the host tissue. Interestingly, MDSCs and Tregs are
the potent producers of IL-10 and TGF-f, and these anti-
inflammatory cytokines are included in their major arma-
ments of immunosuppression (Figs. 2, 3). In the case of
tumors, the protection of the host leads to the growth of
tumors, whereas, in tissue transplantation, the suppression
of inflammation is a vital response protecting the graft.

In transgenic AD mice, the immunohistochemical
stainings of IL-10 and TGF-f are strongly increased in
glial cells, especially in reactive astroglia surrounding Af
deposits [176]. Chakrabarty et al. [152] demonstrated that
the virally induced IL-10 expression in transgenic AD mice
exacerbated the burden of Af deposits in the hippocampus
and cortex, but it did not affect APP processing. They also
reported that IL-10 overexpression decreased the level of
synaptic proteins and impaired cognitive capacities. Accord-
ingly, Guillot-Sestier et al. [157] revealed that the genetic
depletion of IL-10 in APP/PS1 mice promoted AP clearance
and mitigated the amyloidosis in AD mice. The reduced AP
deposition was associated with an activation of innate immu-
nity, e.g., microglial capacity to phagocytose A aggregates
was clearly improved. They also reported that the markers
of IL-10 signaling were elevated in the post-mortem sam-
ples of AD patients, e.g., the expression of IL-10 receptor o
(IL-10Ra) was significantly increased in both Western blot
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and immunohistochemical assays. The levels of phospho-
JAK1 and phospho-STAT3 were also upregulated. Park-Min
et al. [177] demonstrated that the IL-10 signaling inhibited
the transcription of TREM2 gene. TREM?2 protein is a trig-
ger protein of phagocytosis, and thus, its inhibition could
enhance the accumulation of A plaques.

TGF-p regulates many functions of T lymphocytes,
especially it stimulates Tregs via SMAD3 pathway, while,
simultaneously, it inhibits Th1 and Th2 cells [73]. TGF-$
also suppresses the proliferation of B cells and triggers the
apoptosis of immature and resting B cells. Consequently,
Tregs as well as MDSC:s are potent producers of TGF-f, thus
enhancing and maintaining its context-dependent responses
in tissues. However, the data on the effects of TGF-f on
the functions of macrophage/microglia are inconsistent,
although it is known that TGF-p induced anti-inflammatory
M2 polarization of macrophages [178] as well as it provoked
disturbances in microglial chemotaxis [179]. Lesne et al.
[180] demonstrated that TGF-fp stimulated the expression
of APP in human and murine astrocytes but not in neurons
and subsequently increased the production of amyloidogenic
Ap. There are also studies, indicating that TGF-f induced
the expression of clusterin [181]. Clusterin (ApoJ) is a
versatile chaperone which binds to AP peptides and con-
trols their fibrillization, either preventing it or enhancing
the aggregation process [182]. Clusterin also acts as an A}
peptide transporter at the BBB. It is known that the protein
level of clusterin was significantly increased in AD brains,
and it was abundantly localized in Ap plaques and amyloid
deposits in the cerebrovascular walls in AD patients [182].
Wyss-Coray et al. [150] revealed that the overexpression
of TGF-p in transgenic hAPP mice substantially increased
AP deposition in cerebral blood vessels rather than com-
mon parenchymal sites. Several studies have confirmed that
increased TGF-f expression, either in normal or transgenic
AD mice, induced the development of cerebrovascular amy-
loidosis and microvascular degeneration. Accordingly, the
blockade of the TGF-f signaling alleviated AD pathology
in mice [175]. Vascular Ap deposition may be caused by the
TGF-B-induced disturbances in pericytes [123] or its capac-
ity to generate fibrosis [183]. These studies on vascular Af
deposition indicated that TGF-f might be involved in the
development of CAA in AD pathology.

IL-4 is the third anti-inflammatory cytokine which can
enhance immunosuppression in the AD brain by affecting
the functions of microglia. For instance, IL-4 exposure pro-
voked the alternatively activated M2 phenotype in microglia
[151, 184, 185]. Pepe et al. [185] observed that the central
administration of IL-4 in mice induced M2a polarization
only in one specific subset of brain microglia. Fenn et al.
[184] reported that neuroinflammation upregulated the
expression of IL-4 receptor a (IL-4Ra) in microglia. This
induced the IL-4-mediated reprogramming of microglia, i.e.,

it robustly increased the expression of ARG1, IL-1p, and
CCL2. Subsequently, this unique M2 microglia phenotype
stimulated the recruitment of immunosuppressive CCR2*/
IL-4Ra"/ARG1* macrophages into the brain and enhanced
neurite outgrowth. Chakrabarty et al. [151] demonstrated
that the transient virally mediated hippocampal overexpres-
sion of IL-4 in transgenic APP mice induced the M2 phe-
notype of microglia and clearly exacerbated Af deposition,
especially AP42 peptides, into the hippocampus. In addition
to the well-known anti-inflammatory cytokines, i.e., [L-4,
IL-10, and TGF-f, there are some other cytokines, e.g.,
IL-18 and IL-33, which can stimulate immunosuppression in
a context-dependent manner. For instance, IL-18 augmented
immune suppression in cancer [186]. Accordingly, IL-33
contributed to the sepsis-induced immunosuppression [187].
Interestingly, both IL-18 and IL-33 are able to stimulate the
function of MDSCs (Fig. 2).

MDSC hypothesis of AD pathogenesis

Currently, the amyloid hypothesis on the pathogenesis of AD
is the most commonly accepted theory, although it does not
explain the mechanisms of the accumulation of A plaques
and tau tangles [1]. Recent studies have emphasized the role
of microglia and immune system in the accumulation of A}
plaques which could be induced by either increased genera-
tion of AP peptides or disturbances in their clearance. In
2009, we proposed that Ap plaques could be masked by sia-
lylated sphingolipids, e.g., gangliosides, which can suppress
the function of microglia through the inhibitory siglec recep-
tors, e.g., siglec-3 (CD33) receptors [188]. There is convinc-
ing evidence that the variation of CD33 gene is associated
with a risk for AD [189]. Moreover, CD33 inhibits Ap clear-
ance by microglia [99]. Recently, Kaya et al. [190] revealed
using MALDI mass spectrometry that Af plaques in trans-
genic AD mice contained several species of gangliosides,
e.g., GM2 and GM3, which could activate CD33 receptors
through their sialic acid groups. Moreover, Bernardo et al.
[191] demonstrated that the elimination of GD3 ganglioside
synthase in transgenic APP/PS1 mice robustly reduced the
accumulation of AP plaques and rescued cognitive impair-
ment. However, this hypothesis has not received adequate
experimental confirmation, and currently, it is accepted that
the deficiency in A clearance is attributable to the immune
suppression of microglia and/or invaded myeloid cells.

As described above, both microglia and infiltrated mye-
loid cells demonstrate an extensive plasticity in their pheno-
types. For instance, invaded monocytes can differentiate to
brain macrophages and subsequently represent the M1 or M2
functional phenotypes, as well as resident microglia. Since it
is evident that the anti-inflammatory cytokines, secreted by
M2 microglia/macrophages, trigger inflammatory resolution
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but simultaneously can disturb Ap clearance, it seems likely
that the regulation of the M1/M2 balance controls the patho-
logical processes in AD. In fact, there are three subtypes in
the M2 group, i.e., M2a, M2b, and M2c, which have very
different activation mechanisms and functions in inflam-
mation [2, 75, 192, 193]. Briefly, IL-4 and some infections
induce the M2a shift, after which the cells secrete ARGI1,
TGF-f, and IL-1 receptor antagonist. The M2b subtype is
induced by LPS and immune complexes, and this subtype
is a mixed type secreting both pro- and anti-inflammatory
cytokines. The third M2 subtype, M2c, a so-called acquired
deactivation subtype, is induced by IL-10, TGF-p, and glu-
cocorticoids, and subsequently, it is a potent source of IL-10
and TGF-p secretion in inflamed tissues. In AD patients,
it seems that the early phases of pathogenesis are associ-
ated with increases in M1 and M2a polarization, whereas
the later stages of AD display M1, M2a, and M2c markers
[194, 195]. It should be emphasized that these results were
analysed by gene expression markers and, thus, may also
contain invaded macrophages and MDSCs. The key question
is how the polarization of these specific M2 subtypes is pro-
voked in the inflamed AD brain. For instance, the switch to
M2c requires anti-inflammatory cytokines, but their source
in inflamed tissue is unknown. However, it is known that
MDSC:s are a rich source of IL-10 and TGF-f (Fig. 2), and
thus, they could induce the polarization to anti-inflamma-
tory M2 phenotypes. In neurodegenerative diseases, such as
AD, where the cause of inflammation has not been removed,
MDSCs could maintain immunosuppressive microenviron-
ment, thus minimizing direct injuries to neurons, although,
simultaneously, this would challenge the clearance of Af
deposits and cell debris in the brain (Fig. 3).

In addition to the accumulation of AP plaques, the
presence of MDSCs in AD brain might also enhance the
appearance of many other hallmarks in AD pathology.
The function of MDSCs generates immunosuppression
through (1) the secretion of anti-inflammatory cytokines,
e.g., IL-10 and TGF-f, (2) the induction of the expression
of ARG1 and IDO1 which suppress the proliferation of
inflammatory cells, and (3) the generation of NO and other
ROS compounds (Fig. 2). MDSCs induce the deprivation
of arginine and tryptophan in inflamed tissues through the
increased secretion of ARG1 and IDO1 enzymes (Fig. 2).
An amino acid deficiency stimulates GCN2 kinase which
phosphorylates elF2a factor and thus inhibits protein syn-
thesis [196]. Deprivation not only blocks the proliferation
of inflammatory cells, but it might provoke homeostatic
disturbances and atrophy in neighbouring neurons (Fig. 3).
Arginine metabolism is interesting, since L-arginine is the
substrate of NOS and ARG1 enzymes. It is known that M1
macrophages activate NOS, whereas M2 stimulates ARG
expression and its secretion [197], i.e., both MDSCs
and M2 cells are capable to ARG1 secretion. However,
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recently, Greenhalgh et al. [198] demonstrated that only
infiltrated myeloid cells expressed ARG1 but not microglia
in autoimmune encephalomyelitis and spinal cord injury.
It is known that arginine metabolism is disturbed in the
brains of AD patients and this might aggravate the patho-
genesis [199]. For instance, experimental arginine depri-
vation induced immunosuppression and AD-like changes
in mice [200]. There are also studies, indicating that the
IDO-activated kynurenine pathway, most active in immune
cells, was clearly induced in the brains of AD patients and
transgenic AD mice [201].

There is mounting evidence that the inflamed micro-
environment of AD brain recruits myeloid cells into the
brain. Interestingly, the chemokines secreted by AD brain,
e.g., CCL2, CXCL2, and CXCLS8 (IL-8), are also chemo-
tactic factors for MDSCs (see above). Actually, the same
chemokines can also recruit MDSCs into gliomas. For
instance, Chang et al. [12] demonstrated that, in glioma
milieu, the major source of CCL2 was macrophages and
microglia rather than tumor cells which recruited MDSCs
and Tregs into the mouse glioma. Given that MDSCs are a
heterogeneous population of immature myeloid cells with
several marker sets, it is believed that there exist different
subgroups of MDSCs, probably related to different diseases
[202]. Considering the plasticity of MDSCs, it is likely that
MDSC:s can adopt distinct properties influenced by micro-
environment, thus causing changes in their phenotypes in
inflamed tissues after infiltration. There is also a consid-
erable difference between human and mouse markers of
MDSCs, e.g., human MDSCs do not express Gr-1 markers
[14]. Human monocytic MDSCs are CD14 positive, whereas
granulocytic MDSCs express CD15 protein. MDSCs dis-
play several myeloid lineage markers, e.g., CD11b* and
CD33*, which appear in human macrophages, microglia,
and MDSCs. Bronte et al. [15] have presented the criteria for
the characterization of different MDSC subsets for human
and mouse MDSCs. Currently, the fluorescence-activated
cell sorting (FACS) provides a reliable technique to iden-
tify and quantitate different subsets of MDSCs and subse-
quently to characterize their immunosuppressive capacities.
Le Page et al. [96] exploited this technique in their semi-
nal study and observed that the number and percentage of
circulating monocytic CD33*HLA-DR ™ and granulocytic
CD33*HLA-DR CD11b*CD15" subsets of MDSCs were
at a significantly higher level in subjects with amnestic mild
cognitive impairment than in AD patients or healthy control
individuals. This indicates that MDSCs can be mobilized
during the early phase of AD pathogenesis. Moreover, it is
known that MDSCs can be maturated and, consequently,
proliferate and become activated in inflamed tissues. Unfor-
tunately, the reliable histochemical characterization and
quantification of MDSCs in post-mortem AD samples is
not possible at this moment.
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AD pathology involves an increased expression of many
inflammatory mediators known to induce the expansion
and activation of MDSCs in inflamed tissues (Fig. 2). For
instance, IL-1p and IL-18 cytokines, the products of inflam-
masome processing, induce the proliferation and activation
of MDSCs and generate immunosuppression in inflamed
tissues. Currently, there is substantial evidence that inflam-
masomes are activated in AD pathology [203, 204]. Ojala
et al. [205] demonstrated that the expression of IL-18 was
significantly increased in microglia, astrocytes, and even in
neurons in the brains of AD patients. It is known that IL-18
could promote the differentiation of monocytic MDSCs
and thus enhance immunosuppression in tumor milieu [25].
Moreover, PGE2 is also a potent inducer of MDSC accumu-
lation into inflamed tissues (Figs. 2, 3). There are studies,
indicating that PGE2 exposure suppressed A clearance in
transgenic AD mice [206], and correspondingly, the dele-
tion of EP2 receptor of PGE2 reduced the Ap burden in the
brains of AD mice [207]. Furthermore, COX-2 inhibitors
can inhibit the expression of CCL2 [208] or CCR2 [209]
and thus could suppress the recruitment of MDSCs into glio-
mas [12]. The inhibition of MDSC chemotaxis by COX-2
inhibitors might explain why epidemiological studies have
revealed the protection of NSAIDs against AD pathology but
not clinical trials with AD patients (see above).

There are speculations that AD pathology could be caused
by pathogens, especially herpes simplex virus type 1 (HSV1)
[210-213] (Fig. 3). Briefly, several experimental studies
have revealed that the HSV1 infection of mice induced a
typical AD pathology involving chronic inflammation, accu-
mulation of AP, and the phosphorylation of neuronal tau
protein. In humans, HSV1 DNA is present as a latent form
in the brains of elderly people (about 60% of population),
mostly in the regions affected by AD. Wozniak et al. [210]
demonstrated that HSV1 DNA was present in the plaques
of AD patients. In addition, Letenneur et al. [214] revealed
a strong correlation between the appearance of antibodies
against HSV1 in serum and the incidence of AD dementia
in a population-based longitudinal study. These observa-
tions suggest that there might exist a chronic HSV1 infec-
tion which sporadically reactivates and provokes a progres-
sive AD pathology. Currently, it is not known how HSV1
could evade host immunity and how it could be reactivated
in AD brains. Interestingly, several studies have reported
that MDSCs suppress antiviral immunity by inhibiting the
functions of T cells, antigen presenting cells, and natural
killer cells [20]. An expansion of MDSCs has been observed
in chronic infections caused by several viruses including
hepatitis C virus, human immunodeficiency virus, vesicu-
lar stomatitis virus, as well as vaccinia and adenoviruses,
which like HSV1 are also DNA viruses [20]. Wang et al.
[215] demonstrated that the infection of Japanese encepha-
litis virus (JEV) expanded the MDSC and Treg populations

and IL-10 production in mouse brain. MDSCs suppressed
the function of CD4* T cells, especially the activity of T fol-
licular helper cells was reduced which decreased the levels
of splenic B cells and plasma cells and thus impaired the
production of neutralizing antibodies against JEVs.
Sporadic hypoxia is another plausible cause which could
augment the progression of late-onset AD in association
with increased cerebrovascular dysfunctions. Recent neu-
roimaging studies have revealed that cerebral blood flow
is clearly reduced in the brains of AD patients, especially
microvascular hypoperfusion is an early event in the evolu-
tion of AD pathology [125, 126]. Kisler et al. [128] dem-
onstrated that the degeneration of pericytes in the loss-of-
function pericyte-deficient mice reduced capillary blood
flow which induced hypoxia and metabolic stress in the
brain. Interestingly, Sagare et al. [216] demonstrated that the
deficiency of pericytes accelerated amyloid angiopathy and
induced Alzheimer-like neurodegeneration in transgenic AD
mice. Hypoxia stimulates the activity of - and y-secretases
which might increase the production and subsequent deposi-
tion of Ap into AD brains, also into the capillary walls [217].
Hypoxia is also a potent inducer of immunosuppression
[218] which might inhibit the clearance of AP in AD brains.
Many studies have demonstrated that hypoxia, especially
the activation of HIF-1a signaling, promoted the recruit-
ment of MDSCs into tumor microenvironments where they
were activated and differentiated into immunosuppressive
macrophages [52]. Hypoxia-inducible MIF, a chemokine-
like factor, has a critical role in the recruitment and activa-
tion of MDSCs in hypoxic conditions [29, 219]. There are
observations that the level of MIF was clearly increased in
the cerebrospinal fluid of MCI and AD patients [220]. These
studies indicate that the HIF-1a/MIF axis could be an impor-
tant pathway in the recruitment of MDSCs into AD brains.

Conclusions and future perspectives

The gradual accumulation of Ap deposits into AD brains con-
currently with chronic inflammatory processes has been a par-
adox in AD research for years. Microglia as well as invading
myeloid cells can display a great plasticity in their properties,
but how this is connected to the deposition of AP has remained
unclear. However, recent studies, mostly with transgenic AD
mice, have revealed that the accumulation of Ap is associated
with immunosuppressive microenvironment in AD brains.
The suppression of immune responses in AD has its benefits
in the prevention of neuronal injuries provoked by inflamma-
tory mediators. Immunosuppression is commonly involved in
chronic inflammatory disorders in different tissues. Studies
on inflamed tumors have revealed that infiltrating MDSCs
and Tregs are the major immune cells which can suppress the
functions of both innate and adaptive immunity. Currently,
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it is known that MDSCs are recruited into inflamed tissues
to enhance the resolution of acute inflammation and prevent
excessive inflammatory responses during chronic inflamma-
tory disorders. There is abundant evidence that AD brains
secrete chemokines which are required for the recruitment of
MDSCs into the inflamed CNS, e.g., in glioma, multiple scle-
rosis, and spinal cord injury. Seminal studies have revealed
that the number of circulating MDSCs significantly increased
in MCI patients, indicating that the maturation and expansion
of MDSC populations might occur in AD pathogenesis.

As far as we know, there are no direct studies on the
recruitment or accumulation of MDSCs into the brains of
AD patients, not even in the brains of transgenic AD mice. In
future, isolated myeloid cells from the brains of transgenic AD
mice should be identified as well as MDSCs quantified with
flow cytometry. For instance, the cell sorting technique has
been used in the analysis of immune cells in ischemic mouse
brain [221] and MDSCs in metastatic mouse brain [222].
However, transgenic AD mice are “an amyloid plaque model”
and do not necessary represent the actual AD in patients. In
the brains of AD patients, the analysis of MDSCs will be more
difficult, since cell sorting techniques are not suitable for post-
mortem brains, e.g., freezing induces a significant loss of gran-
ulocytic MDSCs [223]. Moreover, immunohistochemical tech-
niques have not been recommended for the analysis of MDSCs
due to the problems in phenotypic characterization of myeloid
cells, especially in human samples [15]. However, there is an
intensive search for the specific antigens of MDSCs which
could be targeted in cancer immunotherapies. For instance,
Dominguez et al. [224] presented promising results with the
TRAIL-R2 antibody. The lack of specific antibodies for the
identification of MDSCs is not the only difficulty, since there
are several subtypes of MDSCs, and in addition, the plastic-
ity of MDSCs may disturb the studies on immunosuppressive
MDSCs.
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