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Abstract: Amyloid-p (AB) has long been shown to be critical in Alzheimer’s disease pathophysiol-
ogy. Microglia contributes to the earliest responses to AP buildup, by direct interaction through
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multiple receptors. Microglial cells operate AP clearance and trigger inflammatory/regenerative
processes that take place in the long years of silent disease progression that precede symptomatic

appearance. But in time and with aging, the fine balance between pro- and anti-inflammatory activ-
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ity of microglia deranges, negatively impacting its AB-clearing ability. Furthermore, in recent years,
microglial activation has proven to be much more complex than the mere dichotomic pro/anti-

inflammatory polarization previously accepted. Microglia can display a wide spectrum of pheno-
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types, which can even be mixed. On these bases, it is evident that while pharmacological interven-

tion aiding microglia to prolong its ability to cope with AP buildup could be extremely relevant, its
feasibility is hampered by such high complexity, which still needs to be completely understood.
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1. INTRODUCTION

Alzheimer’s Disease (AD) is a slow-developing neu-
rodegenerative pathology representing the dominant world-
wide cause of dementia in the elderly [1, 2]. Sporadic forms
of AD become symptomatic by the age of 65 and over, but
its molecular triggers affect selective areas of the brain dec-
ades earlier [1, 3]. Endogenous protective responses have
been described, attempting to compensate for the pathologi-
cal loss of function during the initial stages of AD [4, 5].
These events could account for the extremely slow progres-
sion of neurodegeneration. Compensation has also been pro-
posed to explain why some individuals display a great de-
gree of resilience and preserve cognitive functions even in
the presence of pathological hallmarks [4, 6]. Accumulation
of extracellular f-amyloid protein (AP) to generate plaques,
and abnormal phosphorylation of intracellular tau protein
causing disruption of neuronal functions, are still considered
the key elements in AD [7]. Accordingly, the “amyloid cas-
cade hypothesis™ that involves both events, initially proposed
about 20 years ago, then revised and updated, is still the
paramount paradigm [8, 9]. Unfortunately, up to now, target-
ing solely AP and/or tau has not proven to be a winning
therapeutic strategy [2], as no drug in development, acting as
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anti-Af or anti-p-tau, has yet successfully completed its pro-
gram to the clinics. Understanding the sequence of events
that occur in the slow course of AD development appears
mandatory to identify targets for an early, preventive inter-
vention. In this sense, it is worthwhile to revisit the role
played by microglia in the early molecular steps that pave
the way to AD onset. Microglial activation has traditionally
been linked to neuroinflammation and thus interpreted as a
fundamentally negative event [10]. However, in recent years
it has become more evident that microglia-sustained inflam-
matory responses can initially be beneficial and can remain
such if timely converted into reparative and inflammation-
resolving ones [11]. In particular, in AD, early microglial
activation to phagocyte accumulating A is anti-inflammatory
in nature and precedes the appearance of a pro-inflammatory
and potentially harmful phenotype observed at later stages,
when amyloid load increases. We will here review the role
played by microglia in AD, taking into account the dynamics
of its activation, its ability to interact with AP and the
real potential of targeting microglia for pharmacological
intervention.

2. REDEFINING MICROGLIA IN AD: FROM THE
M1/M2 DICHOTOMY TO THE PHENOTYPIC
ACTIVATION CONTINUUM

Emerging evidence indicates that the involvement of
non-neuronal cells cannot merely be considered a corollary
to the progression of neuronal damage, but appears crucial in
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the sequence of neuropathological events [6, 12-15]. It is
worth noting that the central role of microglia has been cor-
roborated by genome-wide association studies and, accord-
ingly, several of the mutations recognized as risk factors for
sporadic AD are predominantly expressed in microglia [16,
17]. In addition, the above mentioned compensatory mecha-
nisms, that may significantly intervene on disease develop-
ment and progression, primarily rely on non-neuronal cells,
mainly the microglia population. Microglial cells, physio-
logically exert a dual role. They are in fact considered the
resident immune cells of the central nervous system (CNS)
aimed at maintaining CNS homeostasis, but, at the same
time, they behave as sensors, able to become reactive to any
perturbing signal to the system [18]. A general simplified
classification in two distinct phenotypes, M1 and M2 is
largely accepted within the scientific community [19]. The
M1 is a pro-inflammatory phenotype able to release several
molecules, including cytokines, chemokines and growth fac-
tors, all endowed with pro-inflammatory properties, and thus
actively involved in neuroinflammatory processes [20, 21].
M2 polarization is also referred to as an “alternative activa-
tion”, characterized by the release of anti-inflammatory cy-
tokines and neurotrophins and mainly involved in reparative
and restorative processes that take place during the resolu-
tion of acute inflammatory events [21]. Despite this consoli-
dated classification, the current trend acknowledges micro-
glia in a myriad of different activation states that can exhibit
opposite properties, according to what largely described, but
also intermediate features to represent a continuum between
the two extreme phenotypes [22].

The hypothesis that microglia activation state can impact
AD is now well supported and, certainly, admission of neu-
roinflammation as a central event in the neurodegenerative
process has also contributed to revise the initial “amyloid
cascade hypothesis” [23]. According to the more recent
view, inflammation and AP deposition are strictly intercon-
nected so that, reciprocally, one facilitates the other to gener-
ate a vicious cycle that characterizes disease progression
[23]. Microglia uptake and degrade AP [24, 25], and this
property has been previously associated with the M2-like
phenotype, whereas it has been shown to be markedly im-
paired in M1-like activated cells [19, 24, 26]. More interest-
ingly, the transition from one state of activation to another
has been shown to occur even in a stage-dependent manner
during the progression of disease in the APP/PS1 AD animal
model [27]. The switch from M2 towards M1 polarization
was, in this case, evident as pathology worsened. Strikingly,
however, a number of in vivo studies on AD models have
reported that even anti-inflammatory cytokines such as IL-
10, IL-4 or TGF-B can negatively impact plaque pathology
[28-31]. IL-10 signaling, in particular, has been linked to a
reduced ability to clear AP, which can in turn further affect
microglial activation and promote toxicity [28, 30]. The les-
son learned from this evidence, which further confirms mi-
croglial complexity, is that the general idea that just promot-
ing an anti-inflammatory phenotype will automatically have
a beneficial outcome is not quite correct. Instead, we need to
keep in mind that polarization of microglia in AD is not ex-
clusively harmful or beneficial, but has to be finely tuned to
prevent dysfunction. Any potentially viable therapeutic strat-
egy meant to promote the transition from M1 to M2, or for
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the “continuum concept” described above, from a M1-like to
a more M2-prone phenotype, will then require a deep knowl-
edge of the context-dependent responses of microglia in or-
der to avoid perturbing a very delicate equilibrium (Fig. 1).

3. Ap INTERACTIONS AT THE CELL SURFACE:
WHERE IT ALL STARTS

The direct interaction of AP oligomers with cellular tar-
gets is the key event that triggers the very beginning of the
complex signaling that gives life to the “amyloid cascade”.
AP has not been found to have selective cognate receptors
but is able to bind to all cell types in the CNS through a vari-
ety of binding partners at the cell surface. Interest has been
mostly focused on neurons, which synthesize AP and are the
main sufferers of its toxicity, so that interactions of A with
neuronal surface molecules have been more deeply analyzed
and described. At this level, AP has been reported to interact,
among others, with NMDA glutamate receptors, Na/K AT-
Pases, insulin receptors, prion protein receptors and integrins
[32-36]. Particularly relevant is the interaction with al-
integrins, which was shown to prompt aberrant neuronal cell
cycle re-entry, dependent on DNA polymerase 3 (polp) [37-
39]. PolB-mediated cell cycle activation leads to neuronal
death and, consistently, polf inhibitors were shown to be
neuroprotective [40, 41]. In addition, AP can directly modify
the membrane lipid bilayer, altering permeability and excit-
ability [42-45]. Finally, AP is actively internalized by differ-
ent receptors such as insulin receptors, the receptor for ad-
vanced glycation end-products (RAGE), low-density lipo-
protein receptor-related protein 1 and nicotinic acetylcholine
receptors [46]. Once inside, AP oligomers contribute to the
generation of reactive oxidant species [47-49], alter mito-
chondrial function [50, 51], and more generally disrupt neu-
ronal homeostasis determining cell damage [52].

Whereas AP interaction with neurons is responsible for
direct cell damage, interactions at the microglial level com-
prise a multifaceted response. AB-microglia contacts are me-
diated by a variety of receptors and represent the first, neces-
sary step for the clearance of the peptide [53]. At the same
time, such interactions lead to activation of signaling cas-
cades that are determinants of the destiny of microglia po-
larization and thus, indirectly, for the state of neurons. The
acute response to the buildup of AP includes microglia acti-
vation aimed at eliminating the peptide. Much of what hap-
pens next depends on the ability of microglia to keep up the
rate of AP clearance to balance its overproduction to prevent
its accumulation. The imbalance in these processes is a pri-
mary cause for a microglial switch towards a phenotype un-
able to control AP pathology and lacking protective func-
tions [12, 54]. In agreement, aging has been related to im-
paired microglial phagocytic ability and is considered a key
risk factor in AD as well as other age-associated neurological
disorders [55, 56].

Many of the receptors that mediate binding to Ap on mi-
croglia are shared with neurons; among these are comple-
ment receptors [53, 57], Fc receptors [58], Formyl Peptide
Receptors [59], scavenger receptors A, Cluster of differentia-
tion 36 (CD36) [60], Toll-Like Receptors [61] and RAGE
[62]. A peculiar binding molecule for AP is High Mobility
Group Box 1 (HMGBI1), a non-histone chromosomal pro-
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Fig. (1). The microglial continuum. During Alzheimer’s disease progression, microglia dynamically change in a continuum from two differ-
ent, but potentially overlapping states of activation (M2 and M1 phenotypes), that eventually converge towards a prevalent chronic inflam-
matory condition. This event leads to neurotoxic accumulation of AP peptide. (4 higher resolution / colour version of this figure is available

in the electronic copy of the article).

tein, whose function is not limited to the control of transcrip-
tion. It, in fact, behaves as an inflammatory mediator in sev-
eral pathological conditions, being released by injured and
inflammatory cells [63-65]. Accordingly, it is present in high
concentrations in neuroinflammatory processes in the AD
brain where, within the plaque, it associates with Af con-
trasting its phagocytosis by microglial cells [66, 67]. Inter-
estingly in cultured microglia, HMGBI1 directly binds to and
stabilizes AP1-42 oligomers, thereby reducing microglial
uptake [67]. Hence HMGBI1 behaves as an extracellular
binding site for AP, impairing its phagocytosis and clearance
by microglia. Moreover, HMGB1-bound AB1-40 is internal-
ized in microglia and increases in the cytoplasm, but its deg-
radation is inhibited [67]. The high levels of HMGBI in AD
and its co-localization with microglia in senile plaques make
this molecule a risk factor for neurodegeneration, that can
participate in AD pathophysiology by impairing the early
“M2-like” functions of microglia [67]. The involvement of
HMGBI in AD pathophysiology and, in particular, in micro-
glia clearing function, appears more intriguing since
HMGBI, in other cellular systems, has been shown to favor
cell migration [68, 69], a property that is peculiar to acti-
vated microglia and also to induce proliferation and differen-
tiation of neural precursors towards the neuronal lineage
[70].

A number of receptors with binding affinity for AP are
selectively or predominantly expressed in microglia, and
among these, perhaps the most relevant are the triggering
receptor expressed on myeloid cells 2 (TREM2) and CD33
(Fig. 2). Large-scale genetic studies have contributed to the
identification of these receptors as risk factors for AD [71],
which represent ideal candidate targets in the strategy to
steer microglia towards compensatory/restorative activation.
We will here discuss current knowledge on the roles of these
two microglial receptors, whose functions have recently been
shown to be intertwined.

TREM2 belongs to the TREM family of receptors that
are cell surface glycoproteins with immunoglobulin-like ex-
tracellular domains and short cytoplasmic tails. AP has been
shown to bind TREM2 with nanomolar affinity [72, 73] and
gene mutations that compromise this affinity are evidenced
as risk factors linked to AD [74, 75]. This observation, to-
gether with the bulk of the work on TREM2 in AD, both in
vitro and in vivo, have mainly related AB-TREM2 interaction
to the mediation of AP clearance and containment of plaque
formation [72, 76, 77]. In particular, Ap binding was shown
to favor interaction between TREM2 and adaptor protein
DAPI12, required for downstream signaling leading to AP
clearance [72]. Lack of TREM2 affected nascent plaques,
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Fig. (2). Microglial interactions with AP and epigenetic mechanisms controlling AP removal. At the microglial cell surface, aggregated A
interacts with the triggering receptor expressed on myeloid cells 2 (TREM2), Toll Like Receptors (TLRs) and Scavenger Receptors (SRs),
which all mediate its uptake. CD33 negatively affects TREM2’s ability to bind A. Soluble High Mobility Group Box 1 (sHMGB1) binds to
AP in the extracellular compartment, preventing its uptake. Epigenetic mechanisms affect multiple steps involved in Ap removal. NF-kB
increases transcription of miRNA-34, which represses TREM2 production. A number of other miRNAs regulate the expression of TLRs and
SRs. The transcription factor EB (TFEB) is activated by SIRT1-mediated deacetylation and upregulates genes involved in lysosome biogene-
sis and AP degradation. Histone (H) deacetylation by histone deacetylases (HDAC) 1 and 2 leads to upregulation of genes involved in AP
uptake and downregulation of genes involved in inflammation and radical oxygen species (ROS) generation. (4 higher resolution / colour

version of this figure is available in the electronic copy of the article).

which appeared less compacted, with a negative impact on
neurites [78, 79]. Similarly, the induction of TREM2 expres-
sion in AD mice, with a transgenic approach, revealed a dose-
dependent beneficial effect. In this case, activation of genes
involved in phagocytosis and resolution of inflammation
preceded activation of genes associated with neurodegenera-
tive events [77]. This is perfectly in line with the idea of a
compensatory response set up by microglia being associated
with the initial appearance of AP aggregates. Apparently,
contradictory results came from another study, linking the
amelioration of AD pathology to TREM2 deficiency in AD

mice [80]. Such discrepancy could be accounted by the dif-
ferent time points tested in different studies, and therefore by
the existence of stage-dependent effects [81, 82]. In agree-
ment, using animals of different ages, it was recently shown
that AP deposition was lower at early time points but exacer-
bated at later stages [83]. This observation still awaits to be
completely understood, but current hypotheses suggest both
a differential role for TREM2 in resident microglia vs. infil-
trated macrophages, and a differential involvement of these
two cell types during disease development [81, 83]. In par-
ticular, TREM2 expression would have a beneficial role in
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microglia and a negative one in macrophages [81]. In addi-
tion to its regulatory role in phagocytic functions, TREM2
was shown to promote microglial survival through down-
stream signaling that involves the Wnt/B-catenin pathway
[84]. To further complicate the picture, ADAM proteases
were shown to release a soluble ectodomain of TREM?2
(sTREM2), the real role of which is still a matter of debate.
Results from animal models showed sSTREM2 to enhance
microglial pro-inflammatory cytokine expression, thus sug-
gesting an action opposite to that of its transmembrane coun-
terpart [85]. On the other hand, evidence from clinical stud-
ies pointed to a decrease of STREM2 in the CSF from pa-
tients in early but asymptomatic phases of AD [86], and an
increase of STREM2 in CSF from patients in early sympto-
matic stages [87, 88]. Interestingly, STREM2 decrease coin-
cided with abnormal A, but not tau, pathology and corre-
lated with the absence of neurodegeneration [86]. Its increase
appeared modulated by membrane-spanning 4-domains sub-
family A (MS4A) proteins [88] and was linked to later age
of onset and slower disease progression [87]. Using a model
for ectopic expression of TREM2, a recent study provided
insight into the possible distinct roles for TREM2 and its
soluble domain: the former appears to be associated with
phagocytosis promotion and the latter required for pro-
inflammatory signaling [89].

CD33 belongs to the sialic acid-binding immunoglobu-
lin-type lectin family and is expressed on the cell surface
where it takes part in cell adhesion and proliferative proc-
esses as well as modulation of endocytosis and cytokine re-
lease [90]. In monocytes, CD33 has been suggested to modu-
late the activation state and regulate the release of inflamma-
tory cytokines by sensing levels of sialic acid in the micro-
environment [91]. Great interest has revolved around this
protein since its identification as a genetic risk factor for AD
in genome-wide association studies [92]. CD33 interacts
with AP selectively through its extracellular sialic-binding
domain [93]. The deletion of the specific CD33 mRNA exon
coding for the sialic-binding domain of the protein was in
fact associated with a decreased risk for AD [94]. Following
AP binding, an intracellular tyrosine-inhibitory domain be-
comes phosphorylated and cross-activates Src homology 2
domain-containing phosphatases, that inhibits downstream
targets involved in phagocytosis [93]. So, overall, CD33
dampens the microglial ability to clear AP by inhibiting
phagocytosis. Accordingly, studies on CD33-/- AD mice
have shown increased microglial uptake and clearance of AP
and have revealed that CD33 acts upstream of TREM2, lead-
ing to increased microglial pathology [95, 96]. This is in
agreement with the evidence that CD33 and TREM2 exert
opposing effects on microglia. Furthermore, the tight rela-
tionship between the two receptors was confirmed by the
observation that CD33 knockout in AD mice was only bene-
ficial if functional TREM2 was preserved [95]. Consistent
with preclinical evidence, CD33 was also found to be in-
creased in microglial cells from AD patients [96].

4. EPIGENETIC MECHANISMS AS POTENTIAL
TARGETS TO AID MICROGLIAL A CLEARANCE

As described so far, the ability of microglia to effectively
remove AP is central in neuroprotection against the harmful
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consequences of peptide buildup. In this regard, epigenetic
mechanisms, such as histone deacetylation and translational
repression by microRNAs, could play an important role by
modulating genes coding for proteins involved in microglial
clearance functions. Notably, epigenetic modulation of mi-
croglia-operated clearance is already known to occur during
development, when synaptic pruning and removal of apop-
totic neuronal debris take place [97, 98]. Accordingly, in the
absence of dying neurons, microglial genes coding for pro-
teins involved in clearance functions are downregulated [99].
Epigenetic mechanisms shown to impact AP clearance com-
prise histone deacetylation and translational repression by
microRNAs. In 5x FAD mice, selective genetic ablation of
the transcriptional repressors histone deacetylase (HDAC) 1
and 2 in microglia, was shown to significantly increase Af}
phagocytosis and improve cognitive impairment [100].
These effects were mediated by the upregulation of genes
involved in microglial clearance functions and downregula-
tion of pro-inflammatory and ROS-generating genes [100].
On the opposite, HDAC3 was shown to negatively regulate
spatial memory in APP/PS1, where its overexpression in-
creased amyloid deposition while its inhibition led to de-
creased AP levels and plaque burden [101]. Consistent re-
sults were observed from a study on 3x Tg mice, where inhi-
bition of HDAC3 correlated with decreased AB1-42 protein
level, as well as improved spatial learning and memory
[102]. AP degradation was shown to be regulated by epige-
netic modulation of microglial lysosomal pathways, medi-
ated by transcription factor EB (TFEB). In particular, TFEB
acetylation by SIRTI, a deacetylase endowed with several
neuroprotective properties, appeared to enhance transcrip-
tional upregulation of downstream genes involved in
lysosomal biogenesis. This, in turn, facilitated AP degrada-
tion [103]. Among miRNAs, particularly relevant appears to
be the role of miRNA-34a, shown to significantly down-
regulate TREM2 in a murine microglial cell line [104] and in
the hippocampus from sporadic AD patients, compared to
age-matched controls [105]. Furthermore, miRNA-34a tran-
scription was shown to be positively regulated by inflamma-
tory transcription factor NF-kB [104, 105].

Interestingly, the use of a selective antagomir was able to
prevent TREM2 downregulation in a functional assay in
murine microglial cells [105]. In addition, a number of other
micro-RNAs have been shown to affect the expression of
cell surface molecules necessary for AP phagocytosis, such
as toll-like receptors (TLR) and scavenger receptors (SR)
[106]. Among these are miR-203, miR-27a, miR-143, miR-
19, and miR-146a, involved in TLR modulation and miR-
155, miR-185, miR-96, miR-223, and miR-59, involved in
SR modulation [106]. The mentioned mechanisms of epige-
netic control of microglial function, impacting Ap clearance,
are illustrated in Fig. 2.

5. CHALLENGES AND PERSPECTIVES

Almost 30 years have passed since the role of AP has
found a definition in the amyloid cascade hypothesis, but the
cure for AD still appears to be far out of our reach. What has
clearly emerged in these years is the complexity of Ap-
cellular interactions, given its ability to bind to several dif-
ferent receptors, both transmembrane and soluble, on differ-
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ent cell types. This exponentially amplifies the signaling
pathways involved in AD pathogenesis, i.e. the potential
therapeutical targets implicated in disease onset. To further
complicate this picture, the strict stage-dependence of the
actual effects of AP buildup makes it particularly hard to
identify the right opportunity for intervention in a disease
that develops over decades. By the time symptoms become
even slightly evident, neuronal damage is so advanced that it
appears unlikely that neuronal function could be rescued.
This would in part explain the persistent failure of direct AB-
targeting therapies [107]. Microglial cells deserve particular
attention now that it is ascertained that they are not mere
spectators but the main characters in AD pathogenesis. Mi-
croglia are early responders to AP and the way they are in-
clined to react in a particular context, in a particular time and
a particular individual, will affect susceptibility to disease
progression. The debate on the real function of microglia in
the development of A toxicity is not certainly new and, in
this context, the contraposing concept of M1-M2 pheno-
types, as mentioned above, needs to be overcome. We should
move to a broader view of much more numerous and com-
plex microglia activation states that occur, probably, but not
necessarily, in time sequence. Different microglia types can
in fact even coexist at the same time [108], as they can pro-
liferate, phagocyte cellular debris, express markers of activa-
tion such as cytokines, but also release neuroprotective and
neurotrophic factors [98, 109, 110]. Microglia can also pro-
gressively evolve toward disease-associated microglia
(DAM) preferentially localized in the proximity of AP
plaques with a definite protective function [111]. Accord-
ingly, both in AD human brains and animal models, the ab-
sence of microglia worsens the pathological events [112].
However, synaptic pruning and consequent cognitive im-
pairments have been also described in AD animal models
and related to microglia function [113].

The question should then be what is the real druggability
of microglia as a target in AD and whether those identified
specific microglia markers can represent valuable targets.
Certainly, identification of microglial TREM2 and the vast
knowledge gathered on its function in the last several years,
make this molecule one of the most promising targets. How-
ever, the literature on TREM2 so far appears still hazy and
confirms the existence of a time-course of differential ex-
pression and function even for this crucial receptor. This,
once again, highlights the undeferrable need to identify the
right time window in order for any therapeutic intervention
to be successful. Finally, controversies still exist on whether
TREM2 should be considered only a promising potential
biomarker of disease onset and progression or whether it can
be viewed as a non-neuronal pharmacologically or geneti-
cally modifiable target. Even if attempts to modify TREM2
expression have been carried out and related to disease se-
verity in AD animal models [77], the possibility to translate
this into clinical research is still full of challenges. Even
more complicated is the possibility to hit CD33, due to its
specific molecular nature and the consequent paucity of
identified ligands [17] and also to the species-specific con-
trasting roles ascribed to this membrane molecule. Hence,
microglial specific targets appear promising but much has to
be done to identify the appropriate tools to move in the di-
rection to selectively hit them.
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