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Abstract

Microglia, the main phagocytes of the central nervous system (CNS), are involved in the
surveillance and maintenance of nervous tissue. During normal tissue homeostasis, microglia
migrate within the CNS, phagocytose dead cells and tissue debris, and modulate synapse pruning
and spine formation via controlled phagocytosis. In the event of an invasion by a foreign body,
microglia are able to phagocytose the invading pathogen and process it proteolytically for antigen
presentation. Internalized substrates are incorporated and sorted within the endocytic pathway and
thereafter transported via complex vesicular routes. When targeted for degradation, substrates are
delivered to acidic late endosomes and lysosomes. In these, the enzymatic degradation relies on
pH and enzyme content. Endocytosis, sorting, transport, compartment acidification and
degradation are regulated by complex signaling mechanisms, and these may be altered during
aging and pathology. In this review, we discuss the endocytic pathway in microglia, with insight
into the mechanisms controlling lysosomal biogenesis and pH regulation. We also discuss
microglial lysosome function associated with Alzheimer’s disease (AD) and the mechanisms of
amyloid-beta (Ap) internalization and degradation. Finally, we explore some therapies currently
being investigated to treat AD and their effects on microglial response to Ap, with insight in those
involving enhancement of lysosomal function.
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1. Introduction

The mononuclear phagocytic cell population in vertebrates includes monocytes,
macrophages, dendritic cells, Langerhans cells, microglia and osteoclasts (Arandjelovic and
Ravichandran, 2015; Nakamichi et al., 2013). Phagocytes are responsible for the clearance
of infectious agents, dead cells and tissue debris and are involved in immune response.
Monocytes circulate in the blood and can enter organs and become macrophages in normal
conditions as well as in response to stimuli including infectious agents and inflammatory
signals. However, an important fraction of the macrophages is tissue-specific. These tissue-
resident macrophages derive from primitive macrophages generated from early erythro-
myeloid progenitors in the yolk sac, and maintain their presence in tissues by slow self-
renewal (Davies et al., 2013; Hoeffel and Ginhoux, 2015). Microglia, the resident
macrophages of the CNS, derive exclusively from primitive macrophages in the yolk sac,
populate the CNS before and shortly after birth and self-renew locally with a slow turnover
rate throughout life (Ginhoux and Prinz, 2015; Gomez Perdiguero et al., 2015; Nakamichi et
al., 2013).

Microglia constitute 10-15% of brain cells and play a critical role in tissue surveillance and
maintenance of CNS homeostasis. Microglia are very motile within the CNS and engage in
the phagocytosis of apoptotic cells and debris, participate in tissue repair, and modulate
synapse pruning and spine formation, among other important functions. Microglia also help
to initiate the immune response against infectious agents by acting as antigen-presenting
cells (Ransohoff and Cardona, 2010).

Generally, phagocytic cells internalize a wide variety of extracellular material via several
mechanisms collectively named endocytosis. Internalized material follows branching
vesicular transport pathways, and some internalized material is delivered to acidic late
endosomes and lysosomes, where degradation occurs. Sorting of internalized substrates and
targeting to degradative acidic organelles is regulated by complex sorting mechanisms.

Moreover, as resident CNS phagocytes, microglia play a role in many neurodegenerative
diseases. AD, the most common form of dementia, accounts for 60 to 80% of all cases
worldwide. One of the main histopathological hallmarks of AD is the presence of amyloid
plaques in specific areas of the brain. However, in the majority of AD cases, it is unclear
whether faster production or slower clearance of Ap species is responsible for plaque
accumulation.

In this review, we discuss the endocytic pathway in the context of phagocytic cells, and
specifically microglia, with insight into the mechanisms regulating microglial lysosome
biogenesis. We also discuss microglial lysosome function in the context of aging and AD,
with focus on the various mechanisms of AP internalization and degradation. Finally, we
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explore some therapies currently being investigated to treat AD and their effects on
microglial activity and response to Ap.

2. The endocytic pathway in phagocytic cells

Endocytic processes are involved in the internalization of nutrients, antigen presentation,
regulation of cell-surface receptor expression, cellular cholesterol homeostasis, maintenance
of cell polarity and removal of pathogens, among other functions (Mukherjee et al., 1997).
In the following section we discuss the main endocytic routes in phagocytic cells. Figure 1
summarizes the various mechanisms of endocytosis in the context of microglia.

2.1. Pinocytosis

Pinocytosis, originally described by Lewis (Lewis, 1931), is a process by which the plasma
membrane (PM) forms vesicles that engulf extracellular fluid in a non-selective way. In
macropinocytosis, large vesicles (up to 5 um in diameter) are formed by actin-dependent
membrane ruffles whose tips fall back to the PM (Hewlett et al., 1994; Lim and Gleeson,
2011). Fusion of the tips with the PM forms a new vesicle that contains extracellular fluid.
Bone-marrow derived macrophages (BMMs) (Norbury et al., 1995), dendritic cells (Sallusto
et al., 1995) and microglia (Booth and Thomas, 1991; Fitzner et al., 2011; Mandrekar et al.,
2009) are capable of constitutive macropinocytosis. Pinocytotic behavior was described in
microglia more than 20 years ago (Booth and Thomas, 1991).

Macropinocytosis allows cells to survey and internalize large amounts of the extracellular
milieu in search of cell debris, damaged proteins, apoptotic cells and pathogens, most of
which are degraded. For instance, macrophages can internalize up to 200% of their surface
area per hour by macropinocytosis (Steinman et al., 1976). Antigens contained in
macropinosomes in antigen presenting cells can become associated with major
histocompatibility complex (MHC) complexes for antigen presentation (Sallusto et al.,
1995). Macropinocytosis has also been associated with pathogen entry (reviewed in (Lim
and Gleeson, 2011)).

2.2. Phagocytosis

Phagocytosis is the process by which cells internalize, by vesicular engulfment, large
particles (typically =5 um) such as apoptotic cells, foreign bodies and pathogens (Flannagan
et al., 2012). Professional phagocytes such as microglia and macrophages are able to migrate
to specific areas by chemotaxis and clear foreign bodies by phagocytosis (described in detail
in section 2.6). The phagocytosed particle is recognized by specific receptors on the PM of
the phagocytic cell. Moreover, for an immune response, phagocytic cells can act as antigen
presenting cells (Flannagan et al., 2012).

There are a variety of receptors involved in phagocytosis. Pattern-recognition receptors
(PRRs) recognize specific pathogen-associated molecular patterns (PAMPS) found in
bacteria or fungi. In microglia, PAMPs are recognized by Toll-like receptors (TLRs) as well
as by scavenger receptor A (SRA) and scavenger receptor class B - CD36 (Flannagan et al.,
2012; Koenigsknecht-Talboo and Landreth, 2005; Paresce et al., 1996) among others.
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In contrast to PRRs, opsonic receptors (ORs) recognize foreign bodies (or antigens) coated
with immunoglobulins (IGs) (Janeway, 2001). The most studied opsonic receptors are the Fc
receptor, which binds to the Fc region of immunoglobulin G (IgG), and receptors of the
complement system such as CR1, CR3 and CR4 (Flannagan et al., 2012). Surface receptors
CD45, CD11b, and CD11c are also expressed in microglia and macrophages (extensively
reviewed in (Ransohoff and Cardona, 2010; Saijo and Glass, 2011)).

Upon recognition by the appropriate receptor, additional receptors are recruited to the
phagocytic cup (Flannagan et al., 2012). This requires lateral mobility of receptors (Holowka
et al., 2007) and continuous binding of new receptors to the foreign body for complete
sealing of the phagocytic cup. Receptor binding elicits complex signaling cascades leading
to actin polymerization, extension of actin filaments, and actin association with myosins,
allowing for the progression of the phagocytic cup (Freeman and Grinstein, 2014). PM lipids
also play an important role in the formation of the phagocytic vesicle (Botelho et al., 2000;
Corrotte et al., 2006). For a thorough review of phagocytosis see (Flannagan et al., 2012;
Gordon, 2016).

2.3. Receptor-mediated endocytosis

In all nucleated vertebrate cells, a significant fraction of internalized PM and extracellular
fluid enters the cell by receptor-mediated endocytosis (RME) via clathrin-coated pits
(Mukherjee et al., 1997). Clathrin-independent mechanisms involving caveolae and other
membrane invaginations have been discussed elsewhere (Le Roy and Wrana, 2005).

When macromolecules destined for RME are recognized by their transmembrane receptors,
they become concentrated in patch-like indented regions of the PM called clathrin coated
pits. These invaginate to form vesicles of ~150 nm diameter coated with clathrin and other
proteins (Kirchhausen et al., 2014; Mukherjee et al., 1997). Adaptor proteins facilitate the
recruitment of clathrin to the PM for coated-pit formation (Maxfield and McGraw, 2004;
McMahon and Boucrot, 2011). These coated vesicles engulf the ligands, bound to their
respective membrane receptors, along with extracellular fluid. Coated vesicle formation
involves several accessory proteins including epsins, endophilin, dynamin and amphiphysin,
which are responsible for membrane bending and fission (Merrifield and Kaksonen, 2014).

Within seconds following vesicle internalization, the clathrin coat and the proteins involved
in vesicle formation are removed in an energy-dependent step to be reused in new cycles of
RME (Lemmon, 2001). The resulting uncoated vesicles (primary endosomes) fuse with each
other and with transient early endosomes denominated sorting endosome (SEs). The process
involves small GTPase regulatory proteins (Rab proteins) as well as SNARE complexes,
which mediate vesicle fusion (reviewed in (Maxfield and McGraw, 2004; McMahon and
Boucrot, 2011)).

By concentrating receptors and ligands, clathrin-mediated endocytosis carries out the
internalization of nutrients, pathogens, antigens, growth factors and receptors (Le Roy and
Wrana, 2005) without the need to internalize a large volume of extracellular fluid. Clathrin-
coated pits have been found in microglia processes and synaptic elements (Tremblay et al.,

Ageing Res Rev. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Solé-Domenech et al.

Page 5

2010). After incorporation into the endocytic pathway, the various receptors and cargoes
follow specific trafficking routes that determine their cellular fate.

2.4. Sorting endosomes and the endocytic recycling compartment

The SE is localized at the periphery of the cell and has tubulovesicular morphology. At the
mildly acidic pH (5.9-6.0) of the SE (Maxfield and McGraw, 2004), many ligands such as
low density lipoproteins (LDL) dissociate from their receptors. The sorting of ligands and
receptors is based in part on a geometry-based sorting process (Maxfield and McGraw,
2004; Mukherjee et al., 1997). Membrane constituents, including many recycling receptors,
are removed from the SEs in narrow diameter tubules and transported to the recycling
compartment or to the PM directly (Maxfield and McGraw, 2004). Soluble contents,
including ligands released from their receptors, are generally retained in the more spherical
parts of the SEs as they mature into a late endosome (LE).

The endocytic recycling compartment (ERC) is an organelle with a tubular morphology and
associated varicosities that is often concentrated near the microtubule organizing center and
typically has a lumenal pH of 6.4-6.5 (reviewed in (Maxfield and McGraw, 2004)). The
ERC contains transferrin associated with its receptor and other unbound receptors that are
recycled to the PM, but it does not contain ligands targeted to LEs and lysosomes (LYS)
(YYamashiro et al., 1984). Vesicles are continuously budding from the ERC and reaching the
PM where recycled receptors participate in new rounds of endocytosis. Some ERC contents
are delivered to the trans Golgi network (TGN) (Lin et al., 2004; Mallet and Maxfield, 1999;
Wilcke et al., 2000).

2.5. Late endosomes / lysosomes

SEs acquire newly endocytosed vesicles for a finite period of time (approx 5-10 min) and
subsequently are translocated toward the center of the cell by microtubule-associated
transport (Dunn and Maxfield, 1992; Lakadamyali et al., 2006). As they mature, vesicles
often acquire a multivesicular morphology. The endosomal sorting complex required for
transport (ESCRT), composed of ESCRT-0/I/11/111 and the AAA ATPase Vps4 complexes, is
responsible for the inward budding and detachment of endosomal membrane containing
ubiquitylated receptors, which become tagged at the PM, and their sorting into
multivesicular bodies (MVBs) (Henne et al., 2011; Hurley, 2015). ESCRT complexes are
recruited from the cytosol to the endosomes in a sequential manner; ESCRT-0 initiates the
pathway by binding to ubiquitylated substrates in endosomal membranes, followed by
binding of ESCRT-1 and 11 to the cargo and subsequent sequestration and sorting by ESCRT-
I11, which drives vesicle budding. ESCRT-III is finally disassembled by Vps-Vtal complex
(reviewed in (Henne et al., 2011)). Cargo sorted into MVBs by the ESCRT machinery is
selectively targeted for degradation in LEs and LYs.

In some instances, MVBs secrete their intraluminal vesicles (ILVs) to the extracellular
milieu by fusion of the limiting membrane with the cell’s PM, in a process also mediated by
the ESCRT complex (Hurley, 2015). The secreted vesicles, called exosomes (30-100nm in
diameter), contain a variety of membrane-associated and cytosolic proteins, mRNAs and
miRNAS among components that play important roles in cell-to-cell signaling (Budnik et
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al., 2016). Neuronal and glial cells secrete exosomes loaded with various cargoes.
Importantly, microglial exosomes contain MHC class I complexes (Potolicchio et al., 2005)
probably as means to rapidly propagate and present antigens under pathological conditions
(Prada et al., 2013).

As MVBs reach the perinuclear region, they adopt a complex structure with internal
membranes typical of LEs, become acidified to pH 5-5.5 and acquire Rab9 as well as LY-
associated membrane proteins (LAMPS). Many of the lysosomal hydrolases are tagged with
mannose-6-phosphate in the Golgi, and they are delivered to LES by mannose-6-phosphate
receptors (M6PRs) via vesicular transport from the TGN (Luzio et al., 2014). The lower pH
of the LEs facilitates dissociation of the enzymes from the M6PRs and allows full activation
of their enzymatic activity (Majumdar et al., 2011; Mukherjee et al., 1997; Nixon, 2013).

LEs and LY's contain more than 100 membrane proteins (Schwake et al., 2013) and 70
hydrolytic enzymes (Lubke et al., 2009) that facilitate the degradation of macromolecules
delivered via endocytic, phagocytic and autophagic pathways (Luzio et al., 2014). A large
fraction of degradation probably occurs in LEs (Mukherjee et al., 1997). Nevertheless,
molecules that are difficult to degrade remain in LEs that mature to become LYs.

Relating to phagocytosis and macropinocytosis, both phagosomes and macropinosomes
mature in a process very similar to endosome maturation (Flannagan et al., 2012; Garin et
al., 2001). Following internalization, early macropinosomes and phagosomes fuse with early
endosomal compartments. The vesicles contain transferrin receptors, which are removed
during maturation. As they remodel into maturing phagosomes or macropinosomes,
intermediate phagosomes (IP) or macropinosomes (IM) adopt a multivesicular morphology
(MVBs) and thereafter acquire LAMPS and enzymatic cargo by fusion with existing LEs
and LYs. Eventually, the vesicles adopt a morphology that resembles that of LEs, followed
by a decrease in Rab7 and a further increase in LAMPs as endosomes mature further
(Racoosin and Swanson, 1993).

2.6. Mechanisms of microglia phagocytosis in the healthy brain

In healthy conditions, microglia undertake several functions related to maintaining tissue
homeostasis (Sierra et al., 2013; Siskova and Tremblay, 2013). Among these, microglia are
involved in “‘controlled phagocytosis’, a process by which the cells engage in the
noninflammatory clearance of apoptotic cells and cell debris as part of their scavenging/
clearing role within the CNS. Controlled phagocytosis is a focus of current research due to
its potential implications in AD and epilepsy, among other CNS diseases (Brown and Neher,
2014; Sierra et al., 2013).

Apoptotic cells release ‘find me’ signals, ligands that act as powerful chemoattractants to
recruit microglia that initiate phagocytosis of the cell corpses. Well-characterized ‘find-me’
signals are ATP and UDP, recognized by purinergic receptors P2X,4 and P2X; or P2Yg and
P2Y 12, which are expressed by microglia (Haynes et al., 2006; Koizumi et al., 2007; Ohsawa
et al., 2007). Following recruitment, ‘eat me’ signals or ligands such as phosphatidylserine
(PS), which becomes exposed in the outer leaflet of the plasma membrane during apoptosis,
calreticulin and complement components C1q and C3, are recognized by specific microglia
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surface receptors, which initiate actin-associated cytoskeleton remodeling, engulfment and
phagocytosis. Internalized material is digested in acidic compartments by mechanisms
described in sections 2.3 through 2.5, followed by the subsequent post-digestion responses
such as release of anti-inflammatory mediators. These processes have been extensively
reviewed (Brown and Neher, 2014; Sierra et al., 2013). A number of receptors involved in
the recognition of ‘eat me’ signals have recently been described, including triggering
receptor expressed on myeloid cells 2 (TREM2) (Takahashi et al., 2005), MerTK and AxI
(Grommes et al., 2008), among others.

TREM2 promotes intracellular protein tyrosine phosphorylation (Takahashi et al., 2005;
Wunderlich et al., 2013). Although ligands for TREM2 have not yet been unambiguously
identified, there is evidence of direct binding of the receptor to a number of phospholipids,
including PS, and anionic and zwitterionic non-phosphate lipids, released by damaged
neurons and myelin, respectively (Cantoni et al., 2015; Wang et al., 2015) as well as to apoE
(Atagi et al., 2015). Upon binding to ligands, TREMZ2 initiates phagocytosis via its signaling
adaptor protein TYROBP/DNAX protein of 12 KDa (DAP12) (Wunderlich et al., 2013).
TREM2 activation has been shown to increase phagocytosis in microglia and decrease their
inflammatory profile (Hsieh et al., 2009), whereas the R47H TREM2 variant has been
associated with increased risk for late onset AD (Guerreiro et al., 2013). Recently, it has
been shown that TREM2 lipid sensing sustains the microglial response in a mouse model of
AD, and that the R47H variant impairs the detection of lipid ligands by the receptor,
suggesting a link to defective phagocytosis in AD (Wang et al., 2015).

Mer and Axl are members of the TAM (Tyro, Axl and Mer) receptor tyrosine kinase family
and regulate the innate immune response in dendritic cells and macrophages (Lemke, 2013).
Mer is abundantly expressed by microglia whereas Axl levels in the CNS are low
(Fourgeaud et al., 2016; Gautier et al., 2012). Both receptors engage PS indirectly, via
binding to soluble opsonins protein-S (protS) and growth-arrest-specific 6 (Gas6), the latter
being the only ligand to which AxI has been shown to bind, and both are expressed by
apoptotic cells and microglia (Ishimoto et al., 2000; Lew et al., 2014). Recently, Fourgeaud
and collaborators demonstrated that removal of Axl and Mer by genetic ablation in CX3CR1
mice caused a striking increase in uncleared apoptotic cell bodies in brain areas undergoing
adult neurogenesis (Fourgeaud et al., 2016). In their study, both protS and Gas6 promoted
microglial phagocytosis, suggesting that the process, although with some contribution from
AxI, is mainly driven by Mer.

2.7. Regulators of microglial survival and homeostasis in the CNS

The macrophage colony-stimulating factor cytokine (M-CSF or CSF1) is a key mediator in
the differentiation of myeloid progenitor cells into various phagocytic cell types through
binding to its receptor, the colony-stimulating factor-1 receptor (CSF-1R, but also known as
CD115) (Pollard, 2009). Other cytokines such as interleukin-3 (IL3 or multi-CSF),
interleukin-4 (IL4), granulocyte macrophage colony-stimulating factor (GM-CSF or CSF-2)
or interleukin-5 (IL5) also play a role in macrophage development and have been described
elsewhere (Nakamichi et al., 2013; Pollard, 2009).
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CSF-1R is expressed by all tissue macrophages (Hume, 2015) and by some neurons (Chitu
et al., 2015) and is necessary for microglial viability (Elmore et al., 2014). CSF-1R depletion
either with antibodies against the receptor (MacDonald et al., 2010), receptor inhibitors
(Elmore et al., 2014) or by genetic ablation (Dai et al., 2002) in mice leads to a removal of
tissue macrophages and microglia. Differentiation of microglia and their presence in the
CNS is highly dependent on CSF-1R expression (Ginhoux and Prinz, 2015) and its ligand,
M-CSF, is mainly expressed by neurons within the CNS (Nandi et al., 2012; Wang et al.,
2012). However, depletion of M-CSF expression does not lead to the same depletion of
macrophages as removal of CSF-1R (Dai et al., 2002), suggesting the existence of additional
ligands that might compensate for the lack of this cytokine.

A second cytokine ligand for the CSF-1R receptor, interleukin-34 (IL34), has been identified
(Lin et al., 2008). IL34 is also mainly produced by neurons. Its genetic ablation led to
removal of an important fraction of microglia in the cortex, hippocampus and olfactory bulbs
but not in the cerebellum or brain stem, where M-CSF is primarily expressed during
development. Importantly, other phagocyte populations such as monocytes, dendritic cells
and most tissue macrophages remained almost intact, thus suggesting a role for 1L34 in the
specific development of microglia (Greter et al., 2012; Wang et al., 2012). While I1L34
regulates the development and maintenance of microglia in forebrain structures, M-CSF
seems to control microglia populations in white matter areas, and, to a lesser extent, in the
cortex and cerebellum (Kondo and Duncan, 2009; Nandi et al., 2012). Lastly, M-CSF and
CSF-1R-deficient mice present brain abnormalities and die before adulthood (Ginhoux et al.,
2010), whereas brains in mice deficient in IL34 are largely normal (Wang et al., 2012),
suggesting that only M-CSF, through CSF-1R signaling, is responsible for overall brain
development (Chitu et al., 2016). M-CSF is highly expressed in the yolk sac, and it may
contribute to the expansion of microglial precursors, whereas 1L34 does not control
embryonic development of microglia (Ginhoux et al., 2010; Greter et al., 2012).

2.8. Mechanisms regulating lysosomal biogenesis in microglia

Transcription of lysosomal enzymes, membrane proteins and proton pumps is critical for the
final steps of vesicle maturation. In phagocytic cells, lysosomal biogenesis is regulated by a
number of transcription factors. In the present section we discuss the MiTF/TFE family of
transcription factors and their associated signaling cascades, which are summarized in
Figure 2.

Transcription factor EB (TFEB), a protein belonging to the MiTF/TFE family of
transcription factors also composed of TFE3, TFEC and the microphthalmia-associated
transcription factor (MITF), is a master regulator of lysosomal protein transcription in many
cell types (Sardiello et al., 2009; Settembre et al., 2011) and participates in the regulation of
lysosomal biogenesis in microglia (Tanaka et al., 2013). TFEB associates with the LY
nutrient sensing machinery (LYNUS), composed of the kinase complex mammalian target of
rapamycin complex 1 (NTORC1), RAG GTPase proteins, the vacuolar ATPase complex (V-
ATPase), the ragulator complex, which anchors RAGs to the lysosomal membrane, and the
small GTPase RAS homologue enriched in brain (RHEB) which is involved in mTORC-1
activation, along with other proteins (Settembre et al., 2013b). Under high nutrient
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conditions, TFEB associated with RAG GTPases at the surface of lysosomes and undergoes
phosphorylation at several residues such as Ser211 and Ser142 by mTORC-1 (Settembre et
al., 2013b). Phosphorylated TFEB is then released to the cytosol, where it associates with
YWHA (14-3-3) family of proteins (Martina et al., 2012), which act as chaperones, thus
stabilizing TFEB in the cytosol and probably masking the RAG-binding domain in TFEB
(Martina and Puertollano, 2013). Extracellular signal-regulated kinase 2 (ERK2), a mitogen-
activated protein kinase (MAPK), has also been shown to phosphorylate TFEB at Ser142
and promote its cytosolic stabilization (Settembre et al., 2012). However, during cellular
starvation (absence of amino acids) or lysosomal stress, mTORC-1 and RAG GTPases are
inactivated and TFEB no longer undergoes mTORC-1-associated phosphorylation. As a
consequence, the binding site established in TFEB by mTORC-1 phosphorylation, which
facilitated TFEB and 14-3-3 complex formation, is no longer available, and TFEB diffuses
from the surface of lysosomes to undergo nuclear translocation (Settembre et al., 20133;
Settembre et al., 2011). Once in the nucleus, TFEB binds to CLEAR motifs, 10bp domains
present in a number of LY-associated genes, promoting their transcription (Sardiello et al.,
2009; Settembre et al., 2013a). Additionally, in osteoclasts, receptor activator of nuclear
factor kappa-B ligand (RANKL) alone has been shown to increase TFEB nuclear levels by
preventing its degradation, via phosphorylation at Ser461 and/or Ser462, Ser466 and Ser468
by protein kinase C-B (PKC-), which stabilized the factor in the cytosol (Ferron et al.,
2013).

MITF, also belonging to the MiTF/TFE family, is closely related to TFEB (Martina et al.,
2014). MITF is involved in the terminal differentiation of developmentally unrelated cell
types such as osteoclasts and melanocytes. Animals bearing dominant-negative mutations in
the MITF gene present a severe osteopetrotic phenotype (Weilbaecher et al., 2001). In bone
marrow—derived macrophages (BMMs), MITF is complexed with 14-3-3 proteins in the
cytosol, and experiments conducted in RAW 264.7 macrophages suggested that
phosphorylation at Ser173 by Cdc25C-associated kinase 1 (C-TAK1) was necessary in order
to maintain MITF-14-3-3 association (Bronisz et al., 2006). However, like TFEB, MITF is
also capable of nuclear translocation. Upon treatment with RANKL and M-CSF, C-TAK-
induced phosphorylation of MITF is inactivated, leading to destabilization of the 14-3-3-
MITF complexes and promotion of nuclear translocation of the factor (Bronisz et al., 2006).
In primary osteoclasts, M-CSF has also been shown to promote nuclear translocation of
MITF via phosphorylation at Ser73 by ERK 1/2 followed by recruitment of the
transcriptional coactivator p300 (Weilbaecher et al., 2001). Interestingly, a consensus MAPK
phospho-acceptor serine is conserved within MITF, TFE, TFEC and TFEB (Weilbaecher et
al., 2001). Hence, M-CSF may be able to induce transcriptional activity via both MITF and
TFEB. p38 MAPK and phosphoinositide-3 kinase (PI3K) have also been associated with
MITF-mediated maturation and gene expression in cells of myeloid lineage (Carey et al.,
2016; Ma et al., 2011). It is important to note that, so far, 9 MITF isoforms have been
identified (Martina et al., 2014). Therefore, some of the mechanisms described in the
literature may be isoform-specific.

Work carried out in HeLa and ARPE cells indicated that, like TFEB, MITF also associates
with RAG GTPases in the LYNUS, and it has been suggested that the factor may undergo
regulation in a manner similar to TFEB (Martina and Puertollano, 2013; Roczniak-Ferguson
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et al., 2012). Moreover, homodimerization and heterodimerization between MITF, TFEB,
TFEC and TFE3 is required for binding to DNA and transcriptional activation of target
genes (Martina et al., 2014).

M-CSF has been shown to promote lysosomal biogenesis in osteoclasts and BMMs
(Jaworowski et al., 1999; Meadows et al., 2007; Motyckova et al., 2001). As discussed in
sections 2.7, neurons and microglia express CSF-1R (Hume, 2015; Nandi et al., 2012).
However, the signaling mechanisms discussed above have not been validated in microglia,
and little is known regarding the mechanisms by which MiTF/TFE family of transcription
factors regulates lysosomal biogenesis in these cells. Nevertheless, as discussed in sections
2.10.3 and 2.12.3, microglia do respond to M-CSF with increased lysosomal function.
Interestingly, it has been shown that glial cells internalize exosomes of neuronal origin
(Budnik et al., 2016). Therefore, although merely speculative, a mechanism by which
microglia may tune their degradative capacity might involve the internalization of neuronal
exosomes containing M-CSF.

2.9. Regulation of pH in late endosomes and lysosomes of microglia

In most cells, within 30 minutes following internalization, and as they progress through the
endocytic pathway, ligands encounter an increasingly acidic environment ranging from pH 6
in SEs to a pH of 4.5-5 in LY's (Yamashiro and Maxfield, 1987).

Endosomal pH is regulated by a variety of ion transport processes. The main regulator of
vesicular pH is the V-ATPase complex. The different subunits of this complex play a role in
the regulation of membrane potential and vesicular pH as well as membrane function
(Maxson and Grinstein, 2014). This complex has two domains, the V; that carries out ATP
hydrolysis and the Vg that pumps protons across the membrane. Transport of the protons
into the lysosomal lumen generates an inside-positive membrane potential, which limits
further proton transport and prevents full lysosomal acidification (Pillay et al., 2002). A
number of pathways dissipate the electrical gradient and allow for full acidification of the
compartments. The nature of these pathways is complex, but anion transport and specifically
the influx of chloride ions (CI7) constitute one important ion transport mechanism (Graves et
al., 2008; Pillay et al., 2002; Stauber and Jentsch, 2013; Steinberg et al., 2010), although
cation efflux has also been described as an important pathway (Steinberg et al., 2010). In the
lysosomes of many cell types, the CI~ channel transporter CIC-7 is able to dissipate the
voltage across the lysosomal membrane (Graves et al., 2008; Mindell, 2012). CIC-7 has been
identified as the main regulator involved in LY pH regulation in microglia (Majumdar et al.,
2011). CIC-7 forms a heterodimeric complex with another lysosomal membrane protein,
Ostm1, and the formation of this complex is important for trafficking CIC-7 to LY (Lange et
al., 2006). The neutralization of the lysosomal inside-positive membrane potential allows for
further proton import into the lysosomal lumen, leading to full lysosomal acidification.

2.10. Internalization and degradation of Ap by microglia

The amyloidogenic processing of the amyloid precursor protein (APP) occurs primarily in
neurons (Haass et al., 2012). APP is transported both in neuronal axons and dendrites, and
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its lumenal fragments are degraded, at least in part, in LYs (Haass et al., 2012; Haass et al.,
1992). Undegraded Ap released by the neurons is taken up by microglia and other cells.

In non-polarized mammalian cells, approximately 10% of the total nascent APP reaches the
PM, whereas the majority of APP at steady-state is localized in the Golgi apparatus and
TGN (Haass et al., 2012). In the PM, a fraction of APP is cleaved in a non-amyloidogenic
manner by a-secretase, producing a soluble fragment (a APPs), which is released
extracellularly (Haass et al., 2012). However, the majority of APP that reaches the PM is
rapidly internalized by endocytosis. Following internalization, APP is processed in the
amyloidogenic pathway and generation of A occurs mainly in SEs and the ERC (Haass et
al., 2012). BACEL cleavage generates a soluble APP N-terminal fragment (BAPPs) and a C-
terminal fragment (B-CTF) at the membrane of early endosomal compartments.
Subsequently, the multimeric -y-secretase complex including presenilin (PS-1 or PS-2),
nicastrin, anterior pharynx defective protein (APH-1) and presenilin enhancer protein
(PEN-2) cleaves B-CTF within the transmembrane domain generating A and the APP
intracellular domain (AICD) (Haass et al., 2012). y-secretase cleavage has been reported in
different organelles, although Ap accumulates primarily in LEs and MVBs (Takahashi et al.,
2002).

AR is present in the brain in monomeric, oligomeric, protofibrillar and fibrillar forms (Haass
and Selkoe, 2007). Ap oligomers and fibrils accumulate both inside neurons (Gouras et al.,
2010) and in the parenchymal extracellular space (Hardy and Selkoe, 2002; Meyer-
Luehmann et al., 2003). However, the origin of the extracellular Ap species is unclear.
Presumably, AB can be released from cells by membrane trafficking (e.g., recycling from
endosomes) (Cirrito et al., 2008) or perhaps by release from dying cells containing
intracellular peptide.

In this section we discuss the mechanisms of internalization and degradation of the various
AP species by microglia and the enzymatic processing taking place in acidic compartments.
Figure 1 summarizes the proposed mechanisms for A internalization in microglia.

2.10.1. Microglia uptake and degradation of SAB species—Microglia internalize
soluble A (sAp) by pinocytosis (Chung et al., 1999; Mandrekar et al., 2009), and it enters
the endocytic pathway. Much of it is recycled undegraded, and some is delivered to LE/LY
(Chung et al., 1999; Mandrekar et al., 2009). Acidic conditions facilitate formation of Ap
fibrils (Jiang et al., 2012; Stine et al., 2003). Therefore, some of the internalized pool of SAB
may rapidly polymerize and reach the LY as fibrillar Ap (fAB).

Endothelin-converting enzymes (ECEs) are type 1l membrane-bound zinc metalloproteases
mainly involved in regulation of vasoconstriction (Turner and Murphy, 1996). ECE-1 is
located extracellularly or in the lumen of organelles (Pacheco-Quinto et al., 2013). ECE-2,
which is highly homologous to ECE-1, has a pH optimum of 5.0-5.5, suggesting that it is
active in LE/LY (Pacheco-Quinto et al., 2013). ECEs have been observed in the
endolysosomal system of neuronal cultures (Pacheco-Quinto and Eckman, 2013) and to
lesser extent in astrocytes, microglia and macrophages of AD brains (Palmer et al., 2009).
ECE-1 degrades both sAB1_4¢9 and SAB1_42 /n vitro (Eckman et al., 2001). ECE-1 cleaves at
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K16|L17, L17|V18 and F19|F20 within the hydrophobic domain of AB1_40/42 Sequences
(Eckman et al., 2001; Rogeberg et al., 2014) as well as at G33|L34 and L34|M35 of the C-
terminal side of AB1_42 (Rogeberg et al., 2014). Due to the high degree of homology
between ECE-1 and ECE-2, it is plausible that both enzymes process Ap in a similar
manner. Mice deficient in ECE-1 and —2 showed elevated fAB1_49 and fAB1_42 in their
brains (Eckman et al., 2003) perhaps due to decreased SAP degradation in neurons.

The major LY proteases are the cathepsins (Nakanishi and Wu, 2009; Turk et al., 1999).
Cathepsins B, L, and D are present in microglial LY (Banati et al., 1993; Majumdar et al.,
2007; Nakanishi, 2003), with pH optima ranging from 3.5 for cathepsin D to 5.5 for
cathepsin B (Mackay et al., 1997). Cathepsin B has been shown to cleave sAp at the C-
terminal sites G33|L34, G38|V39 and VV40|141 of the AP sequence in vitro (Mueller-Steiner
et al., 2006), and cathepsin D cleaves at L17|V18, F19|F20, F20|A21 and L34|M35
(Hamazaki, 1996; Rogeberg et al., 2014; Sadik et al., 1999). Cathepsin D is also present in
LEs (Cataldo et al., 1995) and might participate in the partial degradation of SAp before the
cargo ultimately reaches the LY. Moreover, cathepsin E, an endosomal aspartyl protease, is
expressed in early endosomal compartments of microglia (Nishioku et al., 2002) and cleaves
SAB1_40 at the hydrophobic site F19|F20 (Mackay et al., 1997). It is therefore likely that
cathepsin E partially processes sAp1_42 following endocytosis.

2.10.2. Microglia degradation of fibrillar AR species—Small fibrils of AB1_4, are
internalized /n vitro by neonatal murine microglia, via RME mediated by scavenger
receptors A class | and Il (SRASs) and B-1 (SRB-I) (Paresce et al., 1996). A complex
composed of CD36 (SRB family), the integrin-associated protein CD47 and the integrin
receptor a6p1 has also been associated with internalization of fAB peptide sequences 25-35,
1-40 and 1-42 (Bamberger et al., 2003). Other receptors implicated in the uptake of fAB1_42
include CD14 and TLRs 2 and 4 (Reed-Geaghan et al., 2009) as well as a heterotrimeric
receptor complex composed of CD36, TLR4 and TLR6 (Stewart et al., 2010). However, in
vivo studies have not always confirmed /n vitro findings. In the CRND8 mouse model of AD
harboring the human amyloid precursor protein gene with the Indiana and Swedish
mutations (Chishti et al., 2001), microglia were efficient at internalizing protofibrillar A
but were unable to phagocytose congophillic fAB, and microglial phagocytic activity was
modulated by the chemokine receptor CX3CR1 (Liu et al., 2010). Furthermore, one study
suggested that microglia have no involvement in the clearance of fAB plaques (Grathwohl et
al., 2009). After elimination of microglia in the APP/PS1 and APP23 models of AD, no
changes were observed in AP plaque load, neuronal counts or neuronal morphology. In fact,
a small reduction in total AR load was observed in the APP23 model upon microglia
ablation. Similarly, ablation of microglia by inhibition of CSF-1R signaling in 5XFAD
(Spangenberg et al., 2016) and 3xTg-AD (Dagher et al., 2015) mice models of AD
prevented neuronal loss and improved cognition, respectively, without significantly altering
AP pathology. A significant population of microglia is chronically activated in the AD brain,
thus causing damage to neurons, while probably inefficiently degrading Ap. Removal of
these cells might partially rescue neuronal dysfunction while leaving Ap pathology largely
unaltered. In contrast, another study in the APP/PS1 mouse model of AD demonstrated that
plaques surrounded by an increased number of microglia were smaller, suggesting that
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microglia were able to actively regulate plaque size (Bolmont et al., 2008). The role that
microglia play in the regulation of AB deposition, clearance, and neuronal damage is largely
dependent on their activation state.

Following internalization, fAB is trafficked to LYs (Majumdar et al., 2007; Paresce et al.,
1996) where it encounters degradative enzymes. Within non-stimulated microglia, however,
fAB shows considerable resistance to lysosomal proteolytic degradation (Chung et al., 1999;
Majumdar et al., 2011; Majumdar et al., 2007; Paresce et al., 1997). In the LY, cathepsin B
cleaves at the C-terminal side of the fAB peptides just as for SAB (Mueller-Steiner et al.,
2006), and deletion of the enzyme led to increased fAB plaque load in the J20 mouse model
of AD (Mueller-Steiner et al., 2006).

2.10.3. Insufficient lysosomal acidification leads to undegraded fAB—The
regulation of LY pH is crucial to the enzymatic activity. Surveillant microglia maintain their
LY pH at about pH 6 but are able to alter it in response to physiological stimuli. In contrast,
most other cells maintain their LY pH close to 5 or lower (Majumdar et al., 2011). The
benefits of incomplete LY acidification are not well understood, but control of LY pH might
be associated with the role of microglia in antigen processing and presentation (Majumdar et
al., 2011).

The transcription of Ostm1 in surveillant microglia is greatly reduced when compared with
other cell types. In the absence of sufficient Ostm1, most of the CI™ transporter CIC-7
(discussed in section 2.9) undergoes endoplasmic reticulum (ER) associated degradation
(ERAD) and does not get to the LY (Majumdar et al., 2011). The higher LY pH of microglia
results in decreased fAP degradation compared to macrophages, which fully acidify their
LYs (Majumdar et al., 2007).

Treatment of neonatal murine microglia with M-CSF increases the transcription of both
CIC-7 and Ostm1, which is indicative of lysosomal biogenesis. Following this treatment,
abundant CIC-7 is found in microglial LY, and the cells acidify their LY to pH 5 (Majumdar
et al., 2011). Knockdown of either Ostm1 or CIC-7 reduces the ability of M-CSF to acidify
microglial lysosomes, demonstrating the requirement for delivery of this complex to LY in
order to achieve full acidification. Lysosomal acidification induced by M-CSF treatment led
to increased degradation of fAB by microglia at levels similar to macrophages (Majumdar et
al., 2011; Majumdar et al., 2007).

2.10.4. Decreased AP degradation with aging—Aging has been associated with
impaired LY function in a wide variety of cell types and organisms (Cuervo and Dice, 2000;
Martinez-Vicente et al., 2005; Terman and Brunk, 2004). During the course of aging, LY
volume often increases, whereas LY stability and hydrolytic activity decrease (Terman and
Brunk, 2004).

The progressive accumulation of undigested material (e.g., lipofuscin) by microglia, due to
the accumulation of proteolysis-resistant material as well as, to some extent, phagocytosis of
neurons (Nakanishi and Wu, 2009) might hinder LY function (Martinez-Vicente et al., 2005;
Nixon, 2013; Terman and Brunk, 2004). Lipofuscin forms due to the progressive oxidation
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and polymerization of proteins and lipid residues and is considered a hallmark of aging
(Terman and Brunk, 2004). With aging, postmitotic cells such as neurons and microglia
accumulate large amounts of lipofuscin.

The increased amounts of Fe2* contained in lipofuscin vesicles further promote reactive
oxygen species (ROS) generation, perhaps causing LY membrane damage and
permeabilization, leading to dysregulation of LY pH and altered enzymatic activity (Kurz et
al., 2008; Nixon, 2013; Terman and Brunk, 2004).

Besides lipofuscin, other factors may contribute to the aging-related decline in LY
proteolysis. A decrease in chaperones during aging might impair transport of enzymes to the
LYs (Kaushik and Cuervo, 2015; Vilchez et al., 2014), and aging-related post-translational
modifications and protein misfolding might alter the proteolytic susceptibility of proteins in
part by altering normal chaperone function (Kaushik and Cuervo, 2015).

2.11. Microglia, apolipoprotein E, lipid metabolism and AD

Many studies have pointed to a disruption in lipid metabolism as an increased risk factor for
AD (reviewed in (Di Paolo and Kim, 2011)), and lysosomal storage disorders have
demonstrated the importance of proper cholesterol trafficking in the CNS (Vanier, 2010).

A major genetic risk factor for AD, associated with lipid metabolism, is the inherited
polymorphism of the apolipoprotein E gene (APOE) (Corder et al., 1993). ApoE is the
primary cholesterol carrier in the brain (Liu et al., 2013; Pitas et al., 1987). Its role is to
maintain cholesterol homeostasis, an essential aspect of membrane and synapse integrity
(Mahley and Rall, 2000). The three most common apoE isoforms are a result of changes in
the coding sequence that alter the structure and function of the protein (Mahley et al., 2006).
The lipidated e2 and &3 isoforms bind and clear Ap from the brain better than the ¢4
isoform and are associated with lower AD risk (Castellano et al., 2011; Liu et al., 2013).
Cerebrospinal fluid (CSF) A levels are lower in patients with AP plague deposition in their
brains (Fagan et al., 2005), and this is apoE e4 dose-dependent (Sunderland et al., 2004),
suggesting that apoE plays a role in the clearance of Ap from the parenchyma to the CSF.

In the CNS, apoE is expressed primarily by astrocytes and microglia (Liu et al., 2013). In
AD patient brains, apoE colocalizes with amyloid plaques (Namba et al., 1991) that are
typically surrounded by a large number of reactive microglia (Solito and Sastre, 2012). The
ATP-binding cassette transporter A1 (ABCA1), a related protein, ABCA7, and other related
transporters transfer cholesterol to apoE-containing lipoproteins, reducing cholesterol levels
and maintaining neuronal health (Sakae et al., 2016; Wahrle et al., 2004). Lipidated apoE
acts as an Ap chaperone within the cell and, in microglia, apoE &3 promotes enzyme
mediated (NEP and IDE) AP degradation more efficiently than 4 (Jiang et al., 2008; Liu et
al., 2013). The chaperone role of apoE in promoting AP degradation in microglia, however,
is not definitive; altered cholesterol levels regulate AP delivery to lysosomes and
degradation in microglia but do not seem to change the expression or activity of Ap
degrading enzymes (Lee et al., 2012).
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Retinoid X receptor (RXR) and peroxisome proliferator-activated receptors (PPAR) are
implicated in the apoE-related response to Ap in AD as well as transcription and activation
of TFEB. The transcription of APOE is activated by the dimerization of RXR with PPARy
(Chawla et al.; Corder et al., 1993; Schmechel et al., 1993). The activation of PPARy and
RXRs controls brain inflammation and alters the inflammatory state of microglia (Bernardo
and Minghetti, 2006). In the APP/PS1 mouse model of AD, genistein (PPARy agonist) and
bexarotene (RXR agonist which crosses the blood-brain barrier) treatments lowered plaque
load and AP levels due to increased apoE release from astrocytes, together with a reduction
of microgliosis (Bonet-Costa et al., 2016). The decrease in A by bexarotene treatment is
dependent on ABCA1’s lipidation of apoE (Corona et al., 2016). Bexarotene also increases
the expression of genes involved in microglial AR phagocytosis, including 7rem2, Tyrobp,
Apoe, and Mertk (Lefterov et al., 2015). Furthermore, RXRa also dimerizes with PPARa to
form a transcriptional complex, and in primary astrocytes or BV-2 glial cells, treatment with
gemfibrozil (a PPARa agonist), or retinoic acid upregulates TFEB transcription (Ghosh et
al., 2015). Interestingly, in cultured human dermal fibroblasts, genistein also induces an
upregulation in TFEB expression (Moskot et al., 2014). Thus, the reduction in mouse brain
AB levels seen upon treatment with PPAR agonists may also be mediated in part by
enhanced lysosomal biogenesis.

ApoE and ABCAL1 transcription is also responsive to the ligand-activated liver X receptors
(LXRa and LXRp). The enhancement in AP clearance seen following treatment of APP23
AD mice with LXR ligands , together with the role played by ABCAL in modulating the
inflammatory response in the brain (Karasinska et al., 2013), suggests that both cholesterol
transport and glial cell-mediated neuroinflammation and degeneration might be potential
AD therapeutic targets. The receptors and their agonists discussed in this section are an
active area of research in AD treatment.

2.12. Potential mechanisms to increase degradation of A by microglia

A number of genome-wide association studies (GWAS) have revealed an association
between genes relating to immune response and late-onset AD (Karch et al., 2014). Genetic
epidemiology studies pointed out a genetic overlap between immune-mediated disease and
AD (Yokoyama et al., 2016). These data indicate a central role played by the immune system
and specifically by microglia in the pathogenesis of AD. Therefore, targeting of microglia
and specifically their degradative capacity constitutes a promising therapeutic approach in
the treatment of AD. In this section we discuss the role of microglia in mediating the effects
of certain AD treatments, and we also discuss ways to increase Ap degradation by
enhancing microglial degradative capacity.

2.12.1. Anti-inflammatory therapies—The role of inflammation during the
pathogenesis of AD is controversial. Based on an inflammation theory of AD, the main
focus of research has been on finding suitable antiinflammatory agents that cross the blood-
brain barrier (Trepanier and Milgram, 2010). Prostaglandin H synthase (COX) inhibitors
constitute the major anti-inflammatory agents tested on AD patients, and most non-steroidal
anti-inflammatory drugs (NSAIDS) possess potent antiinflammatory activity based on their
COX inhibition. In addition, some NSAIDs act as PPAR-y agonists, inhibiting interleukin-6
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(IL6) and RNF-alpha in microglia and monocytes (Combs et al., 1999) and preventing
microglial activation (Combs et al., 2000). 3xTg-AD mice treated with a COX-1 selective
inhibitor showed reduced glial activation and increased brain expression of anti-
inflammatory markers along with learning and memory improvements and reduced Ap
deposits (Choi et al., 2013). Unfortunately, clinical trials have failed to show beneficial
effects of NSAIDs in AD patients (Heneka et al., 2015). Recent data showed that
prostaglandin signaling mediates a beneficial immune modulatory response via
prostaglandin EP4 receptors. However, prostaglandin signaling also induces a toxic response
via EP2 and EP3 receptors. This dichotomous response argues against NSAIDs as
appropriate therapeutic agents. Targeting downstream of COX might avoid this detrimental
response (Johansson et al., 2015). This topic has been reviewed in detail (Woodling and
Andreasson, 2016).

Aspirin-triggered lipoxin A4 (ATL) treatment has been suggested to promote the production
of anti-inflammatory molecules while decreasing pro-inflammatory factors. Compared to
NSAID treatment, ATL induces high responses with lower drug doses, thus constituting a
therapeutic candidate for the treatment of AD. ATL treatment in the Tg2576 mouse model of
AD led to upregulation of arginase-1 and YML1 alternative activation markers (anti-
inflammatory) and downregulation of iINOS expression (Medeiros et al., 2013).
Interestingly, YM1 showed colocalization with CD45-positive microglia and 6E10-positive
AP deposits. This alternative microglia activation was associated with enhanced phagocytic
phenotype, AR plaque clearance, synapse recovery and improvement in cognitive
performance tests (Dunn et al., 2015; Medeiros et al., 2013). However the mechanism at the
cellular level needs further investigation.

Despite the promising results of anti-inflammatory treatments on animal models, drugs to
block the inflammatory signaling mechanisms on which microglia rely to modulate their
phagocytic and proteolytic functions might magnify the progression of AD (Lucin and
Wyss-Coray, 2009; Wyss-Coray and Mucke, 2002). This apparently paradoxical effect in
microglia might be related to the plasticity of the cells responding to different environmental
signals. Aging might cause an imbalance of the inflammatory response, and this might
contribute to or aggravate AD pathology. Controlling the subtle shift from classical, pro-
inflammatory, to alternatively activated microglia may be a key factor to consider when
designing efficient anti-inflammatory therapies.

2.12.2. Immunization therapies—In human AD brains and in transgenic mouse models
of AD, microglia associate with AP deposits (reviewed in (Wyss-Coray and Rogers, 2012)).
However, as discussed in previous sections, non-activated microglia do not degrade fAp
efficiently due to insufficient lysosomal acidification (Majumdar et al., 2011; Majumdar et
al., 2007). Immunotherapy studies in mouse models of AD showed that both active and
passive immunization against the Ap peptide were successful at resolving Ap pathology, but
clinical trials involving AD patients have not been successful so far (extensively reviewed in
(Wisniewski and Goni, 2015)).

In a seminal study, Schenk and collaborators showed that active immunization against Ap in
PDAPP mice led to a striking reduction in brain Ap pathology. Areas typically occupied by
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plaques appeared decorated with Ap-immunoreactive, MHC-II positive microglia and/or
monocyte-derived cells. The study suggested that these cells phagocytose Ap via Fc
receptors (Schenk et al., 1999) and set the ground for clinical trials involving AD patients
(reviewed in (Boche et al., 2010; Wisniewski and Goni, 2015)).

Similarly, peripherally administered antibodies (passive immunotherapy) against A
penetrate the parenchyma and trigger microglia to clear plaques through Fc receptor-
mediated phagocytosis, leading to degradation (Bard et al., 2000; Koenigsknecht-Talboo et
al., 2008; Wilcock et al., 2004). Interestingly, PDAPP mice showed increased expression of
Fc receptors and CD45 inflammation marker in microglia 1 and 2 months after injection of
anti-Ap antibodies, respectively (Wilcock et al., 2004).

In line with animal studies, several post-mortem studies in patients of the AN1792 vaccine
trial of active immunization against AP revealed neocortical areas with reduced plaque load.
These areas contained small punctate immunostained Ap with a distribution matching that
of CD68 positive microglia (Ferrer et al., 2004; Masliah et al., 2005; Nicoll et al., 2006;
Nicoll et al., 2003), suggesting both microglial activation and phagocytosis of Ap. Patient
data indicated that AR mobilization started within 4 months of immunization, but extensive
plaque removal required several years (Holmes et al., 2008; Nicoll et al., 2006). This
suggests continuous but extremely slow plaque uptake and degradation by microglia /n vivo.

2.12.3. Enhanced microglial lysosomal function as a therapeutic target—
Factors that promote microglial lysosome biogenesis might enhance lysosomal function,
thus allowing for enhanced degradative capacity. As discussed in section 2.8, M-CSF has
been reported to induce lysosomal biogenesis in several cell types.

M-CSF treatment of an AD mouse model presenting AD-like pathology and associated
cognitive impairment reversed the AP load and improved performance in cognitive tests
(Boissonneault et al., 2009). In addition, M-CSF treatment in young animals without
neurological alterations or evident Ap plaque load prevented AD-like pathology
(Boissonneault et al., 2009). Treatment with M-CSF increased the number of microglia
associated with amyloid deposits and enhanced fAB phagocytosis by the cells. Moreover,
internalized AB highly co-localized with LE/LY markers in the microglia (Boissonneault et
al., 2009). These studies in mouse models are consistent with /n vitro studies showing that
M-CSF activation of primary neonatal murine microglia leads to normal lysosomal
acidification and enhanced fAB degradation (Majumdar et al., 2011). In these studies, and
similar to microglial activation seen with immunization therapies, M-CSF treatment
increased microglial expression of inflammatory surface markers CD45 and CD11b as well
as MHC-I1I (Majumdar et al., 2011). Therefore, microglial activation by immunization or
other mechanisms might prove beneficial in enhancing Ap degradation. Interestingly,
healthy individuals and individuals with mild cognitive impairment (MCI) present lower M-
CSF levels when compared to AD patients (Laske et al., 2010; Ray et al., 2007).
Additionally, in mouse brains, not only microglia but also an important fraction of neuronal
populations express the CSF-1R receptor (Chitu et al., 2015). Therefore, M-CSF treatment
may also enhance lysosomal function in neurons.
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Treatments that induce neuroinflammation would not be appropriate, but it is possible that
the cellular mechanisms by which M-CSF leads to enhanced degradation of fAB could be
activated in other ways. For example, activation of TFEB or other transcription factors might
lead to overall enhanced synthesis of lysosomal proteins, including Ostm1 and CIC-7. In
general, direct activation of transcription factors is considered to be a challenging
pharmacological target. However, TFEB is regulated by mTORC pathways, and
pharmacological manipulation of these signaling pathways has been considered (Richardson
et al., 2015; Xiao et al., 2015).

3. Conclusions and future directions

Endocytosis by microglia and subsequent incorporation of substrates into the endocytic
pathway play critical roles in immune cell response, synapse pruning, scavenging of cell
debris and in the degradation of protein aggregates. The effect of aging and AD on the
microglial endocytic pathway is likely to have a dramatic impact on brain homeostasis.

The accumulation of undigested material in lysosomes increases with age as the cells and
their respective organelles slow their metabolic turnover. A classic hallmark of AD, the
accumulation of AB plaques surrounded by activated, proinflammatory microglia, may be
related to impaired microglial phagocytosis and lysosomal degradation. With aging, the rate
of degradation of Ap may be reduced (Hickman et al., 2008; Norden and Godbout, 2013).
Probably due to their role as antigen-presenting cells (discussed in section 2.10.3), the
lysosomes of non-inflammatory surveillant microglia are not fully acidified. This may be
one of the main reasons why deposits of fAp are not efficiently degraded.

Harnessing the brain’s immune system for AB clearance and prevention of plaque
accumulation through microglia appears promising. A specific immune response by
microglia to AP that leads to increased phagocytosis followed by efficient degradation in
acidic compartments would be ideal. Increased numbers of microglia with more acidic
lysosomes may be required not only for plaque internalization but also for enhanced
degradation of pre-fAB, which may be a crucial target for disease prevention. In addition,
enhancing lysosomal function may be a way to increase A clearance without a concurrent
inflammatory response that is damaging to the neurons.

Taken together, microglial endocytic pathways and their alterations caused by aging and AD
are of vital importance in the understanding and prevention of disease. In that context,
further research into the role of microglia and their ability to degrade Ap is crucial.
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Figure 1. Proposed endocytic pathways in phagocytic cells
Endocytic mechanisms, namely macropinocytosis, phagocytosis and clathrin-mediated

endocytosis, are depicted on the PM. Following receptor-mediated endocytosis, substrates
bound to receptors undergo sorting in SEs and receptors are recycled back to the PM either
directly from nascent endosomes or via the ERC, whereas nascent phagosomes and
macropinosomes fuse with SEs and undergo a similar sorting process (indicated by an
asterisk). SEs as well as intermediate phagosomes / macropinosomes containing sorted cargo
(IPs and IMs, respectively) mature and adopt a multivesicular morphology (MVBs) where
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an additional sorting process takes place. Substrates in MVBs eventually reach LEs, which
receive enzymes and membrane proteins from the TGN via vesicular trafficking, and the LY.
Most degradation occurs in these acidic compartments. In contrast, IPs and IMs acquire
enzymatic cargo by fusion with LEs and LYs, giving rise to phagolysosomes and
macropinolysosomes. APP cellular trafficking: Surface APP is cleaved by a-secretase
followed by extracellular release of the a APP fragment. However, an important fraction of
APP is incorporated into the endocytic pathway by clathrin-mediated endocytosis and
processed mainly in SEs and the ERC by BACE1 and +y-secretase, leading to secretion of
AICD to the cytosol and AP to the lumen of the compartments. Trafficking routes are
indicated by black arrows. Fusion events are indicated by pink arrows. Abbreviations: PM,
plasma membrane. SE, sorting endosome. ERC, endocytic recycling compartment. IP,
intermediate phagosome. IM, intermediate macropinosome. MVB, multivesicular body.
TGN, trans-Golgi network. LE, late endosome. LY, lysosome. PLY, phagolysosome. MLY,
macropinolysosome. SRA, scavenger receptor class A. APP, amyloid precursor protein.
aAPPs, soluble APP N-terminal fragment from a-secretase cleavage. BAPPs, soluble APP
N-terminal fragment from B-secretase cleavage. AICD, APP intracellular domain. sAB,
soluble AB. fAB, fibrillar AB. LDL, low density lipoprotein. M6PR, mannose-6-phosphate
receptors.
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Figure 2. Proposed mechanisms of lysosomal biogenesis in microglia
(A) TFEB and MITF localization is dependent on their phosphorylation sites and states. In

fully fed cells, TFEB (and probably MITF too) associates with active RAG GTPases in the
LYNUS machinery at the surface of lysosomes and becomes phosphorylated by mTORC-1
at multiple sites including Ser211 and Ser142 (phosphorylation indicated by blue circles)
followed by release to the cytosol and complex formation with 14-3-3 chaperones (indicated
by black lines and arrowheads) (Martina and Puertollano, 2013; Settembre et al., 2013b). C-
TAK1 and ERK1/2 have also been suggested to phosphorylate MITF and TFEB at Serl173

Ageing Res Rev. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Solé-Domenech et al.

Page 34

and Ser142, respectively, and promote their cytosolic stabilization by complex formation
with 14-3-3 proteins (indicated by blue lines and arrowheads). Under certain conditions such
as starvation or cellular stress, mTORC-1 detaches from LYNUS and no longer
phosphorylates TFEB likely leading to destabilization of TFEB-14-3-3 complexes and
promoting the nuclear translocation of the factor (indicated by grey lines and arrowheads).
MITF may be regulated in a similar manner (Martina and Puertollano, 2013; Roczniak-
Ferguson et al., 2012; Settembre et al., 2013b). In addition, following uptake by specific PM
receptors, M-CSF and RANKL are also able to promote nuclear translocation of MITF by
inhibiting C-TAK1 (which in turn destabilizes MITF-14-3-3 complexes) and/or promoting
ERK 1/2-associated phosphorylation of the factor at Ser73 (Bronisz et al., 2006;
Weilbaecher et al., 2001). RANKL alone has been shown to increase TFEB nuclear levels by
preventing its degradation via PKC-B-associated phosphorylation at multiple serine residues
(phosphorylation indicated by yellow circles), which seems to stabilize TFEB in the cytosol
(Ferron et al., 2013). (B). Following nuclear mobilization, MITF and TFEB (depicted by
green and red circles/arrows, respectively) promote the transcription of lysosomal genes
(Meadows et al., 2007; Sardiello et al., 2009; Settembre et al., 2012). Newly synthesized
lysosomal proteins pass through the ER and the Golgi and reach acidic late endosomes by
vesicular trafficking (depicted by triangles, circles, rectangles and squares in the various
organelles, and described in the legend). Abbreviations: M-CSF, macrophage-colony
stimulating factor. RANKL, receptor activator of nuclear factor kappa-B ligand. LY,
lysosome. MITF, microphthalmia-associated transcription factor. TFEB, transcription factor
EB. C-TAK1, Cdc25C-associated kinase 1. MAPK, Mitogen-activated protein kinases.
mTORC1, mammalian target of rapamycin complex 1. LYNUS, LY nutrient sensing
machinery.
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