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Abstract

Alzheimer’s disease (AD) is a debilitating, chronic neurodegenerative disease. Genetic studies
involving genome-wide association studies (GWAS) and meta-analysis have discovered numerous
genomic loci associated with AD; however, the causal genes and variants remain unidentified

in most loci. Integration of GWAS signals with epigenomic annotations has demonstrated that
AD risk variants are enriched in myeloid-specific enhancers, implicating myeloid cells in AD
etiology. AD risk variants in these regulatory elements modify disease susceptibility by regulating
the expression of genes that play crucial roles in microglial phagocytosis. Several of these AD
risk genes are specifically expressed in myeloid cells, whereas others are ubiquitously expressed
but are regulated by AD risk variants within myeloid enhancers in a cell type-specific manner.
We discuss the impact of established AD risk variants on microglial phagocytosis and debris
processing via the endolysosomal system.

Genetic Determinants of Autosomal Dominant Alzheimer’s Disease (ADAD)

AD is the most common cause of dementia, accounting for 60-80% of all dementia cases
[1]. Itis a chronic, incurable neurodegenerative disease, affecting ~50 million people
worldwide [1]. Hall-mark pathologies in the brain of AD patients include extracellular
B-amyloid plaques (Ap) and intracellular neurofibrillary tangles (NFTs) composed of
hyperphosphorylated tau, as well as gliosis and lipidosis (abnormal accumulation of lipids)
[2,3]. These changes are associated with widespread neuronal cell death that is one of

the causes of memory loss. Although the majority of AD cases have an onset above the

age of 65 years (late-onset AD, LOAD), ~10% of AD cases are associated with earlier
onset (early-onset AD, EOAD). Genetic analysis of individuals with earlier onset led to
identification of ADAD - a rare heritable form of the disease that represents <1% of AD
cases. ADAD is caused by mutations in the amyloid precursor protein (APP) [4], presenilin
1 (PSENI) [5], or presenilin 2 (PSENZ2) [6] genes. Genetic determinants of ADAD led to the
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amyloid cascade hypothesis (ACH) which proposes that abnormal APP processing causes
increased AP production leading to spread of NFTs, neurodegeneration, and the clinical
manifestations of AD. The C-terminal fragment of APP is recycled through the endosomes
where further processing by -y-secretases (whose catalytic subunit is encoded by PSEN1
and PSENZ2) leads to the production of AP peptides (Ap37—43) [7]. The longer AR peptides
are believed to be more prone to aggregation, more toxic to neurons, and exacerbate tau
pathology, thus leading to cognitive deficits [8]. In support of the ACH, a mutation in APP
that reduces A production strongly reduces the risk of AD. However, therapies targeting
AP have largely failed, raising the question of whether the ACH is applicable to all forms
of AD given that it was proposed based on ADAD, whereas most clinical trials have been
performed in sporadic AD cases.

As outlined in later sections, genetic analyses of risk factors for AD have pointed to
phagocytic clearance of tissue debris by microglia as a candidate key pathophysiological
mechanism. In this review we discuss how AD risk genes converge on this biological
process and impact on its different steps. We focus on well-established AD risk genes and
their role in microglial phagocytosis, or — in cases where a role in microglia specifically has
not been established — their roles in peripheral macrophage function and other immune cells.

Common AD Risk Variants Are Enriched in Microglial and Endolysosomal

Genes

Genetic factors contributing to the majority of AD cases (~90%) remain unclear. Recent
GWAS of common genetic variants, frequently called SNPs, have led to the identification
of >40 genomic loci associated with LOAD [9]. By far the strongest genetic risk factor
for LOAD is the apolipoprotein E (APOE) genotype. There are three isoforms of APOE:
APOEZ2, APOE3, and APOE4. The APOE33 genotype (carriage of two APOE3 alleles)
is the most prevalent in all populations and is considered to confer a ‘neutral’ risk of

AD. By contrast, having one or two APOE4 alleles markedly increases the risk of AD,
whereas carrying one or two APOEZ alleles is markedly protective against AD. APOE

is functionally involved in Ap and apoptotic cell clearance as well as in lipid transport
(described later). Aside from APOE, discovering causative genes at genome-wide loci
remains challenging because common variants usually map within intergenic or intronic
regions that are noncoding and, if located in regulatory elements, they may modulate the
expression of one or more genes at some distance from the associated polymorphisms (i.e.,
not necessarily the closest gene). Interestingly, pathway analyses show that AD common
variants mapping within GWAS loci converge on phagocytosis, lipid processing, and the
immune response — biological processes exerted mainly by myeloid cells (microglia in
the brain) [10]. In addition, several AD risk variants localize within regulatory elements
(enhancers or promoters) that are bound by PU.1 — a transcription factor crucial for
development and function of myeloid cells and an AD risk gene [11].

Although GWAS have facilitated major achievements in understanding the genetic risks of
late-onset AD, further efforts will be necessary to decipher the link between AD genetics
and disease pathogenesis. To this end, several groups have integrated multiple scales of
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functional data, including epigenetic annotations and gene expression data, with network
analyses and genetic data from GWAS to elucidate the biological function of AD risk
variants. Together, these analyses have found that common AD risk variants are enriched

in microglia-specific enhancers, and in active enhancers of monocytes, macrophages, and
microglia [12] that affect cell type-specific gene expression, strongly implicating microglia
in disease etiology [11,13]. For example, B/N1 is a broadly expressed protein, but AD risk
variants are located within a regulatory region downstream from B/N1 that is predicted to
be a microglia-specific enhancer. Deletion of this enhancer in human induced pluripotent
stem cells (iPSCs) resulted in decreased BIN1 expression in iPSC-derived microglia but
not in neurons and astrocytes [13]. In addition, in recent unpublished results, Novikova
and colleagues studied the relationship between myeloid active enhancers containing AD
risk variants and regulation of target gene expression using summary data-based Mendelian
randomization (SMR). They found that the same variants that confer AD risk also regulate
myeloid-specific gene expression. Importantly, they nominated candidate causal genes as
genome-wide significant loci, and found that several of these genes (including B/INI, RINS3,
CDZ2AP, and ZYX, among others) localize to the endolysosomal network and may regulate
endocytosis/phagocytosis [12]. The roles of individual AD risk genes in the endolysosomal
network are discussed in detail later.

Polygenic Architecture of AD

The genetic architecture of AD reveals a polygenic component that consists of multiple
small-effect loci [14]. One approach developed to determine the combinatorial effects of
multiple variants on disease risk, age of onset, and heritability is the polygenic risk score
(PRS). This strategy often includes SNPs that did not reach genome-wide significance

in GWAS, leading to a more complete understanding of the genetic risk profile of an
individual. Despite this, these additive models explain only a modest portion of AD
heritability beyond APOE genotype, suggesting either that there are nonadditive effects

or that there are many more risk loci that remain to be identified. Pathway analyses
demonstrate that AD polygenic risk influences a variety of biological pathways including
immune response, cholesterol metabolism, endolysosomal pathways, and APP metabolism
[10]. In addition, studies that examined the aggregated effect of risk loci on disease onset
indicate that each additional risk variant may lead to earlier AD onset [15]. Interestingly,

a polygenic risk score generated from LOAD GWAS actually has a stronger impact on
sporadic EOAD risk than LOAD, arguing that sporadic EOAD and LOAD are part of

a continuum in which EOAD represents the most genetically loaded sporadic AD cases
[16]. Other studies have demonstrated that increased burden of AD risk variants (measured
by PRS) is linked to smaller hippocampal volume [17], and that this may be driven by
microglia-mediated immune response pathways, possibly driving disease susceptibility [18].

Rare AD Risk Variants Implicate Microglial Cells

Analyses using whole-exome or whole-genome sequencing led to the discovery of rare
variants that typically have a larger effect size than common variants identified by GWAS.
A great advantage of these studies is the focus on rare variants in coding regions of

the genome, and this links functional variants to causal genes and thus provides better
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clues of how disease risk is modulated. Rare variants associated with AD have been
identified in TREMZ2, ABCA7, SORL1, ABI3, and PLCG2[19-21]. In TREMZ (triggering
receptor expressed on myeloid cells 2), the partial loss-of-function (LOF) R47H missense
mutation has been found to significantly increase AD risk [21]. Of note, homozygous

LOF mutation in TREMZ leads to Nasu—Hakola disease (NHD), an autosomal-recessive
disorder characterized by early-onset dementia and multifocal bone cysts [22]. PLCGZ, a
member of phospholipase Cy family, is another candidate gene in which rare variants have
been identified. It colocalizes with TREM2, sharing a common interactome, and is likely

a TREM2 downstream signaling effector [23]. A rare PLCGZ2 variant, P522R, has been
associated with decreased risk of AD [19]. Importantly, the P522R polymorphism maps
within the PLC-y2 regulatory domain, slightly increasing the activity of the PLCy2 enzyme,
thus acting as a gain-of-function (GOF) mutation [23]. Similarly to TREM2, PLC~y2 is
expressed in microglial cells at high levels (Figure 1), and its expression is increased in
microglia that surround amyloid plaques in mouse models of AD [23]. Rare LOF variants in
ABCA7 (ABC transporter subfamily 7) have been associated with AD and increased disease
susceptibility [24]. Similarly, several rare nonsense variants lead to reduced expression

of ABCAT and increased AD risk [25]. Common variants within the ABCA7 locus are

also associated with AD risk [26]. ABCA7 may play an important role in phagocytosis

of apoptotic cells because its ortholog in Caenorhabditis elegans, ced-7, is indispensable
for the efficient detection and removal of apoptotic cells [27]. In mammals, many genes
harboring rare variants are highly expressed in microglial cells and modulate the functions
of microglia, underscoring the possible involvement of this cell type in the etiology and
progression of AD (Figure 1) [19,28].

Mechanism of Microglial Phagocytosis

Common and rare AD risk variants converge on microglial cells and the endolysosomal
network, an integral part of phagocytosis. Phagocytic clearance of tissue debris is a core
function of microglial cells, the brain-resident macrophages, to maintain tissue homeostasis
and immune tolerance, as well as to resolve inflammation and promote tissue repair. This

is a complex process of recognition, engulfment, digestion, and response [29]. Microglia
are professional phagocytes that sense and migrate toward ‘find me” signals released

by myelin debris, apoptotic cells, unwanted synapses, and dystrophic neurites, and they
ensure proper recognition of these cues via a variety of phagocytic receptors expressed

by microglia [29]. Damaged cells and unwanted synapses additionally expose an ‘eat me’
signal on their surface, phosphatidylserine (PS), that is bound to phagocytic receptors which
help to dock extracellular cargo onto the phagocyte membrane (step 1: recognition) [29].
Specific recognition of macromolecules and receptors initiates actin-associated cytoskeleton
rearrangement leading to the formation of phagocytic cups and engulfment (step 2:
engulfment). Internalized material is then degraded in a process that involves multiple
organelles (as illustrated in Figure 2). Material reaches a phagosome that matures and

fuses with early endosomes, late endosomes, and lysosomes, forming a phagolysosome
[29]. Lysosomes contain batteries of acid hydrolases and cathepsins that ensure degradation
(step 3: digestion). This is followed by activation of transcription factors that enhance

lipid clearance, reverse cholesterol transport, and release anti-inflammatory mediators (step
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4: response) [30]. Early endosomes are involved in the progression of clathrin-mediated
endocytosis which employs surface receptors that bind to extracellular cargo concentrated
in plasma membranes by clathrin-coated pits [31,32]. Material from the early endosome
is recycled back to the plasma membrane or fuses with late endosomes/lysosome. From
the latter compartments material can be transported to the #rans-Golgi network (TGN)

for further sorting. Trafficking between organelles occurs in intracellular vesicles and is
regulated by a family of Rab GTPases [33].

Microglial Phagocytosis — A Process Affected by AD Risk Variants?

Genes that promote amyloidogenesis in ADAD (APP, PSENI, PSEN2) primarily impact
on endolysosomal functions [34]. Most amyloidogenic processing of APP occurs during
endocytosis in the endolysosomal system. In particular, early endosomes are relevant in

AD pathogenesis as the first compartments along the endocytic pathway that carry out the
initial processing of APP. In AD, endosomal structures display several morphological and
functional abnormalities, including impaired transport to endosomes, enlarged endosomes,
and accelerated endocytosis, leading to excessive production of Ap [34]. Such endosomal
dysfunction has been reported to disrupt cholinergic neurons and lead to neurodegeneration
[35]. Furthermore, in AD the lysosomal system is also activated, as evidenced by increased
lysosomal gene expression. Novel analysis and interpretation of GWAS studies that
implicate microglia in the etiology of AD encourage moving beyond neuronal cells to
understand how AD risk variants impact on microglial phagocytic clearance of tissue debris
and A plaques. We describe later AD risk genes and how they are involved in the control of
phagocytosis, with particular emphasis on the endolysosomal network (illustrated in Figure
3). Each subheading introduces an important phagocytic component.

Phagocytic Substrates

Daily, many apoptotic cells, degenerating synapses, and myelin debris need to be effectively
cleared to ensure brain homeostasis and prevent debris accumulation and exaggerated
inflammation. Phagocytic substrates are usually coated with opsonins that facilitate their
recognition and docking to the phagocyte membrane via opsonin-receptor interaction.
Apolipoproteins and complement proteins are well-known opsonins that coat many
extracellular cargoes dedicated for degradation. One of the main apolipoproteins that coats
AP and apoptotic cells is APOE, the major genetic risk factor for AD and major lipid
transporter in the brain. Its capacity as an opsonin depends on its lipidation status. APOE?2
is highly lipidated and binds more substrate, whereas APOE4 is poorly lipidated, thus
compromising recognition and phagocytosis [36]. APOE is highly expressed in astrocytes,
but it is upregulated in microglial cells following tissue damage, and has been identified as
a key marker of disease/damage-associated microglia (DAM) [37,38]. In recent years more
attention has been paid to microglial APOE. It has been shown that iPSC-derived microglia
from homozygous APOE44 individuals display decoupled lipid metabolism, as evidenced by
increased cholesterol biosynthesis and decreased cholesterol efflux leading to the formation
of foamy glia [39]. APOE44 microglia also upregulate genes involved in inflammatory
response while downregulating those responsible for cell movement. As a consequence,
APOE44 microglia display reduced phagocytosis of A in culture [40].
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Another important apolipoprotein in the brain is clusterin (CLU) that encodes APOJ.

SNPs have been identified in the CLU locus by two independent GWAS analyses [41,42].
APOJ opsonizes apoptotic cells and assists docking to phagocyte membranes [43]. APOJ is
frequently found in injured tissue, suggesting that it participates in tissue repair [44].

Phagocytic Receptors

As noted earlier, genetic analyses implicate 7TREMZin AD risk and suggest a crucial

role for microglia in AD pathology because TREMZ2 is highly expressed in this cell

type [45]. TREM2 recognizes several tissue damage-associated lipids (e.g., PS) that are
present in degraded myelin, on the surface of apoptotic cells, or in unwanted synapses

[46]. Importantly, TREM2 also binds to apolipoproteins including APOE and APOJ that
opsonize tissue debris, thus facilitating their uptake [47]. Microglia lacking TREM2 fail to
recognize chemotactic signals or respond properly to an injury, and show reduced migration
toward apoptotic cells injected into the brain [48]. It has been shown in mouse models

of demyelination induced by cuprizone, and also in an AD mouse model (5%XFAD), that a
lipid-rich environment (e.g., degenerated myelin, AP plaques, apoptotic cells) triggers the
clearance response, including activation of endolysosomal pathways and immune reaction,
leading to a switch from homeostatic microglia to DAM [37,38,49]. Consistent with this
notion, lack of TREM2 in microglia results in reduced phagocytosis of apoptotic cells and
myelin debris, as well as a reduced clearance response, leading to debris accumulation
outside the cell and secondary events such as necrosis and sustained inflammation [38,49].
Similarly, microglia carrying the TREM2 R47H LOF variant show reduced proliferation,
decreased activation, and weaker recruitment to Ap plaques in two mouse models of

AD [50,51]. Importantly, in AD patients expressing the R47H variant of TREM2, fewer
microglia were associated with plaques, and this may explain the higher neuritic dystrophy
around amyloid plaques [52]. This reduction in microglial recruitment to plaques may

be due to an impaired capacity to recognize lipids — the R47H mutation resides in the
ligand-binding domain of TREM2 [46]. Other TREM2 variants associated with NHD,
T66M and W50C, markedly reduce phagocytosis of apoptotic cells in human iPSC-derived
microglia [53]. TREM2 has been extensively studied in microglia in mouse models of

AD, including amyloidosis models (APP/PS1 and 5xFAD) and a tauopathy model (PS19)
[46,54,55]. Strikingly, studies on the effect of TREM2 on AP load, tau spreading, microglial
recruitment, and neuroinflammation in these mouse models are conflicting. Overall, these
studies suggest a protective role of TREMZ2 in the early stages of disease progression, but a
detrimental role in late stages of AD when NFTSs are present [46,54,55].

Another phagocytic receptor is complement receptor 1 (CR1). CR1 recognizes complement
proteins such as C1q and C3b/C4b. A copy-number variant of CRZ that elevates the number
of C3b/C4b binding sites (CR1-S isoform) is reported to decrease CR1 expression, and this
contributes to reduced Ap clearance and a 30% increased risk of AD in those individuals
[56,57]. Conversely, a low-copy repeat variant of CRZ produces the CR1-F isoform that has
fewer C3b/C4b binding sites. One may speculate that the CR1-F isoform might have higher
phagocytic capacity [58]. Importantly, CRZ is a GWAS-significant locus [41], whereas the
opsonin C4b maps within the HLA-DRBI locus, which is also an AD risk locus [59]. CR1
is highly expressed in erythrocytes where it removes immune complexes, apoptotic cells,
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microbes, and A [60]. In the brain CR1 is expressed by reactive astrocytes and microglia,
which might suggest that it plays a similar role in the brain and in peripheral cells.

CD33 is a phagocytic receptor involved in the control of the immune response. It has been
identified in several GWAS as an AD susceptibility locus [61]. A common risk variant

(C) upstream of the CD33 gene is associated with higher expression of full-length CD33
in monocytes and microglia, increased microglial activation in the brain, and reduced
phagocytosis of Ap associated with worsening of cognitive functions [61-63]. Conversely,
the protective allele (T) at this site decreases expression of CD33 and leads to enhanced
phagocytosis of AB [64]. Consistently, loss of CD33 in human monocytic cell lines leads
to increased phagocytosis of several different substrates [65]. Another variant has been
discovered in exon 2, which encodes the sialic acid ligand-binding domain. This variant
results in expression of a shorter form of CD33 that lacks exon 2 and decreased expression
of the full-length isoform [66]. This variant is protective, resulting in increased phagocytosis
and reduced amyloid burden [64,66]. Phagocytic receptors carrying AD risk variants are
listed in Table 1 (Key Table).

Cytoskeleton

Macrophages are able to engulf extracellular cargo via a phagocytic cup as a result of
rearrangements in the actin cytoskeleton. These rearrangements enable focal adhesion (i.e.,
direct contact) between phagocytic substrates and integrins on the surface of the phagocyte.
Several genes participating in focal adhesion have been implicated in AD through the
association of common (PTKZB, CASS4) and rare (ABI3) variants with AD. PTK2B
(protein tyrosine kinase 2p) and CASS4 (Crk-associated substrate) both lie within reported
AD-associated GWAS loci, although specific causal variants have not been linked to either
gene. PTK2B encodes PYK2 and belongs to the focal adhesion kinase (FAK) family. Both
PTK2B and CASS4 are involved in macrophage migration through modulation of F-actin
dynamics [67,68]. Another example is ABI3, a member of the ABI (Abselson-interactor)
family, that regulates the organization of the actin cytoskeleton. AB/3is expressed in
microglia (Figure 1) and its expression is elevated in aging individuals [19] and AD brains,
as well as in microglia associated with AP plagues, suggesting that it controls migration

of microglia to plaques [69]. Two other AD risk genes, CD2AP (CD2-associated protein)
and ZY.X (zyxin) may play a dual role in phagocytosis because they control both the actin
cytoskeleton and endosome function depending on which cell type they are expressed in.
CDZAP s located within a GWAS locus for LOAD [70]. In non-neuronal cells, CD2AP
plays a role in the organization of the actin cytoskeleton. For example, in macrophages and
dendritic cells, CD2AP colocalizes with F-actin, underscoring the importance of CD2AP
in actin remodeling that is essential for proper engulfment of extracellular material and
phagocytosis [71]. CD2AP-deficient leukocytes display defects in actin dynamics that affect
their migration to lymph nodes [72]. CD2AP has also been found in early endosomes where
it participates in APP sorting to lysosomes. Neuronal CdZap knockout results in endosomal
accumulation of APP and promotes A generation [73]. ZY.X (zyxin) has been identified
as a putatively causal gene within the GWAS locus previously called the £PHA1 locus.
ZY X is primarily associated with actin filaments, suggesting that it participates in actin
remodeling and active engulfment. ZY X is required for clathrin-mediated endocytosis and
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immune synapse formation [74], and may increase phagocyte motility [75]. In addition, A
has been shown to repress ZY X expression in HEK293T cells, demonstrating that ZY X is a
direct target of Ap [76]. ZY X is also enriched in microglia (Figure 1).

Recently, focal adhesion proteins (encoded by genes emerging from GWAS) have been
proposed to be a key component of AD pathogenesis and to drive synapse loss in AD [77].
Other studies propose that focal adhesion regulates neuronal survival, and can lead to cell
death if compromised [78]. Although it is worth exploring these hypotheses in neuronal
cells, such studies should be extended to microglial cells because the focal adhesion
candidate AD genes nominated by GWAS are expressed in microglia at higher levels than in
other cell types (Figure 1), and importantly regulate actin dynamics and the engulfment of
phagocytic substrates.

Early Endosomes

Genetic studies of sporadic AD also implicate genes that regulate early endosome function,
trafficking, and maturation, including B/IN1, CD2AP, PICALM, and SORL 1[71,79,80]. The
BINI (bridging integrator 1) locus has been identified by GWAS as the most significant
susceptibility locus in AD after APOE[81]. Integrative bioinformatic approaches revealed
that B/N1 is the strongest causal candidate gene within the B/N/Z locus and linked lower
expression of BIN1 with increased AD risk [12]. Other studies found an insertion allele

that increases the expression of BIN1 in AD brain and contributes to tau spreading

[82]. Conflicting results suggest that BIN1, like TREM2, may have opposing effects on
different stages of the disease, or that BIN1 has distinct underlying roles in neuronal

and microglial cells. Whereas the roles of BIN1 in neuronal cells have been extensively
studied ([83] for review), its roles in microglia are relatively understudied. It has been
shown in the PS19 mouse model that genetic deletion of B/nZ from microglia reduces

tau secretion through extracellular vesicles that are shed from endosomal compartments in

a sex-dependent manner [84]. Specifically, BIN1-depleted microglia from males but not
from females show lower levels of heat-shock proteins involved in tau spreading [84].
Interestingly, in mouse hippocampus, loss of Bin1 in neurons affects the transcriptome of
surrounding microglia (that express Binl). Pathway analysis of these microglia revealed that
the LXR/RXR pathway is the top inhibited pathway, suggesting that neuronal BIN1 may
enhance microglial clearance processes [85].

One candidate AD risk gene is PICALM (phosphatidylinositol-binding clathrin assembly
protein) that has pleiotropic effects on endocytosis and regulates both clathrin-mediated
endocytic uptake and autophagy [86]. The PICALM locus has been identified by GWAS
[87]; however, it is unclear whether PICALM itself, or other genes in the locus, impacts

on AD pathogenesis. In non-neuronal cells, knockdown of PICALM causes enlargement
of endosomes and disruption of the TGN [88]. However, none of these studies directly
addressed the role of PICALM in microglia despite the observation that PICALM is highly
expressed in these cells (Figure 1).

Another candidate AD risk gene that participates in vesicle trafficking to early endosomes
is RIN3 (Ras and Rab interactor 3). R/N3is located within the SLC24A4 GWAS locus
and has been independently identified as a potentially causal gene that has deleterious rare
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variants [59,89]. R/N3is highly expressed in microglia (Figure 1); however, its role in
these cells has been poorly explored. In HEK293T cells, RIN3 stabilizes the active form of
Rab5 that promotes trafficking to endosomes [90]. Sustained activation of Rab5 mediated
by RIN3 may underlie AD pathogenesis because abnormal overactivation of Rab5 has
been observed in post-mortem brain samples from AD patients [91]. Interestingly, RIN3
localizes in vesicles shed from plasma membrane to early endosomes, together with BIN1
and CD2AP, suggesting that these three risk factors cooperate in endocytosis [92].

SORL1 (sortilin 1) has a dual role in phagocytosis: it both regulates the function of sorting
endosomes and is present in the plasma membrane where it acts as a surface receptor

for APOE [93]. The SORL 1 locus has been consistently identified by GWAS as being
associated with AD [94,95]. In addition, rare deleterious coding variants in this gene have
been found in AD patients [20]. In neurons, decreased expression of SORL1 in AD patients
leads to reduced sorting and increased processing of APP, contributing to elevated AB
production [96]. In immune cells, the role of SORL1 may be different than in neurons
because SORL1 regulates phagocyte migration toward chemoattractants and the immune
response [97] (see Outstanding Questions). One may speculate that the dual functions of
neuronal SORL1 in APP processing and in microglial phagocytic clearance of Ap might
result in an increased load of senile plaques, a major hallmark of AD pathology.

Another candidate AD gene product that localizes to the early endosome is RAB10.
RABI0is a putative protective factor for AD [98]. Whole-genome sequencing identified
variants in the RAB10locus in individuals who did not develop AD despite carrying
APOE4 allele/alleles and a strong family history of AD [99]. RAB10 is involved in the
transport of proteins from early endosomes to recycling endosomes or alternatively to the
TGN [98]. RAB10 is also involved in APP processing and the production of Ap. Several
studies indicate that decreased expression of RAB10 reduces the Ap42/Ap40 ratio, whereas
overexpression of RAB10 increased this ratio [99].

Recent unpublished computational analyses have nominated APBB3 (amyloid p precursor
protein binding family B member 3) as an additional AD candidate gene [12]. APBB3
interacts with APP in early endosomes; however, its detailed role in myeloid cells or
endosomal system remains unknown [100]. An overview of nhominated AD risk genes and
their roles in the control of the endolysosomal network is depicted in Figure 2.

Late Endosomes and Lysosomes

SPPL2A (signal peptide peptidase-like 2a) maps to an AD risk locus identified by GWAS
[101]. Integrative genomic analysis further nominated SPPL2A as an AD risk gene. SPPL2A
encodes an endosomal/lysosomal protease and presenilin homolog that localizes to late
endosomes/lysosomes [102]. SPPL2A is enriched in aged human microglia; however, its
function in these cells remains undetermined. In other immune cells, SPPL2A has been
shown to regulate B cell homeostasis and development /in vivo, and is responsible for
proteolytic cleavage of tumor necrosis factor (TNF)-a and CD74 [103]. Another lysosomal
marker is progranulin (encoded by GRN). GRN is highly expressed by microglia but is

also present in neurons and astrocytes [104] (Figure 1). Several studies have identified
disease-associated GRN polymorphisms. For example, haploinsufficiency of GRN causes
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frontotemporal dementia [105], whereas complete GRN deficiency leads to a lysosomal
storage disease with severe neurodegeneration [106]. In addition, one GRN variant has

been associated with both reduced expression of GRN and increased AD risk [107]. GRN
localizes in LAMP1-positive lysosomes and controls lysosome function, and both decreased
and excess levels of GRN negatively regulate lysosomal biogenesis [104]. GRN is regulated
by transcription factor TFEB, a master regulator of lysosome biogenesis that maps within
the TREMZ locus [59,108]. Lack of GRN in microglia leads to defective maturation

of cathepsins and decreased lysosomal activity [109]. In a mouse model of AD, PDGF
APPSW.INd ([ine J9) mice that have GRN-deficient microglia display reduced phagocytosis,
increased amyloid plaque burden, and exacerbated cognitive symptoms compared with mice
with microglia that express GRN [110]. Importantly, lentiviral overexpression of GRN

can rescue these molecular and cognitive deficits, and protects against Ap toxicity [110].
Similarly, lack of GRN leads to the accumulation of toxic lipid droplets in microglia

in the hippocampus that correlates with cognitive decline [111]. GRN may also be an
important modulator of anti-inflammatory response in immune cells because it inhibits
TNF-a downstream signaling [112].

The Trans-Golgi network

The TGN serves as a major sorting platform that receives input from endocytic
compartments. Recent unpublished work has nominated two genes that control TGN
functions, AP4M1and AP4E1, as AD risk genes based on the identification of AD risk
variants within enhancers that regulate their expression [12]. In addition, whole-exome
sequencing identified an AD-linked rare variant in AP4M1[113], whereas AP4E1 maps to
the SPPL2A locus [59]. AP4E1 and AP4M1 encode two subunits of adaptor-related protein
complex 4 (AP-4), 1 and 1, respectively. They play an important role in the endocytic
pathway by sorting integral membrane proteins. AP4E1 is reported to control the maturation
and formation of autophagosomes [114]. AP4ML is involved in functional recognition of
APP [115] and its transport from the TGN to endosomes. If AP-4—-APP interaction is
impaired, APP is cleaved by y-secretase to generate AP peptide [116]. LOF mutations in
AP-4 subunits impair autophagy [117]. Given the fact that autophagy in AD is involved

in AP and tau degradation, one may speculate that deficiency in the AP-4 complex (in
particular, reduced AP4E1 expression is associated with increased AD risk; Figure 2) could
lead to abnormal biogenesis of autophagosomes [117] and impaired clearance of Ap plaques
or NFTs.

Concluding Remarks and Future Perspectives

AD-associated genetic variants affect a variety of biological pathways that have an impact
on disease susceptibility. Although the identity of most causal genes remains elusive,

recent GWAS and post-GWAS bioinformatic analyses implicate microglia and phagocytic
clearance of tissue debris, also known as efferocytosis, as key players in AD pathogenesis
[118]. This broad biological process includes recognition of released and membrane-
tethered chemotactic signals recognized by phagocytic receptors; rearrangements of actin
cytoskeleton leading to formation of a phagocytic cup; digestion of engulfed material in
endolysosomal compartments; and finally activation of transcription factors that enhance the

Trends Neurosci. Author manuscript; available in PMC 2022 May 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Podle$ny-Drabiniok et al. Page 11

clearance transcriptional program. Many AD risk genes control the functions of one or more
efferocytotic steps (Figure 3). Elimination of apoptotic tissue debris triggers a ‘response’
phase of phagocytosis leading to activation of clearance pathways controlled by transcription
factors [liver X receptors (LXRs) and retinoid X receptors (RXRs)] that help to deal with

the metabolic load derived from engulfed membranes, and also enhances the expression of
anti-inflammatory signals [30]. The latter is a part of the DAM response in microglia that

is regulated by several AD risk genes including APOE and TREMZ2[37,38]. Importantly,
this hypothesis does not exclude APP metabolism from being a part of AD pathology, but
instead suggests that APP processing may be a part of broader cellular process — microglial
efferocytosis — that, we argue, may be a central mechanism of AD.

Existing evidence arising from GWAS implicates dysregulation of phagocytic clearance in
myeloid cells in the etiology of AD; however, extrapolating these findings from preclinical
models of AD to humans carries several caveats and challenges. First, the immune systems
in mice and humans differ widely. Second, preclinical models of AD are limited in various
ways, and do not recapitulate the multifactorial nature of sporadic AD. Importantly, most
animal models of AD do not accurately mimic the human disease and manifest incomplete
neuropathology and symptomatology at a young age. All these concerns highlight the

need for human cell-based models such as human induced pluripotent stem cells (hiPSCs)
differentiated into CNS cell types (see Outstanding Questions). Although 2D cultures may
not be ideal owing to abnormal cell behavior and activation, one may implement more
complex models including cocultures and organoids. 3D culture techniques have been
developed successfully and represent a more physiological environment that can include
neurons, astrocytes, microglia, and oligodendrocytes. This system allows AD genetic risk
factors to be studied in a human cellular context. iPSC technology together with advances in
gene editing provide a convenient platform to study human AD risk variants in the correct
genomic context, allowing better understanding of disease mechanisms. Recent studies show
that cortical organoids produced from ADAD patient-derived hiPSCs spontaneously develop
AP plaques and NFTs [119]. Importantly, organoids derived from AD patient cells show
alterations in the endolysosomal system (i.e., enlarged early endosomes), which suggests
that molecular features of AD are preserved [119,120]. So far, studies in AD cerebral
organoids have focused on APP processing in neuronal cells. Future organoid models
investigating AD risk factors should also include microglia. However, a limitation of these
2D and 3D cultures is the absence of the physiological context of the brain. An alternative
approach is to transplant hiPSC-derived hematopoietic progenitor cells (especially those
genetically edited to induce or correct AD mutations) into mouse brain to study the
microglial response in more physiological conditions [121].

Genetic studies have been extremely important in revealing the genes and pathways that
underlie AD risk. Early studies on ADAD focused attention on APP processing, whereas
more recent GWAS analyses of common and rare variants strongly suggest that microglial
function, in particular phagocytosis of tissue debris (efferocytosis), may be involved in AD
development and progression [12,13]. It will be important to determine whether and how
APP processing intersects with efferocytosis, or whether these two disease mechanisms
represent parallel ways of developing AD. With this review we hope to stimulate further
research aimed at understanding efferocytosis in immune cells in the context of AD risk
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factors, with the goal of identifying novel therapeutic targets and effective therapeutic
interventions.
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Highlights

Genetic variants associated with Alzheimer’s disease (AD) are enriched in myeloid-
specific enhancers, including microglial enhancers, implicating this cell type in the
etiology of AD.

AD risk variants in these enhancers modulate disease susceptibility by regulating
enhancer activity and in turn the expression of genes involved in microglial phagocytosis
and the endolysosomal pathway.

Common risk variants are enriched for proteins expressed in early endosomes.

Pathway analysis of AD genetics combined with myeloid genomics strongly implicates
dysregulation of phagocytosis of tissue debris in the etiology of AD.
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Outstanding Questions

How do AD risk factors impact on the function of microglia? AD risk variants are
enriched in myeloid-specific enhancers including microglial enhancers, implicating this
cell type in AD pathogenesis. However, how AD risk variants impact on microglial
function in AD remains unclear. Is this phenomenon specific to LOAD GWAS risk
variants, or are ADAD mutations associated with APP also important for microglia? Is
dysfunction of microglia sufficient to drive the disease?

Is endolysosomal processing compromised in microglia during AD, and how is

this process related to the main pathological AD hallmarks (g-amyloidosis and tau
spreading)? GWAS signals enriched in microglial enhancers are predicted to affect
genes involved in endolysosomal processing, including B/N1, CD2AP, RIN3, and others.
How do these genes affect the morphology and function of endocytic compartments
in microglia? Are early endosomes particularly affected, given that the vast majority
of AD risk gene products are localized here? Is the role of these genes in microglial
endolysosomal processes similar to that observed in neuronal cells, or does it differ
depending on cell type? How does myeloid cell dysfunction in the endolysosomal
pathway contribute to plaque deposition and tau spreading at different stages of the
disease?

What would be the most suitablemodel to address efferocytosis in myeloid cells?
Differences in the immune system and microglia between mouse and human, and
preclinical models that only partially model human disease, highlight the need for better
models. One may need to think about a human system that allows the immune response
to be modeled without species bias. Organoids composed of neurons and mixed glial
populations may be of potential interest for understanding microglial phagocytosis of
tissue debris in AD. Transplantation of hiPSC-derived hematopoietic progenitor cells
(genetically edited to modify disease risk) back into mouse brain may allow assessment
of human microglial function 77 vivoin a disease-relevant context.
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Figure 1. Expression Pattern of Alzheimer’s Disease (AD) Risk Genes Involved in Phagocytosis.
Heatmap showing expression of selected AD risk genes in ex vivo human microglia and

human brain lysates. Values of expression (transcripts per million, TPM) are plotted based

on [28]. Genes marked in bold are discussed in this review.
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Figure 2. Summary of Endolysosomal Processing in Microglial Cells, and Links to Candidate
Alzheimer’s Disease (AD) Risk Genes.

Microglial cells constantly probe fragments of plasma membrane by endocytosis (top left)
and large macromolecules (i.e., apoptotic bodies, myelin debris, synapses) by phagocytosis
(top right). Inside the cell, engulfed material reaches early endosomes or phagosomes which
mature and fuse with lysosomes (bottom, middle), forming a phagolysosome (bottom, right).
Proteins are sorted to the #rans-Golgi network (TGN) via retrograde transport and recycling
endosomes. AD risk gene products are overlaid in cellular compartments they are known to
regulate. Green indicates AD genes whose decreased expression is associated with increased
AD risk; red indicates that increased expression is associated with increased AD risk. Gold
indicates an unknown expression effect on AD risk. The expression directionality of AD
risk genes is plotted based on [12] CD2AP, BINI1, RIN3, APPB3, ZY X, AP4E1, AP4M1,
SPPL2A; [107] GRN: [98] RABI0, [62] CD33C, [64] CD337; and [57] CRI (CR1-S,
CR1-F).
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Figure 3. Candidate Alzheimer’s Disease (AD) Risk Genes in Microglial Phagocytosis.
Phagocytosis of apoptotic cells, myelin debris, synapses, and degenerated neurites is

completed in four steps. Step 1: recognition [achieved by “find-me” signals opsonized with
apolipoprotein (APOE and APQJ, that are recognized by phagocytic receptors including
TREM2 (triggering receptor expressed on myeloid cells 2), CR1 (complement receptor

1), and SORL1 (sortilin 1)]. Step 2: engulfment [achieved by cytoskeleton rearrangements
regulated by e.g., PTK2B (protein tyrosine kinase 28), ABI3]. Step 3: digestion [performed
in the endolysosomal network and controlled by e.g., BIN1 (bridging integrator 1), CD2AP
CD2-associated protein), RIN3 (Ras and Rab interactor 3), and SPPL2a (signal peptide
peptidase-like 2a)]. Step 4: response [comprising activation of transcriptional program

of clearance, i.e., DAM (disease/damage-associated microglia) genes and genes involved

in phospholipids and cholesterol efflux, e.g., ABCA7, APOE]. AD risk genes are listed

in each step and are overlaid in the cellular compartment whose function they control.
Abbreviations: TF, transcription factor; TGN, frans-Golgi network.
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Key Table

Phagocytic Receptors Identified as AD Risk Genes, and Mutations Associated with AD That Impact on

Phagocytosisa

Table 1.

Page 23

Receptor | Species | Model/studies Mutation Alterations in phagocytosis Refs
TREM2 Human | Postmortem AD brains R47H mutation Reduced recruitment and phagocytosis of A [52]
plaques
TREM2 Human | NHD patient-derived T66M and W50C Reduced phagocytosis of apoptotic cells [53]
microglia mutation
TREM2 Mouse | 5xFAD and APP/PS1 R47H mutation Reduced recruitment and phagocytosis of Ap [50,51]
plaques
TREM2 Mouse | 5%FAD and APP/PS1 TREM2 knockout Reduced recruitment and phagocytosis of Ap [46]
plaques
CR1 Human | Patient CSF C3b/C4 increased Decreased Ap clearance in CSF [57]
repeatsb
CD33 Human | Patient-derived monocytes | Full-length with risk Decreased uptake of dextran and A [62]
allele ()¢
CD33 Human | Post-mortem AD brains Full-length with Decreased insoluble AB in the brain — indicator [64]
. b of enhanced AP uptake and clearance
protective allele (T)
CD33 Human | Human monocytic cell CD33 knockout Increased phagocytosis of dextran, polystyrene [65]
lines beads, myelin, and AR
CD33 Mouse | APP/PS1 CD33 knockout Decreased insoluble AB and reduced AB plaque [64]

burden — indicator of enhanced A uptake and
clearance

aAbbreviations: CSF, cerebrospinal fluid; NHD, Nasu-Hakola disease.

b, . . . .
Variant associated with decreased expression.

c, . . o .
Variant associated with increased expression.
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