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Late onset Alzheimer’s disease genetics
implicates microglial pathways in disease
risk
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Abstract

Alzheimer’s disease (AD) is a highly heritable complex disease with no current effective prevention or treatment.
The majority of drugs developed for AD focus on the amyloid cascade hypothesis, which implicates Aß plaques as
a causal factor in the disease. However, it is possible that other underexplored disease-associated pathways may be
more fruitful targets for drug development. Findings from gene network analyses implicate immune networks as
being enriched in AD; many of the genes in these networks fall within genomic regions that contain common and
rare variants that are associated with increased risk of developing AD. Of these genes, several (including CR1, SPI1,
the MS4As, TREM2, ABCA7, CD33, and INPP5D) are expressed by microglia, the resident immune cells of the brain. We
summarize the gene network and genetics findings that implicate that these microglial genes are involved in AD,
as well as several studies that have looked at the expression and function of these genes in microglia and in the
context of AD. We propose that these genes are contributing to AD in a non-Aß-dependent fashion.
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Background
AD is a chronic, incurable, neurodegenerative disease that
affects an estimated 5.4 million people in the United
States [1]. It is a complex disease that is highly heritable,
and several genes have been found to be associated with
risk for developing AD. Early onset AD (EOAD), diag-
nosed in individuals who are under the age of 65 years, ac-
counts for a small percentage of all AD cases (5–10%).
Mutations in three genes, APP [2], PSEN1 [3, 4], and
PSEN2 [5, 6], are associated with autosomal dominant AD
(ADAD), a subset of EOAD [7]. This has led to the pre-
vailing mechanistic theory for AD: the amyloid cascade
hypothesis [8]. However, no therapies that target this path-
way have yet been successful in preventing the develop-
ment of or ameliorating the effects of this disease in
humans. Late onset AD (LOAD) shares the same clinical
and pathological features of early onset AD, but is diag-
nosed in individuals who are over the age of 65 years. The
most important genetic risk factor for the development of

LOAD and sporadic EOAD is presence of the E4 variant
of the APOE gene (APOE4) [9, 10].
Clinically, AD manifests as a gradual and unrelenting

decline of memory [11]. Patients are diagnosed based on a
variety of cognitive factors, but confirmation of an AD
diagnosis can only be made by observing the underlying
neuropathology. As such, people who are suffering from
AD may be misdiagnosed with other forms of dementia,
and vice versa, thereby reducing the power of clinical trials
and the effectiveness of treatment.
Memory loss in AD is accompanied by neuronal loss and

the accumulation of extracellular Aß plaques and intracel-
lular neurofibrillary tangles of hyperphosphorylated Tau. In
ADAD, the accumulation of Aß plaques results from im-
proper processing of APP, which may be a consequence of
mutations within the APP gene itself, or in associated fac-
tors such as PSEN1 and PSEN2. In LOAD and sporadic
AD, there is no evidence of improper APP processing that
leads to amyloid accumulation. However, there is evidence
that the clearance of Aß is disrupted [12].
Research on LOAD has shown that there is a slow ac-

cumulation of Aß in the brain for up to twenty years be-
fore the manifestation of any cognitive symptoms. It is
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possible that this prodromal state of AD may be an ef-
fective therapeutic target, and limiting the accumulation
of Aß may halt the development of further symptoms.
Biomarkers for AD, including amyloid imaging and
monitoring cerebrospinal fluid levels for Aß and Tau,
are currently used to inform diagnosis. However, in a
clinical setting, they can only be utilized after cognitive
symptoms have already become apparent. Understand-
ing how these biomarkers exist in non-demented indi-
viduals will be important to inform our future diagnosis
and treatment of disease (e.g. Do all non-demented indi-
viduals with amyloid accumulation develop clinical AD
and if so over what time period?). Similarly, accumula-
tion of Tau is characteristic of other neurodegenerative
diseases and is also observed in elderly non-demented
individuals. Understanding the natural course of this ac-
cumulation will be important to advise therapy.
Current knowledge about the neuropathologic and gen-

etic information informs current theories about the devel-
opment and progression of AD. However, there are still
no good therapies for its prevention or treatment. A pos-
sible explanation is that there may be other pathways that
are also disrupted in AD, which are not accounted for in
the current version of the amyloid cascade hypothesis,
and which could serve as more efficient therapeutic tar-
gets and/or should be part of combination therapies.
Early descriptions of AD include additional neuropatho-

logical features, including gliosis and neuroinflammation,
the contributions of which are under investigation. The

presence of these features implicates microglia, the resident
immune cell type in the brain, in AD pathology. However,
these observations do not indicate, for example, whether
microglia accumulation around plaques is a consequence
or cause of disease [13, 14]. Recently, genetic studies have
implicated microglial function as a causal factor in LOAD,
as opposed to merely a biological response [15].
In recent years, genome-wide association studies

(GWAS), whole genome sequencing (WGS), and gene-
expression network analysis have uncovered gene net-
works and common and rare genetic variants that are
associated with LOAD. These genes are involved in pre-
viously understudied pathways, including cholesterol
metabolism, endocytosis, and innate immunity [16]. The
GWAS findings and gene expression network analysis
both implicate immune and microglial networks as im-
portant players in the development and progression of
AD (Fig. 1). However, the exact contribution of micro-
glia is not well understood. Genetic and early functional
studies suggest that microglia may directly contribute to
AD pathology [13]. This review highlights several genes
identified in these studies that confer risk for AD and
are involved in innate immunity. By looking at the role
of microglia in AD, we may uncover novel therapeutic
targets to help treat this disease.

AD GWAS studies
AD genetics implicate microglial and immune genes as be-
ing important players in the development and progression

Fig. 1 Framework of support for microglia involvement in LOAD. Findings from gene network analysis and disease genetics converge to show
enriched immune and myeloid contributions in AD. These findings are verified through functional genomics using cell and animal models to
determine the contribution of these genes to LOAD pathology
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of disease. These investigations include genome-wide asso-
ciation studies (GWAS), which must then be validated
through functional genomics approaches and large-scale se-
quencing projects. In this section we will discuss the genes
identified in AD GWAS studies and how these genes sup-
port the involvement of microglia.

Choose wisely: population sample and size in GWAS
studies
GWAS are used to simultaneously examine millions of
genetic variants in tens or hundreds of thousands of indi-
viduals to identify variants that are associated with a par-
ticular trait or disease state. The most common study
design for AD GWAS is a comparison of unrelated disease
cases with unrelated elderly non-demented controls from
the same population. Importantly, GWAS identify regions
of the genome (loci) that exhibit association with a trait ra-
ther than specific genes. Indeed, some loci may contain a
single gene while others can contain many genes (Table 1).
The challenge is to then fine-map these loci to identify spe-
cific genes that contain causal functional variants and to
understand the mechanisms of pathogenesis leading to in-
creased or decreased risk for disease.
GWAS are most frequently performed in popula-

tions of European origin, but can be very informative
if conducted in multiple populations due to the differ-
ences in linkage-disequilibrium (LD) structure across
different groups. Some loci may show stronger effects
in specific populations (e.g. ABCA7 in African
Americans [17]), which can aid in identification of
functional variants, but generally LD differences help
to narrow the region of association, particularly in
African ancestry populations [18].
The importance of sample size cannot be overesti-

mated in GWAS. Meta-analysis of multiple GWAS is
commonly used to increase sample size and greatly in-
crease the number of loci discovered and validated as as-
sociated with disease [19]. In AD, GWAS with samples
of 5000 cases or less could only identify the APOE locus
as a region associated with disease [20]. Studies with
sample sizes of 6000 identified three loci, which were
then replicated in larger cohorts [21–23]. Once sample
size increased to near 10,000 cases, several loci could be
identified and replicated. In 2013 a meta-analyses of
>70,000 samples conducted by the International Genom-
ics of Alzheimer’s Project (IGAP) in Caucasian popula-
tions has identified more than 20 genetic loci that are
associated with AD [24]. In contrast, a GWAS con-
ducted in an African American population with less than
2000 cases identified only one locus outside of the
APOE region (ABCA7) to be associated with AD [17].
Sample size can also compensate for restricted pheno-

type data, as shown in a recent study using family his-
tory of AD as a proxy in the UK Biobank dataset, which

identified several novel loci associated with AD [25].
This study, which included over 100,000 individuals, was
described as a genome-wide association study by proxy
(GWAX) and replaced disease cases with their first-
degree relatives. Despite the absence of a disease pheno-
type, this study was still able to replicate the main

Table 1 AD-risk loci identified through genome-wide analyses
(GWAS and GWAX) [24, 25]

SNP Chr Reported gene Additional genes in locus

rs6656401 1 CR1

rs6733839 2 BIN1

rs35349669 2 INPP5D NGEF, NEU2

rs190982 5 MEF2C LOC645323, MIR9-2

rs2074612a 5 SCIMP ZNF594, RABEP1, USP6

rs9271192 6 HLA-DRB5–
HLA-DRB1

C6orf10, HLA-DRB5, HLA-DRB6,
HLA-DRB1, HLA-DQA1, HCG23,
BTNL2, HLA-DRA, HLA-DQB1,
HLA-DQA2, HLA-DQB2, HLA-DOB,
TAP1, TAP2, PSMB8, PSMB9

rs10948363 6 CD2AP GPR111, GPR115

rs2718058 7 NME8 GPR141

rs1476679 7 ZCWPW1 TRIM4, GJC3, AZGP1, AZGP1P1,
ZKSCAN1, ZSCAN21, ZNF3, COPS6,
MCM7, C7orf59, GPC2, STAG3,
GATS, PVRIG, SPDYE3, PMS2P1,
PILRA, PILRB, PPP1R35, MEPCE,
NYAP1, SAP25, AGFG2, LRCH4,
ZASP, LRCH4, FBXO24, PCOLCE-AS1

rs11771145 7 EPHA1 CLCN1, FAM131B, ZYX, TAS2R60,
LOC285965, TAS2R41

rs28834970 8 PTK2B STMN4, TRIM35, CHRNA2, EPHX2

rs9331896 8 CLU PTK2B, CHRNA2, EPHX2, SCARA3,
CCDC25, ESCO2, PBK

rs7920721a 10 ECHDC3

rs10838725 11 CELF1 ARFGAP2, PACSIN3, DDB2, ACP2,
MADD, MYBPC3, SPI1, SLC39A13,
PSMC3, RAPSN, PTPMT1, KBTBD4,
NDUFS3, C1QTNF4, MTCH2, AGBL2,
FNBP4, NUP160

rs983392 11 MS4A6A PLAC1L, MS4A3, MS4A2, MS4A4A,
MS4A6E

rs10792832 11 PICALM CCDC83

rs11218343 11 SORL1

rs17125944 14 FERMT2 ERO1L, PSMC6, STYX, GNPNAT1

rs10498633 14 SLC24A4 RIN3

rs59685680a 15 SPPL2A TRPM7, USP50

rs77493189a 17 HBEGF HBEGF

rs4147929 19 ABCA7 CFD, MED16, PRTN3, R3HDM4,
KISS1R, ELANE, ARID3A, TMEM259,
GRIN3B, WDR18, HMHA1, CNN2,
POLR2E, SBNO2, GPX4, ATP5D,
MIDN, CIRBP, EFNA2

rs7274581 20 CASS4 CSTF1, RTFDC1, GCNT7, FAM209A,
FAM209B

Disease-associated SNPs that have reached genome-wide significance for
each locus are labeled, along with their chromosome, the closest gene
(that which is reported) and additional genes within the locus
aidentified in GWAX

Efthymiou and Goate Molecular Neurodegeneration  (2017) 12:43 Page 3 of 12



findings from earlier smaller studies and identify four
novel loci due to the number of samples involved. This
removes an important barrier for identifying disease-
associated loci through genetic screens by increasing the
population from which “cases” can be obtained.

Know what you’re getting: GWAS results and limitations
It is common practice to display GWAS data in Manhattan
plots, with chromosome location on the x-axis and degree
of association (as –log10(p-value)) on the y-axis, with each
data-point representing one single nucleotide polymorph-
ism (SNP). SNPs whose p-values are lower than the
genome-wide significance cutoff of 10−8 are considered sig-
nificant, and often labeled with the gene that is closest to
that locus. However, it is important to note that this label-
ing based on proximity of the most significant SNP to a
gene in that locus does not necessarily mean that the
disease-associated SNP has any functional interaction or
influence on that gene. In fact, it is possible that the genes
affected by these variants are many kilobases away. Add-
itionally, it is hard to distinguish SNPs with high LD, indi-
cating the possibility that the actual SNP that confers risk
for developing the disease is not the one determined to be
most significant by GWAS. Table 1 displays 25 AD-risk
loci that have been detected through GWAS meta-
analyses, along with all genes within the nearest recombin-
ation hotspots of the most significant SNP in that locus.
Additional studies will have to be conducted to conclude
which gene is affected by that variant.

Validating GWAS results with functional genomics
The limitations presented by GWAS necessitate func-
tional validation of all target loci in order to determine
which gene is affected by these variants or other vari-
ants in LD, the effect of the variant on gene expression
and function, and subsequently, the effect of the variant
on the disease state. This can be done by first fine-
mapping the region using computational approaches,
which integrate information including transcription fac-
tor binding sites, chromatin state, DNA methylation,
splicing, and gene expression, to prioritize SNPs and
determine which is most likely to have a functional
effect and on what gene. Fine-mapping should be
followed by in vitro and in vivo studies that seek to
validate the SNP-gene pair and to determine their
effects in appropriate models. Several examples of func-
tional genomics have been conducted for putative AD-
risk genes, including SPI1 [26] and CD33 [27], discussed
below.
Many of the loci identified through GWAS do not con-

tain genes that are highly expressed in whole brain tissues,
impeding our ability to fine-map these loci and assess
their contribution to disease. It is possible that this is a re-
sult of the heterogeneity of cell types in these samples.

Microglia share a similar developmental lineage, gene ex-
pression pattern, and function with other peripheral im-
mune cells of the myeloid lineage. Because these gene
expression signatures are conserved, there are two ways of
interpreting these data. First; microglia contribute to the
etiology of AD, and second; peripheral myeloid cells, such
as monocytes and macrophages, could be contributing
alone, or in combination with microglia, to the observed
immune effect. The connection of these cells to other per-
ipheral myeloid cells can be exploited to learn more about
the underlying neuropathology of LOAD. Previous work
by Raj et al. profiled purified monocytes from a young and
healthy population and looked at their gene expression
patterns for enrichment across multiple diseases [28].
They found that AD susceptibility alleles are enriched
among expression quantitative trait loci (eQTLs) in
monocytes but not in T cells. This suggests that mono-
cytes could be used as a proxy to examine the effects of
microglia in AD.

AD-risk genes in microglia
The importance of validating GWAS hits with functional
genomics cannot be understated. However, despite the ab-
sence of thorough and complete functional studies, inte-
grating information from multiple sources can provide
evidence in support of specific genes and pathways. Below,
we describe several genes that are present within AD-risk
loci, are expressed in microglia, associate with other
microglial or immune genes through co-expression ana-
lysis, and have previously been shown to be associated
with AD in human or animal studies. We also discuss sev-
eral other genes that have been detected in GWAS and
may be involved in these same pathways, which still need
to be supported with additional evidence.

Genes identified through common variants in GWAS
CR1
Complement receptor 1 (CR1) is a glycoprotein
expressed on immune-related cells, including microglia.
Its encoding gene, CR1, is located on chromosome 1q32
and is represented by four different alleles that vary in
size, transcript, and frequency among populations [29].
The CR1 locus has been identified through GWAS as a
risk factor for AD [21], and complement factors are
highly expressed in AD brain [30, 31]. The AD-risk SNP
identified in IGAP, rs6656401, falls within an intronic re-
gion of CR1, with SNPs in high LD spanning the entire
length of CR1 [32]. Another LOAD-associated SNP,
rs3818361 ((r2 > 0.8 with rs6656401), was reported to be
strongly associated with disease in APOE4 carriers [21].
Both SNPs are associated with low CR1 expression in
brain tissue and neurons, and higher expression in
monocytes [33].
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CR1 plays a major role in regulating immune activation
through the complement cascade and acts as the main re-
ceptor for the complement protein C3b [34]. The comple-
ment cascade is known to mediate microglial activity,
including pruning of synapses [35]. Aβ has been shown to
activate the complement system through an association
with C1q, which binds to CR1 [36–39]. Increased CR1 is
associated with more active microglia, and blocking CR1
impedes microglial ability to phagocytose Aβ [40]. How-
ever, given that CR1 is expressed in several cell types in
the brain and in peripheral immune cells it is unclear
whether the genetic effects of CR1 on AD are mediated
through functional effects in a specific cell type or through
all cells in which it is expressed [29].

CELF1/SPI1
The IGAP meta-analysis identified the SNP rs10838725 to
be a risk factor for AD, and this variant is present within
an intronic region of the gene CELF1 [24]. However, LD
in this region is extensive, and there are multiple genes
that could be affected by the identified AD risk SNP
(Table 1). One of these genes, SPI1, has been implicated in
LOAD through network analysis [41]. Additional studies
suggest that PU.1, a transcription factor encoded by the
gene SPI1, is a central hub in an AD gene network and is
associated with AD pathology [41, 42].
SPI1 is highly expressed in immune cells, macrophages,

and microglia, which share a developmental lineage [43, 44].
Further analyses of GWAS data and fine mapping of this
locus by Huang et al., indicate that SPI1 is the gene affected
in this locus [26]. Fine-mapping identified 5 variants associ-
ated with AD and SPI1 expression in myeloid cells, includ-
ing macrophages and monocytes. These variants are located
within PU.1 binding sites or a miR-569 binding site within
the 3′ UTR of SPI1, consistent with potential effects on
gene expression. Colocalization analyses of this GWAS
locus with variants that influence gene expression suggest
that SPI1, rather than other nearby genes including CELF1
and MYBPC3, is most likely the gene in this locus contrib-
uting to LOAD [26].
The PU.1 cistrome, which includes transcription factor

binding sites throughout the entire genome, is also
enriched in AD [26]. Chromatin immunoprecipitation
(ChIP)-Seq data from myeloid cells shows that PU.1 binds
TYROBP, MS4As, INPP5D, TREM2, and CD33, suggesting
that it regulates their gene expression. These recent find-
ings regarding SPI1 emphasize the importance of verifying
genetic targets through a variety of functional genomics
approaches.

MS4A family
The membrane-spanning 4-domain subfamily A (MS4A)
gene cluster is present on chromosome 11q12 and
includes eighteen genes spanning approximately 600kb

[45–47]. Multiple GWAS in European and Asian popula-
tions have implicated several genes within the MS4A clus-
ter in AD, including MS4A4A, MS4A4E, MS4A6A, and
MS4A6E [23, 48–51]. The IGAP meta-analysis identified
rs983392, upstream of MS4A6A and downstream of
MS4A2, as an AD-risk SNP that is associated with re-
duced LOAD risk. This SNP is associated with chromatin
marks that confer low transcription in brain tissues and
neuronal cells, and is associated with enhancers and active
transcription sites in peripheral primary human mono-
cytes [33]. Another SNP, rs670139, lies between MS4A4A
and MS4A6A and is associated with increased LOAD risk.
The LD between these two SNPs is between 0.4 < r2 < 0.6,
suggesting they may be having independent effects.
The exact function of these transmembrane proteins is

unknown, although they have been implicated in mediat-
ing calcium influx, regulating endocytosis, trafficking, and
signaling [52], and may act as chemoreceptors [53]. How-
ever, their ligand binding partners and downstream signal-
ing cascades have not yet been fully described. High levels
of expression of MS4A6A in AD brains is associated with
increased Braak tangle and plaque scores, indicating ad-
vanced disease pathology [30]. While most loci appear to
have similar effects in APOE4+ and APOE4− AD patients,
the MS4A signal is stronger in APOE4− subjects [54].
MS4As are expressed in microglia and macrophages

within the brain, and are also highly expressed in periph-
eral immune cells. Several of the MS4As, including
MS4A4A and MS4A6A, contain binding regions for the
transcription factor PU.1, which is also selectively
expressed in myeloid cells and has been implicated in AD.
Work by Huang, et al., has shown that changes in ex-
pression level of Spi1, the gene encoding PU.1 in
mouse, correlate with similar expression changes in
Ms4a4a and Ms4a6d (mouse ortholog to MS4A6A) in BV2
microglial cell lines [26]. Further experiments will
have to be done to determine the exact function of
the MS4As and which genes within this family are in-
volved in AD.

Genes identified through sequencing strategies and rare
variants
Sequencing strategies generate high-coverage data of dif-
ferent genetic loci to identify rare variants that are not
seen through standard GWAS. Rare variants in two
genes, ABCA7 and TREM2, have a strong and replicated
association with AD, and are described below.

ABCA7
ATP-binding cassette transporter A7 (ABCA7) is a
membrane transporter. ABCA7 is located on chromo-
some 19p13.3, and common SNPs in this locus have
been implicated in LOAD through GWAS. Additionally,
this locus contains several rare variants that have been
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identified by sequencing studies. GWAS in European
and African Americans have implicated the chromo-
somal region including ABCA7 [17, 24]. Indeed this
locus contains the only SNPs to reach genome-wide sig-
nificance in a GWAS of African Americans apart from
those in the APOE locus [17]. One of these SNPs identi-
fied in Europeans, rs3764650, is located within an in-
tronic region of ABCA7. It is associated with T-box
transcription factor binding sites and myeloid-related
transcription factors such as CEBPD [33]. The AD-risk
SNP identified in African Americans, rs115550680, is also
found in an intronic region of ABCA7 and is in high LD
(r2 > 0.8) with variants identified in European populations.
Both SNPs are associated with weak transcription in the
brain and strong transcription in myeloid cells [33].
ABCA7 is expressed in microglia, and is associated with

increased risk of LOAD. ABCA7 is known to transfer
phospholipids to apolipoproteins [55], including APOE
and APOJ/CLU, and it is possible that mutations in this
protein may be affecting AD though this pathway [56–58].
However, ABCA7 has also been implicated as a modulator
of microglial function by its association with microglial
phagocytosis and clearance [16]. Multiple rare coding vari-
ants in ABCA7 confer loss of function, resulting in in-
creased risk of AD [59–62]. Indeed, targeted resequencing
of ABCA7 in African Americans with low or high risk al-
leles at this locus led to the identification of a 44 bp dele-
tion, which results in a frameshift mutation and increased
AD risk. However, a recent follow-up study of ABCA7
mutations challenges the assertion that all of these vari-
ants are loss of function, and implicates a role for ABCA7
in additional neurodegenerative diseases [63].
ABCA7 has previously been shown to be associated

with AD, with increased levels of ABCA7 correlating to
increased plaque burden and more rapid cognitive de-
cline [30, 58]. Increased levels of ABCA7 increase
microglial phagocytosis and Aβ clearance, which is be-
lieved to be regulated through the C1q complement
pathway. Additionally, ABCA7−/− mice display increased
Aβ deposition, suggesting that this protein is important
for the appropriate clearance of Aβ aggregates by micro-
glia [64]. It is possible that ABCA7 can affect AD
through multiple pathways, given its multiple roles in
transport and microglial function.

TREM2
Complete loss of function of TREM2 results in Nasu
Hakola syndrome, a rare recessive disorder characterized by
multifocal bone cysts and frontotemporal dementia. This is
driven by loss of function in macrophages in many tissues,
including microglia [65]. TREM2 is a transmembrane-
glycoprotein that acts as a receptor on the surface of im-
mune cells of myeloid origin, including microglia, and
senses lipids that are exposed after cellular damage.

Heterozygous rare variants of TREM2 are associated with
an increased risk of developing AD in European, African
American and Asian populations [66–69]. The identified
AD-risk SNPs in this region are likely to result in partial loss
of function [70]. Evidence suggests that the same variants
may increase risk for other neurodegenerative diseases in-
cluding Parkinson’s Disease (PD), amyotrophic lateral scler-
osis (ALS), and frontotemporal lobar degeneration (FTLD)
[16, 66, 67, 71]. However, meta-analysis of other diseases
shows that data linking TREM2 to these neurodegenerative
diseases are far less compelling than in the AD studies [71].
TREM2 associates with its adaptor protein, TYROBP/

DAP12, which is responsible for the propagation of down-
stream signaling through this receptor [65]. Network ana-
lysis of whole transcriptome gene expression data in
healthy individuals identified TREM2 as a central hub in
five brain regions, suggesting that it can drive expression
levels of its associated genes [72]. Many of the genes that
associate with TREM2 are immune genes, and others have
previously been associated with AD risk [72]. TREM2 ex-
pression is increased in AD, which may be a compensa-
tory mechanism, as AD-associated TREM2 mutations are
partial loss of function and can affect receptor binding of
TREM2 to its associated ligands [73, 74].
Activation of TREM2 through ligand-receptor binding

stimulates macrophage and microglia phagocytosis, sur-
vival, and mobilization, whereas absence of TREM2 in
microglia impedes their ability to phagocytose and alters
their gene expression signatures [75]. TREM2 has been
shown to bind apolipoproteins, including APOE and
APOJ/CLU, and disease variants of TREM2 showed lower
binding to these AD-associated ligands [76]. Trem2−/−

mice bred to an accelerated AD mouse model (5XFAD
transgenic mice) show significant Aß accumulation in hip-
pocampal regions and an increase in insoluble Aß [77].
These mice also show defects in microglial reactivity, Aß
plaque clearance, and survival [77, 78]. The selective ex-
pression of TREM2 in microglia, the association of
TREM2 with other immune genes, and the impaired func-
tion of TREM2 mutant microglia suggest that this cell
type is a key player in the development in LOAD.

Additional plausible microglial genes
CD33
GWAS studies in multiple ethnic populations have iden-
tified variants within the CD33 locus, located on
chromosome 19q13.33, that are associated with AD.
These loci were genome-wide significant in early studies,
but fell short of genome-wide significance in large meta-
analyses [23, 49]. The variant rs3865444 is associated
with CD33 exon 2 splicing [27] and with a reduction in
CD33 expression [79]. Fine-mapping studies have shown
that rs12459419, a SNP in high LD with rs3865444,
likely mediates the altered splicing [27]. Both variants

Efthymiou and Goate Molecular Neurodegeneration  (2017) 12:43 Page 6 of 12



are associated with chromatin marks signifying low/re-
pressed transcription in brain tissues, but is closely asso-
ciated with active transcription start sites in myeloid
cells. Introduction of rs12459419 into microglial BV2
cells modulates exon 2 splicing efficiency and microglial
activation [27].
CD33, a member of the sialic acid-binding Ig-like family,

is a myeloid cell receptor that is exclusively expressed by
microglia and macrophages in the brain. Increased CD33
expression is seen in AD brain and is associated with in-
creased plaque burden, advanced cognitive decline, and
disease severity [30, 80]. Cd33−/− mouse models indicate
that knocking out CD33 results in lower Aß levels and re-
duced amyloid plaque burden in brain [79]. However,
these mice do not exhibit altered APP processing, suggest-
ing that it may be Aß clearance mechanism of microglia
that is responsible for this phenotype.

INPP5D/SHIP1 and CD2AP
GWAS have also identified common variants in the
locus that codes for phosphatidylinositol-3,4,5-trisphos-
phate-5-phosphatase 1, also known as SHIP1, which is
encoded by the gene INPP5D. The AD-risk variant
rs35349669 is associated with high gene expression in
myeloid cells, and weak expression in brain tissues and
neurons. It is near another gene CD2AP, which was also
identified in GWAS by the SNP rs10948363. However,
this SNP is associated with low transcription in both
brain and myeloid cells.
INPP5D and CD2AP are both expressed in macrophages

and microglia within the brain. SHIP1 is linked to another
major AD risk gene TREM2, and inhibits TREM2 signal-
ing through the necessary adaptor DAP12 [81]. INPP5D
has also been identified as associated with AD in network
analysis, providing additional support for its involvement
in AD [41]. These data suggest that INPP5D may be play-
ing a relevant role in microglia in AD.

Gene expression networks in AD
Insights as to the contribution of microglia in AD have
been uncovered through gene expression network ana-
lysis. By comparing gene expression changes between
healthy and AD samples, we can identify quantifiable in-
ternal cellular changes, assess the contributions of these
genes, and hypothesize functional interactions. There are
two methods by which we can approach gene expression
analysis to understand AD etiology; the first is through a
candidate gene approach, by identifying genes of interest
and looking at their co-expression partners. The second is
by constructing network modules based on functional as-
sociations between genes and looking for enrichment of
these modules in disease states.
Most AD-associated risk variants identified through

GWAS have not been related to gene expression

changes in brain whole brain tissue [82]. That is, most
of these risk loci do not overlap with brain eQTLs. In
many cases, AD-risk genes identified through GWAS
are expressed at very low levels in brain samples [82],
which limits our ability to study these genes further.
These low expression signatures may be because the het-
erogeneous population of brain cells sampled for these
studies dilutes cell-specific signatures of small popula-
tions of cells, including microglia. By looking at co-
expression networks and cell-specific signatures, we can
compensate for the low expression of microglial genes in
brain (as compared to the gene expression seen in other
brain cell types) and gain insight as to the roles of these
genes to determine their contribution to AD pathology.
Gene expression data networks can be used to identify

a gene’s interaction partners and subsequently, the cellu-
lar systems that are dysregulated in disease. Building
these networks will teach us more about their normal
function and identify targets for future therapies. Previ-
ous work in whole-brain gene expression datasets has
narrowed down network signatures to identify microglial
dysfunction as a key element of AD [41, 72, 83]. These
analyses revealed AD-associated networks as involved in
innate and adaptive immunity, providing support for the
role of microglia and/or brain infiltrating peripheral
myeloid cells in AD.

Interaction of key AD drivers in healthy controls
One such method for conducting network analysis is to
perform weighted gene co-expression network analysis
(WGCNA), which groups genes into association mod-
ules in an unsupervised manner, such that genes within
these modules are co-expressed and co-regulated. The
shared regulation of these genes suggests that they are
also functionally related. Forabosco et al. conducted a
WGCNA, in which they analyzed microarray gene ex-
pression data from ten brain regions of 101 pathologic-
ally normal individuals [72]. They then grouped genes
into association modules, focusing on TREM2, a major
risk factor for LOAD that has also been identified in
GWAS [84]. They discovered that TREM2 is a central
and highly connected gene within its expression module,
suggesting that it is a hub that drives module function.
The TREM2 module shares a significant number of
genes with another microglial module, and is enriched
for genes of the innate immune system and adaptive im-
mune system, such as the microglial-specific genes
CX3CR1, ITGAM, AIF1, FCER1G, and CD68. The au-
thors then looked at a number of other genes that have
previously been associated with AD through additional
studies, including GWAS. Strikingly, the TREM2 module
is also enriched for genes implicated in AD, suggesting
that under normal physiological conditions AD-risk
genes interact to promote normal function of microglia.
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As network analysis evolves, newer and improved tech-
niques such as multiscale embedded gene co-expression
network analysis (MEGENA) can also be used to verify
these findings [85].

Co-expression networks in brains of AD-affected
individuals
Zhang et al., conducted a similar analysis with case and
control samples from three brain areas in 376 LOAD pa-
tients and 173 non-demented controls [83]. They then
constructed multi-tissue co-expression networks to in-
vestigate the differences in these modules between case
and control samples. The number of modules differed
between cases and controls, and new modules were cre-
ated (described as “gain of connectivity”) and existing
modules were disrupted (described as “loss of connectiv-
ity”) in AD. They then ranked the modules through an
integrative network-based approach that looked at mod-
ule disease association, based on clinical and neuro-
pathological findings and network properties. In such a
ranking, the highest ranked module would contain genes
most highly associated with disease. Highest ranked was
the immune/microglia module, which was a gain of con-
nectivity module that showed the most functional en-
richment in this analysis. It is possible that the
decreased rank of neuronal modules and increased rank
of glial modules may be due to the depletion of neurons
within AD brains. However, the role of an immune com-
ponent in AD was supported by further interrogation of
this module. TYROBP, also known as DAP12, and the
key adaptor protein for the function of TREM2, was de-
termined to be a key driver in this module. Together,
these data support the role of TREM2 and its associated
immune-related signaling partners in AD.

Epigenetic signals in AD suggest immune component
Previous gene expression network papers have highlighted
the important role of TREM2 and its associated immune
networks as seen through expression network analysis.
However, these investigations did not look closely at epi-
genetic regulation of gene expression. Gjoneska et al.
sought to investigate the contribution of epigenetic factors
to neurodegeneration using an AD mouse model (CK-
p25) at early and late stages of disease, as well as postmor-
tem brain samples from 22 AD patients [41]. In their
transcriptome analysis, they observed consistent enrich-
ments in immune-related genes, similar to what was seen
in previous experiments. In their epigenome analysis, they
used ChIP-seq to profile seven chromatin marks associ-
ated with both activation and repression of transcription.
They identified molecular signatures associated with AD,
including depletion of neuronal promoters and enhancers,
and an enrichment of AD-associated loci in enhancer re-
gions. They also identified a putative therapeutic target,

PU.1 (coded for by the gene SPI1) a transcription factor
that is associated with microglial activation and immune
function, and whose binding motif was enriched in their
analysis. As with previous network analyses, it is pos-
sible that the enrichment of these epigenome marks as-
sociated with microglia could reflect the increased
presence of microglia and fewer neurons (as a result of
neurodegeneration) in AD brains, rather than changes
within the cell. However, follow-up functional studies
support the role of immune-related genes, including
SPI1, in AD [26].
Together, these network analyses from brain tissue sug-

gest that AD-associated genes are co-expressed and co-
regulated under normal conditions to support the normal
function of microglia in the brain. Under disease condi-
tions, these networks can be disrupted and expanded, and
such disruptions are correlated to the presence and sever-
ity of AD. Through looking at additional factors such as
gene regulation, we can validate the contribution of im-
portant gene targets such as TREM2 and SPI1, as well as
identify novel targets associated with AD.

Conclusion
Modeling microglial involvement in AD
Genes identified by GWAS and sequencing, as well as ex-
pression network analyses support the involvement of
microglia in the development and progression of AD.
However, it is still not understood how all of these genes
functionally interact to promote disease pathology and
whether or how they contribute to the prevailing amyloid
cascade hypothesis.
The majority of studies of microglial involvement in AD

have focused on one particular function: microglial clear-
ance of Aß plaques. It is suggested that when the natural
mechanisms that regulate the phagocytic function of these
cells are disrupted, Aß accumulates and activates the cas-
cade that promotes subsequent neuronal degeneration
[86]. This is supported by network analyses, which show
that normal microglial networks are disrupted in AD.
CD33, ABCA7, and TREM2 have all been implicated in
microglial phagocytosis. It is also supported by many func-
tional studies, which show microglial clearance of Aß pla-
ques is disrupted in AD mouse models.
However, while Aß plaques are a defining feature of

AD, they are not the only feature, and it is possible that
microglia have other underexplored related functions.
Microglia display increased proliferation in LOAD,
which is mediated by the receptor colony-stimulating
factor 1 (CSF1R) [87]. Microglial proliferation correlates
with disease severity in humans and in transgenic mouse
models of AD [87]. Inhibiting CSF1R in AD mouse
models (including APPswe [88], PSEN1dE9 [89], APP/
PS1 [88], and 5xfAD mice [90]) decreases the prolifera-
tion of microglia and rescues behavioral deficits [87, 91].
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However, the number of Aß plaques is not significantly
changed, suggesting that their presence is not directly
contributing to AD progression. This is in contrast to
previous studies, which focus on microglial engulfment
of Aß as a major indicator of disease impact [92]. The
importance of microglial proliferation and activation is
also supported by APOE isoform differences in micro-
glial response and migration. This, in turn, can impact
clearance of Aß or influence other functions [93, 94].
Microglia may also have other clearance targets beyond

Aß plaques. The significance of APOE and TREM2 on
LOAD risk suggests that lipoproteins may be playing a lar-
ger role in this pathway than previously anticipated, and
that lipid-sensing features of microglia contribute to dis-
ease. It is possible that microglia are specifically tagging
similar lipid-rich cellular debris for phagocytosis. This the-
ory is supported by initial reports of the disease made by
Alois Alzheimer in 1907, who described the accumulation
of “adipose saccules,” or “lipid droplets,” within glial cells.
Lipid droplets are lipid-rich organelles that also contain
cholesterol and triglycerides, and the accumulation of these
droplets has been linked to cellular stress and neurodegen-
erative diseases including ALS and AD [95]. Mouse models
of AD amyloidosis (Tg2576) show increased lipid peroxida-
tion, which precedes amyloid plaque formation [96]. It is
possible that accumulation of these lipids and associated
oxidative damage contribute to AD pathology. Whether
these lipid droplets are causative or reflective of abnormal
glial function remains to be investigated.
The enrichment of immune pathways in AD is comple-

mented by the enrichment of other pathways, including
endocytosis and cholesterol metabolism. These three
pathways involve many of the same genes, including (but
not limited to) APOE, TREM2, and ABCA7. Combining
these pathways together suggests a new model of micro-
glial involvement in AD relating to microglial efferocyto-
sis, or clearance of dying cells. The efferocytosis model
reveals a functional role for microglia and support for the
enrichment of immune genes in AD that has been re-
vealed through gene network studies and disease genetics
(Fig. 2). Many of these genes interact either directly (as
with binding partners APOE and TREM2) or indirectly
(as with PU.1 and its downstream gene targets). It is pos-
sible that these three pathways converge within microglia,
which require an ability to respond, engulf, remove, and
process cellular debris.

What confers risk: endogenous microglia or invading
peripheral immune cells?
As indicated previously, microglia share a similar develop-
mental pattern, gene expression, and function with other
immune cells. It is possible that other myeloid cells, such
as monocytes and macrophages, could be contributing to
the observed immune effect. The strong association

between LOAD signals and myeloid cells provides evi-
dence for the immune system’s role in LOAD, and this re-
lationship can be exploited to investigate genetic risk
factors and potentially use peripheral immune cells as a
source for easily accessible biomarkers to monitor, diag-
nose, and eventually treat LOAD. However, another inter-
pretation of these data suggests that the relevant cell-types
could be residing outside of the brain, and that the rela-
tionship between LOAD and the immune system is con-
trolled by infiltrating peripheral cells [28].
Deciphering the exact contribution of resident microglia

versus infiltrating peripheral immune cells in LOAD will
be of utmost importance. There are unique molecular and
functional signatures in microglia that are not retained in
microglial cell lines and are not observed in monocytes
that are recruited to the central nervous system, which
will serve as a useful tool in determining the contribution
of each [97]. Similarly, microglia and infiltrating mono-
cytes have different functions. Monocyte-derived macro-
phages are highly phagocytic and inflammatory, and can
initiate demyelination of neurons [98]. In contrast, micro-
glia have a suppressed cellular metabolism and perform
more surveying functions and clear debris [98]. It will take
time to determine which of these pathways is contributing
most to LOAD.
Genetic studies play an essential role in identifying the

molecular mechanism of disease, particularly in highly
heritable diseases such as AD. These studies, conducted
in mouse models and human subjects, have uncovered

Fig. 2 Efferocytosis model of microglia in LOAD. Microglia contain
multiple receptors that can recognize cellular distress signals and other
ligands on apoptotic or necrotic cells, including lipids, C1q, and APOE.
Propagation of downstream signals activate the transcription factor PU.1,
which transcribes the majority of the genes involved in these pathways
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the role of microglia in disease and suggest that this cell
type plays an active role in AD pathogenesis. Further
studies will need to be conducted in order to confirm
whether the immune component of AD is from resident
tissue macrophages such as microglia, or due to the in-
filtration and activation of peripheral immune cells into
the brain. However, this new area of study updates our
understanding of AD, and provides a wider range of tar-
gets for drug discovery and development.

Abbreviations
AD: Alzheimer’s disease; ADAD: Autosomal dominant Alzheimer’s disease;
ALS: Amyotrophic lateral sclerosis; ChIP-seq: Chromatin immunoprecipitation
and sequencing; EOAD: Early onset Alzheimer’s disease; eQTL: expression
quantitative trait loci; FTLD: Frontotemporal lobar degeneration;
GWAS: Genome-wide association study; GWAX: Genome-wise association study
by proxy; IGAP: International Genomics of Alzheimer’s Project; LD: Linkage
disequilibrium; LOAD: Late onset Alzheimer’s disease; MEGENA: Multiscale
embedded gene co-expression network analysis; PD: Parkinson’s disease;
SNP: Single nucleotide polymorphism; WGCNA: Weighted gene co-expression
network analysis; WGS: Whole genome sequencing

Acknowledgements
We would like to thank Dr. Edoardo Marcora for his help in discussing the
manuscript and Dr. Kathryn Bowles for her critical reading of the manuscript.

Funding
National Institutes of Health (U01AG049508; U01AG052411; RF1AG054011),
JPB Foundation.

Availability of data and materials
All data generated or analyzed during this study to generate Table 1 are
included in the following articles:
Lambert, J. C. et al. Meta-analysis of 74,046 individuals identifies 11 new
susceptibility loci for Alzheimer’s disease. Nat. Genet. 45, 1452–8 (2013).
Liu, J. Z., Erlich, Y. & Pickrell, J. K. Case – control association mapping by
proxy using family history of disease. (2016). doi:10.1038/ng.3766

Authors’ contributions
Both authors read and approved the final manuscript.

Authors’ information
Not applicable.

Competing interests
A.M.G. is on the scientific advisory board for Denali Therapeutics and has
served as a consultant for AbbVie and Cognition Therapeutics.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Received: 9 February 2017 Accepted: 17 May 2017

References
1. Alzheimer’s Association. 2016 Alzheimer’s Disease Facts and Figures.

Alzheimers Dement. 2016;12(4).
2. Goate A, et al. Segregation of a missense mutation in the amyloid precursor

protein. Lett to Nat. 1991;349:704–6.
3. Sherrington R, et al. Cloning of a gene bearing missense mutations in early-

onset familial Alzheimer’s disease. Nature. 1995;375:754–60.
4. Alzheimer’s Disease Collaborative Group. The structure of the presenilin 1

(S182) gene and identification of six novel mutations in early onset AD
families. Nat Genet. 1995;11:219–22.

5. Rogaev EI, et al. Familial Alzheimer’s disease in kindreds with missense
mutations in a gene on chromosome 1 related to the Alzheimer’s disease
type 3 gene. Nature. 1995;376:775–8.

6. Levy-lahad AE, et al. Candidate gene for the chromosome 1 familial Alzheimer’s
Disease Locus. Science. 1995;269:973–7.

7. Guerreiro RJ, Gustafson DR, Hardy J. The genetic architecture of
Alzheimer’s disease: Beyond APP, PSENS and APOE. Neurobiol Aging.
2012;33:437–56.

8. Hardy JA, Higgins GA. Alzheimer’s Disease: The Amyloid Cascade
Hypothesis. Science. 1992;256:3–5.

9. Corder EH, et al. Gene dose of apolipoprotein E type 4 allele and the risk of
Alzheimer’s disease in late onset families. Science. 1993;261:921–3.

10. Strittmatter WJ, et al. Binding of human apolipoprotein E to synthetic
amyloid, B peptide: Isoform-specific effects and implications for late-
onset Alzheimer disease. Med Sci. 1993;90:8098–102.

11. McKhann G, Drachman D, Folstein M, Katzman R. Views & reviews Clinical
diagnosis of Alzheimer’s disease. Neurology. 1984;34:939.

12. Mawuenyega KG, et al. Decreased clearance of CNS beta-amyloid in Alzheimer’s
disease. Science. 2010;330:1774.

13. Mosher KI, Wyss-Coray T. Microglial dysfunction in brain aging and Alzheimer’s
disease. Biochem Pharmacol. 2014;88:594–604.

14. Gold M, El Khoury J. β-amyloid, microglia, and the inflammasome in Alzheimer’s
disease. Semin Immunopathol. 2015;37:607–11.

15. Mhatre SD, Tsai CA, Rubin AJ, James ML, Andreasson KI. Microglial malfunction:
the third rail in the development of Alzheimer’s disease. Trends Neurosci. 2015;
38:621–36.

16. Karch CM, Goate AM. Alzheimer’s disease risk genes and mechanisms of
disease pathogenesis. Biol Psychiatry. 2015;77:43–51.

17. Reitz C, et al. Variants in the ATP-binding cassette and the risk of late-onset
Alzheimer Disease. JAMA. 2013;309:1483–92.

18. Tishkoff SA, Williams SM. Genetic analysis of African populations: human
evolution and complex disease. Nat Rev Genet. 2002;3:611–21.

19. Tosto G, Reitz C. Genome-wide association studies in Alzheimer’s
disease: a review topical collection on dementia. Curr Neurol Neurosci
Rep. 2013;13:381.

20. Grupe A, et al. Evidence for novel susceptibility genes for late-onset
Alzheimer’s disease from a genome-wide association study of putative
functional variants. Hum Mol Genet. 2007;16:865–73.

21. Lambert J-C, et al. Genome-wide association study identifies variants at CLU
and CR1 associated with Alzheimer’s disease. Nat Genet. 2009;41:1088–93.

22. Harold D, et al. Genome-wide association study identifies variants at CLU and
PICALM associated with Alzheimer’s disease. Nat Genet. 2009;41:1088–93.

23. Naj AC, et al. Common variants at MS4A4/MS4A6E, CD2AP, CD33 and EPHA1
are associated with late-onset Alzheimer’s disease. Nat Genet. 2011;43:436–41.

24. Lambert JC, et al. Meta-analysis of 74,046 individuals identifies 11 new
susceptibility loci for Alzheimer’s disease. Nat Genet. 2013;45:1452–8.

25. Liu JZ, Erlich Y, Pickrell JK. Case – control association mapping by proxy
using family history of disease. 2016. doi:10.1038/ng.3766.

26. Huang K, et al. A common allele lowers SPI1 expression in myeloid cells and
delays age at onset for Alzheimer’s disease. Nat Neurosci. 2017; in press.

27. Malik M, et al. CD33 Alzheimer’s risk-altering polymorphism, CD33
expression, and exon 2 splicing. J Neurosci. 2013;33:13320–5.

28. Raj T, et al. Polarization of the effects of autoimmune and
neurodegenerative risk alleles in leukocytes. Science. 2014;344:519–23.

29. Crehan H, et al. Complement receptor 1 (CR1) and Alzheimer’s disease.
Immunobiology. 2012;217:244–50.

30. Karch CM, et al. Expression of novel Alzheimer’s disease risk genes in
control and Alzheimer’s disease brains. PLoS One. 2012;7:e50976.

31. Shen Y, Li R, McGeer EG, McGeer PL. Neuronal expression of mRNAs for
complement proteins of the classical pathway in Alzheimer brain. Brain Res.
1997;769:391–5.

32. Pruim RJ, et al. LocusZoom: regional visualization of genome-wide association
scan results. Bioinformatics. 2011;27:2336–7.

33. Boyle AP, et al. Annotation of functional variation in personal genomes
using RegulomeDB. Genome Res. 2012;22:1790–7.

34. Iida BYK, Mornaghi R, Nussenzweig V. Complement receptor (CR1)
deficiency in erythrocytes from patients with systemic lupus erythematosus.
J Exp Med. 1982;155;1427–38.

35. Wu Y, Dissing-olesen L, Macvicar BA, Stevens B. Microglia: dynamic
mediators of synapse development and plasticity. Trends Immunol.
2015;36:605–13.

Efthymiou and Goate Molecular Neurodegeneration  (2017) 12:43 Page 10 of 12

http://dx.doi.org/10.1038/ng.3766
http://dx.doi.org/10.1038/ng.3766


36. Klickstein LB, Barbashov SF, Liu T, Jack RM, Nicholson-weller A. Complement
Receptor Type 1 ( CR1, CD35 ) Is a Receptor for C1q. 7. Immunity. 1997;345–55.

37. Jiang H, Burdick D, Glabe CC, Cotman CW, Tenner AJ. beta-Amyloid
activates complement by binding to a specific region of the collagen-like
domain of the C1q A chain. 2017.

38. Cribbs DH, Velazquez CAP, Soreghan B, Glabe CG, Tenner AJ. Complement
activation by cross-linked truncated and chimeric full-length -amyloid.
1997;8:3457–62.

39. Velazquez P, Cribbs DH, Poulos TL, Tenner AJ. Aspartate residue 7 in amyloid
[beta]-protein is critical for classical complement pathway activation:
Implications for Alzheimer’s disease pathogenesis. Nature. 1997;3:77-9.

40. Crehan H, Hardy J, Pocock J. Blockage of CR1 prevents activation of rodent
microglia. Neurobiol Dis. 2013;54:139–49.

41. Gjoneska E, et al. Conserved epigenomic signals in mice and humans reveal
immune basis of Alzheimer’s disease. Nature. 2015;518:365–9.

42. Desikan RS, et al. Personalized genetic assessment of age-associated
Alzheimer’s disease risk; 2016. p. 1–29.

43. Bagger FO, et al. BloodSpot: a database of gene expression profiles and
transcriptional programs for healthy and malignant haematopoiesis. Nucleic
Acids Res. 2016;44:D917–24.

44. Zhang Y, et al. Purification and characterization of progenitor and mature
human astrocytes reveals transcriptional and functional differences with
mouse. Neuron. 2016;89:37–53.

45. Eon Kuek L, Leffler M, Mackay GA, Hulett MD. The MS4A family: counting
past 1, 2 and 3. Immunol Cell Biol. 2016;94:11–23.

46. Liang Y, Buckley TR, Tu L, Langdon SD, Tedder TF. Structural organization of
the human MS4A gene cluster on Chromosome 11q12. Immunogenetics.
2001;53:357–68.

47. Ma J, Yu JT, Tan L. MS4A Cluster in Alzheimer’s Disease. Mol Neurobiol.
2014;1240–8. doi:10.1007/s12035-014-8800-z.

48. Antúnez C, et al. The membrane-spanning 4-domains, subfamily A (MS4A)
gene cluster contains a common variant associated with Alzheimer’s
disease. Genome Med. 2011;3:33.

49. Hollingworth P, et al. Common variants at ABCA7, MS4A6A/MS4A4E, EPHA1,
CD33 and CD2AP are associated with Alzheimer’s disease. Nat Genet. 2011;
43:429–35.

50. Deng YL, et al. The prevalence of CD33 and MS4A6A variant in Chinese Han
population with Alzheimer’s disease. Hum Genet. 2012;131:1245–9.

51. Tan L, et al. Association of GWAS-linked loci with late-onset Alzheimer’s disease
in a northern Han Chinese population. Alzheimers Dement. 2013;9:546–53.

52. Cruse G, et al. The CD20 homologue MS4A4 directs trafficking of KIT toward
clathrin-independent endocytosis pathways and thus regulates receptor
signaling and recycling. Mol Biol Cell. 2015;26:1711–27.

53. Greer PL, et al. A Family of non-GPCR chemosensors defines an alternative
logic for Mammalian Olfaction. Cell. 2016; doi:10.1016/j.cell.2016.05.001.

54. Jun G, et al. A novel Alzheimer disease locus located near the gene
encoding tau protein. Mol Psychiatry. 2016;21:108–17.

55. Kaminski WE, et al. Identification of a novel human sterol-sensitive ATP-binding
cassette transporter (ABCA7). Biochem Biophys Res Commun. 2000;273:532–8.

56. Wang N, et al. ATP-binding Cassette Transporter A7 (ABCA7) Binds
Apolipoprotein A-I and Mediates Cellular Phospholipid but Not Cholesterol
Efflux. J Biol Chem. 2003;278:42906–12.

57. Abe-Dohmae S, et al. Human ABCA7 supports apolipoprotein-mediated
release of cellular cholesterol and phospholipid to generate high density
lipoprotein. J Biol Chem. 2004;279:604–11.

58. Vasquez JB, Fardo DW, Estus S. ABCA7 expression is associated with
Alzheimer’s disease polymorphism and disease status. Neurosci Lett. 2013;
556:58–62.

59. Steinberg S, et al. Loss-of-function variants in ABCA7 confer risk of
Alzheimer’s disease. Nat Genet. 2015;47:445–7.

60. Del-Aguila JL, et al. Role of ABCA7 loss-of-function variant in Alzheimer’s disease:
a replication study in European-Americans. Alzheimers Res Ther. 2015;7:73.

61. Cuyvers E, et al. Mutations in ABCA7 in a Belgian cohort of Alzheimer’s disease
patients: a targeted resequencing study. Lancet Neurol. 2015;14:814–22.

62. Guennec K, Le et al. ABCA7 rare variants and Alzheimer disease risk. Neurology.
2016;1–4. doi:10.1212/WNL.0000000000002627.

63. Allen M, et al. ABCA7 loss-of-function variants, expression, and neurologic
disease risk. Neurol Genet. 2017;3:e126.

64. Satoh K, Abe-Dohmae S, Yokoyama S, St. George-Hyslop P, Fraser PE. ATP-
binding cassette transporter A7 (ABCA7) loss of function alters Alzheimer
amyloid processing. J Biol Chem. 2015;290:24152–65.

65. Paloneva J, et al. Mutations in two genes encoding different subunits of a
receptor signaling complex result in an identical disease phenotype. Am J
Hum Genet. 2002;71:656–62.

66. Guerreiro R, et al. TREM2 Variants in Alzheimer’s Disease. N Engl J Med. 2013;
368:117–27.

67. Jonsson T, et al. Variant of TREM2 Associated with the Risk of Alzheimer’s
Disease. N Engl J Med. 121114152813005 (2012). doi:10.1056/
NEJMoa1211103.

68. Jiang T, et al. A rare coding variant in TREM2 increases risk for Alzheimer’s
disease in Han Chinese. Neurobiol Aging. 2016;42:17.e1–217.e3.

69. Jin SC, et al. Coding variants in TREM2 increase risk for Alzheimer’s disease.
Hum Mol Genet. 2014;23:5838–46.

70. Kleinberger G, et al. TREM2 mutations implicated in neurodegeneration impair
cell surface transport and phagocytosis. Sci Transl Med. 2014;6:243ra86.

71. Lill CM, et al. The role of TREM2 R47H as a risk factor for Alzheimer’s disease,
frontotemporal lobar degeneration, amyotrophic lateral sclerosis, and
Parkinson’s disease. Alzheimers Dement. 2015;11:1407–16.

72. Forabosco P, et al. Insights into TREM2 biology by network analysis of
human brain gene expression data. Neurobiol Aging. 2013;34:2699–714.

73. Ma L, et al. Expression and processing analyses of wild type and p.R47H
TREM2 variant in Alzheimer’s disease brains. Mol Neurodegener. 2016;11:72.

74. Kober DL, et al. Neurodegenerative disease mutations in TREM2 reveal a
functional surface and distinct loss-of-function mechanisms. elife. 2016;5:1–24.

75. Lue L, Schmitz C, Walker DG. What happens to microglial trem2 in
alzheimer’s disease: immunoregulatory turned into immunopathogenic?
Neuroscience. 2015;302:138–50.

76. Yeh FL, Wang Y, Tom I, Gonzalez LC, Sheng M. TREM2 binds to apolipoproteins,
including APOE and CLU/APOJ, and thereby facilitates uptake of amyloid-beta by
microglia. Neuron. 2016;91:328–40.

77. Wang Y, et al. TREM2 lipid sensing sustains the microglial response in an
Alzheimer’s disease model. Cell. 2015;160:1061–71.

78. Wang Y, et al. TREM2-mediated early microglial response limits diffusion
and toxicity of amyloid plaques. J Exp Med. 2016;213:667–75.

79. Griciuc A, et al. Alzheimer’s disease risk gene cd33 inhibits microglial uptake
of amyloid beta. Neuron. 2013;78:631–43.

80. Jiang T, et al. CD33 in alzheimer’s disease. Mol Neurobiol. 2014;49:529–35.
81. Peng Q, et al. TREM2- and DAP12-dependent activation of PI3K requires

DAP10 and is inhibited by SHIP1. Sci Signal. 2010;3:ra38.
82. GTEx Consortium, T. Gte. The Genotype-Tissue Expression (GTEx) project.

Nat Genet. 2013;45:580–5.
83. Zhang B, et al. Integrated systems approach identifies genetic nodes and

networks in late-onset Alzheimer’s disease. Cell. 2013;153:707–20.
84. Colonna M, Wang Y. TREM2 variants: new keys to decipher Alzheimer

disease pathogenesis. Nat Rev Neurosci. 2016;17:201–7.
85. Song WM, Zhang B. Multiscale embedded gene co-expression network

analysis. PLoS Comput Biol. 2015;11:e1004574.
86. Murphy MP, LeVine H III. Alzheimer’s disease and the beta-amyloid peptide.

J Alzheimers Dis. 2010;19:1–17.
87. Olmos-Alonso A, et al. Pharmacological targeting of CSF1R inhibits

microglial proliferation and prevents the progression of Alzheimer’s-like
pathology. Brain. 2016;139:891–907.

88. Jankowsky JL, et al. Co-expression of multiple transgenes in mouse CNS: a
comparison of strategies. Biomol Eng. 2001;17:157–65.

89. Jankowsky JL, et al. Mutant presenilins specifically elevate the levels of the
42 residue beta-amyloid peptide in vivo: evidence for augmentation of a
42-specific gamma secretase. Hum Mol Genet. 2004;13:159–70.

90. Oakley H, et al. Intraneuronal β-Amyloid aggregates, neurodegeneration,
and neuron loss in transgenic mice with five familial alzheimer’s disease
mutations: potential factors in amyloid plaque formation. J Neurosci. 2006;
26:10129–40.

91. Spangenberg EE, et al. Eliminating microglia in Alzheimer’s mice prevents
neuronal loss without modulating amyloid-β pathology. Brain. 2016;139:1265–81.

92. Gandy S, Heppner FL. Microglia as dynamic and essential components of
the amyloid hypothesis. Neuron. 2013;78:575–7.

93. Cudaback E, Li X, Montine KS, Montine TJ, Keene CD. Apolipoprotein E
isoform-dependent microglia migration. FASEB J. 2011;25:2082–91.

94. Rodriguez GA, Tai LM, LaDu MJ, Rebeck GW. Human APOE4 increases microglia
reactivity at Abeta plaques in a mouse model of Abeta deposition. J
Neuroinflammation. 2014;11:111.

95. Liu L, et al. Glial lipid droplets and ROS induced by mitochondrial defects
promote neurodegeneration. Cell. 2015;160:177–90.

Efthymiou and Goate Molecular Neurodegeneration  (2017) 12:43 Page 11 of 12

http://dx.doi.org/10.1007/s12035-014-8800-z
http://dx.doi.org/10.1016/j.cell.2016.05.001
http://dx.doi.org/10.1212/WNL.0000000000002627
http://dx.doi.org/10.1056/NEJMoa1211103
http://dx.doi.org/10.1056/NEJMoa1211103


96. Praticò D, Uryu K, Leight S, Trojanoswki JQ, Lee VM-Y. Increased lipid
peroxidation precedes amyloid plaque formation in an animal model of
Alzheimer Amyloidosis. J Neurosci. 2001;21:4183–7.

97. Butovsky O, et al. Identification of a unique TGF-β-dependent molecular
and functional signature in microglia. Nat Neurosci. 2014;17:131–43.

98. Yamasaki R, et al. Differential roles of microglia and monocytes in the
inflamed central nervous system. J Exp Med. 2014;211:1533–49.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Efthymiou and Goate Molecular Neurodegeneration  (2017) 12:43 Page 12 of 12


	Abstract
	Background
	AD GWAS studies
	Choose wisely: population sample and size in GWAS studies
	Know what you’re getting: GWAS results and limitations
	Validating GWAS results with functional genomics
	AD-risk genes in microglia
	Genes identified through common variants in GWAS
	CR1
	CELF1/SPI1
	MS4A family

	Genes identified through sequencing strategies and rare variants
	ABCA7
	TREM2

	Additional plausible microglial genes
	CD33
	INPP5D/SHIP1 and CD2AP


	Gene expression networks in AD
	Interaction of key AD drivers in healthy controls
	Co-expression networks in brains of AD-affected individuals
	Epigenetic signals in AD suggest immune component

	Conclusion
	Modeling microglial involvement in AD
	What confers risk: endogenous microglia or invading peripheral immune cells?
	Abbreviations

	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Authors’ information
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	References

