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Carrying premature termination codons in 1 allele of the ABCA7
gene is associated with an increased risk for Alzheimer’s disease
(AD). While the primary function of ABCA7 is to regulate the trans-
port of phospholipids and cholesterol, ABCA7 is also involved in
maintaining homeostasis of the immune system. Since inflamma-
tory pathways causatively or consequently participate in AD path-
ogenesis, we studied the effects of Abca7 haplodeficiency in mice
on brain immune responses under acute and chronic conditions.
When acute inflammation was induced through peripheral lipo-
polysaccharide injection in control or heterozygous Abca7 knock-
out mice, partial ABCA7 deficiency diminished proinflammatory
responses by impairing CD14 expression in the brain. On breeding
to AppNL-G-F knockin mice, we observed increased amyloid-β (Aβ)
accumulation and abnormal endosomal morphology in microglia.
Taken together, our results demonstrate that ABCA7 loss of func-
tion may contribute to AD pathogenesis by altering proper micro-
glial responses to acute inflammatory challenges and during the
development of amyloid pathology, providing insight into disease
mechanisms and possible treatment strategies.
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While brain accumulation of amyloid-β (Aβ) peptides is a
principal event in the pathogenesis of Alzheimer’s disease

(AD), current evidence increasingly recognizes the predominant
contribution of the microglia-mediated immune system to dis-
ease development and progression (1, 2). In most neurodegen-
erative diseases, chronic inflammation causes neuronal damage,
which likely occurs through the interactive activation among
microglia, astrocytes, and vascular endothelial cells in the brain
(3). Nonetheless, acute microglial activation mediates beneficial
mechanisms for eliminating Aβ and cell debris in some disease
phases during AD progression (2). Interestingly, microglia con-
stitute a major cell type in the brain, expressing susceptible loci
for late-onset AD, including APOE, TREM2, SORLA, CR1,
CD33, MS4A, and ABCA7 (4). Therefore, there is an urgent
need to dissect how the brain immune system causatively affects
the complex pathogenesis of AD.
Among the genetic factors, premature termination in one al-

lele of ABCA7 caused by nonsense, frameshift, and splice site
mutations results in its loss of function, which has clearly been
associated with the increased risk for late-onset AD (5–8) as well
as early-onset AD (9). ABCA7 encodes ATP-binding cassette
(ABC) transporter A7, sharing 54% sequence homology with
ABCA1 (10). As a member of the ABC transporter family,
ABCA7 participates in the efflux of cellular cholesterol and
phospholipids in various cell types (11–15). Of note, accumu-
lating evidence indicates that ABCA7 plays a critical role not
only in mediating lipid metabolism, but also in immune re-
sponses (16). ABCA7 deficiency diminishes phagocytic ability in
fibroblasts (17) and macrophages (18–20) and impairs cytokine
responses in natural-killer T cells (21). While previous reports
have demonstrated that Abca7 deletion aggravates Aβ pathology

in several human amyloid precursor protein (APP) transgenic am-
yloid models (22–24), ABCA7 is likely involved in the phagocytic
clearance of Aβ oligomers in mouse brains (25). Therefore, ex-
ploring ABCA7 functions in brain immune responses should pro-
vide critical clues for understanding the pathogenic pathways in AD.
In this study, using heterozygous Abca7 knockout mice, we

investigated the roles of ABCA7 in acute brain immune re-
sponses induced by peripheral lipopolysaccharide (LPS) stimu-
lation. Since AD is a chronic disorder in which Aβ pathology
precedes the disease onset by approximately 2 decades (26), we
also assessed microglial activation in the presence of amyloid
pathology. Here we show that ABCA7 haplodeficiency pre-
dominantly diminishes acute microglial activation, while Aβ ac-
cumulation and endosomal compartments in microglia are altered
in the presence of amyloid pathology. Taken together, our results
imply that microglial dysregulation is possibly correlated with
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increased AD risk in individuals carrying ABCA7 loss-of-function
variants.

Results
ABCA7 Haplodeficiency Diminishes the Brain Immune Response on
Peripheral LPS Stimulation. To investigate the role of ABCA7 in
acute immune response in the brain, we injected LPS in-
traperitoneally (i.p.) into littermate control, Abca7 heterozygous
(Abca7+/−), and Abca7 homozygous (Abca7−/−) knockout mice at
age 2 to 3 mo (SI Appendix, Fig. S1A) and measured the mRNA
levels of the major proinflammatory cytokines IL-6, TNF-α, and
IL-1β in the cortex (Fig. 1 A–C) and hippocampus (Fig. 1 D–F)
by qRT-PCR at 3.5 h after administration. Il6, Tnf, and Il1b
mRNA levels were up-regulated in both the cortex and hippo-
campus on peripheral LPS stimulation, while there were no
substantial differences in baseline mRNA levels of these cyto-
kines. We found that ABCA7 deficiency diminished the immune
responses; Abca7+/− mice had lower brain mRNA levels of Il6,
Tnf, and Il1b after LPS administration compared with control
mice, excluding cortical Tnf. Abca7−/− mice showed similar
trends in Il6 and Tnf mRNA expression levels but not in Il1b
expression, although the differences did not reach statistical
significance. LPS administration did not influence Abca7 mRNA
levels in mouse brains or microglia (SI Appendix, Fig. S1 B–D).
Since ABCA7 haplodeficiency sufficiently influenced the brain
immune responses on LPS stimulation, we used Abca7+/− mice
rather than Abca7−/− mice in the subsequent experiments.
To assess the time-dependent effect, we also measured the

expression levels of Il6, Tnf, and Il1b mRNA in the cortex and
hippocampus at 1, 3.5, 7, and 24 h after i.p. LPS injection into
control and Abca7+/− mice at age 2 to 3 mo (SI Appendix, Fig.
S2). Although LPS injection acutely induced the transient in-
crease of Il6, Tnf, and Il1b mRNA levels in the cortex and hip-
pocampus of control mice after administration, the LPS-induced
production of proinflammatory cytokines was substantially sup-
pressed in the brains of Abca7+/− mice. These results indicate
that ABCA7 critically mediates LPS-induced acute brain immune
responses, and that ABCA7 haplodeficiency sufficiently or pre-
dominantly suppresses the pathway. We did not observe any con-
siderable influence of LPS stimulation on ionized calcium binding
adaptor molecule-1 (Iba-1) or glial fibrillary acidic protein (GFAP)

immunoreactivity in either control or Abca7+/− mice at 3.5 h after
administration (SI Appendix, Fig. S3).
To assess whether ABCA7 is involved in the process of acute

microglial activation, we prepared primary cultures of microglia
from control and Abca7+/− mice at postnatal days 0 through 3.
qRT-PCR analysis showed that baseline mRNA levels of Il6 and
Il1b were considerably lower in primary microglia with ABCA7
haplodeficiency than in control microglia. Following LPS injec-
tions, measurements of Il6, Tnf, and Il1b mRNA levels in
microglia at different time points showed increased gene ex-
pression, with a peak after 3 to 6 h. However, the responses of Il6
and Il1b after LPS stimulation were diminished/decreased in
microglia from Abca7+/− mice after 3 h (Fig. 2 A–C), consistent
with our results from in vivo models. Since the expression levels
of proinflammatory cytokines are regulated predominantly by
activation of the NF-κB or MAPK/ERK pathway (27), we ex-
amined the phosphorylation of NF-κB, p38 MAPK, and ERK1/2
following LPS stimulation of microglia by Western blot analysis
(Fig. 2 D–F). NF-κB, p38 MAPK, and ERK1/2 were rapidly
phosphorylated; however, microglia from Abca7+/− mice showed
suppressed activation of NF-κB, but not p38 MAPK and ERK1/2,
in response to LPS stimulation compared with control micro-
glia. These results imply that ABCA7 haplodeficiency primarily
interrupts the NF-κB pathway during acute microglia activation,
thereby compromising proinflammatory cytokine production in
mouse brains after LPS stimulation.

Transcriptomic Profiling Identifies the Innate Immune System as the
Main Pathway Impacted by ABCA7 Haplodeficiency and Acute
Immune Stimulation. Next, cortical transcripts were profiled by
RNA-seq analysis in control and Abca7+/− mice with or without
peripheral LPS administration at age 2 to 3 mo. Our results
demonstrate that 1,093 transcripts were changed on LPS stimu-
lation among the mouse groups. Seven hundred twenty-seven
transcripts (66.5%) were commonly altered by LPS stimulation;
277 (25.3%) and 89 transcripts (8.1%) were dominantly changed
in control and Abca7+/− mice, respectively (Fig. 3A). In addition,
the weighted gene coexpression network analysis (WGCNA)
identified several module traits associated with 4 mouse groups
(Fig. 3 B and C). The turquoise module was strongly associated
(P = 4.0 × 10−9) within the 4 groups, where “immune response”
and “innate immune response” pathways were top-ranked

Fig. 1. Abca7 deficiency suppresses inflammatory cytokine expression in the mouse brain on peripheral LPS administration. mRNA expression levels of in-
flammatory cytokines were analyzed in the cortex (CX; A–C) and hippocampus (HP; D–F) of control (white), Abca7+/− (gray), and Abca7−/− (black) mice at 3.5 h
after administration with i.p. LPS injection (control, n = 15; Abca7+/−, n = 17; Abca7−/−, n = 9) or without i.p. LPS injection (control, n = 16; Abca7+/−, n = 18;
Abca7−/−, n = 7). The ΔΔCt values of Il6 (A and D), Tnf (B and E), and Il1b (C and F) relative to Hprt were measured by qRT-PCR. Relative ratios to control mice
without LPS administration are shown as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, Tukey–Kramer post hoc analysis of 2-way ANOVA
within LPS(−) or LPS(+) groups.
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through Gene Ontology (GO) enrichment analysis (Fig. 3C). In
addition, gene–gene interaction network analysis in each module
(Fig. 3D and SI Appendix, Table S1) identified Cd14 as a top-
ranked intramodular hub gene in the turquoise module (P =
1.0 × 10−19). Taken together, these results indicate that ABCA7
haplodeficiency influences brain transcript profiles modified by
peripheral LPS administration, and that CD14 or CD14-related
pathways may be involved in the altered acute immune response
in the brains of Abca7+/− mice.

ABCA7 Haplodeficiency Disturbs Cd14 Expression and Membrane
Trafficking on Peripheral LPS Stimulation and When Tested in the
Amyloid Background. To validate the RNA-seq results, we mea-
sured the mRNA expression of Cd14 in the cortex (Fig. 3E) and
hippocampus (Fig. 3F) by qRT-PCR at 1, 3.5, 7, and 24 h after
i.p. LPS injection into control and Abca7+/− mice at age 2 to 3 mo.
LPS administration induced an up-regulation of Cd14 mRNA
in the brains of mice in a time-dependent manner, with dif-
fering temporal responses between control and Abca7+/− mice.
Cd14 mRNA levels were lower in the hippocampus and cortex
of Abca7+/− mice compared with control mice at 3.5 and 7 h
after LPS administration, respectively (Fig. 3 E and F). We also
isolated CD11b-positive microglia from the mouse cortex 7 h
after LPS administration and measured Cd14 mRNA levels (Fig.
3G). Although Cd14mRNA levels were increased in microglia in
both mouse groups after LPS stimulation, the effect was di-
minished in Abca7+/− mice compared with control mice (Fig.
3G). Furthermore, quantification of cell surface CD14 levels in
CD11b-positive microglia by fluorescence-activated cell sorting
(FACS) showed decreased mean fluorescence intensity of CD14
in microglia from Abca7+/− mice compared with control mice after
peripheral LPS stimulation (Fig. 3H). CD14 serves as a coreceptor
for Toll-like receptor-4 (TLR-4), and localization of CD14 on
the plasma membrane is required for endocytosis of TLR-4
to mediate LPS-induced activation of downstream pathways
(28). Thus, our results indicate that ABCA7 haplodeficiency
may disturb proper trafficking of CD14 in microglia on LPS

stimulation, resulting in compromised induction of Cd14 mRNA
and proinflammatory cytokines in mouse brains.
To investigate how ABCA7 haplodeficiency influences chronic

brain inflammation induced by Aβ, we crossed Abca7+/− mice
with human APP knockin mice carrying Swedish, Beyreuther/
Iberian, and Arctic mutations (AppNL-G-F/NL-G-F) (29). We did
not observe evident differences in Aβ plaque burden and brain
levels of Aβ40 and Aβ42 between control AppNL-G-F/NL-G-F mice
and AppNL-G-F/NL-G-F;Abca7+/− mice at age 3 mo (SI Appendix,
Fig. S4). When CD14, a microglial marker (Iba-1), and an early-
endosome marker (EEA1) were immunostained in the mouse
brains (Fig. 4 A–C), more CD14 signals were detected in EEA1-
positive compartments in Iba-1–positive microglia in the dentate
gyrus region of AppNL-G-F/NL-G-F;Abca7+/− mice compared with
control AppNL-G-F/NL-G-F mice (Fig. 4C), although CD14 immu-
noreactivity in Iba-1–positive microglia was not affected (Fig.
4B). In addition, qRT-PCR also demonstrated that ABCA7
haplodeficiency reduced Cd14 mRNA expression in the hippo-
campus of AppNL-G-F/NL-G-F mice (Fig. 4D), consistent with the
results from peripheral LPS stimulation. While cell surface
CD14 triggers activation of the NF-κB pathway (30), de novo
synthesis of CD14 is likely mediated by NF-κB (31). Thus, these
results suggest that ABCA7 may be involved in regulating
CD14 organelle distribution, thereby modulating Cd14 mRNA
expression in microglia during chronic Aβ stimulation. However,
there was a technical limitation in detecting CD14 on the cell
surface by immunostaining in mouse brains, and additional
studies are needed to confirm our findings. There were no sub-
stantial differences in mRNA levels of proinflammatory cyto-
kines and markers for disease-associated microglia (DAM) (32)
in the hippocampus between control AppNL-G-F/NL-G-F and
AppNL-G-F/NL-G-F;Abca7+/− mice (SI Appendix, Fig. S5).

ABCA7 Haplodeficiency Leads to Abnormal Microglial Aβ Accumulation
and Impaired Endosomal Membrane Trafficking in AppNL-G-F/NL-G-F

Mice. To further explore the roles of ABCA7 in microglia in
the presence of amyloid pathology, brain sections from control
AppNL-G-F/NL-G-F and AppNL-G-F/NL-G-F;Abca7+/− mice were stained

Fig. 2. Delayed immune responses in microglia from heterozygous Abca7 knockout mice after LPS stimulation. Primary cultures of microglia were prepared
from control (white) and Abca7+/− (gray) mice. The ΔΔCt values of Il6 (A), Tnf (B), and Il1b (C) relative to Hprt were measured by qRT-PCR in microglia at 3, 6,
and 12 h after culture with LPS (10 ng/mL). Phosphorylation of NF-κB (D), p38 MAPK (E), and ERK (F) was analyzed by Western blotting at 15, 30, and 60 min
after culture with LPS. Relative ratios to control microglia without LPS are shown as mean ± SEM (n = 3/each). *P < 0.05; ***P < 0.001, Student t test at each
time point.
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for Iba-1, EEA1, and/or Aβ at age 3 mo (Fig. 5A). Iba-1 im-
munoreactivity in the cortex and hippocampus also was not
influenced by ABCA7 haplodeficiency (Fig. 5B). While Aβ in
Iba-1–positive microglia was detected mainly in EEA1-positive
compartments in control AppNL-G-F/NL-G-F mice, we found that
more Aβ accumulated in microglia without colocalizing with
EEA1 in AppNL-G-F/NL-G-F;Abca7+/− mice. When Aβ immuno-
reactivity in Iba-1–positive microglia was quantified, Aβ accu-
mulation in microglia was enhanced in the cortex and hippocampus
(CA1 and dentate gyrus) of AppNL-G-F/NL-G-F;Abca7+/− mice com-
pared with control AppNL-G-F/NL-G-F mice (Fig. 5C), although the
localization of Aβ in EEA1-positive compartments in microglia
was not affected (Fig. 5D).
Next, to investigate how partial ABCA7 deficiency influ-

ences cellular organelles in microglia, the late-endosome marker
Rab7 and the lysosome marker LAMP1 were also stained in the
mouse brains in addition to EEA1 and Iba-1. Measurement of
their immunoreactivity in Iba-1–positive microglia revealed more
EEA1-positive (Fig. 5E) and Rab7-positive (Fig. 5F) compart-
ments in Iba-1–positive microglia in the cortex or hippocam-
pus of AppNL-G-F/NL-G-F;Abca7+/− mice compared with control
AppNL-G-F/NL-G-F mice. However, LAMP1-positive lysosomes in

microglia were not affected by ABCA7 haplodeficiency
(Fig. 5G).
In addition, we also investigated the cellular internalization of

FAM-Aβ42 in primary microglia from control and Abca7+/−

mice, along with its colocalization with EEAI, Rab7, and
LAMP1. We found greater EEA1 immunoreactivity in microglia
from Abca7+/− mice compared with control mice. Although we
found no difference in internalized FAM-Aβ42 levels, Aβ in
EEA1-positive compartments was increased in microglia from
Abca7+/− mice (SI Appendix, Fig. S6). Taken together, our results
indicate that proper endosomal-lysosomal trafficking may be
disturbed by ABCA7 haplodeficiency in microglia, resulting in
abnormal accumulation of Aβ in microglia.

Discussion
In this study, we demonstrated that ABCA7 contributes to the
acute microglial activation on peripheral LPS stimulation by mod-
ulating CD14 expression. Consistently, we also found reduced Cd14
mRNA levels in the hippocampus of AppNL-G-F/NL-G-F;Abca7+/−

mice accompanied by greater CD14 accumulation in early endo-
somes in microglia compared with control AppNL-G-F/NL-G-F mice.
Although ABCA7 haplodeficiency did not influence the expres-
sion of proinflammatory cytokines and DAM markers during

Fig. 3. Altered cortical transcriptome by ABCA7 haplodeficiency and peripheral LPS stimulation. (A) Venn diagram of cortical genes markedly changed at 3.5 h
after LPS administration in control and Abca7+/− mice (n = 6/each) through RNA-seq. (B) Clustering dendrogram of genes displayed with gene dissimilarity
based on topological overlap through WGCNA among the 4 groups of mice: control with LPS administration, Abca7+/− with LPS administration, control with
LPS administration, and Abca7+/− with LPS administration. Each module is represented by a unique color. (C) The module traits were correlated with the 4
groups of mice. The corresponding correlations and P values are displayed in each module. Modules showing a significant change (P ≤ 0.01) were analyzed for
pathway enrichment. (D) Visualization of the gene–gene interaction within the turquoise module. (E–H) Expression levels of Cd14mRNA were analyzed in the
cortex (CX; E) and hippocampus (HP; F) of control (white) and Abca7+/− (gray) mice at 1 h (control, n = 4; Abca7+/−, n = 4), 3.5 h (control, n = 15; Abca7+/−, n =
17), 7 h (control, n = 4; Abca7+/−, n = 4), and 24 h (control, n = 4; Abca7+/−, n = 4) after i.p. LPS injection. (G and H) CD11b-positive microglia were isolated from
the cortex at 7 h after administration with or without i.p. LPS injection. Cd14 mRNA (G; control, n = 4; Abca7+/−, n = 4; control with LPS, n = 9; Abca7+/− with
LPS, n = 9) and cell surface CD14 (H; control, n = 4; Abca7+/−, n = 4; control with LPS, n = 9; Abca7+/− with LPS, n = 9) levels in the isolated microglia were
measured by qRT-PCR and FACS, respectively. For qRT-PCR, the ΔΔCt values of Cd14 relative to Hprt were measured. Relative ratios to control mice without
LPS administration are shown as mean ± SEM. *P < 0.05, Student t test at each time point (E and F) or Tukey–Kramer post hoc analysis of 2-way ANOVA (G and H).
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brain inflammation related to amyloid pathology, increased or
enlarged endosomal compartments in microglia, but not in ly-
sosomes, were detected in AppNL-G-F/NL-G-F;Abca7+/− mice along
with Aβ accumulation. Furthermore, RNA-seq analysis in con-
trol and heterozygous Abca7 knockout mouse brains followed by
WGCNA identified plasma membrane organization and endo-
membrane system organization as the top-ranked enrich-
ment pathways among modules markedly affected by ABCA7
haplodeficiency (SI Appendix, Fig. S7). Thus, ABCA7 loss of func-
tion is predicted to interrupt homeostasis of cellular membrane
organization, which alters microglial responses during acute and
chronic brain inflammation.
Since lipids are the main components of cellular membranes,

altered lipid metabolism likely impacts specific stages of the se-
cretory and endosomal pathways (33). While phospholipid asym-
metries in the endomembrane system trigger exocytic/endocytic
vesicle budding (33), phosphoinositides also contribute to vesicu-
lar transport by regulating vesicular budding, membrane fusion,
and cytoskeleton dynamics (34, 35). Given that brain phospholipid
profiles are altered in Abca7−/− mice (22), it is possible that
ABCA7 dysfunction disturbs proper vesicle trafficking by modu-
lating the lipid composition in cellular organelles. Importantly,
defects in vesicle trafficking are hallmarks of neurodegeneration,
which causatively or consequently contribute to pathogenesis (36).
Indeed, endosomal/lysosomal abnormalities are often detected
before clinically detectable Aβ deposition in AD (37, 38).
In immune cells, vesicle trafficking plays a critical role in

regulating inflammatory responses (39). Interestingly, the path-
way in which TLRs mediate responses to their ligands varies
depending on cellular localization and trafficking. For example,
LPS interacts with TLR-4 and CD14 at the plasma membrane to
activate the NF-κB pathway, and their subsequent trafficking
into endosomes triggers activation of the interferon regulatory
transcription factor 3 (IRF3) pathway (30). While we found that
ABCA7 haplodeficiency diminishes activation of the NF-κB
pathway in microglia when stimulated with LPS, this could be
due to the irregular cell surface distribution and trafficking of
CD14. Consistently, ABCA7 deficiency has been shown to
compromise lipid raft trafficking on the plasma membrane of

antigen-presenting cells, resulting in reduced cell surface CD1d
distribution by increasing its accumulation in endosomes (21).
Inflammation closely correlates with pathogenic cascades of
cognitive impairment and neurodegenerative diseases, including
AD (40). While excess activation of the immune system causes
harmful neuroinflammation during disease progression, main-
tenance of the inflammatory environment also plays a neuro-
protective role depending on aging, disease stage, and immune
mediators (41). In addition, age-related dysregulation of immune
responses, termed immunosenescence, not only impacts resistance
to infections, but also promotes the development of chronic low-
grade inflammation during aging (41). Thus, ABCA7 loss of
function possibly may be involved in the immunosenescence pro-
cesses during aging and AD, although further studies are needed.
Microglia is a dominant brain cell type for cellular uptake and

proteostasis of Aβ (42). Interestingly, we found that ABCA7
haplodeficiency increased the accumulation of Aβ in microglia.
Since cellular Aβ clearance is likely disturbed in microglia (25)
and macrophages (23) from Abca7−/− mice, ABCA7 dysfunction
may accelerate Aβ phagocytosis in microglia aberrantly beyond
its capacity for degradative elimination or interrupt Aβ traf-
ficking into lysosomes and subsequent proteolysis. In contrast,
CD14 has been shown to serve as a scavenger receptor for the
fibrillary form of Aβ; a CD14 deficit exacerbates amyloid pa-
thology by suppressing microglial uptake of Aβ (43, 44). Thus,
our results indicate that ABCA7 possibly mediates Aβ phago-
cytosis by microglia independently of CD14.
Furthermore, since endocytosis of APP is likely facilitated in

ABCA7-deficient microglia, resulting in aggravated APP pro-
cessing in endosomes (24), the altered Aβ accumulation observed
in microglia of AppNL-G-F/NL-G-F;Abca7+/− mice may also be as-
sociated with Aβ production as well as with phagocytosis. Since
brain inflammation was not affected by ABCA7 haplodeficiency in
AppNL-G-F/NL-G-F mice at age 3 mo, future studies should also re-
fine how ABCA7 loss of function impacts the microglial immune
responses against prolonged exposure of Aβ without Arc mutation
in the aged mouse model. While tau-mediated inflammation was
not a focus of this study, further studies might be necessary to

Fig. 4. Influence of ABCA7 haplodeficiency on CD14 in AppNL-G-F/NL-G-F mice. (A) Brain sections from AppNL-G-F/NL-G-F;control (n = 14) and
AppNL-G-F/NL-G-F;Abca7+/− mice (n = 12) were immunostained for Iba-1, CD14, and EEA1 at age 3 mo. Representative images from the dentate gyrus region are
shown. (Scale bars: 10 μm.) (B–D) Localization of CD14-positive (B) and EEA1-positive (C) compartments in Iba-1–positive cells was quantified in the cortex
(CX), CA1, and dentate gyrus (DG) of the mice using ImageJ. (D) The ΔΔCt values of Cd14 relative to Hprt were measured by qRT-PCR in the cortex and
hippocampus (HP). Relative ratios to AppNL-G-F/NL-G-F;control mice are shown as mean ± SEM, *P < 0.05, Student t test.
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determine the role of ABCA7 in chronic inflammation in the
presence of both Aβ and tau.
Our study reveals that ABCA7 haplodeficiency disrupts the

proper immune response during acute microglial activation
induced by LPS stimulation, and that microglial Aβ pathology is
altered under this chronic condition. These phenotypes pro-
duced by ABCA7 dysfunction may be a consequence of mem-
brane disorganization and abnormal membrane trafficking in
microglia. Of note, genome-wide association studies in late-
onset AD identified the loci clustering predominantly in im-
mune response, lipid metabolism, and endocytosis/intracellular
trafficking (4, 45), with ABCA7 involved in all 3 pathways.
Therefore, a greater understanding of ABCA7 function should
allow us to define molecular mechanisms underlying the cross-
talk among immune response, lipid metabolism, and membrane
trafficking in AD to develop new therapeutic strategies for se-
vere disease.

Materials and Methods
Animals. All animal procedures were approved by the Mayo Clinic’s In-
stitutional Animal Care and Use Committee and were performed in accor-
dance with the National Institutes of Health’s Guide for the Care and Use of
Laboratory Animals (46). Abca7 knockout mice (Abca7−/−) (47) were cross-
bred with wild-type C57BL/6 inbred mice. Littermate male Abca7+/+,
Abca7+/−, and Abca7−/− mice were injected i.p. with LPS (5 mg/kg Escherichia
coli O26:B6; Sigma-Aldrich; L2654) at age 2 to 3 mo. Abca7+/− mice were also
bred with AppNL-G-F/NL-G-F mice (29). Both male and female AppNL-G-F/NL-G-F;
Abca7+/− mice and littermate control AppNL-G-F/NL-G-F mice were used for the
analyses at age 3 mo.

Mouse Primary Microglial Culture. Primary cultures of microglia were pre-
pared from wild-type or Abca7+/− mice at postnatal days 0 through 3.
Mixed glial cells from the mice were cultured on poly-D-lysine–coated
flasks (Sigma-Aldrich; A-003-E) in DMEM (Thermo Fisher Scientific; 11965-
084) containing 10% heat-inactivated FBS (Sigma-Aldrich; F2442) and 1%
penicillin-streptomycin (Thermo Fisher Scientific; 15140122). The next
day, the medium was replaced with medium containing an additional
25 ng/mL of recombinant granulocyte macrophage colony-stimulating
factor (Gemini Bio; 300-308P). After 10 to 12 d of culturing, the attached
microglia population was harvested by shaking at 200 rpm and used for
experiments.

Immunohistochemical Analyses. For 3,3-diaminobenzidine (DAB) staining,
paraffin-embedded mouse brain sections were stained with pan-Aβ (clone Aβ
33.1.1; human Aβ1–16), Iba-1 (Wako Chemicals USA; 019-19741), and GFAP
(BioGenex;, clone GA5) antibodies. Immunoreactivity was measured as per-
cent area of Iba-1–positive pixels after counting the signal intensity in each
pixel using the positive pixel count program available with ImageScope
software (Aperio Technologies) after scanning using an ImageScope XT
image scanner (Aperio Technologies) (22). For immunofluorescence staining,
paraffin-embedded mouse brain sections were stained with pan-Aβ (Abcam;
ab126649), CD14 (BioLegend; Sa14-2, 123302), Iba-1 (Wako Chemicals USA;
019-19741), LAMP-1 (Abcam; clone H4A3, ab25630), EEA1 (Cell Signaling
Technology; 3288), and Rab7 (Cell Signaling Technology; D95F2, 9367) an-
tibodies, followed by incubation with Alexa Fluor 488- or Alexa Fluor 568-
conjugated secondary antibodies (Thermo Fisher Scientific). Nuclei were vi-
sualized using a mounting medium with DAPI (Vector Laboratories; H-1200).
In some experiments, Iba-1 Red Fluorochrome (635)-conjugated antibody
(Wako Chemicals USA; 013-26471) was used. Images were obtained using
confocal laser-scanning fluorescence microscopy (model LSM 710 inverted;
Carl Zeiss). The possibility of cross-reactivity of selected antibodies and

Fig. 5. Microglial Aβ accumulation in AppNL-G-F/NL-G-F;Abca7+/− mice. (A) Brain sections from AppNL-G-F/NL-G-F;control (n = 14) and AppNL-G-F/NL-G-F;Abca7+/−

mice (n = 12) were immunostained for Iba-1 (DAB; scale bars: 50 μm) and for Iba-1, Aβ, and EEA1 (immunofluorescence; scale bars: 5 μm) at age 3 mo.
Representative images from the cortical region for DAB staining and the dentate gyrus (DG) region for immunofluorescence staining are shown. (B) DAB
immunoreactivity for Iba-1 in the cortex (CX) and hippocampus (HP) were quantified through the Aperio Positive Pixel Count program (Leica Biosystems
Imaging). (C and D) Localization of Aβ in Iba-1–positive cells (C) and EEA1-positive compartments in Iba-1–positive cells (D) was quantified by ImageJ in
the cortex, CA1, and dentate gyrus. (E–G) Mouse brain sections were also immunostained for Iba-1 and EEA1 (E ), Rab7 (F ), and LAMP1 (G), and localization
in Iba-1–positive cells was quantified. Relative ratios to AppNL-G-F/NL-G-F;control mice (CX) are shown as mean ± SEM. *P < 0.05, Student t test or the
Wilcoxon test.
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bleed-through of fluorescence emission was ruled out (SI Appendix, Fig. S8).
The ImageJ JACoP plugin was used for colocalization of signals (48).

Statistics. Statistical significance was determined by Tukey post hoc analysis
after 2-way ANOVA or the 2-tailed Student t test. Comparisons between
2 datasets with a nonparametric distribution (F test; P < 0.05) were assessed
using the Wilcoxon test. All statistical analyses were performed with JMP
statistical software (SAS Institute) and Microsoft Excel. A P value <0.05 was
considered significant.

Data Availability. The RNA-seq data from this study, including the CQN-
normalized log2RPKM table, have been deposited into Gene Expression
Omnibus (www.ncbi.nlm.nih.gov/geo, accession no. GSE139592) (49).
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