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(T) and neurodegeneration (N), halting progressive ATN
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In AD, amyloid pathology (A) precedes progressive development of tau pathology (T) and neurodegeneration (N), with the latter (T/
N) processes associated with symptom progression. Recent anti-amyloid beta (Aβ) clinical trials raise hope but indicate the need for
multi-targeted therapies, to effectively halt clinical AD and ATN pathology progression. APOE-related putative protective mutations
(including APOE3Christchurch, RELN-COLBOS) were recently identified in case reports with exceptionally high resilience to autosomal
dominant AD. In these cases, Nature provided proof of concept for halting autosomal dominant AD and ATN progression in
humans, despite a high amyloid load, and pointing to the APOE pathway as a potential target. This is further supported by the
recent identification of APOE4 homozygosity as genetic AD. Here we studied the role of APOE in a preclinical model that robustly
mimics amyloid-facilitated (A) tau pathology (T) and subsequent neurodegeneration (N), denoted as ATN model, generated by
crossing 5xFAD (F +) and TauP301S (T +) mice. We show that APOE deficiency, markedly inhibited progression to tau pathology and
tau-induced neurodegeneration in this ATN model, despite a high Aβ load, reminiscent of the high resilience ADAD case reports.
Further study identified, despite increased Aβ load (W02 stained), a significant decrease in compacted, dense core plaques stained
by ThioS in APOE deficient ATN mice. Furthermore, single-cell RNA sequencing (scRNA-seq) showed a crucial role of APOE in
microglial conversion beyond homeostatic microglia to reactive and disease associated microglia (DAM) in this ATN preclinical
model. Microglial elimination significantly decreased amyloid-driven tau pathology, in the presence of APOE, but not in APOE
deficient mice. Together the data demonstrate that APOE deficiency inhibits amyloid-driven tau pathology and subsequent
neurodegeneration, by pleiotropic effects including prevention of dense core plaque formation and halting conversion of
homeostatic microglia. We here present a model recapitulating inhibition of amyloid-facilitated tau pathology by APOE deficiency
despite high Aβ load, important for understanding the role of APOE, and APOE-dependent processes in ATN progression and its
therapeutic exploitation in AD.
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INTRODUCTION
Alzheimer’s disease (AD) presents a major medical and socio-
economic challenge to patients, their entourage, and society [1].
After over 100 years of intensive research and disappointing
clinical trial results, recent anti-Aβ clinical trials finally yielded
significant positive results [2–4], raising hopes for advances in AD
therapy [2–6]. Nevertheless, the clinical impact of these innovative
treatments remains limited, highlighting the need to better
understand the mechanistic link between Aβ pathology and
downstream pathologies to develop therapies that effectively halt
AD progression [2–7]. AD brains are characterized by progressive
development of Aβ pathology (A), tau pathology (T), and
neurodegeneration (N), denoted as ATN pathology [8–14].

Amyloid pathology progresses spatiotemporally by Thal stages,
preceding by up to a decade, the spread of tau pathology by
Braak stages [8–15], closely associated with progressive neurode-
generation and symptoms [8–18]. This characteristic ATN progres-
sion presents the biological definition of AD, summarized as the
ATN-framework [8–16]. Importantly, early onset autosomal domi-
nant AD (ADAD) mutations –leading to altered Aβ biogenesis and
Aβ pathology–, invariably cause progressive tau pathology and
neurodegeneration, thereby indicating a causal link between
these processes [19–21] and an interesting therapeutic window.
The underlying molecular and cellular mechanisms of progression
beyond amyloid pathology, as well as the toxic Aβ and tau culprits
[22–27], remain to be unequivocally defined, which is required to
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design therapeutic strategies that halt ATN progression and
effectively impact AD symptom progression.
In this respect, the recent discoveries of putative protective

mutations in Apolipoprotein E3 (APOE3) are milestone findings
towards strategies to slow or halt AD progression [28]. A putative
protective homozygous APOE3Christchurch mutation (APOE3Chch -
R136S - receptor binding domain) was identified in an ADAD PS1
mutation carrier with high amyloid load but limited tau pathology
and neurodegeneration, and 30 years delayed symptom onset
[29, 30]. APOE3Chch mutation, associated with loss of function
aspects of APOE-receptor and HSPG binding, and loss of APOE-Aβ-
interaction [29, 30], may halt early amyloid-induced tau seeding,
and may constitute a compelling approach to slow ATN
progression [31]. Along this line, other putative protective effects
have been associated with APOE3 Jacksonville variants in sporadic
cases [28]. In a similar vein, another case report of an ADAD PS1
mutation carrier with high amyloid load but decreased tau
pathology and neurodegeneration exhibited exceptionally high
resilience with delayed symptom onset until 67 years of age
[32, 33]. This individual harbored a RELN-COLBOS mutation with
increased APOE-receptor binding by Reelin-COLBOS, including
APOER2 and VLDL-receptors [32], and was possibly protective
against ATN progression [32, 33], further supporting the APOE
pathway as a potential approach for modifying AD progression.
This is aligned with knowledge of APOE as a major genetic late
onset AD risk factor [34–36], with APOE2 lowering and APOE4
raising AD risk [34, 37]. And most recently, APOE4 homozygosity
was identified as a distinct genetic AD form [38]. Therefore, Nature
itself provided with these high resilience ADAD cases a ‘proof of
concept’ for effectively modifying or halting AD and ATN
progression despite high amyloid load, pointing to APOE and its
pathway as potential targets. However, further detailed study and
mechanistic understanding is needed to therapeutically exploit
this ‘proof of concept’.
Preclinical models have helped shed insight into the ability of

APOE and/or human APOE isoforms to modulate amyloid and tau
pathology independently. APOE modulates amyloid pathology in
amyloid only models by altering amyloid plaque seeding [28, 39],
plaque compaction, and microglial association with plaques
[32, 37, 39–44]. However, whether these APOE-dependent
changes in Aβ pathology effectively impact or can halt progres-
sion to downstream ATN processes remains to be determined.
This is a non-trivial question considering the need for targets that
can effectively halt Aβ-facilitated tau pathology and neurodegen-
eration, associated with symptom progression. Human APOE
isoforms modulate tau pathology (APOE4 > APOE3 [40]) in a
tauopathy only model, i.e. in TauP301S transgenic mouse model
[40]. Human APOE isoforms also influence early tau-seeding, in
dystrophic neurites near amyloid plaques in an amyloid APPPS1
transgenic mouse with injected PHF tau [45], but lacking robust
amyloid induced NFT pathology and associated neurodegenera-
tion linked to symptom progression. The latter was also shown for
the APOE Christchurch mutation [31, 46] in an early tau-seeding
model on dystrophic neurites near amyloid plaques. Assessing the
role of APOE in ATN progression requires preclinical models that
recapitulate robust neurodegeneration (N) closely associated with
amyloid (A)-facilitated and -accelerated tau pathology (T) (includ-
ing mature NFTs), thereby recapitulating full-blown and progres-
sive ATN pathologies. To this end, F +T + mice, generated by
crossing 5xFAD to TauP301S mice, display robust amyloid-
facilitated tau pathology and associated neurodegeneration, and
constitute a robust model for mechanistic analysis of the link
between these pathologies and ATN progression [47–52].
Besides the characteristic progressive ATN pathology, AD brains

display a strong inflammatory component, encompassing micro-
gliosis, as an important hallmark of AD. Notably, besides
modulating ATN via direct effects on Aβ and/or tau pathologies,
or potentially their receptor binding [53–55], APOE is also crucial

to determine microglial phenotypes and their associated functions
[56–58]. Microglial activation -and APOE- are increasingly con-
sidered active contributors to AD pathology and ATN progression
[7, 59–65]. AD brains invariably present with microgliosis,
associated with amyloid and tau pathology [9, 66–71]. Microglia
modulate both amyloid and tau pathology, in models mimicking
these pathologies independently [47, 72–75]. During neurode-
generation, microglia adopt a range of transcriptomic profiles,
following a trajectory from homeostatic, to reactive and DAM
states [47, 56, 57, 76, 77]. Many genes expressed or upregulated in
microglia, beyond APOE, are AD risk factors [78, 79], pointing to
their crucial role in the disease process. Thus, although microglia
clearly contribute to the pathogenetic process in AD, whether
these effects are detrimental or protective is context dependent,
based on distinct microglial populations, disease stage, and
associated ATN pathologies. However, to therapeutically target
microglia requires detailed understanding of their phenotypes
and respective contributions in the presence of progressive
development of combined ATN pathologies.
Here, we analyzed the inhibitory potential of APOE deficiency in

ATN progression, i.e., amyloid-facilitated tau pathology, with
subsequent neurodegeneration, to shed insight into the potential
and mechanisms of APOE-mediated slowing of ATN progression.
We leveraged the F +T + model, which recapitulates robust ATN
pathology, generated by crossing 5xFAD and TauP301S transgenic
mice [47–50]. We here show that APOE deficiency inhibited
amyloid-facilitated tau pathology and associated neurodegenera-
tion reflected in hippocampal atrophy, reminiscent of delayed ATN
pathology linked to APOE3Chch. We furthermore show that APOE
deficiency increased Aβ load but decreased dense core plaque
formation. Also, APOE deficiency blocked the conversion of
homeostatic microglia to reactive and DAM microglia. And
eliminating microglia significantly decreased amyloid-driven tau
pathology, in the presence of APOE but not in APOE deficient mice.
Taken together, we demonstrate a role for APOE deficiency in
amyloid-facilitated tau pathology and subsequent neurodegenera-
tion through multifactorial pathways, including preventing dense
core amyloid pathology and inhibiting conversion of homeostatic
microglia. The presented findings are crucial for a better under-
standing of the executive role of APOE on ATN progression andmay
open new avenues for future AD therapy development.

METHODS
Animals
The in house well-characterized strain of hemizygous 5xFAD mice,
overexpressing mutant human APP695, (3 EOFAD mutations: K670N/
M671L (Sw), I716V (Fl), V717I (Lo)) and mutant human PS1 (2 EOFAD
mutations: (M146L and L286V)) driven by the ThyI promoter, generated by
the group of R. Vassar [48], was crossed with the hemizygous TauP301S
transgenic mice (PS19) [50], expressing human Tau-P301S (1N4R) driven by
the mouse PrP promoter, to obtain the F +T + strain. These strains are well-
characterized in the research group [47, 49, 73, 80–83]. The parental
(single) 5xFAD mice develop amyloid plaques at around 3 months of age.
The parental (single) hemizygous TauP301S transgenic mice (PS19; T +

mice) develop tau pathology at around 11 months, associated with
progressive development of a neurodegenerative phenotype, including
motor deficits, clasping, hunchback and premature death. Tau pathology,
specifically somatodendritic AT8 staining and NFTs are not detected at
6 months of age. Both parental lines display a consistent development of
pathological changes in our hands [47, 49, 73, 80–83]. The phenotype of
TauP301S mice appears later than initially described by Yoshiyama and
colleagues [50], due to a well-described genetic drift of the parental strain,
while also the use of hemizygous mice, potential effects of sub-strain
generation by breeding, and housing conditions may contribute to this
effect. This genetic drift and less severe phenotype is well recognized and
has been previously described, while the phenotype of the strain is
conserved and is highly consistent and reproducible, reflected in studies
by many groups [49, 84, 85]. The F +T + strain was generated by crossing
the parental strains and showed an accelerated and aggravated tau-related
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Fig. 1 F +T + mice exhibited amyloid-facilitated tau pathology and neurodegeneration, or progressive ATN pathologies. A Representative
images of the frontal cortex of F +T + and F −T + mice stained with W02 and AT8 antibody, respectively staining Aβ (first column) and p-tau
pathology (second column), and overlay (third column), showing robust AT8 staining, in the presence of but not in the absence of amyloid
pathology in F +T + mice compared to F −T + mice at 6 months of age. Scalebar represents 500 µm. A detailed timeline of the appearance of
ATN pathologies is presented in Fig. S1. B Higher magnifications of Aβ (first column), p-tau pathology (second column) and overlays (third
column) are presented. Scalebar represents 125 µm. C Representative images of the hippocampus of F +T + and F −T + mice stained with W02,
AT8 and NeuN, respectively staining Aβ (first column, “A”), p-tau pathology (second column, “T”) and neurons (third column, “N”), showing
robust AT8 staining and hippocampal atrophy, in the presence of but not in the absence of amyloid pathology (respectively in F +T + mice
compared to F −T + mice) at 6 months of age. Scalebar represents 500 µm. D Higher magnifications of Aβ (first column), p-tau pathology
(second column) and neurons (third column). Scalebar represents 125 µm. E (Left panel) Quantitative analysis of W02 and AT8 stained area in
the frontal cortex and their linear regression analysis (p < 0.0001, 1/slope = 8.808), showing significant correlation. (Right panel) Quantitative
analysis of AT8 stained area in the hippocampus and hippocampal area of F +T + (n= 6) and F −T + (n= 6) mice and their linear regression
analysis (p < 0.0001, 1/slope=−0.03194) (right), showing significant negative correlation. Following normality testing unpaired student t-test
was used. Results were presented as mean ± standard error (SEM). **p < 0.01, ***p < 0.001, ****p < 0.0001. F Quantitative analysis of W02 and
AT8 stained area and hippocampal area in F +T + mice at different ages (1,5 mo. (n= 4), 3 mo. (n= 6), 4,5 mo. (n= 6), 6 mo. (n= 6) and 9 mo.
(n= 5)). Following normality testing ANOVA tests were used. Results were presented as mean ± standard error (SEM). *p < 0.05, **p < 0.01,
***p < 0.001. G Schematic overview of the ATN mouse model over time (left) and the human ATN framework (the upper panel adapted from
Jucker and Walker [121] (right)). A timeline with a detailed analysis of the appearance of the respective ATN pathologies in this ATN model is
presented in Fig. S1.
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phenotype (Fig. 1, Fig. S1). The F +T + strain was further crossed with APOE
deficient mice on a C57BL/6J background to generate the full F +T + ApoE
KO mouse line. In this work, no behavioral analysis was conducted on the
animals in order to focus on changes of pathological Aβ and tau,
previously found to strongly correlate with behavioral and functional
deficits associated with progressive pathology in the respective brain
regions [22, 24, 25, 86–88]. Animals were housed under regular conditions
in a temperature-controlled room around 23 °C on a 12 h day-night light
cycle with ad libitum access to food and water. Sample size calculations
were performed using G*Power based on related analyses in previous
publications [47, 49]. The ethical committee for animal welfare of Hasselt
University approved all the performed experiments.

Mice treatment
PLX3397 (Adooq Bioscience, Irvine, CA, USA), a well characterized Colony
stimulated factor 1 receptor (CSF1R) inhibitor, was used to eliminate
microglia. PLX3397 was mixed in a concentration of 1 g PLX3397 per kg
normal chow (V1524-000, Ssniff) andmice were randomly and blinded to the
researcher allocated to a group and treated from 3months onwards until the
age of 6 months. The protocol for optimal microglial elimination using this
treatment was previously optimized and performed accordingly [47].

Immunohistological analysis
Immunohistological analysis was performed according to well-established
protocols in the research group [47, 49, 73, 80–83]. Briefly, mice brains
were dissected after 2 min transcardiac perfusion (PBS, 4 °C) and fixed in
4% paraformaldehyde-PBS (4 °C). Stainings were performed on free-
floating sagittal sections (40 μm), using anti-phospho-tau (Ser202,
Thr205) monoclonal antibody (AT8; MN1020; Thermo Fisher Scientific,
Waltham, MA, USA), anti-Aβ (W02; MABN10; Merck Millipore, Burlington,
MA, USA) anti-Iba1 (019-19741; Fujifilm Wako, Neuss, Germany), anti-
neuronal nuclei (NeuN; ABN78; Merck Millipore, Burlington, MA, USA), anti-
CD68 (MCA1957; Bio-Rad, Hercules, CA, USA), anti-TSPO (EPR5384; Abcam,
Cambridge, UK), anti-LAMP1 (sc-20011; Santa Cruz Biotechnology, Dallas,
TX, USA) and anti-GSK3β (610201; BD Transduction Laboratories, USA)
antibodies, followed by incubation with the appropriate Alexa Fluor-488,
-568 or -647 coupled secondary antibodies. ThioFlavin S, Gallyas silver and
pFTAA stainings were performed as described previously, using a
standardized protocol [8, 85]. Images were acquired with a Leica DM400
B LED fluorescence microscope (Leica, Diegem, Belgium) and analyzed
using ImageJ open-source software (National Institutes of Health,
Bethesda, MD, USA). Quantitative analysis was performed on well-
defined sagittal vibratome sections at 1.32mm lateral from bregma,
stained for W02, ThioS, AT8, NeuN, Iba1, CD68, TSPO, LAMP1, GSK3β and
Gallyas silver. The stained area relative to the total area of the image was
quantified. Hippocampal area was measured on NeuN immunostained
sections by delineating the brain structure and measuring the absolute
surface area of the brain structure on 5 × digital images using Image J
software. Furthermore, neuronal count was performed in the CA1 region
(by counting the number of NeuN stained nuclei), as well as CA1 thickness.
For plaque characterization and dystrophic neurites count, a single
squared area of the frontal cortex was analyzed. Plaques were outlined
to measure plaque count and area. Subsequently, dystrophic neurites
within the plaques were quantified and normalized for plaque area per
plaque. Analysis was performed using Image J software. Confocal images
were made on the Zeiss LSM900 Airyscan 2 microscope (Zeiss,
Oberkochen, Germany) with a 63×/1.40 Oil DIC M26 objective (Zeiss).
Airyscan processing was performed in ZEN blue software and z-stacks were
processed with ImageJ.

Biochemical analysis
Tau aggregate concentrations in total brain homogenates were measured
using the homogeneous time resolved fluorescence (HTRF) tau aggrega-
tion kit (6FTAUPEG, Revvity, Waltham MA, USA), following the manufac-
turer protocol. Briefly, after 20 h incubation of total brain homogenates of F
+T + ApoE WT and F +T + ApoE KO mice with the anti-tau-d2 antibody and
anti-tau-tb antibody at room temperature in a low-volume 96-well plate
(Revvity), the signals were measured with the CLARIOstar Plus (BMG
Labtech, Ortenberg, Germany). The levels of aggregated tau (Delta F%)
were calculated and normalized. Serum Neurofilament Light levels were
measured on serum samples of F +T + ApoE WT, F +T + ApoE KO, F −T −

ApoE WT and F −T − ApoE KO mice using the MSD R-PLEX Human
Neurofilament L assay (K1517XR-2), following the manufacturer’s protocol,

using the MesoScale Discovery (MSD) platform Quickplex SQ120 (Rockville,
MD, USA). Sarkosyl insoluble fractions were extracted as previously
described [89–91]. Cortical brain tissue was homogenized in 6 volumes
of buffer and centrifuged at 100.000 g for 1 h. The pellet was resuspended
in buffer including 0.8 M NaCl and again centrifuged at 15.000 g for 30min.
Sarkosyl was added to the supernatant and left for 1 h at room
temperature, before centrifuging at 100.000 g for 1 h. The pellet containing
the sarkosyl insoluble fraction was resuspended in PBS. For western blot,
total homogenates and sarkosyl insoluble fractions were diluted appro-
priately in sample buffer for 7,5% Tris-Glycine gels (BioRad, California, USA).
Proteins were transferred to polyvinylidene fluoride (PVDF) membranes
(Merck Millipore, Burlington, MA, USA). Membranes were blocked and
incubated with anti-phospho-tau (Ser202, Thr205), anti-phospho-tau
(Thr212, Ser214), anti-phospho-tau (Thr181) and anti-tau monoclonal
antibodies, (respectively AT8 (MN1020), AT100 (MN1060), AT270
(MN1050) and HT7 (MN1000); Thermo Fisher Scientific, Waltham, MA,
USA). Afterwards they were incubated in horseradish peroxidase labeled
secondary antibody (P0447; Dako, Agilent; Santa Clara, USA) before
visualizing the bands with Pierce enhanced chemiluminescence (ECL)
(Thermo Fisher Scientific, Waltham, MA, USA) on Amersham Imager 680
(GE HealthCare, UK). Quantification was performed using Image J software.
Measurement of insoluble Aβ42 and Aβ40 concentration in the brain, after
formic acid extraction, were performed using the INNOTEST Fujirebio ELISA
(Fujirebio Diagnostics, Malvern, PA, USA) following the manufacturer’s
protocol. Reading was performed using the CLARIOstar Plus (BMG Labtech,
Ortenberg, Germany).

Brain microglia isolation and single-cell sequencing
All processing and tissue-collection was performed as previously described
[77], using the Act-Seq method [92] to limit dissociation-induced gene
expression. Briefly, brains of F −T −, F +T + ApoE WT and F +T + ApoE KO
mice (n= 6 per group, 6 months old) were pooled, cut into small pieces,
and incubated with enzyme mix (30 U/ml DNAse I (Roche), 10 U/ml
collagenase type I (Worthington) and 400 U/ml collagenase type IV
(Worthington) diluted in HBSS with 15 μM ActD at 11 °C for 40min, with
regular resuspension for full tissue dissociation. The solution was
resuspended, filtered twice over a 100 μm nylon filter and centrifuged at
400 g for 10min. The pellet was resuspended in 5 ml 70% standard
isotonic Percoll (SIP, GE Healthcare) diluted in 1× HBSS and gently overlaid
with 5ml of 30% SIP, followed by a 5ml layer of 30% SIP, forming a three-
layered density gradient (centrifuged at 650 × g, 4 °C, 30 min without
acceleration/braking). All gradient buffers contained 3 µM ActD. The cell
cloud at the 70/30% interphase was collected, centrifuged, and
resuspended in staining buffer (2 mM EDTA, 2% FCS in 1× HBSS).
Subsequently, cells were incubated with anti-mouse CD16/CD32 (clone
2.4G2), anti-CD45-Pacific Blue (clone 30-F11; BioLegend; San Diego,
California, USA) CD11b-AF647 (clone M1/70; BioLegend; San Diego,
California, USA) for 20min on ice. CD45lowCD11b+ immune cells were
sorted into 100% FCS using a BD FACS ARIA II with a sorting nozzle of
85 µm. Library preparations for the single cell RNA-seq was performed
using 10× Genomics Chromium Single Cell 3′ Kit, v3.1 NextGEM chemistry
(10× Genomics; Pleasanton, California, USA). The cell count and the
viability of the samples were accessed using LUNA dual fluorescence cell
counter (Logos Biosystems) and a targeted cell recovery of 2000–5000 cells
were aimed for each of the samples. Post cell count and QC, the samples
were immediately loaded onto the Chromium Controller. Single cell
RNAseq libraries were prepared using manufacturers recommendations
(Single cell 3′ reagent kits v3.1 user guide; CG000204 Rev D), and at the
different check points the library quality was accessed using Qubit
(Thermo Fisher Scientific, Waltham, MA, USA) and Bioanalyzer (Agilent;
Santa Clara, USA). For a targeted sequencing saturation of 50–60%,
sequencing were performed at a depth of 30,000–40,000 reads per cell and
single cell libraries were sequenced on Illumina’s NovaSeq 6000 platform
using paired-end sequencing workflow and with recommended 10×; v3.1
read parameters (28-8-0-91 cycles). The Cell Ranger pipeline (10×
Genomics; Pleasanton, California, USA) was used to perform sample
demultiplexing and to generate FASTQ files for read 0, read 2 and
the i7 sample index. Read 2, containing the cDNA, was mapped to the
reference genome (mouse mm10) using STAR. Subsequent barcode
processing, unique molecular identifiers filtering and single-cell 3′ gene
counting was performed using the Cell Ranger suite and Seurat v.3.0.1.
The total number of cells across all libraries was 8056 cells. The average of
the mean reads per cell across all libraries was 22268. Digital gene
expression matrices were preprocessed and filtered using the Scater R
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Fig. 2 APOE deficiency inhibited amyloid-facilitated tau pathology in hippocampus and frontal cortex in an ATN model. A Representative
images of the hippocampus and frontal cortex of F +T + ApoE WT and F +T + ApoE KO mice stained with AT8 and W02 antibody, respectively
staining p-tau pathology (top and bottom row), Aβ load (second row), and overlay (third row), showing a pronounced decrease in AT8 stained area
in F +T + ApoE KO compared to F +T + ApoE WTmice. Bottom row shows higher magnification of p-tau pathology. Scalebar represents 500 µm (top
rows) and 125 µm (bottom row). B Quantitative analysis of AT8 stained area in the hippocampus (left) and frontal cortex (right) of F +T + ApoE WT
(n= 17) and F +T + ApoE KO (n= 16) mice, and of the ratio of AT8 stained area over W02 stained area in the hippocampus (left) and frontal cortex
(right) of F +T + ApoE WT (n= 17) and F +T + ApoE KO (n= 16) mice. Following normality testing unpaired student t-test was used. Results were
presented as mean ± standard error (SEM). *p < 0.05, **p < 0.01, ****p < 0.0001. C Linear regression analysis between W02 stained area and
AT8 stained area in frontal cortex and hippocampus, respectively, reveals a more than 5 times steeper slope in F +T + ApoE WT compared to F +T +

ApoE KO brains (1/slope is respectively 9.1 in F +T + ApoE WT (p < 0.001) vs 59.8 in F +T + ApoE KO (p= 0.003) in hippocampus, and 25.9 in F +T +

ApoE WT (p= 0.0006) vs 144.6 in F +T + ApoE KO (p= 0.0066) in frontal cortex (F +T + ApoE WT; n= 17; F +T + ApoE KO; n= 16). D Schematic
overview of Homogenous Time Resolved Fluorescence (HTRF) assay to detect tau aggregates (left). Quantitative analysis of tau aggregation using
HTRF assay of homogenates of F +T + ApoE WT (n= 17) and F +T + ApoE KO (n= 16) mice (middle). Quantitative analysis of sarkosyl insoluble tau
(using AT8 staining p-tau S202, T205), in sarkosyl insoluble fraction of homogenates of F +T + ApoE WT (n= 17) and F +T + ApoE KO (n= 16) mice.
Following normality testing Mann-Whitney test was used. Results were presented as mean ± standard error (SEM). **p < 0.01, ***p < 0.001 (right).
Detailed analysis of p-tau and total tau in sarkosyl insoluble fractions and total homogenates is presented in Fig. S3. E Representative images of
Gallyas silver staining in the CA1 region of the hippocampus (top) and zoom in of the neuronal layer (bottom) of F +T + ApoE WT and F +T + ApoE
KO mice, showing less neurofibrillary tangles (NFTs) in APOE deficient mice. Detailed analysis of NFT staining (Gallyas silver and pFTAA) is
presented in Fig. S3. Scalebar represents 100 µm (top) and 30 µm (bottom). WB-SI western blot – sarkosyl insoluble.
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packages [93]. Data normalization and further downstream processing was
performed using Seurat package in R.

Statistical analysis
Data were statistically analyzed using GraphPad Prism version 9.0
(GraphPad Software Inc, San Diego, USA). Normal distribution was tested
using Shapiro–Wilk test and the data were further analyzed using unpaired
t-test. For non-normally distributed data, non-parametric Mann-Whitney
analysis was used, for normally distributed data unpaired parametric t-test
was used. Data were analyzed using one-way analysis of variance (ANOVA)
with Dunnett’s test for multiple comparison for normally distributed data,
or Kruskal–Wallis test with Dunn’s multiple comparison test for non-
normally distributed data. Variance was similar between compared groups.
Sections with an artefact precluding quantitative analysis (e.g. missing or
damaged parts) were removed from quantitative analysis. Outliers
identified using GraphPad Prism using ROUT 1% were removed from the
analysis to avoid skewing of the data by outliers. Results were presented as
mean ± standard error (SEM). A p-value of p < 0.05 was considered
significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Linear
regression analysis was performed using GraphPad Prism version 9.0
(GraphPad Software Inc, San Diego, USA). The curve and 95% confidence
interval were depicted on the graph, and the slope (and 1/slope) of the
best fit were calculated and depicted on the graphs. A p-value of p < 0.05
was considered significant. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.

RESULTS
APOE deficiency inhibited amyloid-facilitated tau pathology
in a preclinical ATN model
The role of APOE in AD and ATN progression, i.e. amyloid-
facilitated tau pathology and associated neurodegeneration, was
investigated using a model recapitulating progressive ATN
pathologies, generated by crossing 5xFAD mice (F +, expressing
mutant APP and PS1) and TauP301S (PS19) mice (T +, expressing
mutant Tau), further denoted as F +T + mice [48, 50]. This model
displays strongly aggravated and accelerated tau pathology in the
presence of amyloid pathology (Fig. 1A–D, Fig. S1A, B), in line with
models generated by others [49, 51, 52, 94–98], highlighting
reproducibility of amyloid-facilitated tau pathology. Accelerated
and aggravated tau pathology in presence of amyloid pathology is
proven by comparison of F +T + mice (APP/PS1xTau) with the
parental T + mice (Tau only) devoid of amyloid pathology.
Amyloid pathology starts to develop in F +T + mice by the age of
3 months progressively increasing in hippocampus and cortex,
reaching plateau levels at 6 months (Fig. 1E, F, Fig. S1A). F +T +

mice display a robust amyloid-facilitated tau pathology, measured
by AT8 staining both in cortex and hippocampus, followed by
neurodegeneration (using NeuN staining), not detected in age
matched 6 months old T + only mice (F −T +) in absence of
amyloid pathology (Fig. 1A–D, Fig. S1B, C). In the T + only mice, at
the age of 6 months, no tau pathology nor atrophy is detected
(Fig. S1B, C). Gallyas silver staining corroborated NFT formation in
F +T + at 6 months, absent in age-matched parental T + mice
(Fig. S1D, E). In the single T + mice, tau pathology is detected at
the age of 11 months old, followed by atrophy, while absent at
6 months of age (Fig. S1D, E, Fig. S3C). This robust acceleration and
aggravation of tau pathology provides a robust ATN model, and
analytical window for analyzing mechanisms of amyloid-facilitated
tau pathology (Fig. 1F, G) [98].
To assess the role of APOE in progressive ATN pathology

development, APOE deficient mice were crossed with F +T + mice,
or ATN model. APOE deficiency was verified using Western
blotting analysis, showing absence of APOE expression in brains of
F +T + ApoE KO compared to F +T + ApoE WT mice (Fig. S2B).
Amyloid-facilitated tau pathology was assessed by immunohisto-
chemical staining with anti-p-tau AT8 staining, detecting patho-
logical tau, revealing a significant decrease both in hippocampus
and in frontal cortex in F +T + ApoE KO compared to F +T + ApoE

WT mice at 6 months of age (Fig. 2A, B). The ratio of tau pathology
(AT8 staining) over total Aβ load (W02 staining), also showed a
significant decrease in F +T + ApoE KO compared to F +T + ApoE
WT mice both in hippocampus and frontal cortex, indicating that
the observed decrease was not merely due to alterations (or
decreased) Aβ load (Fig. 2B). Our data indicate that APOE
deficiency significantly decreased amyloid-facilitated tau pathol-
ogy in this ATN model. Interestingly, linear regression showed a
significant correlation between Aβ load and tau pathology
supporting a link between both pathologies both in F +T + ApoE
WT and F +T + ApoE KO mice. Notably, the slope modelling this
relation was more than 5-fold increased in the presence of APOE,
indicating a different relation between both pathologies in the
presence compared to the absence of APOE (Fig. 2C).
To assess the effect of APOE deficiency on NFTs and aggregated

insoluble tau, sarkosyl insoluble tau extraction and Gallyas silver
staining were used. Western blotting of sarkosyl insoluble fraction
showed decreased sarkosyl insoluble tau in F +T + ApoE KO
compared to F +T + ApoE WT mice, using total tau, and p-tau
antibodies AT8, AT270 and AT100 (Fig. 2D, Fig. S3A, B). Total
soluble tau was unaltered in F +T + ApoE KO compared to F +T +

ApoE WTmice, while also soluble p-tau was decreased (Fig. S3A, B).
Furthermore, Gallyas silver staining confirmed tau aggregation as
NFTs in F +T + mice and showed decreased NFTs in F +T + ApoE
KO compared to F +T + ApoE WT mice (Fig. 2E, Fig. S3D). Gallyas
silver stained NFTs were not detected in 6 months old single T +

mice, in contrast to 6 months old F +T + mice and to 11 months
old single T + mice (Fig. S1D, Fig. S3C). We next used pFTAA, a
high affinity oligothiophene probe that detects filamentous tau
in vivo and in cultured cells [99], further corroborating the
filamentous nature of the tau pathology assessed in F +T + mice in
presence and absence of APOE (Fig. S3E). Finally, a homogeneous
time resolved fluorescence (HTRF)-based assay, was used to
measure aggregated tau, ranging from small to large tau
aggregates. The assay is based on a fluorescence resonance
energy transfer (FRET) from excitation of the HTRF donor to the
HTRF acceptor, when donor and acceptor are in close proximity,
generating a specific HTRF signal, proportional to the amount of
tau aggregates, including smaller and larger tau aggregates
[47, 100–102]. HTRF signal was significantly lower in F +T + ApoE
KO compared to F +T + ApoE WT mice (Fig. 2D). Together the
detailed analysis of insoluble, aggregated and filamentous tau,
complementing the AT8 based analysis, indicates that APOE
deficiency halted amyloid-facilitated tau pathology in F +T + mice.

APOE deficiency inhibited neurodegeneration following
amyloid-facilitated tau pathology in an ATN model
Next, effects of APOE deficiency on neurodegeneration associated
with amyloid-facilitated tau pathology were assessed using F +T +

ApoE KO and F +T + ApoE WT mice. Notably, F +T + mice display
significant atrophy, measured by NeuN staining, compared to the
parental F −T + which do not show tau pathology nor atrophy at
6 months of age (Fig. 1C–E). Furthermore, marked atrophy in
F +T + mice significantly correlates with the amyloid-facilitated tau
pathology, indicating its close correlation with tau pathology in
F +T + mice (Fig. 1A–E, Fig. S1B, C). Effects of APOE on tau-induced
hippocampal atrophy downstream of Aβ load were measured on
NeuN stained sections using various parameters. Hippocampal
area, as well as hippocampal pyramidal CA1 layer thickness was
significantly increased in F +T + ApoE KO compared to F +T + ApoE
WT mouse brains (Fig. 3A–C). Furthermore, nuclear NeuN stained
area in hippocampal CA1 region and total hippocampus was
significantly increased in F +T + ApoE KO compared to F +T + ApoE
WT mice (Fig. 3A–C). Finally, neuron counts in CA1 revealed a
significant higher number of neurons in absence compared to
presence of APOE (Fig. 3C). Of note, to exclude the effect on
hippocampal atrophy by neurodevelopmental changes in APOE
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deficient mice, comparison of the parental (F −T −) ApoE WT and
ApoE KO mice was performed, showing no differences in
hippocampal parameters, reflecting no neurodevelopmental
atrophy or hypertrophy due to APOE deficiency (Fig. S4A–C).
Next, neurodegenerative processes in absence of APOE were
assessed by measuring Neurofilament Light (NfL) concentrations
serving as biofluid biomarker in patients with neurodegenerative
diseases and indicator of axonal injury or neuronal death in the
brain. Quantitative analysis by biochemical MesoScale Discovery
assay revealed a significant decreased NfL in serum of 6 months
old F +T + ApoE KO versus F +T + ApoE WT mice, reflecting
decreased neurodegenerative processes in absence of APOE
(Fig. 3D, E). Taken together, our data indicate that APOE deficiency
decreased hippocampal atrophy and neurodegeneration in F +T +

mice, indicating an inhibitory effect on progressive ATN develop-
ment by APOE deficiency.

APOE deficiency induced robust Aβ pathology but decreased
compacted, dense core plaques
To identify the cellular and molecular mechanism of decreased
pathological tau and associated neurodegeneration in absence
of APOE, we investigated in first instance, quantitative and
qualitative differences in amyloid burden. Firstly, we measured
total Aβ load, using anti-Aβ directed W02 immunostaining to
stain all Aβ, including diffuse amyloid plaques as well as dense
core, compacted plaques. This revealed – unexpectedly –
significantly increased Aβ load in F +T + ApoE KO compared to
F +T + ApoE WT mice (Fig. 4A, B). The effect of APOE deficiency
on tau pathology is hence not due to decreased total Aβ load.
To further assess qualitative differences in Aβ load we
performed staining with ThioS, intercalating between β-sheets
and demonstrating the fibrillar nature of dense core amyloid
plaques. ThioS staining revealed a significantly decreased dense
core plaque load in F +T + ApoE KO compared to F +T + ApoE WT
mice in hippocampus and frontal cortex (Fig. 4C, D). Also, more
diffuse Aβ load was strikingly observed de visu in brains of F +T +

ApoE KO mice compared to F +T + ApoE WT, and could serve as a
tell-tale of APOE deficiency. The effect of APOE deficiency on the
development of neuritic plaques, defined as amyloid plaques
associated with dystrophic neurites, was assessed using LAMP1
staining (Fig. S5A, D) and other markers such as AT8 and GSK3β,
near amyloid plaques (Fig. S5B, C, E, F). Quantitative analysis
showed decreased dystrophic neurites associated with amyloid
plaques in F +T + ApoE KO compared to F +T + ApoE WT, in
hippocampal and cortical brain regions using different markers
(Fig. 4E, Fig. S5, D–F), together indicating altered amyloid
burden. Further biochemical analysis showed no significant
quantitative differences in concentrations of Aβ40, Aβ42, ratio
Aβ42/40 and total Aβ in formic acid or insoluble fraction of brain
homogenates (Fig. S5G). Together, the combined histological
and biochemical analysis indicated a qualitative shift in load
without significant quantitative change, to more diffuse and less
dense core amyloid pathology. Finally, qualitative differences in
Aβ burden, were further reflected in plaque size and plaque
number, showing a significant robust increase in plaque size but
decrease in plaque number in F +T + ApoE KO mice compared to
F +T + ApoE WT (Fig. 4F). Taken together, APOE deficiency
caused a qualitative shift in amyloid pathology, by increasing
total W02-stained Aβ load, while decreasing dense core,
compacted amyloid plaques.

APOE deficiency halted microglial conversion beyond
homeostatic microglia towards reactive and DAM microglia
APOE is a crucial modulator in the conversion of microglia towards
a neurodegenerative microglial phenotype (MGnD) or disease
associated microglial phenotype (DAM) in the context of several
neurodegenerative stressors, including apoptotic neurons [57].
APOE also affects the association of microglia with amyloid

plaques in amyloid only models [40, 43, 44, 62, 103]. Here we
studied APOE effects on microgliosis and microglial phenotypes in
the presence of ATN pathologies. We first assessed microgliosis in
the ATN model per se, showing strong microgliosis in F +T + mice
displaying combined amyloid pathology, tau pathology, and
neurodegeneration- compared to non-transgenic mice and single
T + mice not displaying amyloid pathology (F −T + mice)
(Fig. S6A–H), indicating the robust induction of microgliosis with
combined ATN pathologies. Next, significantly and marked
decreased microgliosis in absence of APOE, was shown by
decreased Iba1 immunostaining in hippocampus and frontal
cortex, of F +T + ApoE KO mice compared to F +T + ApoE WT
(Fig. 5A, B, Fig. S7E–H, Fig. S8A). Higher magnification of Iba1
immunostaining, showed morphological changes revealing
decreased microglial activation in absence of APOE in F +T +

ApoE KO mice compared to F +T + ApoE WT mice (Fig. 5A,
Fig. S7H). CD68 staining, considered as a marker for activated,
phagocytosing microglia, also showed decreased activated
microglia in absence of APOE (Fig. S7C, D). Finally, TSPO staining,
a marker for microgliosis in the context of neurodegenerative
diseases, and used for PET-based detection of microgliosis in AD
patients, was decreased in F +T + ApoE KOmice compared to F+T+

ApoE WT mice in hippocampus and frontal cortex (Fig. S7A, B).
To investigate effects of APOE deficiency in modulating the

microglial conversion program from homeostatic towards neuro-
degenerative or disease associated microglia (DAM), RNA sequen-
cing was used at single cell resolution. We performed single cell
RNA-Sequencing analysis on CD45lowCD11b+ cells sorted from 6-
month-old F −T − (hereafter referred as WT, n= 4838), F +T + ApoE
WT (n= 2671) and F +T + ApoE KO (n= 3830). The individual
samples were combined in a single dataset on which we
performed unsupervised clustering and dimensionality reduction
via the Uniform Manifold Approximation and Projection (UMAP)
technique (Fig. 6A, B). Immune cell clusters, which included
microglia, border associated macrophages (BAMs), monocytes and
various lymphocyte subsets, were identified based on previously
described gene expression signatures [47, 56, 57, 77]. Microglia
were identified based on the expression of macrophage (e.g.:
C1qa, Fcgr1, Aif1) and microglial signature genes (e.g.: Tmem119,
P2ry12, Sall1) and the absence of lineage markers of other cell
populations identified in the single cell suspension (Fig. 6C, E,
Fig. S8B). We observed 4 main microglia subsets across the 3
experimental groups, namely homeostatic microglia, reactive
microglia, DAM and interferon-signaling microglia. Importantly,
the percentage of reactive and DAM microglia were significantly
increased in F +T + ApoE WT brains (p < 0.0001, Fisher’s test)
compared to WT brains, displaying no ATN pathologies and
mostly homeostatic microglia (Fig. 6D). Most interestingly,
microglia remained mostly homeostatic in brains of F +T + ApoE
KO mice (Fig. 6D), with a strong reduction in the frequency of
reactive microglia (F +T + ApoE WT= 58%; F +T + ApoE KO= 2%,
p < 0.0001) and DAM (F +T + ApoE WT= 28%; F +T + ApoE
KO= 15%, p < 0.0001). This indicates that ATN pathology results in
a global microglial activation, resulting in induction of reactive and
DAM microglia, while APOE deficiency resulted in a strong
maintenance of homeostatic microglia.
Taken together, APOE deficiency in F +T + transgenic mice

decreased overall microgliosis, assessed by Iba1, CD68 and TSPO,
and blocked conversion of homeostatic microglia into the DAM
transitional program, resulting in increased homeostatic microglia
at the expense of reactive and DAM microglia, maintaining
microglia in a WT-like state.

Microglial elimination decreased amyloid-facilitated tau
pathology in the presence, but not absence of APOE
To verify if microglia contributed significantly to amyloid-
facilitated tau pathology in F +T + mice, microglia were depleted
using CSF1R inhibition in the ATN model. Administration of the
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CSF1R inhibitor PLX3397, from 3 to 6 months, resulted in a
significant reduction of Iba1 staining in the frontal cortex and
hippocampus in brains of F +T + ApoE WT mice, indicating
successful microglial elimination (Fig. 7D, E). In F +T + ApoE WT
mice, microglial elimination resulted in a strong inhibition of
amyloid-facilitated tau pathology, highlighting a role of microglia
in this process (Fig. 7A, B, E). Notably, PLX3397 treatment from
3–6 months in F +T + ApoE WT in hippocampus significantly
decreased amyloid pathology, consequently both decreased
amyloid pathology and microglial elimination may contribute to
the observed diminished tau pathology in the hippocampal
region (Fig. 7A–C, E). In frontal cortex, however, PLX3397
treatment did not result in a significant decrease of amyloid
pathology, indicating a role of microglia in amyloid-facilitated tau
pathology in frontal cortex, independent of its effect on amyloid
pathology (Fig. 7A–C, E). Treatment with PLX3397 in F +T + ApoE
KO mice showed a drastic inhibition of microglia in the frontal
cortex and hippocampus (Figure S9D, E). However, microglial

elimination in F +T + ApoE KO mice did not result in a significant
decrease in tau pathology as seen in the F +T + ApoE WT
(Figure S9A, B, E). Taken together our data support a contributory
APOE-related role of microglia in amyloid-facilitated tau pathology
in the ATN model.

DISCUSSION
Despite promising recent successes, anti-Aβ therapies still remain
of limited clinical benefit to patients, highlighting the need for
multitargeting approaches, capable of halting ATN progression
beyond Aβ pathology [2–7]. Herein, we assessed the effect of
APOE deficiency on ATN progression in a robust preclinical ATN
model. We showed that APOE deficiency inhibits progressive
amyloid-driven tau pathology and neurodegeneration, despite
high Aβ load. Our findings are remarkably reminiscent of findings
in extremely resilient ADAD case reports [28–30, 32, 33, 104],
which display decreased tau pathology and neurodegeneration

Fig. 3 APOE deficiency inhibited neurodegeneration downstream of amyloid-facilitated tau pathology in an ATN model. A Representative
images of the hippocampus (top) and CA1 (bottom) of F +T + ApoE WT and F +T + ApoE KO mice stained with NeuN antibody. Scalebar
represents 500 µm (top) and 125 µm (bottom). B Quantitative analysis of hippocampal area (left) and NeuN positive signal (right) in F +T +

ApoE WT (n= 17) and F +T + ApoE KO (n= 16). C Quantitative analysis of NeuN positive area in CA1 (left), number of neurons in CA1 (middle)
and thickness of CA1 region (right) of F +T + ApoE WT (n= 16) and F +T + ApoE KO (n= 15). D Schematic representation of the experimental
set-up of NfL measurement in serum of F +T + ApoE WT and F +T + ApoE KO mice. E Concentration of serum NfL, measured using
electrochemiluminescence assay (MSD), of F +T + ApoE WT (n= 14) and F +T + ApoE KO (n= 12) mice. Following normality testing unpaired
t-test was used for normally distributed sets, non-parametric Mann-Whitney was used for non-normally distributed data. Results were
presented as mean ± standard error (SEM). *p < 0.05, **p < 0.01, ***p < 0.001. NfL: Neurofilament light chain.
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Fig. 4 APOE deficiency decreased compacted dense core plaques, despite high Aβ burden. A Representative images of the frontal cortex of
F +T + ApoE WT and F +T + ApoE KOmice stained with W02 antibody (top) and higher magnification (bottom). Scalebar represents 500 µm (top)
and 125 µm (bottom). B Quantitative analysis of W02 signal in the hippocampus and frontal cortex of F +T + ApoE WT (n= 17) and F +T + ApoE
KO (n= 16) mice. C Representative images of the frontal cortex of F +T + ApoE WT and F +T + ApoE KO mice stained with ThioS staining.
Scalebar represents 500 µm. Higher magnifications shown on bottom row (scalebar represents 125 µm). D Quantitative analysis of ThioS
stained area in the hippocampus and frontal cortex of F +T + ApoE WT (n= 16) and F +T + ApoE KO (n= 15) mice. E Quantitative analysis of
LAMP1 staining in the hippocampus and frontal cortex of F +T + ApoE WT (n= 17) and F +T + ApoE KO (n= 15) mice (images shown in Fig. S5A)
F Quantitative analysis of plaque count and plaque size in the frontal cortex of F +T + ApoE WT (n= 17) and F +T + ApoE KO (n= 15) mice.
Following normality testing unpaired t-test was used for normally distributed sets, non-parametric Mann-Whitney was used for non-normally
distributed data. Results were presented as mean ± standard error (SEM). **p < 0.01, ****p < 0.0001.
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despite a high Aβ load. Putative protective mutations in the APOE
pathway identified in these cases support the role of APOE
[3, 28–30, 32] in their observed resilience against ATN progression.
The recent classification of APOE4 homozygosity as genetic AD
[38], in addition to earlier identification of APOE as a major AD risk
factor [34–37], further underscores the importance of the APOE-
pathway in AD. Here we show that APOE deficiency favorably
impacts ATN progression by multitargeting effects by (i) inhibiting
compact, dense core plaque formation, without decreasing total
Aβ burden in this model and (ii) inhibiting homeostatic microglia
phenotypic conversion, associated with (iii) inhibiting amyloid-
facilitated tau pathology and neurodegeneration.

APOE deficiency inhibits amyloid-facilitated tau pathology
and neurodegeneration in a robust preclinical ATN model
The various AD stages are referred to as the ATN continuum
[9, 11–15]. Amyloid pathology develops up to a decade prior to
progressive spread of tau pathology beyond the entorhinal cortex
[12, 15, 16], associated with neurodegeneration and symptom
development [8, 17, 18]. ADAD mutations altering Aβ biogenesis
and enhancing Aβ accumulation in the brain, invariably
–exemptive of exceptional high resilience ADAD cases with
putative protective mutations– cause progressive tau pathology
along with progressive neurodegeneration and symptoms
[19–21]. This indicates a causal link and interrelations between
amyloid and progressive tau pathology associated with neurode-
generation, although details of the mechanistic links remain
incompletely understood –in terms of toxic Aβ culprits and
pathways–, preventing effective therapeutic development. Never-
theless, these mechanisms represent a core feature of AD
development, since individuals with amyloid pathology only
display mild cognitive impairment. And most importantly, while
anti-Aβ clinical trials robustly and strongly decrease Aβ load, tau
pathology and neurodegeneration are ineffectively impacted
requiring better understanding of the interrelation between ATN
pathologies.
Preclinical studies have captured amyloid-facilitated tau pathol-

ogy [47, 49, 51, 52, 94–96]. Previous studies showed that Aβ
facilitates tau seeding near amyloid plaques [105] as tau pathology
in dystrophic neurites, eventually spreading to the soma leading to
initiation of tangle formation, and representing a compelling
mechanism for early amyloid-driven tau pathology seeding

[105, 106]. However, this model did not mimic the later-phase of
robust neurofibrillary tangle formation nor associated neurodegen-
eration. Herein, we used a robust model that recapitulates strong
late-stage amyloid-facilitated tau pathology, including robust,
somatodendritic tau accumulation and NFT pathology, and tau-
associated neurodegeneration [7, 47–50]. Using this model, we
show that amyloid pathology substantially precedes tau pathology,
and most importantly very potently aggravates and accelerates tau-
associated pathology and neurodegeneration [7, 47–50], recapitu-
lating ATN progression. However, it is important to note that
artificial combined overexpression of mutant APP, PS1 and MAPT
used in the ATN model does not exist in humans. Along this vein, it
must be noted that similar artificial models using combined
overexpression of mutant APP and PS1, not existing in humans,
did provide the basis for successful removal of amyloid pathology in
current immunotherapies in the clinic [2–6]. Similarly, -artificial-
models recapitulating robust ATN pathologies, could provide the
basis for developing strategies for halting ATN progression, while
taking their limitations into consideration. The presented model
develops a very robust ATN pathology, with a large window for
mechanistic analysis, and closely resembles the temporal sequence
of the ATN continuum seen in human AD patients. The generated
ATN model provides a robust, invaluable tool to mechanistically
study and therapeutic target ATN progression.
During early-stage ATN, APOE4 immunotherapy mitigates Aβ-

facilitated tau seeding, increasing dystrophic neurites near
plaques in a mouse amyloidosis model expressing human APOE4
[45]. Importantly, also the APOE3Chch mutation was recently and
elegantly shown to inhibit early Aβ-facilitated tau seeding in
dystrophic neurites, validating its protective effect and supporting
an APOE role in this process [31]. However, effects on amyloid-
facilitated robust tau pathology and tau-associated neurodegen-
eration were not assessed in this model. Here, we show that APOE
deficiency mitigates late amyloid-facilitated tau pathology and
downstream tau-induced neurodegeneration. We here found that
APOE deficiency inhibited ATN progression, associated with
decreasing dense core Aβ plaque formation and blocking
conversion of homeostatic microglia to reactive and DAM states,
as outlined in detail below. Besides its effects on microglia and
dense core plaque formation halting ATN pathologies, APOE may
modulate Aβ-induced TN pathologies by alternative mechanisms
[62, 107]. These may include altered APOE-Aβ interaction affecting

Fig. 5 APOE deficiency inhibited microgliosis in a model recapitulating ATN pathology. A Representative images of the hippocampus of
F +T + ApoE WT and F +T + ApoE KO mice stained with Iba1 (left panel), AT8 (middle panel) and W02 (right panel) antibody. Top row shows
hippocampus of F +T + ApoEWT and F +T + ApoE KOmice stained formicroglia (Iba1), p-tau (AT8) and Aβ (W02). Scalebar is 500 µm. Second row of the
first panel shows highermagnifications of microglia stained in the CA1 region in F +T + ApoEWT and F +T + ApoE KOmice. Scalebar is 125 µm. Second
row of panel two and three shows overlay of microglia with respectively p-tau pathology and Aβ load in the hippocampus of F +T + ApoE WT and
F +T + ApoE KOmice. Scalebar is 500 µm. Third row of the first panel shows high resolution confocal images of microglia in the hippocampus of F +T +

ApoE WT and F +T + ApoE KOmice. Scalebar is 10 µm. Third row in the second and third panel show higher magnifications overlays of microglia and
respectively p-tau pathology and Aβ load in the CA1 of F +T + ApoE WT and F +T + ApoE KO mice. Scalebar is 125 µm. B Quantitative analysis of
Iba1 stained area in the hippocampus and frontal cortex of F +T + ApoE WT (n= 17) and F +T + ApoE KO (n= 16) mice (top). Linear regression analysis
showed a correlation betweenmicrogliosis and p-tau pathology in hippocampus (left bottom) and frontal cortex (right bottom). Following normality
testing unpaired student t-test was used. Results were presented as mean ± standard error (SEM). ****p < 0.0001.
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Fig. 6 APOE deficiency halted conversion of homeostatic microglia in an ATN model. A Schematic overview representing the single cell
RNA-sequencing setup used for WT, F +T + ApoE WT and F +T + ApoE KO brain isolation (n= 6 per genotype), single cell isolation, sequencing
and analysis. B UMAP-projection of cells analysed (WT= 4838, F +T + ApoE WT= 2671, F +T + ApoE KO= 3830). nc monocytes: nonclassical
monocytes. C Dot plot visualizing expression of key marker genes for each of the clusters that were identified in B, D UMAP projection of the
microglia cluster in their respective experimental groups showing different microglial phenotypes: homeostatic microglia (hMg, yellow),
reactive microglia (rMg, orange), disease-associated microglia (DAM, red) and interferon-signalling microglia (IFN-sign Mg, blue). Only
coloured cells belong to the specified condition, cells belonging to other conditions are depicted in grey. The pie charts represent the
percentages of the 4 distinct microglia subsets, within total microglia, per condition. E Dot plot representing the expression of signature
genes for the different microglial genotypes.
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Aβ aggregation, in addition to potential microglial contributions
[62, 107, 108]. Alternatively, APOE may alter ATN pathologies by
impacting binding with HSPGs and APOE receptors, including with
LRP [53, 54], involved in tau seed uptake [54], or by affecting
Reelin binding to APOER2 and VLDL receptors directly impacting
tau-phosphorylation [55]. These direct effects on tau pathology, in
addition to the observed effects on amyloid burden and microglia,
must be considered as potential additional contributors of
decreased tau pathology and neurodegeneration. These APOE-
dependent effects may cumulatively contribute to its overall
beneficial effects on ATN progression. Here, in this work we
unequivocally show that APOE deficiency halts ATN progression
by pleiotropic, multitargeting effects, including (i) inhibiting
compacted, neuritic plaque pathology, without decreasing total
Aβ load, (ii) inhibiting microglia phenotypic conversion beyond
homeostatic microglia, resulting in (iii) inhibiting amyloid-driven
tau-pathology and neurodegeneration.

APOE deficiency mitigates formation of compacted fibrillar
amyloid plaques in a preclinical ATN model, despite high
Aβ load
APOE affects amyloid pathology in amyloid-only models by
altering Aβ-clearance, amyloid plaque seeding [28, 39], plaque
compaction, and microglial association with plaques
[32, 37, 39–44, 62, 87, 109]. However, the effect of APOE deficiency
on subsequent late-stage tau pathology and tau-induced neuro-
degeneration remained unexplored. Here, we strikingly –serving
as ‘de visu’ tell-tale for genotype– recapitulate APOE deficiency
promoting diffuse Aβ and blocking compacted and fibrillar
amyloid plaque formation, despite high Aβ load. Qualitative
differences were observed in absence of quantitative differences
in total Aβ concentrations. Our data are strongly in line with
previous publications, while subtle differences may relate to the
models or strategies used [43, 44, 109, 110]. However, APOE
deficiency may induce pleiotropic actions, including impacting
APOE-Aβ interaction, Aβ aggregation, APOE-dependent microglial
phenotypes involved in Aβ clearance, seed formation and plaque
compaction, and APOE-dependent effects via APOE-receptors,
competing with Aβ binding, or APOE-dependent effects on lipids,
requiring follow-up to pinpoint the mechanisms involved. We here
extend prior literature by reporting that APOE deficiency mitigates
induction of late-stage somatodendritic p-tau pathology and
subsequent neurodegeneration, despite high Aβ load. The
findings are in line with the association of compacted neuritic
plaques, in contrast to diffuse plaques, with neuronal loss and
cognitive decline in AD [9, 111–113]. Our data support Aβ species
associated with mature dense core plaque formation, including
oligomeric species [22, 24], as toxic culprits linked to microgliosis
in the induction of Aβ-triggered tau pathology and subsequent
neurodegeneration, processes known to be associated with
symptom development in AD. Overall, here, we show that APOE
deficiency inhibits robust amyloid-driven tau pathology, late-stage
somatodendritic tau pathology, and associated neurodegenera-
tion –processes linked with symptom development in AD–,
associated with blocking dense core plaque formation despite
high amyloid load.

APOE deficiency halts progression beyond homeostatic
microglia in a preclinical ATN model
APOE plays a key role in microglial phenotypes [58, 62, 104, 114]
and microgliosis is a core AD feature related to neurodegenerative
diseases [7, 57, 59–62]. Microglia modulate the neurodegenerative
disease process through potentially protective and detrimental
contributions [7, 57, 59–62], determined by surrounding patho-
genic cues, including ATN pathologies. Among these processes is
the ability of microglia to influence amyloid and tau pathology
independently, as well as dually through amyloid-driven tau
pathology with consequent neurodegeneration. In the context of

neurodegenerative diseases, microglial phenotypes convert from
a homeostatic resting state to reactive and DAM states [56, 57, 77],
but identifying resilience factors against microglial conversion
may constitute a potential therapeutic strategy. APOE and TREM2
are a critical axis in the transition towards the DAM phenotype
[56, 57]. We now show, in the context of ATN pathology, APOE
deficiency blocks the transition from homeostatic microglia
towards a reactive or DAM phenotype, resembling more to a
microglia signature reminiscent of non-transgenic mice. We
previously showed that amyloid-facilitated tau pathology accel-
erates this microglial transition program, associated with
increased APOE expression [47]. Therefore, APOE deficiency-
mediated blockade of this program presents an attractive avenue
to alter microglial phenotype, halting ATN progression or as a
potential therapeutic target.

Microglia actively contribute to amyloid-facilitated tau
pathology and neurodegeneration in a preclinical ATN model
To further assess the role of microglia on progressive ATN
pathology, we eliminated microglia in our model in the presence
and absence of APOE. We found that eliminating microglia
decreased amyloid-facilitated tau pathology in APOE-expressing
mice. In frontal cortex, eliminating microglia did not significantly
reduce amyloid load per se, indicating that microglia modulate
amyloid-driven tau pathology in the presence of APOE. In
hippocampus, microglial elimination significantly decreased
amyloid burden, in line with previous findings, dependent on
amyloid stage [115], but precluding firm conclusions on their
role on amyloid-facilitated tau pathology per se. Interestingly,
eliminating microglia to a certain threshold has also been shown
to decrease tau pathology in primary tauopathy models lacking
amyloid pathology [75, 116]. Eliminating microglia mitigates
APOE4 exacerbated tau pathology and tau-induced neurode-
generation in a tauopathy model lacking amyloid pathology
[40, 72] supporting direct microglial modulation of tau
pathology and neurodegeneration. Here we demonstrate that
eliminating microglia reduces amyloid-facilitated tau pathology
in APOE-expressing mice despite high amyloid burden. Eliminat-
ing microglia from APOE deficient mice did not impact tau
pathology, suggesting APOE-dependent microglial modulation.
Therefore, microglia modulate cross-talk between amyloid
pathology and progressive late-stage TN pathology in an
APOE-dependent manner, implicating microglial conversion
beyond homeostatic microglia in ATN progression. This high-
lights the importance of microglial APOE, even though astro-
cytes are the main producers of APOE in physiological
conditions in the brain [117]. Notably, also non-microglial
processes, described above, including APOE-receptor dependent
signaling pathways, may additionally contribute to the
observed effects on tau pathology. Together our data
support a contributory role of APOE and microglia in the late-
stage of amyloid-driven tau pathology associated with
neurodegeneration.

APOE as therapeutic target to halt amyloid-facilitated tau
pathology and neurodegeneration, and target different
AD stages
Our data indicate that targeting APOE may potentially mitigate AD
progression, including inhibiting progression to late-stage amy-
loid-driven tau pathology and neurodegeneration, advocating
APOE as a target for halting progressive ATN development. The
putative protective APOE3Chch mutation [29–32], and its preven-
tion of early Aβ-facilitated tau seeding, further supports this
notion, as does the discovery of the RELN-COLBOSmutation, which
may similarly be protective against amyloid-driven tau pathology
[30, 43, 76]. Alternative protective APOE mutations, including
APOE3 Jacksonville (V236E) [28], add to the growing body of
evidence implicating APOE pathways in ATN progression.
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Interestingly, our data further support the inhibiting effects of
APOE or APOE4 immunization against amyloid pathology or the
initial phase associated with early tau seeding near amyloid
plaques [118–120]. Moreover, our data build on the previously
shown therapeutic potential of APOE modulation of amyloid

and tau pathology independently, while now demonstrating
decreased amyloid-facilitated tau pathology and associated
neurodegeneration, in line with putative protective APOE pathway
mutants. We here demonstrate that APOE deficiency inhibits
development of late-stage ATN pathology development, which is

Fig. 7 Microglia elimination inhibited amyloid-driven tau pathology in hippocampus and frontal cortex in the presence of APOE but not
in absence of APOE. A Representative images of p-tau pathology (AT8) in the hippocampus and frontal cortex of PLX treated and control
F +T + ApoE WT mice. Scalebar is 500 µm. B Higher magnification of CA1 region and frontal cortex of the images in A. Scalebar is 125 µm.
C Representative images of Aβ pathology (W02) in the hippocampus and frontal cortex of PLX treated and control F +T + ApoE WT mice.
Scalebar is 500 µm. D Representative images of microglia (Iba1) in the hippocampus and frontal cortex of PLX treated and control F +T + ApoE
WT mice. Scalebar is 500 µm. E Quantitative analysis of p-tau pathology (AT8), Aβ pathology (W02) and microglia (Iba1) in hippocampus and
frontal cortex of PLX3397 treated (n= 3) and control (n= 6) F +T + ApoE WT mice. Following normality testing unpaired student t-test was
used. Data are presented as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001. The analysis of microglial elimination using PLX3397 treatment in
F +T + ApoE KO mice is presented in Fig. S9, showing no significant effect on amyloid-facilitated tau pathology in absence of APOE.
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critical as halting these processes downstream of amyloid
pathology will be critical to stop symptom development and
progression. Noteworthy, timing of the intervention is important
to consider for therapy. We here show, that genetic deletion of
ApoE -starting before birth-, inhibits tau pathology and neurode-
generation downstream of amyloid, implying that early treatment
could be required for successful halting of ATN pathologies. These
findings are in line with the putative protective APOE pathway
mutations found in human subjects. Furthermore, Huynh et al.
showed that reducing APOE levels through anti-sense oligonu-
cleotide (ASO) therapy was more effective in the prepathological
stage, further showing the importance of the timing and a
putative preventive nature of APOE therapies [108]. Further
research is required to pinpoint or differentiate preventive and/
or curative effects of APOE, while the observed decreased tau
pathology following microglial elimination may suggest potential
additional beneficial effects of microglial/APOE modulation in later
stages, following presence of amyloid pathology. In conclusion,
inhibiting APOE functions, potentially induced by immunotherapy,
ASO therapy or alternative modalities may present as interesting
avenues, while timing of intervention needs to be carefully
considered. It is important to note, here, that we targeted the
murine ApoE gene, which provided important novel insights. With
the murine APOE mostly resembling human APOE4, the observed
effects may relate to deficiency of the more detrimental APOE4
isoform rather than APOE in general [38]. Further validation of
APOE as a therapeutic target will include validation in models
using different human APOE isoforms. Nevertheless, in sum, our
results advocate for further study of APOE along with detailed
underlying mechanisms to leverage APOE related therapeutic
opportunity for AD.

CONCLUSION
Overall, using a robust model of ATN pathology, we show that
APOE deficiency decreased progression of late-stage amyloid-
facilitated tau pathology and consequent neurodegeneration,
despite high Aβ load. These findings are reminiscent of the high
resilience ADAD case reports with putative protective mutations
in the APOE pathway. The observed effects of APOE deficiency
on ATN progression were associated with reduced dense core
plaque formation, favoring large diffuse Aβ deposits, and
blocked transition of homeostatic microglia to the reactive and
DAM phenotype. Moreover, microglial elimination significantly
decreased amyloid-driven tau pathology in the presence of APOE.
Taken together, our data indicate that APOE deficiency inhibits
ATN progression by pleiotropic effects, including inhibition of
dense core amyloid plaque formation, and inhibition of microglial
conversion beyond homeostatic microglia, while our findings
also lend support to the validation of protective APOE mutations.
Our data also advocate APOE as a potential therapeutic AD
target although validation in different models will be important,
unlocking promising avenues for its further detailed therapeutic
exploration.
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