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APOE2 gene therapy reduces amyloid
deposition and improves markers of
neuroinflammation and neurodegeneration
in a mouse model of Alzheimer disease
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Epidemiological studies show that individuals who carry the
relatively uncommon APOE ε2 allele rarely develop Alzheimer
disease, and if they do, they have a later age of onset, milder clin-
ical course, and less severe neuropathological findings than peo-
ple without this allele. The contrast is especially stark when
compared with the major genetic risk factor for Alzheimer
disease, APOE ε4, which has an age of onset several decades
earlier, a more aggressive clinical course and more severe neuro-
pathological findings, especially in terms of the amount of amy-
loid deposition. Here, we demonstrate that brain exposure to
APOE ε2 via a gene therapy approach, which bathes the entire
cortical mantle in the gene product after transduction of the
ependyma, reduces Ab plaque deposition, neurodegenerative
synaptic loss, and, remarkably, reduces microglial activation in
an APP/PS1 mouse model despite continued expression of hu-
man APOE ε4. This result suggests a promising protective effect
of exogenous APOE ε2 and reveals a cell nonautonomous effect
of the protein on microglial activation, which we show is similar
to plaque-associated microglia in the brain of Alzheimer disease
patients who inherit APOE ε2. These data increase the potential
that an APOE ε2 therapeutic could be effective in Alzheimer dis-
ease, even in individuals born with the risky ε4 allele.

INTRODUCTION
Inheritance of the ε4 allele of apolipoprotein E (APOE) is the strongest
genetic risk factor associated with the sporadic form of Alzheimer dis-
ease (AD), increasing risk by >10-fold compared to the commonAPOE
ε3/3 genotype. By contrast, the rare APOE ε2 allele has the opposite ef-
fect,1,2 and individuals with APOE ε2/2 rarely develop AD. The pres-
M
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ence of even a single allele of APOE ε2 in individuals who are APOE
ε2/3 or APOE ε2/4, have improved phenotypes compared to APOE
ε3/3 or ε4/4, respectively.2–6 APOE ε2 carriers who do develop AD
have a later age of onset, a slower rate of progression, and fewer neuro-
pathological changes in their brains.5,7,8 These data suggest one of two
possibilities: that APOE ε2/4 and APOE ε2/3 heterozygotes show ben-
efits due to either a beneficial effect of APOE2 itself or a lowered dose of
more toxic APOE4 or APOE3; our current experiment was designed to
provide data to inform about these possibilities.

APOE isoform has been shown to correlate with several AD-related
phenotypes. APOE4 has been shown to increase the aggregation of
amyloid-b (Ab) as well as decrease the clearance of Ab across the
blood-brain barrier (BBB).9–12 This is associated with increased
Ab deposition in patients with AD, and this strong APOE4- and
APOE2-associated phenotype is replicated in targeted replacement
animal models in which APOE ε4 carriers have more plaque deposi-
tion than APOE ε3 carriers, and APOE ε2 carriers have the lowest
plaque deposition of all.9,13 APOE4 markedly enhances tau-related
toxicity in animal models as well.14 APOE4 is known to be associated
with synapse loss near plaques in AD patients.15,16 Finally, APOE4
has also been shown to affect neuroinflammation. APOE4 in
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microglia leads to a robust “proinflammatory” phenotype, although
whether this is due to a cell-autonomous or noncell-autonomous
mechanism is unknown.17 Although the exact mechanism of
APOE4 action in amyloid deposition, synapse loss, and neuroinflam-
mation is unknown, it appears that in both humans and murine
models, inherited APOE2 prevents or delays these features.7,8

APOE is a secreted protein predominantly expressed by astrocytes and
microglia in the CNS; peripherally it is largely made in the liver. The
BBB precludes APOE transport in both directions, so that CNS
APOE reflects only protein manufactured within the CNS.18 Adeno-
associated virus (AAV)-derived introduction of APOE2 into mice
that develop plaques has been shown, both by our group and others,
to prevent plaque formation and even shrink plaques that have already
been deposited.19–21 AD affects the entire cortical mantle, and wide-
spread delivery of AAVs to the brain remains a challenge in humans,
which potentially limits the translatability of AAV-mediated therapies.
Here, we refined a method to express APOE2 from the ependymal lin-
ing of the ventricles, allowing for secretion of APOE2 into the cerebro-
spinal fluid (CSF), neuropil, and interstitial fluid. Protein produced in
these cells is secreted into the adjacent CSF and delivered throughout
the brain via ventricular, perivascular, and subarachnoid spaces.22–24

The method involves the use of an ependymal-specific promoter,
von Willebrand factor A domain containing 3A (VWA3A), to restrict
expression to ependymal cells, and use of an AAV1-based capsid.25

We demonstrate that APOE2 secretion using this method ameliorates
the Ab, neuroinflammatory, and neurodegenerative phenotypes seen
in an Ab-depositing mouse model of AD that has been crossed with
human APOE4-targeted replacement alleles to generate an APP/PS1/
APOE4/4 model of AD pathology.26,27 These data allowed us to test
the hypothesis that the expression of APOE2 ameliorates the amyloid,
neurodegenerative, and neuroinflammatory phenotypes present in this
animal model, even in the presence of a full dose of APOE4 from birth.
This study tests two alternativemodels: that APOE2 has a gain-of-func-
tion modulatory role in the development and progression of AD pa-
thology or that the benefits of inheriting and APOE2 allele are more
likely due to decreasing the amount of the more toxic APOE3 or
APOE4. Since our experimental approach was to add APOE2 on top
of the natively produced APOE4, the data favor a modulatory effect
of APOE2 expression in AD-related pathological changes. Moreover,
the effect of the impact of APOE on microglia appears to be not cell
autonomous. We further evaluated whether the presence of APOE2
has a similar effect on microglial phenotype in human AD tissue and
found that plaque-associated microglia in APOE2 carriers have less-
active characteristics. Together, these data suggest that the introduction
of APOE2, even without changing APOE4, may be beneficial in pa-
tients with the most aggressive common form of late-onset AD.

RESULTS
Intraventricular injection of AAV.APOE2 leads to sustained

production of APOE2 in the brain in a dose-dependent manner

Here, we used an AAV1-based capsid that targets broadly throughout
the brain and narrowed expression to ependymal cells using a recently
1374 Molecular Therapy Vol. 32 No 5 May 2024
described promoter derived from the VWA3A gene.25 This construct
also included an upstream intron to enhance expression, the human
APOE2 coding sequence and a bovine growth hormone (bGH) poly-
adenylation signal (Figure 1A).

We performed a single intracerebroventricular (ICV) injection of
this AAV1-based capsid resulting in ependymal expression of
APOE225 in 4-month-oldApoe knockout (KO)mice, which were sacri-
ficed 2 months later (Figure 1B). Injection with 7E10 viral genomes (vg)
of virus intoApoeKOmice showed robust expression ofAPOE2mRNA
in the ependymal cell lining as detected using RNAscope for
human APOE (Figure 1C). APOE2 protein was also detected in a tris
buffered saline (TBS) extraction of the cortex assessed by western blots
and is �10% of APOE present in the APOE4 target replacement mice
(Figures 1D and 1E).

The AAV.APOE2 was injected ICV at three different doses: low-7E9

vg, mid-2E10 vg, and high-7E10 vg, as well as a vehicle control group
into 4-month-old APP/PS1/APOE4 animals. Twomonths later, DNA
extraction from the hindbrain followed by qPCR against the promo-
tor region of the AAV plasmid showed a dose-dependent effect on
uptake; three animals showed viral genome copy numbers, similar
to that of vehicle and control animals, considered to be background
of the qPCR, and were dropped from the study (Figure 1F). Mass
spectrometry-based analysis of terminal CSF collection from a subset
of mice show that �30% of the APOE in the CSF of mid- and high-
dose animals is APOE2 and that this is significantly higher than the
background seen in vehicle or control mice (Figure 1G). The number
of viral genome copies correlates with increased human APOE2 pro-
tein (Figure 1H) and shows a V50 (defined as the point half way be-
tween the top and bottom of the sigmoidal curve) of 106.1, which
equates to 1,309,181 vg copies detected (Figure 1I). The ependy-
mal-produced APOE2 protein diffuses throughout the cortex, as
shown by its association with plaques throughout the cortical mantle,
which can be immunostained with an APOE2-specific antibody
(Figure S1).

To understand whether the expression of APOE2 is affecting the
expression of APOE4 in these animals, we assessed total APOE levels
in the CSF level (Figure S2A) and found them unchanged. The amount
of APOE mRNA in the ventricle area is increased by 50% in the high-
dose animals (Figure S2B). RNAscope shows that the expression of
APOE2 in these animals does not affect the amount of (endogenous)
APOE4mRNA expression in glia near or far from plaques in the cortex
(Figures S2C and S2D). These results suggest that the impact of expres-
sion of apoE2 protein in the ependyma does not change the amount of
APOE4 mRNA in the cortex, consistent with the idea that this gene
therapy strategy does not affect APOE4 synthesis.

Expression of APOE2 has a dose-dependent effect on the level

of Ab plaque deposition

At 4 months of age (time of injection) APP/PS1/APOE4 animals
show modest plaque deposition, and by 6 months of age (time of nec-
ropsy), plaque deposition is well established across the cortex



Figure 1. Ependymal cell expression of APOE2 driven

by an AAV.APOE1

(A and B) Schematic of the transgene packaged into a

modified AAV1 (A) and (B) injected ICV into the mouse

brain. (C) In situ hybridization showing human APOE

expression in the ependymal cells of the ventricle in a Apoe

KO mouse. (D and E) Western blot (D) for APOE showing

that ependymal-expressed APOE2 in the cortex of the

Apoe KO mice is �10% (E) that of the endogenous

level. (F) Viral genome copies in tissue extracted from

each mouse (F4,35 = 5.546, p = 0.0014; post hoc Tukey’s

multiple comparisons test). (G) Mass spectrometry-

determined CSF APOE2 concentration as percentage of

total APOE (F4,23 = 14.72, p < 0.0001; post hoc

Dunnett’s test to vehicle). (H and I) The number of viral

genome copies detected strongly correlates (H; R2 =

0.59, p < 0.0001) with the amount of APOE2 detected in

CSF (I) and shows a V50 of 106.1 when assessed with a

Boltzmann sigmoid curve (R2 = 0.67). n indicated as each

mouse is an individual dot. *p < 0.05; **p < 0.01;

***p < 0.001; ****p < 0.0001. Bar graphs show mean ±

SD, Box and whisker plots show median, interquartile

range and min to max.
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(Figure S3). Using ThioS as a marker for dense core amyloid plaques,
we show an effect of APOE2 leading to reduced plaque deposition
(Figures 2A–2C). The high-dose animals show a significant �33%
reduction in the percentage of the cortex covered by ThioS+ staining
as compared with the vehicle-treated animals (Figure 2B). The dose-
dependent effects of APOE2 on plaque burden correlate with the
amount of DNA expression seen in each individual animal (Fig-
ure 2C). Staining using an anti-Ab antibody showed a similar trend
at both the group (Figures S4A and S4B) and individual levels
(Figure S4C).

This reduction corresponds to both a significant reduction in plaque
density (Figure 2D) and an even more significant reduction in the size
of Ab plaques (Figure 2E) when high-dose animals are compared with
vehicle-treated animals.
M

Biochemical measures of amyloid align with and
confirm the pathological measures. The concen-
trations of Ab42 peptides measured from the for-
mic acid and SDS-soluble extracts of mouse brain
mimicked the changes observed histologically
such that the high-dose animals showed a
�50% reduction in the amount of both SDS-
(Figure S4D) and formic acid (Figure S4E)-solu-
ble Ab42.

Expression of APOE2 has a dose-dependent

effect on plaque-related neuroinflammation

Data from human patients show that microglia
in APOE ε4 patients have a more inflammatory
phenotype than APOE ε3 or 2 individuals.17 To
determine whether the addition of APOE2 could
attenuate the effect of plaques on plaque-associ-
ated glia, we performed immunohistochemistry (IHC) for Ab, Iba1
(microglia) (Figures 3A and S5A), and glial fibrillary acidic protein
(GFAP) (astrocytes) (Figures S5A and S5B). We assessed the level
of plaque-associated glial reactivity on a semiquantitative 4-point
scale where 1 is non-reactive and 4 is very reactive, assessing the areas
immediately surrounding the plaque (Figure S5A). The scale was vali-
dated by having the images assessed by 2 independent investigators
(R.J.J. and B.T.H.), with a correlation R2 of 0.89.

Microglial reactivity was significantly reduced in the high- and
mid-dose mice when compared with the vehicle-treated controls
(Figures 3B and 3C), and this attenuation showed a significant
dose-response correlation (Figure 3C). This attenuation appears
to be driven by an increase in the number of plaques that are
not associated with a strong microglial reaction (score of 1) in
olecular Therapy Vol. 32 No 5 May 2024 1375
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Figure 2. APOE2 reduces plaque deposition, number,

and size in a dose-dependent manner

(A) IHC for ThioS in the cortex of dosed APP/PS1/APOE4

animals. (B) Percentage of cortex coverage by ThioS

staining is significantly lower in the high-dose animals

(F3,27 = 4.310, p = 0.0329). (C) The percentage of cortical

coverage by ThioS is significantly correlated (p = 0.01) to

the number of viral genome copies in the brain sample

from each mouse. (D and E) Plaque number (D) (F3,27 =

3.597, p = 0.0263) and plaque size (E) (F3,27 = 4.113, p =

0.0159); both show a significant effect in the high-dose

group. n indicated as each mouse is an individual dot,

with open circles as females and closed circles as

males. Post hoc tests are shown as Dunnett’s multiple

comparisons test compared with vehicle. *p < 0.05;

**p < 0.01. Box and whisker plots show median,

interquartile range and min to max.
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the high- and mid-dose animals and a corresponding reduction in
plaques that have a score of 4 as compared with vehicle-treated an-
imals in which almost all of the plaques are associated with highly
reactive microglia (Figure 3D). We further assessed the local acti-
vation state of microglia by using RNAscope probes for the homeo-
static microglial marker P2ry12 and the damage-associated micro-
glial marker Clec7a in 3 high-dose and 3 vehicle-treated animals,
with microglial response scores nearest the mean and equivalent
RNAscope+ control probe intensity (Figure 3E).28 P2ry12 puncta
are found in cells that are reasonably evenly spread throughout
the cortex, although there are microglial clusters of cells near pla-
ques, whereas Clec7a mRNA is found predominantly in cells in the
immediate vicinity of plaques. We assessed 50 plaques and 50 non-
plaque regions per mouse, as well as the periplaque area, here
defined as the region <25 mm from the edge of the plaque halo,
and we saw no change in the amount of P2ry12 puncta per micro-
glia when comparing plaque proximity or treatment group (Fig-
ure 3F). These data show a significant difference between treatment
groups in the number of Clec7a transcripts in both the periplaque
and plaque areas (Figure 3G), confirming the morphological data
(Figure 3C) with a molecular marker of disease-associated micro-
glial activation.29
1376 Molecular Therapy Vol. 32 No 5 May 2024
Meanwhile, astrocyte reactivity around plaques is
unaffected by APOE2 levels or expression
(Figures S5C‒S5E) and is equally elevated
around plaques in all of the groups.

APOE2 exposure improves measures of

synaptic loss around amyloid deposits

Synapse loss is known to correlate with cognitive
impairment and has been shown to occur near
plaques in human patients,16 as well as in this
mouse model,19 with higher amounts of synaptic
loss near plaques in APOE4 compared with
APOE3 mice or carriers.
Postsynaptic densities (PSD95) were stained using IHC and imaged
using a confocal microscope (Figure 4A). Synapse loss in this model
has previously been shown to occur within �15 mm of the edge of a
plaque.19 We, therefore, measured synapse density within the halo of
expected synapse loss (within 15 mm of the plaque edge), as well as in
an area far from plaques where synapse density would be expected to
be normal (>40 mm from the plaque edge). As expected, synapse den-
sity far from plaques did not differ among groups and did not differ
from APOE4 mice with no APP/PS1 expression (i.e., control) (Fig-
ure 4B). We were excited to find that the high-dose animals showed
an increased level of synapses near plaques as compared with vehicle-
treated animals (Figure 4C), restoring this marker of neurodegenera-
tion to near-normal levels. Percentage of synapse loss was calculated
by comparing the synaptic density near plaques with the synaptic
density far from plaques within the same animal (Figure 4D).
Vehicle-treated animals show twice as much synapse loss as high-
dose animals, with 70% of high-dose animals showing <10% loss
near plaques as compared with the other groups where all but 1
mid-dose animal showed >10% loss.

We also evaluated the number of dystrophic neurites associated with
amyloid deposits by staining for the axonal marker SMI312 alongside



Figure 3. APOE2 reduces microgliosis near plaques

(A) IHC for IBA1 and Ab in the cortex of dosed APP/PS1/

APOE4 animals. (B and C) Average microglial response

score (B) (F3,26 = 4.529, p = 0.0110) shows a reduction in

microglial activation in the high- and mid-dose groups,

and (C) is significantly correlated (p = 0.0081) to the

number of viral genome copies in that mouse. (D) This

reduction is due to a decrease in the number of plaques

scored as a 4 and an increase in the number of plaques

scored as a 1. n indicated as each mouse is an individual

dot, with open circles as females and closed circles as

males. Post hoc tests are shown as Dunnett’s multiple

comparisons test compared with vehicle. (E and F)

RNAscope for P2ry12 and Clec7a of high-dose and

vehicle-treated animals (E) shows that there is (F) no

change in the number of P2ry12 transcripts per microglia.

(G) In the treated animals, there is a significant attenuation

in the number of Clec7a transcripts per microglia in the

plaque area (p = 0.0317) and the periplaque area (p =

0.0057) in the high-dose animals compared with controls.

*p < 0.05; **p < 0.01. Box and whisker plots show

median, interquartile range and min to max, scatter dot

plots show mean ± SEM.
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Figure 4. APOE2 reduces synaptic loss near plaques

(A) IHC for PSD95 and Ab in the cortex of dosed APP/PS1/

APOE4 animals. (B and C) Synapse density is unchanged

far from plaques (B), but (C) significantly increased near

plaques (F3,27 = 5.153, p = 0.0060). (D) This leads to a

significant decrease in the percentage of synapse loss in

the high-dose animals compared with vehicle (F3,27 =

3.693, p = 0.0239). n indicated as each mouse is an

individual dot, with open circles as females and closed

circles as males. Post hoc tests are shown as Dunnett’s

multiple comparisons test compared with vehicle.

*p < 0.05. Bar graphs show mean ± SD, box and whisker

plots show median, interquartile range and min to max.
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Figure 5. APOE2 reduces microgliosis near plaques

(A) IHC for IBA1 and Ab in the frontal cortex of postmortem

tissue from end-stage human AD cases. (B) Average mi-

croglial response score (t37 = 2.0, p = 0.0524) shows

an increase in microglial activation in APOE4 carriers

compared with noncarriers. (C) There is a significant

correlation between microglia activation and APOE risk

(where APOE2/3 individuals are assessed as having �1

APOE4 allele) (F1,35 = 5.410, p = 0.0259). *p < 0.05. Box

and whisker plots show median, interquartile range and

min to max.
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an Ab antibody (Figure S6A). In this model, these dystrophic neurites
generally do not immunostain for abnormal tau epitopes, and there is
not a strong tau phenotype. We found no difference in the number of
axonal neuritic dystrophies among the groups (Figures S6B and S6C).
APOE isoform has an effect on plaque-related

neuroinflammation in humans

To assess the translatability of our findings, we looked at microglia
in the immediate vicinity of plaques in frontal cortex collected from
individuals with a neuropathological diagnosis of AD and known
ApoE genotypes (Figure 5A; Table S1). We again assessed the level
of plaque-associated microglial reactivity on a semiquantitative
4-point scale, where 1 is nonreactive and 4 is very reactive, assessing
the areas immediately surrounding the plaque. Overall plaques in
human tissue show a lower level of microglial reactivity than those
in mice (Figures 3B and 5B), potentially due to the speed of plaque
formation or the amount of soluble Ab produced in mice with fa-
milial AD mutations. There was a significant correlation of micro-
glial reactivity with the number of APOE alleles (where APOE2/3
individuals were considered to have �1 APOE4 alleles) (Figure 5C).
This translated into a trend toward an increased level of microglial
reactivity in APOE4 carriers compared with noncarriers
(Figure 5B).
M

DISCUSSION
The strong genetic and experimental link be-
tween APOE genotype and AD has long made
APOE a subject of interest when considering
AD risk modifiers or therapeutics.5,7 Although
APOE4 is unequivocally associated with a more
aggressive AD phenotype, the protective effect
of APOE2 has been attributed to it acting as a
null, reducing the dose of the more toxic forms
of APOE. In contrast, we hypothesized that
APOE ε2 may have a positive modulatory impact
on neurodegenerative processes, leading to a
beneficial gain-of-function mechanism, or at least
to a function that blocks potentially toxic effects
of the risk alleles. For example, APOE2 protein
has far less binding to the low-density
lipoprotein (LDL) receptor than other isoforms,
although this is not true of binding to other mem-
bers of the LDL receptor family.30 Our data suggest strongly that
the latter is the case, since expression of a relatively small
amount (�30% of basal amounts) of APOE2, in the setting
of continued unchanged amounts of APOE4, strongly affect AD-
related phenotypes. The relatively small amount of APOE2 present
suggests that the effect is a therapeutic beneficial gain of function,
rather than (only) a diminished amount of APOE4 synthesis. Impor-
tantly, in either case, this improvement is observed in the setting of
mild but already-established plaque deposition and continued
APOE4 expression, showing that the effect of APOE2 actively mod-
ulates the impact of APOE4.

The practical issues of distributing gene product throughout the brain
is a barrier to using gene therapy in widely distributed diseases such as
AD. This is especially true in larger organisms such as nonhuman pri-
mates or humans in whom the diffusion rate of injected material
through the brain parenchyma limits the ability of a single AAV in-
jection to affect large areas of brain. Our current and previous studies
suggest an approach to overcome this barrier: expression of secreted
proteins via transduction of the ependyma and related structures,
allowing secreted protein to diffuse throughout the cortical
mantle.19,24,31 The diffusion rate of AAV through the CSF held in
the ventricle is much greater than that of the relatively solid paren-
chyma, and the ependymal cell layer of the ventricle is important
for the maintenance and production of the CSF.32 Thus, transfection
olecular Therapy Vol. 32 No 5 May 2024 1379
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of these cells allows for gene product to be pumped out into the CSF,
where it can affect the entire cortical mantel and makes for an attrac-
tive method of overcoming the limitations introduced by a larger
target area in the jump from rodent models to humans.

We applied this approach to expressing APOE2 in an APP/PS1/
APOE4 model of AD pathology, and shows that in achievable doses,
expression of APOE2 secretion into the neuropil can positively affect
plaque deposition, neuroinflammation, and neurodegeneration
within a short time interval—8 weeks. The effect of APOE2 on pla-
ques is expected from a robust neuropathological literature showing
that APOE ε2 carriers have fewer plaques. The results here suggest
that the impact of APOE in AD is ongoing, and that manipulating
APOE even after plaques are established can alter the course of the
disease. Previous work from the group has shown that APOE2 gene
therapy is able to not only slow but also slightly reverse already-estab-
lished plaque deposition, and we postulated that this could be due to
effects on Ab clearance.19 In particular, APOE2 has been shown to in-
crease the clearance of Ab across the BBB and well as decrease aggre-
gation, because previous studies have shown APOE effects for both
the clearance and aggregation of Ab.7,9,12 The positive APOE2 effect
we see is on both dense core fibrillar plaques and biochemical mea-
sures of Ab, consistent with the interpretation that APOE2 is actively
facilitating increased clearance of Ab across the BBB.

Neuroinflammation and AD have been linked in part due to the num-
ber of microglial genes that are risk factors for AD33 and the marked
increase in micro- and astrogliosis in brains from both AD cases and
mouse models.34,35 Microglia produce APOE under basal conditions,
but production is dramatically increased in these cells in the context
of AD, leading to the hypothesis that microglial-produced APOE4 has
a toxic cell autonomous gain-of-function effect.29 By contrast with
this expectation, our current data show that exogenous APOE2 has
a dampening effect on microglial activation near plaques in these
mice (Figure 3), consistent with an additional noncell-autonomous
effect. The effect of APOE2 on microglia in this paper is reminiscent
of the depressed microglial response seen in TREM2 KO mice,36 but
here, we do not see a concurrent increase in neuritic dystrophies or
synaptic loss that is seen in those models.37

Importantly, this effect of APOE on microglial reactivity to plaques is
also seen in human AD cases despite the heterogeneity and relatively
end-stage nature inherent in studying human brain tissue (Figure 5).
Here, we showed a modest increase in microglial reactivity score
when comparing APOE4 carriers to noncarriers. This increase occurs
stepwise with relative APOE risk because a test for linear trend is sig-
nificant (Figure 5).

APOE4 has been associated with more severe synapse loss near pla-
ques in AD in both human and mouse models.16,19 In this mouse
model of AD, we see a loss of synapses near plaques; however, this
synapse loss is lessened in the mice expressing APOE2. This could
be due to reduced levels of synaptic pruning due to less active micro-
glia or to reduced bioactive oligomeric Ab (oAb). Alternatively, or in
1380 Molecular Therapy Vol. 32 No 5 May 2024
addition, we have previously shown that APOE and oAb colocalize at
the synapse,16,38 and we postulated that the interaction of oAb with
APOE2 rather than APOE4 could ameliorate synaptotoxic effects.
Whether the interaction of APOE2 with oAb, or the reduction in syn-
aptotoxic phenotype of activated microglia, or both improve the syn-
apse loss around plaques, the observation that APOE2 expression can
improve a core feature of neurodegeneration suggests a potential role
for this approach in a therapeutic context. This reduction in plaque-
associated microgliosis and synapse loss also indicates that despite the
presence of plaques, APOE2 can prevent those features of AD that are
more tightly linked with cognitive decline (e.g., synapse loss),39

ameliorating the impact of already-established plaques while
reducing the deposition of new plaques.

Ab immunotherapy40,41 leads to profound plaque reduction and
modest cognitive gains and has been recognized by US Food and
Drug Administration approvals. In contrast to Ab immunotherapy,
APOE2, while also affecting plaques, does not rely on the activation
of microglia and increased neuroinflammation to modulate plaques,
and appears to dramatically quench existing inflammatory microglial
signatures and restore synaptic integrity. Indeed, an early-phase clin-
ical trial using APOE2 gene therapy has shown some promise in a
small number of participants20 (Clinicaltrials.gov: NCT03634007).
That method uses a modified AAV10 and showed promise in animal
models before being translated to humans.21We posit that by restrict-
ing expression to the ependymal cells, we can minimize potential off-
target effects, prevent possibly deleterious neuronal APOE expres-
sion, and provide support for an alternative delivery strategy of this
gene therapy approach.25 Taken together, these results suggest that
APOE2 is a promising approach for potential therapeutic develop-
ment in AD and related disorders and that this method of gene ther-
apy delivery could benefit patients with APOE ε4 driver of their
disease.

MATERIALS AND METHODS
Study design

Mice were randomly assigned to treatment groups and injected with
AAV.APOE2 or a vehicle control 4 months after birth. The impact of
human APOE2 on amyloid deposition was assessed 2 months later by
IHC and ELISA. Study groups were blinded to the investigator. We
calculated that 8 animals (4 of each sex) per condition would provide
a power of >0.8 for a 30% correction of baseline phenotypes based on
prior data.19

Animals

APP/PS127 mice express human mutant APP KM670/671NL and
PSEN1 L166P under the Thy1 promotor and have amyloid deposition
at 3–4 months of age. This strain was then crossed with humanized
APOE4 mouse wherein the mouse apoE was replaced with human
APOE4.26 Four-month-old APOE4-TR/APP/PS1 mice were dosed
with high (7E�10 vg, n = 11), medium (2E�10 vg, n = 9), or low
(7E�9 vg, n = 12) AAV.APOE2 or a vehicle control (n = 9) and stud-
ied for 2 months. A cohort of APOE4 littermates (n = 12) lacking
APP/PS1 transgenes were scarified at 6 months to use as a control

http://Clinicaltrials.gov
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for APP expression. A cohort of Apoe KO (The Jackson Laboratory)
mice on a C57BL/6 background was included to assess Ab back-
ground levels in tissue and CSF. Experiments were performed in
accordance with the NIH and institutional guidelines and both sexes
were used. Due to the small size of the mouse brain, not all of the an-
imals were used in every analysis. Table S2 indicates which animals
were included in each analysis. Open circles indicate females and
closed circles indicate males. All animal care, housing and experi-
ments were performed in compliance with the guidelines established
by the Massachusetts General Hospital institutional animal care and
use committee and in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.
Viral vector construction and production

The proviral APOE2 construct was generated as described previously.25

Briefly, a genomic region upstream the human VWA3a gene (GRCh38/
hg38, chr16:22090639-22092605) was PCR amplified (forward
50-TCCTGGATGGGACCACGCTAG-30; reverse 50-GCACTCCAG
GGCCTTACTTCTC-30) to serve as an ependyma-enriched pro-
moter. A chimeric intron derived from human b-globin and immu-
noglobulin heavy-chain genes was appended immediately downstream
to enhance expression. The human APOE2 coding sequence (Acc.
NP_000032.1 containing an R176C mutation) initiated by a strong
Kozak sequence (GCCACCATG), was placed downstream and termi-
nated with a bGH polyadenylation signal. The entire transgene was
flanked by AAV2 inverted terminal repeats. Transgenes were pack-
aged using standard triple transfection procedures into an AAV1-
based capsid that targets broadly throughout the brain, including in
the ependyma. AAVs were manufactured by the Children’s Hospital
of Philadelphia Research Vector Core and resuspended in diluent
buffer (Research Vector Core). Quality testing and titering were per-
formed in-house by the Research Vector Core. Quality control and
test methods, with procedures and results, were reported on a certif-
icate of analysis for each lot.
Stereotactic ICV injections

AAV ICV injections were performed as described previously.14,30 An-
imals were anesthetized (O2/isoflurane 0.2%) and positioned on a ste-
reotactic frame (David Kopf Instruments). Injections were performed
in each lateral ventricle with 5.25 mL of viral preparation using a 33G
needle attached to a 10-mL Hamilton syringe (Hamilton Medical) at
0.20 mL/min. Stereotactic coordinates were calculated from bregma
(anteroposterior +0.3 mm, mediolateral ±1 mm, and dorsoven-
tral �2 mm).
Mouse processing

Mice were euthanized by isoflurane inhalation. One cerebral hemi-
sphere was fixed in 4% paraformaldehyde and 15% glycerol in PBS
and switched to 30% glycerol in PBS 48 h later. The remaining hemi-
sphere was subdivided and snap-frozen for biochemical analysis.
Drop fixed hemispheres were processed by neuroscience associates.
A total of 40 hemispheres were embedded in a gelatin block and
sectioned to 30 mm.
Western blot

Mouse cortical tissue was homogenized in 10 vol by weight of ice-cold
Tris-buffered saline (TBS) with protease and phosphatase inhibitors us-
ing a handheld electric homogenizer. The homogenatewas then spun at
10,000� g for 10 min and the supernatant (TBS-soluble fraction) was
collected for western blot. Protein concentration was determined using
a bicinchoninic acid assay.Total protein (5–10mg)was loaded and sepa-
rated by 4%–12% NuPAGE gels in 2-(N-morpholino)ethanesulfonic
acid buffer, and proteins were then separated by weight for 2 h at 120
V. Proteins were electrotransferred onto nitrocellulose membrane at
30 V for 1.5 h using the XCell II Blot Module system in Tris-glycine
transfer buffer. Membranes were incubated in blocking buffer (Li-Cor
Biosciences) diluted 1:1 TBS for 1 h to reduce background staining.
Membranes were then incubated with primary antibodies; rb anti-
APOE (Novus Biologicals, NBP1-31123), and ms anti-glyceraldehyde
3-phosphate dehydrogenase (Millipore, MAB374) diluted in blocking
buffer with added 0.1% Tween 20 overnight at room temperature while
shaking. Membranes were then washed and incubated with the appro-
priate 680 and 800 infrared dye secondary antibodies (Li-Cor Biosci-
ences). The membranes were imaged using the Odyssey infrared imag-
ing system and analyzed using Odyssey software.

DNA and RNA extraction and analysis

Genomic DNA was extracted from brain tissue using QIAamp DNA
Mini Kit (Qiagen) as per the manufacturer’s protocol. Samples were
run on Bio-Rad CFX384 Real-Time System C1000 Touch using
Bio-Rad CFXManager 3.1 software. Total genome copies were quan-
tified against a six-point standard curve generated using linearized
plasmid containing the construct. Primer/probes (designed against
a noncoding region in the construct) was used with TaqMan Master
Mix (Applied Biosystems).

Total RNAwas extracted from brain tissue using TRIzol (Ambion, Life
Technologies) as per the manufacturer’s protocol. RNA (1 mg) was
treated with DNase I, RNase-free (Thermo Scientific) as per the man-
ufacturer’s protocol. cDNA was generated using the High-Capacity
cDNA Reverse Transcription Kit (Life Technologies). Samples were
run on Bio-Rad CFX384 Real-Time System C1000 Touch using Bio-
Rad CFX Manager 3.1 software. APOE levels were quantified by de-
signed primer/probes to be used with TaqMan Master Mix (Applied
Biosystems). mRNA levels of human APOE (Hs00171168_m1) were
detected using the commercial TaqMan primer/probe set (Applied
Biosystems). Endogenous mouse b-actin (Mm02619580_g1) was
used as a reference gene to normalize expression across samples.

The DDCt relative quantification method was used to calculate gene
expression. Mouse b-actin was used as a housekeeping gene included
in the RT2-Profiler array to normalize for RNA amount. Briefly, the
geometric mean of the Ct values of these reference genes was calcu-
lated for each mouse and subtracted from the Ct value of each target
gene, yielding DCt values. For each gene, the average DCt value in
vehicle-treated mice was then subtracted from the DCt value of
each sample to obtain the DDCt values. The relative quantification
value was calculated as 2–DDC.
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Mass spectrometry

Relative concentrations of APOE2, APOE4, and total APOE were
determined bymass spectrometry in a multiplexed manner using tan-
dem mass tag (TMT) barcoding reagents (TMTpro)42 targeting three
peptides: CLAVYQAGAR (APOE2), LAVYQAGAR (APOE4), and
LQAEAFQAR (common to APOE2 and APOE4). All of the CSF sam-
ples were reduced, alkylated, and immobilized in a 1:1 mixture of hy-
drophilic and hydrophobic Sera-Mag SpeedBeads (GE Life Sciences)
and underwent tryptic digest as previously described.43,44 A total of
5 mg of the resulting peptides were subsequently labeled using
TMTpro reagents as described previously.43 Final adjustments of
the sample amounts in the individual TMT sets were made to obtain
the same intensity for the common peptide (LQAEAFQAR) in all
of the samples (see below). Data were acquired on an Orbitrap Eclipse
mass spectrometer (Thermo Fisher Scientific) equipped with an
EASY-nLC 1200 HPLC (high-performance liquid chromatography)
and autosampler (Thermo Fisher Scientific), an FAIMS Pro Interface
(Thermo Fisher Scientific), and an in-house prepared microcapillary
column (inner diameter, 150 mm; outer diameter, 360 mm) packed to a
final length of 30 cm with GP-C18 beads (1.8 mm, 120 Å, Sepax Tech-
nologies). Data were acquired with an in-house-developed method
applied via an API provided by Thermo Fisher Scientific. The method
was set up to acquire high-resolution (15,000) Orbitrap CID fragmen-
tation MS2 spectra followed by MS3 spectra from the three most
intense target peptide fragment ions. MS2 spectra were assigned in
real time using an in-house-developed algorithm, and assignments
were confirmed postacquisition using a target-decoy database-based
assignment validation (false discovery rate [FDR]%1%). MS3 spectra
were acquired in the Orbitrap at a resolution of 50,000. TMT reporter
ion intensities were extracted as that of the most intense ion within a
0.03-Th window around the predicted reporter ion intensities in the
collected MS3 spectra. In all of the TMT sets of samples, the first four
TMT barcoding channels (126, 127n, 127c, and 128n) were used for
CSF samples only containing APOE2 (126 and 127n) or only contain-
ing APOE4 (127c and 128n), and the other channels were used for
replicates of the measured mouse CSF samples. Of all of the MS3
spectra generated in one run, a maximum of three MS3 spectra
were selected for further analysis. For the peptides CLAVYQAGAR
(APOE2) and LAVYQAGAR (APOE4), MS3 spectra were selected
based the maximum difference of signal between the channels con-
taining only the isoform and the channels not containing the isoform.
For the common peptide (LQAEAFQAR), the three MS3 spectra
which TMT reporter ion intensity showed the highest Pearson corre-
lation among all possible combination of three MS3 spectra were
selected for further analysis. TMT reporter ions were summed for
the MS3 spectra selected for each peptide, and for the APOE2 and
APOE4 MS3 spectra, the average signals detected in the channels
not containing the isoform (127c and 128n for APOE2, 126 and
127n for APOE4) were subtracted as noise levels from all of the chan-
nels. APOE2 and APOE4 TMT reporter ions were then normalized
based on the common peptide TMT intensities detected in the chan-
nels only containing APOE2 or APOE4. After this normalization step,
relative APOE2 concentrations (percentage of total) were calculated
based on the APOE2 and APOE4 TMT reporter ion intensities in
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the channels of the analyzed samples. Perpendicular distances to
the expected x=y line were calculated for all of the samples, and a
Grubbs test (Benjamini-Hochberg FDR 0.25) was applied to remove
outliers. A Grubbs test (p = 0.05, one round) was also applied to re-
move APOE2 concentration outliers for each sample group (high
dose, mid-dose, low dose, vehicle, and control). As a final step, the
median relative APOE2 concentration of vehicle and control samples
(not containing any APOE2) was subtracted from all of the averaged
APOE2 concentration values. The total APOE concentration was
determined by first adjusting common peptide TMT signals based
on the sample amount adjustment applied to obtain the same com-
mon peptide signal across all of the samples. TMT reporter ion signals
across TMT sets were then normalized using the APOE2only and
APOE4only channels.

ELISA

The concentrations of Ab40 and Ab42 were determined by BNT-77/
BA-27 (for Ab40) and BNT-77/BC-05 (for Ab42) sandwich ELISA
(Wako) according to the manufacturer’s instructions. Ab40 and
Ab42 concentrations were measured in TBS, SDS-soluble, and SDS-
insoluble fractions for each mouse. Sections of mouse brain were ho-
mogenized in 10 vol (w/v) of TBS buffer with cOmplete Protease In-
hibitor Cocktail (Roche), and centrifuged at 100,000 � g for 30min at
4�C. The supernatant was collected and set aside as the TBS-soluble
fraction. The pellet was then homogenized in 10 vol (w/v) of TBS
buffer containing 2% SDS, incubated at 37�C for 30 min, and then
centrifuged at 100,000� g for 30 min at 20�C. The SDS-insoluble pel-
let was dissolved in 500 mL of 70% formic acid and sonicated on ice at
10% power in 1-min and 30-s intervals until completely dissolved,
and then centrifuged at 100,000 � g for 30 min at 4�C. The formic
acid-soluble supernatant was desiccated by Speed-Vac and then re-
suspended in 1 vol (w/v) of DMSO. The DMSO-soluble fraction
was used as an SDS-insoluble fraction (procedure adapted from Ha-
shimoto et al.. 2020).45

RNAscope

The drop fixed hemisphere of the Apoe KO mice was sectioned to
30 mm on a freezing ultramicrotome. Three mice per experimental
condition (vehicle injection vs. AAV injected) were stained for
APOEmRNA by RNAscope. RNAscope experiments were performed
using the RNAscope 2.5 HDAssay-RED (Advanced Cell Diagnostics)
following the manufacturer’s recommendations, with minor adjust-
ments. Briefly, for each mouse several sections were baked onto a
Superfrost slide for use in APOE mRNA quantification. Following
target retrieval and protease digestion, probe hybridization was car-
ried out at 40�C for 2 h with hs-APOE (433091), 3-plex Positive Con-
trol Probe_Mm (320881), or Negative Control Probe-DapB (310043).
After amplification steps to obtain the RNAscope signals, the signal
was developed using the included Fast Red. Sections were mounted
using Immunomount and imaged using an upright BX51 Olympus
microscope at a magnification of 10�.

To assess microglial reactivity to plaque sections from treated and
untreated APOE4/APP/PS1 animals, mice were basked onto a
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Superfrost slide. Following target retrieval and protease digestion,
probe hybridization was carried out at 40�C for 2 h with ms-
Clec7a-C1 (532061) and ms-P2ry12-C2 (317601-C2), 3-plex Positive
Control Probe_Mm (320881), and Negative Control Probe-DapB
(310043). After amplification steps to obtain the RNAscope signals,
the signal was developed using TSA-cy3 (Fisher Scientific,
NEL744001KT) for C1 probes and TSA-cy5 (Fisher Scientific,
NEL745001KT) for C2 probes. Sections were then blocked in 5%
normal donkey serum (NDS) in TBS for 1 h before being incubated
with 1:1,000 6E�10 (BioLegend, 803004) overnight at 4�C. Sections
were then washed and incubated with Donkey anti-Mouse 488 (Invi-
trogen, A-21202) at 1:500 for 1 h at room temperature. Sections were
washed and then counterstained with 1:1,000 DAPI, andmounted us-
ing Immunomount and scanned using a NanoZoomer (Hamamatsu)
at a magnification of 40�.

To assess APOE mRNA levels in the APOE4/APP/PS1-treated and
untreated animals, we used the above protocol with ms-APOE-C1
(REF), which was then amplified using TSA-cy3 (Fisher Scientific,
NEL744001KT). A second section was run in parallel using 3-plex
Positive Control Probe_Mm (320881) and was treated identically.
Sections were then processed for IHC with 6E�10, as stated above.

Qupath was used to assess the number of RNAscope puncta per cell.
An experimenter blind to condition annotated 50 plaque and 50 non-
plaque regions per mouse (while only the plaque channel was visible).
The plaque annotations were then expanded by 25 mm to create the
periplaque annotation. All of the annotations were selected for an in-
dividual mouse and the positive cell detection tool was used with
DAPI for the cell nucleus and maximum nuclear cyanine5 signal to
select microglia without biasing for cells with more or less P2ry12.
For APOE quantification, the cell detection tool was used with no se-
lection for microglia. The subcellular detection tool was then used for
both P2ry12+ and Clec7a+ puncta, APOE puncta, or positive control
puncta, with split by shape and intensity selected, and with an ex-
pected spot size of 0.5 mm2, a minimum spot size of 0.25 mm2, and
a maximum spot size of 3 mm2.

Murine IHC

Sections were permeabilized in 0.5% Triton X-100 for 15 min before
being blocked in 0.1% Triton X-100 and 5% normal goat serum for
1 h at room temperature. Incubation with primary antibodies was
done overnight at 4�C in 0.05% Triton X-100 and 2.5% normal
goat serum. Sections were then washed in TBS, and appropriate sec-
ondary antibodies were diluted 1:500 in 0.05% Triton X-100 and 2.5%
normal goat serum in TBS at room temperature. Sections were incu-
bated with 1:1,000 DAPI in TBS for 10 min at room temperature,
washed, and mounted using Immunomount.

Plaque quantification

Every 10th section was stained as described above using rabbit anti-
Abeta (1:500, IBL, 18584) for amyloid beta. Amyloid dense core pla-
ques were labeled by 0.05% ThioS (Sigma-Aldrich) in 50% ethanol
before mounting. Sections were mounted and scanned using a
NanoZoomer microscope at 40�. Sections were quantified using qu-
path.46 For each section, cortical areas were selected, and plaques were
identified using an object classifier. The plaque coverage area was as-
sessed as a percentage of the cortical area measured. For plaque size
and number, the same size area was selected in the cortex of each an-
imal and plaques were identified using an object classifier.
Glial assessment

Several sections were stained as described above. Primary antibodies
were 1:1,000 biotinylated Ms anti-Abeta 82E1 (IBL, 10326), 1:500
GFAP 488 (Millipore, MAB 3402X), and 1:500 rabbit anti-IBA1
(wako 019–19741). Secondaries were Streptavidin Alexa Fluor 568
(Invitrogen, S11226) and Donkey Anti-rabbit 647 (A-31573). Five
cortical plaque-containing areas were imaged at random from the so-
matosensory cortex using an Olympus FV3000 confocal laser scan-
ning microscope at 40�. z stacks were generated, and each plaque
was assessed on a four-point scale (Figure S2A) for the level of glial
reactivity by two blinded investigators. All of the plaques for an indi-
vidual mouse were averaged together to generate the graphs in
Figures 3B, 3C, S2C, and S2D, and all of the plaques from a given
experimental group were assessed for Figures 3D and S4E.
Synapse quantification

Several sections were stained as described above. Primary antibodies
were 1:500 rabbit anti-Abeta 1:500 (IBL, 18584) and 1:500 goat anti-
PSD95 (Abcam, ab12093). Secondaries were Donkey Anti-goat 488
(Invitrogen, A-11078) and Donkey Anti-rabbit 594 (Invitrogen,
A-21207). Five cortical plaque-containing areas were imaged at
random from the somatosensory cortex using an Olympus FV3000
confocal laser scanning microscope at 60� using an oil dipping objec-
tive. A total of 5 mm of z stack was imaged at a slice size of 0.56 mm.
Images were processed using custom ImageJ and MATLAB macros
similar to those of Jackson et al.38 In brief, 10 � 10 mm crops were
taken from areas within 15 mm of the plaque halo or >40 mm from
the plaque halo. Cellular debris and DAPI were avoided. Crops
were thresholded using custom ImageJ macros and synapses were
quantified using customMATLABmacros. All of the crops were aver-
aged together to find a density near and far from plaques for each
mouse.
Neurite quantification

Several sections were stained as described above. Primary antibodies
were using 1:500 rabbit anti-Abeta 1:500 (IBL, 18584) and 1:500
mouse anti SMI312 (BioLegend, 837904). Secondaries were Donkey
Anti-rabbit 488 (Invitrogen, A-21206) and Donkey anti-mouse 594
(Invitrogen, A-21203). Five cortical plaque-containing areas were
imaged at random from the somatosensory cortex using an Olympus
FV3000 confocal laser scanning microscope at 60� using an oil dip-
ping objective. A total of 20 mm of z stack was imaged at a slice size of
1 mm. Images were quantified using ImageJ by a blinded experimenter
who counted the number of dystrophies per plaque and also quanti-
fied the plaque area. In images in which more than one plaque was
present, the largest plaque was quantified.
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APOE2 staining

Several sections were stained as above with notable changes. The pri-
mary antibody was 1:200 rabbit anti-APOE2 (Cell Signaling, E7Y30).
Primary antibody was incubated at 4�C in 0.05% Triton X-100 and
2.5% normal goat serum for 1 week to ensure maximum penetration
of the tissue. Signal was boosted using a Tyramide SuperBoost kit (In-
vitrogen, B40925) with anti-rabbit 594. Sections were imaged using an
Olympus FV3000 confocal laser scanning microscope at 40� and z
stacks were generated.
Human IHC

Human participants with AD were selected from the Massachusetts
Alzheimer’s Disease Research Center brain bank. Human brain tis-
sues were collected with informed consent of patients or their rela-
tives and approval of local insitutional review boards at Massachu-
setts General Hospital. Paraffin sections, 4 mm thick, were cut onto a
Superfrost slide using a microtome. Following deparaffinization and
rehydration, sections were boiled in citrate buffer for 20 min before
being allowed to cool to room temperature in the citrate buffer. Sec-
tions were then washed with TBS and blocked in 10% NDS in TBS
for 1 h at room temperature before being incubated with primary
antibody overnight at 4�C. Primary antibodies were 1:500 Iba1
(Wako, 019-19741) and 1:1,000 6E�10 (BioLegend, 803004) diluted
in 5% NDS in TBS. Sections were then washed and incubated with
1:500 Donkey Anti-rabbit 594 (Invitrogen, A-21207) and 1:500
Donkey Anti-mouse 647 (Invitrogen, A-31571) in 5% NDS for
1 h at room temperature. Sections were then washed in TBS before
being incubated in 0.05% ThioS in 50% ethanol for 8 min in the
dark. Sections were then dunked in 80% ethanol 3 times for 10 s
and then distilled water 3 times for 10 s before being counterstained
with 1:1,000 DAPI, mounted using Immunomount, and imaged on
an Olympus VS120-S6-W virtual slide microscope, at a magnifica-
tion of 20�.
Statistical analyses

Statistical analyses were performed with the GraphPad Prism soft-
ware unless otherwise stated. One-way ANOVA was used to
analyze all between-group analyses, followed by Dunnett’s multiple
comparisons test between each group and the vehicle control. Sim-
ple linear regression analysis was used to assess the correlation be-
tween factors and the number of viral genome copies, with p values
representing whether the slope was significantly nonzero. Viral
genome copy number was log10 transformed, compared with the
amount of APOE2 in the CSF, and assessed using a Boltzmann sig-
moid curve. Statistics were performed where each mouse was a sin-
gle data point, and an ROUT (robust regression and outlier
removal) outlier test (Q = 1%) was performed on all datasets; no
outliers were found unless otherwise stated. Samples were blinded
for each analysis. Human data were assessed as a t test for micro-
glial reactivity split by APOE4 status and as a simple linear regres-
sion where the number of APOE4 alleles was treated as an ordinal
value, with APOE2/3 individuals considered to have �1 APOE4
alleles.
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