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Abstract

INTRODUCTION: The most significant genetic risk factor for late-onset Alzheimer’s

disease (AD) is APOE4, with evidence for gain- and loss-of-function mechanisms. A

clinical need remains for therapeutically relevant tools that potently modulate APOE

expression.

METHODS: We optimized small interfering RNAs (di-siRNA, GalNAc) to potently

silence brain or liver Apoe and evaluated the impact of each pool of Apoe on pathology.

RESULTS: In adult 5xFAD mice, siRNAs targeting CNS Apoe efficiently silenced

Apoe expression and reduced amyloid burden without affecting systemic cholesterol,

confirming that potent silencing of brain Apoe is sufficient to slow disease progres-

sion. Mechanistically, silencing Apoe reduced APOE-rich amyloid cores and activated

immune system responses.

DISCUSSION: These results establish siRNA-based modulation of Apoe as a viable

therapeutic approach, highlight immune activation as a key pathway affected by Apoe

modulation, and provide the technology to further evaluate the impact of APOE

silencing on neurodegeneration.
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1 BACKGROUND

Alzheimer’s disease (AD) is a progressive, multifactorial neurodegen-

erative condition for which many available medications provide only

short-term alleviation of symptoms,1,2 and the long-term impacts of

newer therapies, including aducanumab and lecanemab, have yet to
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be determined. In late-onset AD, the apolipoprotein E gene (APOE) ε4
allele is the strongest genetic risk factor, and its presence is associ-

ated with an increase in AD incidence and a decrease in the age of

clinical onset.3–5 The apoE protein is mainly produced in the central

nervous system (CNS) and liver. In the CNS, glial cells (and to a lesser

extent, neurons) express apoE which transports lipids between cells

and modulates the inflammatory response.6,7 Liver apoE facilitates

lipid uptake into peripheral tissues via low-density lipoprotein (LDL)
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receptors.8,9 Despite decades of compelling research into the role of

APOE in neurodegeneration, the exact mechanism remains unclear.

APOE is implicated in protein clearance, immune activity, and lipid

homeostasis; however, a clear-cut explanation for how APOE impacts

AD, and consensus on whether it confers a gain or loss of function

phenotype, do not exist.

Genetic removal or reductionofmouseor humanAPOE3 andAPOE4

in AD models reduces beta-amyloid (Aβ) plaques.10–13 Complete loss

of all mouse and human APOE isoforms, however, causes spontaneous

atherosclerosis in mice.14 The tissue-specific effects of APOE knock-

out are likely due to the differential roles of liver and CNS APOE.

Previous success in genetically manipulating liver-specific or brain-

specific Apoe in mice suggests that Apoe pools are independent.15,16

However, the effects of APOEmRNAmodulationwith small interfering

RNAs (siRNAs) after birth—a therapeutically-relevant paradigm—are

less clear.

Reduction of brain APOE mRNA (≈50% of normal levels) using

antisense oligonucleotides (ASO) had no significant impact on amy-

loid burden in adult AD mice, and neonatal treatment in models of

AD was necessary to produce any significant effects.17 Although this

could suggest that embryonic APOE silencing is required to reduce

AD phenotypes, it is also possible that residual (≈50%) APOE expres-

sion in the CNS or from the systemic circulation suffices to maintain

pathology. Similarly, removing one copy of mouse Apoe only mod-

estly improves amyloid pathology.13 Conversely, in models of tauopa-

thy, a 50% reduction in APOE with ASOs was sufficient to reduce

markers of neurodegeneration.18 Thus, ameliorating amyloid pathol-

ogy might require near complete silencing of APOE in the adult

brain.

siRNAs guide potent and sustained gene silencing in vivo

via an RNA-induced silencing complex (RISC), and the chemi-

cal architecture of an siRNA determines its distribution.19 For

example, GalNAc-conjugated siRNAs selectively deliver to liver

hepatocytes,20–22 and a single injection supports 6 to 12 months of

clinical efficacy.23 We have recently described a divalent (di)-siRNA

scaffold that is efficiently taken up by neurons and glial cells and

supports potent, sustained, and specific target silencing throughout

the CNS.24

Here, we engineered siRNAs targeting mouse Apoe and achieved

silencing of liver and CNS Apoe in APP/PSEN1 and 5×FAD mouse

models. Near-complete silencing of liver Apoe in APP/PSEN1 mice

increased serum cholesterol with no detectable impact on brain

Apoe or Aβ pathology. Potent reduction of CNS Apoe, either before

or after the onset of AD pathology, decreased Aβ burden with no

detectable effect on systemic cholesterol and no significant off-target

effects. Like studies using genetic knockout, ASOs, and antibodies,

we show that silencing Apoe with siRNAs reduces APOE-rich plaque

cores and modulates immune system responses that may promote

Aβ clearance. Compared to antibodies, siRNAs show excellent target

specificity, thus, siRNAs targeting Apoe may have a distinct advan-

tage over other modalities. Collectively, these results identify siRNA-

mediated silencing of APOE as a potential therapeutic for AD in a

landscape where safe and effective disease-modifying therapies are

limited.

RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the literature

using traditional (ie, PubMed) sources as well as meeting

abstracts and presentations. APOE’s role in AD has been

extensively investigated and themost relevant or seminal

publication addressing each point was cited.

2. Interpretation: We optimized therapeutic siRNAs that

downregulate Apoe expression. Our findings show that

potent downregulation of CNS APOE with siRNAs, even

after the onset of cellular changes, strikingly reduces

amyloid pathology in adult mice via immune activation.

3. Future directions: This study establishes siRNA-based

silencing of brain APOE as a viable therapeutic approach

for AD and provides directly translatable technology for

therapeutic development. With these tools, it is possible

to further investigate APOE’s role in immune regulation,

the temporal impact of APOE on disease progression,

and the safety of modulating APOE in adult brains. We

hope these results aid in developing desperately needed

diseasemodifying therapeutics.

2 METHODS

2.1 siRNA sequences (Table 1)

siRNAs targeting Apoe (both di-siRNA and GalNAc siRNA) target a 19

base pair region of the endogenous mouse Apoe mRNA with the fol-

lowing sequence: TGGATATGGATGTTGTTGC. The targeting sequence

for the non-targeting (vehicle) controls (NTC) is GCAACAACATC-

CATATCCA. We designed asymmetric di-siRNAs with a 20 base pair

antisense and 15 base pair sense strands and GalNAc conjugated

sRNAs with a 22 base pair antisense and 20 base pair sense strands.

Everynucleotide ismodifiedat the2´hydroxyl (OH)positionwitheither

an O-methyl (m) or Flouro (modification). Phosphorothioate backbone

modifications (PS, denoted as #) are included on both sense and anti-

sense strands, at the 5´and 3´ends. The detailed sequence information

is presented in Table 1 and below.

2.1.1 Di-siRNAAPOE

The sense strand is CyMN3-(mA)#(mA)#(fC)(mA)(fU)(mC)(fC)(mA)(fU)

(mA)(mU)(mC)(fC)#(mA)#(mA)-DIO, and the antisense strand is

V(mU)#(fU)#(mG)(fG)(fA)(fU)(mA)(fU)(mG)(fG)(mA)(fU)(mG)#(fU)

#(mU)#(fG)#(mU)#(mU)#(mG)#(fC).

2.1.2 Di-siRNANTC

The sense strand is CyMN3-(mU)#(mG)#(fA)(mC)(fA)(mA)(fA)(mU)(fA)

(mC)(mG)(mA)(fU)#(mU)#(mA)-DIO, and the antisense strand is
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TABLE 1 Detailed sequence and chemical modification patterns of siRNAs.

Name Gene

Accession

number Sense strand Anti-sense strand

Di-siRNAAPOE Mouse ApoE NM_009696 CyMN3-(mA)#(mA)#(fC)(mA)

(fU)(mC)(fC)(mA)(fU)(mA)(mU)

(mC)(fC)#(mA)#(mA)-DIO

V(mU)#(fU)#(mG)(fG)(fA)(fU)(mA)(fU)

(mG)(fG)(mA)(fU)(mG)#(fU)#(mU)#(fG)

#(mU)#(mU)#(mG)#(fC)

Di-siRNANTC N/A N/A CyMN3-(mU)#(mG)#(fA)(mC)(fA)

(mA)(fA)(mU)(fA)(mC)(mG)(mA)

(fU)#(mU)#(mA)-DIO

V(mU)#(fA)#(mA)(fU)(fC)(fG)(mU)(fA)

(mU)(fU)(mU)(fG)(mU)#(fC)#(mA)

#(fA)#(mU)#(mC)#(mA)#(fU)

GalNAc-siRNAAPOE Mouse ApoE NM_009696 CyMN3-(mG)#(fC)#(mA)(fA)(mC)

(fA)(mA)(fC)(mA)(fU)(mC)(fC)

(mA)(fU)(mA)(mU)(mC)(fC)#(mA)

#(mA)-GalNac

V(mU)#(fU)#(mG)(fG)(fA)(fU)(mA)(fU)

(mG)(fG)(mA)(fU)(mG)(fU)(mU)(fG)

(mU)(fU)(mG)(fC)#(mA)#(mG)

GalNAc-siRNANTC N/A N/A CyMN3-(mA)#(fU)#(mG)(fA)(mU)

(fU)(mG)(fA)(mC)(fA)(mA)(fA)(mU)

(fA)(mC)(mG)(mA)(fU)#(mU)

#(mA)-GalNac

V(mU)#(fA)#(mA)(fU)(fC)(fG)(mU)(fA)

(mU)(fU)(mU)(fG)(mU)(fC)(mA)(fA)

(mU)(fC)(mA)(fU)#(mG)#(mA)

Note: Chemical modifications are designated as follows: “#” = phosphorothioate bond, “m” = 2′-O-Methyl, “f” = 2′-Fluoro, “P” = 5′ phosphate, “V” = -5′-(E)-
vinylphosphonate. DIO, di-siRNA; di, divalent; siRNA, small interfering RNA. Di-siRNA, divalent small interfering RNA.

V(mU)#(fA)#(mA)(fU)(fC)(fG)(mU)(fA)(mU)(fU)(mU)(fG)(mU)#(fC)

#(mA)#(fA)#(mU)#(mC)#(mA)#(fU).

2.1.3 GalNAc-siRNAAPOE

The sense strand is CyMN3-(mG)#(fC)#(mA)(fA)(mC)(fA)(mA)(fC)(mA)

(fU)(mC)(fC)(mA)(fU)(mA)(mU)(mC)(fC)#(mA)#(mA)-GalNac, and the

antisense strand is V(mU)#(fU)#(mG)(fG)(fA)(fU)(mA)(fU)(mG)(fG)

(mA)(fU)(mG)(fU)(mU)(fG)(mU)(fU)(mG)(fC)#(mA)#(mG).

2.1.4 GalNAc-siRNANTC

The sense strand isCyMN3-(mA)#(fU)#(mG)(fA)(mU)(fU)(mG)(fA)(mC)

(fA)(mA)(fA)(mU)(fA)(mC)(mG)(mA)(fU)#(mU)#(mA)-GalNac, and the

antisense strand is V(mU)#(fA)#(mA)(fU)(fC)(fG)(mU)(fA)(mU)(fU)

(mU)(fG)(mU)(fC)(mA)(fA)(mU)(fC)(mA)(fU)#(mG)#(mA).

2.2 Oligonucleotide synthesis

Oligonucleotides were synthesized using modified (2ʹ-Fluoro, 2ʹ-
O-Methyl, Locked Nucleic Acid (LNA)) phosphoramidites with

standard protecting groups. Phosphoarmidite solid-phase synthe-

sis was done on a MerMade12 (BioAutomation) using modified

protocols. Unconjugated oligonucleotides were synthesized on con-

trolled pore glass (CPG) functionalized with a long-chain alkyl amine

(LCAA) and unylinker terminus (ChemGenes). GalNAc-conjugated

oligonucleotides were grown on custom 3′GalNAc-CPG,25 divalent

oligonucleotides (DIO) were synthesized on modified solid support,24

and vinyl-phosphonate (VP) phosphoramidite was synthesized as

described.26 Phosphoramidites were prepared at 0.1M in anhydrous

acetonitrile (ACN), with added dry 15% dimethylformamide (DMF)

in the 2′-OMe U amidite. 5-(Benzylthio)−1H-tetrazole (BTT) was

used as the activator at 0.25M. Detritylations were performed

using 3% trichloroacetic acid in dichloromethane (DCM). Capping

was done with non-tetrahydrofuran-containing reagents CAP A,

20% n-methylimidazole in can, and CAP B, 20% acetic anhydride

(Ac2O), and 30% 2,6-lutidine in ACN (synthesis reagents were pur-

chased at AIC). Sulfurization was performed with 0.1M solution of

3-[(dimethylaminomethylene)amino]−3H-1,2,4-dithiazole-5-thione

(DDTT) in pyridine (ChemGenes) for 3minutes. Phosphoramidite

coupling times were 3minutes for all amidites used.

2.3 VP deprotection

TheVP-containing oligonucleotides, still on solid support,were treated

post synthesis with an anhydrous mixture of trimethylsilyl bro-

mide/ACN/DMF/pyridine (3:9:9:1) for 1 hour at room temperature

with gentle agitation. The reaction was then quenched with water and

the CPG was then rinsed with ACN, DCM, and allowed to dry, before

being deprotected normally as described below.

2.4 Deprotection and purification of
oligonucleotides

Divalent and conjugated oligonucleotides (DIO, GalNAc) were cleaved

and deprotected with standard conditions using aqueous ammo-

nia at 55◦C for 16 hours. VP-containing oligonucleotides were

cleaved and deprotected as described.26 Briefly, CPG-containing VP-

oligonucleotides were treated with a solution of 3% Diethylamine

(DEA) in aqueous ammonia at 35◦C for 20 hours. The solutions con-

taining deprotected oligonucleotideswere filtered to remove the CPG,

and dried under vacuum in Speed-vac. The resulting pellets were re-

suspended in 5% ACN in water. Purification was performed on an
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Agilent 1290 Infinity II HPLC system, equipped with a Source 15Q

anion exchange column (GEHealthcare) using the following conditions:

eluent A, 20%ACN, 20mM sodium acetate pH 7; eluent B, 1M sodium

perchlorate in 20% ACN; gradient, 10% B 3min to 35% B 18min, at

60 ◦C. Peaks were monitored at 260nm. Pure fractions were collected

and dried in Speed-vac. Oligonucleotides were re-suspended in 5%

ACN and desalted through fine Sephadex G-25media (GEHealthcare),

and lyophilized.

2.5 Liquid chromatography-mass spectrometry
(LC-MS) analysis of oligonucleotides

The identity of oligonucleotides were verified by liquid

chromatography-mass spectrometry (LC-MS) analysis on an Agi-

lent 6530 accurate mass Q-TOF using the following conditions: buffer

A, 100mM hexafluoroisopropanol (HFIP)/9mM triethylamine (TEA)

in LC-MS grade water; buffer B, 100mM HFIP/9mM TEA in LC-MS

grade methanol; column, Agilent AdvanceBio oligonucleotides C18;

gradient 0% B 1min, 0% to 40% B 8min, temperature, 45◦C; flow rate,

0.5mL/min. LC peaksweremonitored onUV (260nm).MS parameters:

source, electrospray ionization; ion polarity, negative mode; range,

100 to 3200m/z; scan rate, 2 spectra/second; capillary voltage, 4000;

fragmentor, 180V. Reagents were purchased from Fisher Scientific,

Sigma Aldrich, and Oakwood Chemicals, and used per manufacturer’s

instructions, unless otherwise stated.

2.6 Animal studies

All experimental studies involving animals were approved by the Uni-

versity ofMassachusettsMedical School Institutional Animal Care and

Use Committee (IACUC Protocols #A-2411 and #A-1744) and per-

formed according to the guidelines and regulations therein described.

APP/PSEN1 (MMRRC 34832-JAX) mice were bred in house and

obtained from Jackson Lab. 5xFAD mice (MMRRC Stock No: 34840-

JAX) were obtained from Jackson Lab (experiments were performed

on hemizygote APP/PSEN1 and 5xFAD mice). Initial aged APP/PSEN1

mouse colonies were a gift from Dr. Arya Biragyn from the National

Institute on Aging.

To determine ideal sample size, we performed a power calculation

using published data in transgenic mice, and preliminary data evalu-

ating efficacy of the siRNAs used in this study. In published data, the

genetic removal of Apoe (100%) in transgenic AD models resulted in

greater than 90% pathologic improvement, and ≈50% Apoe silencing

with ASOs results in ≈10% reduction in pathology. As shown in Alter-

man et al.,24 the Apoe-targeting siRNAs silence > 95% of APOE in the

brain. Thus, we based the calculation off a predicted mean reduction

in amyloid burden of 50% after treatment with siRNAs targeting Apoe,

and a standard deviation of 25%. To achieve 95% power with an alpha

level of 0.01, 9 animals would be required per group. The complete

power calculation is included in Table S1.

2.7 Stereotactic ICV injections

A total of 237 μg di-siRNA in 10 μL was administered into the lat-

eral ventricles of mice as previously described.24 The dose was split

between each ventricle, for 118 μg di-siRNA in 5 μLs per lateral ven-
tricle. Briefly, micewere anesthetized using avertin and prepared using

standard aseptic technique. Stereotaxic devices were using to hold

injection needles and identify injection location. After the identifica-

tion of the bregma, the needle was placed 1 mm laterally, 0.2 mm

posterior, and 2.5 mm caudally. Injection was performed at 500

nL/minute. Mice were thenmonitored until fully sternal.

2.8 Sub-cutaneous injections

GalNAc-conjugated siRNAs were injected subcutaneously (SC) into

mice. Each animal received a 10 mg/kg dose in 200 μL volume. For

anti-siRNAs, mice received 1mg/kg SC.

2.9 Tissue collection

mRNAquantificationwasperformedaspreviously described.24 Briefly,

tissue punches were stored in RNAlater (Invitrogen #AM7020) and

homogenized in QuantiGene 2.0 homogenizing buffer (Invitrogen,

QG0517) with proteinase K (Invitrogen, 25530-049). mRNA was

detected according to theQuantiGene 2.0 protocol using the following

probe sets: mouse HPRT (SB-15463), mouse PPIB (SB-10002), mouse

apoE (SB-13611).

2.10 Protein quantification

For analysis of APOE protein expression in mouse brain samples, WES

by ProteinSimple was used as previously described.24,27 Briefly, tis-

sue punches were collected as above and flash-frozen, and placed at

−80◦C. After the addition of radioimmunopreciptation assay (RIPA)

bufferwith protease inhibitors, sampleswere homogenized and stored

at−80◦C. Protein amount was determined using Bradford Assay. Sam-

ples were diluted in 0.1× sample buffer (ProteinSimple) to ≈0.2 to

0.4 μg/μL. Anti-APOE antibody (Abcam, 183597) was diluted 1:200

in antibody diluent (ProteinSimple) and loading control, anti-Vinculin

(Invitrogen, 700062),was diluted1:1000 in antibodydiluent. The assay

was performed as described by ProteinSimple protocol using the 16

to 230 kDa plate (SM-W004). The separation electrophoresis and

immunodetection are performed automatically in the capillary system

using the default system settings. Once loaded, the separation elec-

trophoresis was performed automatically. Results were analyzed using

the Compass for Protein Simple software.

Amyloid precursor protein (APP), carboxy-terminal fragments

(CTFs), and Aβ42 protein were evaluated using traditional western

blots. In brief, snap-frozen hippocampal and cortical brain samples
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were extracted in phosphate-buffered saline (PBS), 1 mMEDTA, 1 mM

EGTA, and 3 μL/mL protease inhibitor mix (Sigma, Munich, Germany)

as previously described.28 Homogenateswere extracted inRIPAbuffer

(25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% NP40, 0.5% NaDOC,

0.1% sodium dodecyl sulfate [SDS]), centrifuged at 100,000 × g for

30 minutes and the pellet containing insoluble Aβ was solubilized in

2% SDS, 25 mM Tris-HCl, pH 7.5. In addition, the SDS-insoluble pel-

let was extracted with 70% formic acid in water. Formic acid was

removed using a speed vac (Eppendorf, Hamburg, Germany) and the

resulting pellet was solubilized in 200 mM Tris-HCl, pH 7.5. Sam-

ples were separated by 4% to 12% NuPAGE (Invitrogen, Karlsruhe,

Germany) using MES or MOPS buffer and transferred to nitrocel-

lulose membranes. APP and Aβ were detected using antibody 6E10

(Covance, Münster, Germany) and the c-terminal APP antibody 140

(CT15). α-tubulin served as housekeeping control. Immunoreactivity

was detected by enhanced chemiluminescence reaction (Millipore,

Darmstadt, Germany) or near-infrared detection (Odyssey, LI-COR).

Chemiluminescence intensities were analyzed using the ChemiDoc

XRS documentation system (Bio-Rad,Munich, Germany).

2.11 Cholesterol

Serum cholesterol was measured using the Abcam LDL and high-

density lipoprotein (HDL) cholesterol quantificationkit (ab65390). LDL

and HDL were separated using the included precipitation buffer that

uses a water-soluble non-ionic polymer to precipitate the fractions.29

The assay uses cholesterol esterase to hydrolyze cholesteryl ester into

free cholesterol. Next, cholesterol oxidase acts on free cholesterol to

produce a color at 570 nm that is proportional to the amount of choles-

terol in the sample. Briefly, serum was collected prior to euthanasia. A

2× buffer was added to 50 μL of serum and incubated at room temper-

ature for 10 minutes. Samples were spun for 10 minutes at 2000 rpm

and the supernatant (LDL fraction) was placed in a separate tube. The

pellet (HDL fraction) was resuspended in 200 μL PBS. The samples

were diluted, and cholesterol levels were analyzed according to the

package instructions.

2.12 Histology and analysis

See Table S2 for key resources used.

For evaluation of amyloid plaque burden, four 40-μm formalin-

fixed brain slices per animal were stained in a free-floating format

with either X-34 dye (Sigma-Aldrich, #SML1954), APP6E10 (BioLe-

gend, #803001), or Aβ42 (Cell Signaling, D9A3A). For X-34 staining,

formalin-fixedbrain sliceswerewashed inPBS for5minutes, incubated

in 100 μM ×-34 (dissolved in 40% EtOH) for 10 minutes, rinsed 5×

in water, incubated in 0.2% NaOH in 80% EtOH for 2 minutes, then

washed in distilled water for 10 minutes, and mounted for imaging.

Imageswere performedwith a20×objective on a Leica invertedmicro-

scope. Number and size (area, volume) were quantified using ImageJ

thresholding and 3D object counter and normalized to controls. For

immunohistochemistry (IHC), three 40-μm slices were placed in 70%

formic acid for 15 minutes, washed three times in PBS, placed in 1%

H2O2 for 30 minutes, washed three times in PBS, blocked and perme-

abilized in 10%blocking serumand0.5%Triton-X. Sampleswere placed

in biotin-◦labeled APP 6E10 (BioLegend #803007) at 4◦C overnight

and developed using ABC (VectorLabs #PK-6200) DAB peroxidase

system (VectorLabs#SK-4100). Sampleswereallowed todry anddehy-

drated in ethanol, cleared with xylenes and cover slipped. Images were

acquiredwith a 5× objective using tiling. Analysis was performed using

ImageJ. Briefly, images were converted to 8-bit images. Thresholding

was applied to measure the number and size of amyloid plaques. Amy-

loid burdenwas reported as percent of the total areameasured. Values

across at least three slices per animal were averaged and compared to

controls.

For immunofluorescence, slices were treated with 70% formic acid

for 15 minutes, incubated in blocking buffer (PBS with 1% bovine

serum albumin [BSA] and 0.3% Triton X-100) for 1 hour at room tem-

perature, incubated with primary antibodies overnight at rotating 4◦C

(APP6E10: 1:1000, Aβ42: 1:200, APOE: 1:500, GFAP 1:500), washed

with PBS, incubated with Alexa-Fluor-labeled secondary antibodies

diluted 1:500 in blocking buffer for 2 hours at room temperature,

washed with PBS, and mounted with ProLong Diamond. Imaging was

performed on a Leica invertedmicroscope.

2.13 Microglial clustering

Samples were processed for immunofluorescence as described above

with IBA1 primary antibody (ab178846, 1:500) and Alexa-Fluor-

labeled secondary antibodies diluted 1:500. The Z-stack of images

(at 1 μm interval for 40 μm slice) for five random regions of inter-

est per animal were acquired from the cortex using a Leica inverted

microscope at 63× resolution. Manually going through the Z-stack the

number of microglia cells where quantified using a cell counter and

assigned to one of the two categories: free-standing and clustered

microglia. The clustered microglia (or plaque-associated) were defined

as being within proximity, including the cell body or processes over-

lapping with, the amyloid plaque. The number of free and clustered

(plaque-associated)microglia per field of viewwas quantified using the

cell counter in ImageJ. Thenumberswere averaged for five sectionsper

animal, and the data presented show the resulting calculations for the

n-4,5 animals.

2.14 Aβ enzyme-linked immunosorbent assays

For APP/PSEN1 mice, Aβ42 (Thermo Fisher, #KHB3544) and Aβ40
(Thermo Fisher, #KHB3481) were measured using enzyme-linked

immunosorbent assays (ELISAs). For 5×FAD mice, Aβ42, Aβ40, and
Aβ38 were quantified using multiplex Meso Scale Discovery (MSD)

plates (MSD, #K15200E). Brain homogenates were solubilized in

RIPA buffer with protease inhibitors and spun down for 20 minutes.

The RIPA fraction was transferred to a new tube. The pellet was
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FERGUSON ET AL. 2637

resuspended in 70% formic acid and incubated rotating for 2 hours.

Samples were then spun down and the supernatant transferred to

a new tube and used for ELISA assays. ELISAs and MSD assays

were performed and analyzed according to the manufacturer’s

instructions.

Please see Table S2 for key resources used.

2.15 RNA sequencing and data analysis

2.15.1 Library preparation

RNA from brain punches was purified using the NEB RNA purifica-

tion kit (NEB, #T2010S). RNA libraries were prepared using a TruSeq

kit (Illumina, #20020595). Samples were run on HiSeq Flow 4000 for

NextSeq 550 single end with read lengths of 100 and 72, respectively.

Readswere thenmapped toa custommm10genomecontaininghuman

APP for theAPP/PSEN1mice, a customgenomecontaining humanAPP

and PSEN1 for the 5XFAD mice, and a custom genome of mm10 con-

taining human APP, using STAR v2.7.6a30 and transcript expression

was calculated with RSEM v1.3.3.31 Genes with an estimated count

of less than 5 in at least half the samples were removed from further

analysis.

2.15.2 Differential expression

Differential expression was calculated with DESeq2 v1.22.2 using an

alpha of 0.05 and apeglm log2 fold change shrinkage.32,33 Thepresence

of siRNAseed complementarity (7-mer complementary to siRNAguide

strand positions 2 to 8) in all geneswith annotated 3′-UTRs in Ensembl.

GRMCm38.p6 annotations were determined with a custom Python

script. siRNAseedenrichment indownregulatedversusunchangedand

upregulated transcripts was calculated using a Fisher Exact Test. Data

were plotted usingMatplotlib.

2.15.3 Gene set enrichment analysis

Gene set enrichment analysis was conducted using the fgsea R

package34 and plotted using the viseago R package,35 with custom

settings for heatmap color to indicate if a gene set is upregulated or

downregulated.

2.15.4 Weighted gene co-expression network
analysis

Data for weighted gene co-expression network analysis (WGCNA)36

were first filtered to remove genes with 10 or fewer reads in any sam-

ple, batch effect-corrected for sex using the ComBat-Seq R package,37

and transformed using the vst function in DESeq2. WGCNA with

additional k-means clustering was conducted using the CoExpNets

R package38 with default settings. Gene ontology of modules was

performedwith gprofiler2.39

2.15.5 Disease-associated microglia subtype
analysis

Marker genes for disease-associatedmicroglia (DAM)were taken from

previously published single-cell RNA sequencing data.40–43 A custom

GMT file was created using these marker genes and GSEA was per-

formed with this GMT file with GSEAPY, using 1000 permutations.

Pearson correlation of Apoe to each gene in the set of marker genes

for DAM was calculated using corr.test in R and DESeq2 variance

stabilized transformed counts

2.15.6 Transcription factor enrichment analysis

Transcription factor enrichment analysis of upregulatedgeneswasper-

formed using the MAGIC 1.1 python package, using the “1 kb_gene”

matrix.44 The transcription factor enrichment score was calculated

as the ratio of the observed versus expected number of genes con-

trolled by a transcription factor. The transcription factor enrichment

score was calculated for genes upregulated in the 5XFAD2-month and

displayed as a bar graph plot.45,46

2.16 Statistics

Each n represents an independent biological sample. All graphs show

means ± S.D. All statistics were performed using Prism GraphPad v.8,

using either two-tailed, unpaired t-tests or one-way analysis of vari-

ance (ANOVA) with Dunnett correction. Box plots show the following

statistics: center line, median; top of the box, 75% quartile; bottom of

the box, 25% quartile; whiskers, minimum andmaximum.

3 RESULTS

3.1 CNS and systemic Apoe are spatially and
functionally distinct in APP/PSEN1 mice

Tissue-specific Apoe knockouts have revealed that CNS and systemic

Apoe are independently maintained inmice.15,16 To determine if siRNA

silencing of Apoe in the CNS impacts liver Apoe and vice versa, we

engineered chemicallymodified siRNAs targetingmouseApoe in either

a liver-active (GalNAcAPOE) or CNS-active (di-siRNAAPOE) chemical

configuration (Apoe targeting sequence: TGGATATGGATGTTGTTGC)

(Table 1). The targeting sequences were chosen based on previously

published screen.47 Briefly, a panel of siRNAs targeting mouse Apoe

were screened in primary mouse astrocytes. Hits were chosen based

onmaximumsilencing and evaluatedwith a seven-point dose-response

study to determine IC50 values. ApoE 1134 was chosen as a lead
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2638 FERGUSON ET AL.

compound based on maximum silencing and IC50 value in cells. The

compound was tested in wild type mice and showed good efficacy

(>95% silencing, p< 0.001) 2months post injection.24

To silence brain Apoe, 2-month-old APP/PSEN1 mice

(JAX#34832)48–50 were injected intracerebroventricularly (ICV) with

a total of 237 μg (118.5 μg into each lateral ventricle) of di-siRNAAPOE

and compared to a non-targeting control (NTC) group (di-siRNANTC).

To silence liver Apoe, a second group was injected subcutaneously

(SC) with 10 mg/kg GalNAcAPOE and compared to a non-targeting

control (NTC) group (GalNAcNTC). Two months post-injection, when

animals were 4 months old, we measured Apoe mRNA and protein

in the brain and the liver, and serum cholesterol levels (Figure 1A,B,

Figure S1a,b). In di-siRNAAPOE-treated mice, we observed >90% Apoe

mRNA and >95% protein silencing (p < 0.0001) in the brain and ≈50%

silencing in the liver (p < 0.0001) compared controls (Figure 1C,D).

In GalNAcAPOE-treated mice, we observed >99% Apoe mRNA and

protein silencing in the liver (p < 0.0001) and no silencing in the brain

(Figure S1c,d, Figure S2 for rawwestern blots).

Despite the partial reduction of liver Apoe in di-siRNAAPOE -treated

mice, serum cholesterol levels remained normal (Figure 1E). In con-

trast, the near-complete silencing of liver Apoe in GalNAcAPOE-treated

mice resulted in significantly increased LDL-cholesterol levels com-

pared to controls (≈300%, p < 0.001) (Figure S1e). While we did

not measure CNS cholesterol levels directly in APP/PSEN1 animals,

we previously observed no significant impact of the CNS and sys-

temic Apoe silencing on brain cholesterol levels in wild-type mice and

only complete systemic silencing of hepatic Apoe-impacted circulat-

ing cholesterol levels (Ferguson et al., in submission). We observed no

liver toxicity in either treatment groups compared to their respective

controls using standard liver function tests (Table S3). These data con-

firm the efficacy of the siRNAs in the CNS and the liver. In addition,

these data show, at least in the short term, that APOE protein does

not readily traffic between the CNS and the systemic circulation to

rescue expression after siRNA-mediated silencing, and that CNS Apoe

does not significantly regulate systemic cholesterol levels. The ability

to silence CNS Apoe without affecting Apoe’s role in regulating sys-

temic cholesterol levels allows for the exploration of siRNA-mediated

silencing of CNS APOE in AD.

3.2 CNS silencing of Apoe reduces amyloid
pathology in APP/PSEN1 model

To evaluate the effects of Apoe silencing on AD pathology in

APP/PSEN1 mice, we measured the number and size of amyloid

plaques at 2 months post-injection (4 months old). Toxic amyloid frag-

ments (Aβ40, Aβ42) aggregate into plaques that are visible throughout
the brain on postmortem histology. Amyloid plaques were detected

by IHC for amyloid (APP6E10) or by X-34 staining (which is sensi-

tive for β-pleated amyloid).51 Amyloid plaque burden was calculated

as the percentage of area positive for amyloid plaques (see Methods

for details). Consistent with prior reports,52 we observed differences

in the degree of pathology between female and male mice, and

thus performed sex-separated analysis; however, the relative reduc-

tion in pathology after di-siRNAAPOE treatment was similar between

sexes (Figure 1F–M). Compared to controls, silencing Apoe with di-

siRNAAPOE reduced APP6E10 positive plaque burden (female: 86%,

p < 0.0001; male: 70%, p = 0.0158) (Figure 1F,H) and X-34 positive

amyloid plaque burden throughout the brain in both female and male

mice (female: 78%, p< 0.0001; male: 79%, p= 0.0029) (Figure 1G,K).

In addition to visible aggregated plaques, Aβ exists as fragments of

toxic Aβ42 and, to a lesser extent, Aβ40 and Aβ38.53 The role of amy-

loid plaques versus amyloid fragments in disease progression is not

clear.54,55 We used ELISA to measure Aβ42 or Aβ40 levels in solu-

ble and insoluble fractions of cortical lysates. Consistent with staining

studies, silencing Apoe resulted in reduced levels of insoluble Aβ40
(female: 56%, p = 0.011; male: 40%, p = 0.0738) (Figure 1I) and Aβ42
(female: 84%, p < 0.0001; male: 80%, p = 0.0529) (Figure 1J). Sol-

uble Aβ42 and Aβ40 levels were similar between treatment groups

(Figure 1L,M). The degree of amyloid burden differed between female

and male mice, but silencing Apoe reduced amyloid burden pathology

similarly in both sexes. Importantly, near-complete silencing of liver

Apoe had no effect on amyloid burden or insoluble Aβ42 levels but did

modestly increase soluble Aβ42 (Figure S1e–i), highlighting the impor-

tance ofmaintaining systemicApoe expression. Collectively, our results

show that near-complete silencing of CNS Apoe before the onset

of amyloid pathology significantly reduces amyloid burden in adult

APP/PSEN1mice without affecting systemic cholesterol homeostasis.

3.3 Silencing Apoe after onset of pathological
changes reduces amyloid pathology in 5xFAD mice

To study the effects of silencing Apoe at the stage of early amyloid

deposition and after the onset of underlying biological changes, we

turned to the 5xFAD mouse model, which expresses humanized APP

harboring 3mutant alleles—Swedish (K670N,M671L), Florida (I716V),

and London (V717I) alleles—and human PSEN1 harboring two muta-

tions (M146L and L286V). The 5xFAD mice show amyloid deposition,

astrocyte activation, and neuronal cell death beginning between 6

and 8 weeks of age.56 We injected (ICV) 9-week-old 5xFAD mice

with 237 μg of di-siRNAAPOE or di-siRNANTC (control) and measured

brain Apoe expression, amyloid burden, and transcriptome changes at

2 weeks and 2 months post-injection (11 and 17 weeks old, respec-

tively) (Figure 2A,B). To account for possible variations in phenotypes

between sexes, we performed a sex-separated analysis of AD phe-

notypes including amyloid burden and behavior; however, as siRNA

silencing is not sex-dependent, we analyzed male and female mice

together.

Di-siRNAAPOE potently silenced Apoe mRNA in all regions of the

brain (Figure 2C) (>95%, p<0.0001) at both time points. At these early

time points, 5xFAD mice do not exhibit significant AD-related cog-

nitive deficits.56 However, treatment with di-siRNAs and subsequent

silencing ofApoe did not result in cognitive impairment during the open

field, novel object recognition (NOR), or y-maze spontaneous alterna-

tion tests at 2months post-injection (Figure S3).Whilewewere unable
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F IGURE 1 Silencing brain Apoe reduces AD neuropathology in APP/PSEN1mice with no effect on serum cholesterol. (A,B) Experimental
timeline. Di-siRNA dose is 237 μg. Di-siRNANTC shown in grey, and di-siRNAAPOE shown in green. (C,D) ApoemRNA (C), and APOE protein (D)
expression in the hippocampus, cortex, and liver 2months post administration of di-siRNANTC or di-siRNAAPOE. (E) SerumHDL and LDL
cholesterol in treated and control mice (n= 8 to 9 per group). (F) APP6E10 plaques in the cortex 2months post-injection in treatedmice (left) and
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2640 FERGUSON ET AL.

to determine the impact on AD-related cognitive changes from these

experiments, these results suggest that silencing CNS Apoe with siR-

NAs is well-tolerated in adult mice. Further studies are needed in older

mice to evaluate the impact of silencingApoe on the cognitive effects of

AD.

At 2weeks post-injection, treated and control animals showed early

signs of amyloid pathology, with the most extensive plaque deposition

being in the posterior hippocampus and entorhinal cortex and themost

antibody reactivity being associated with intraneuronal APP (Figure

S4a,c). There were no significant differences between groups at this

time point.

At 2 months post-injection, compared to controls, we observed sig-

nificantly less amyloid burden in the brains of di-siRNAAPOE-treated

mice (Figure 2D,F,H) (Table S4). In di-siRNAAPOE-treated male but not

female mice, amyloid plaques in the hippocampus and cortex were

smaller than those in control mice (p = 0.0206 and p = 0.0278,

respectively) (Figure 3A). Differences in plaque sizewere not observed

in other regions of the brain where fewer plaques were detected.

The number of amyloid plaques was significantly reduced in all brain

regions in female mice (hippocampus: p = 0.0012; cortex: p = 0.0003;

thalamus: p = 0.0001), and male mice (hippocampus: p = 0.0020;

cortex: p= 0041; thalamus: p= 0.0010) (Figure 3B, Table S4).

The APP6E10 antibody used to measure amyloid burden detects

Aβ fragments (Aβ38, 40, 42) as well as the normally processed 100-

kDa APP product (Figure 2B).57 Indeed, IHC using APP6E10 strongly

stained extracellular plaques (black arrow) and diffuse intraneuronal

APP in cortical andhippocampal neurons (blackasterisk) (Figure2F). To

differentiate between general amyloid burden measured by APP6E10

and Aβ42-specific plaque load, we performed immunofluorescence

with an Aβ42-specific antibody (Cell Signaling; D9A3A). Apoe silencing
led to a lower Aβ42 plaque burden (Figure 2E,G,I), reduced the burden
of insoluble Aβ42 measured using Multiplex ELISA MSD assays (MSD

K15200E), themore toxic and aggregate-prone fragment (Figure 2J,K),

and led to fewer amyloid plaques throughout the brain (Figure 3C).

Interestingly, plaque size was unaffected by Apoe silencing (Figure 3D,

Table S5) and Apoe silencing had no effect on soluble Aβ42 or Aβ40
levels (Figure 3E).

3.4 Silencing Apoe reduces amyloid
carboxyl-terminal fragments in 5xFAD mice

In AD patients, toxic amyloid plaques accumulate when the produc-

tion of amyloid protein fragments is not balanced by clearance.58

APP processing on the cell membrane produces α-CTFs by a non-

amyloidogenic pathway, and β-CTFs via an amyloidogenic pathway.58

In healthy brains, amyloid fragments are cleared by amyloid degrading

enzymes (ADEs), including neprilysin, insulin-degrading enzyme (IDE),

and matrix metalloproteinases.59,60 To determine how silencing Apoe

helps improve amyloid pathology, we measured α- and β-CTFs in hip-

pocampal and cortical brain samples from 5xFAD mice.61 In control

animals, α- and β-CTF levels increased between time points, consis-

tent with worsening pathology as animals age (Figure 4A–D, Figure

S5a–d). Interestingly, after 2 weeks of silencing CNS Apoe, there was

an increase in cortical CTFs and Aβ42 compared to controls. However,

after 2 months of silencing CNS Apoe, we observed a marked reduc-

tion of cortical and hippocampal APP and Aβ42 protein (Figure 4A–D,

Figure S5a–d), and a surprising reduction of both α- and β-CTFs in

the cortex. Silencing Apoe did not significantly affect mRNA levels of

APP, presenilin (PSEN1/PSEN2), or the APP-cleaving enzyme BACE1

(Figure 4E). These results suggest that long-term silencing of Apoemay

decrease APP protein stability and may reduce the production of amy-

loid fragments via both amyloidogenic and non-amyloidogenic path-

ways, without altering the expression of APP mRNA or its processing

machinery.

3.5 Silencing Apoe with siRNAs reduces
APOE-rich plaque cores in 5xFAD mice

Previous studies have observed that APOE is enriched in the core of

amyloid plaques, suggesting that APOE serves as a scaffold for the

aggregation of amyloid fragments into non-degradable plaques. The

loss of theAPOE coremay allow for phagocytic clearance of plaques by

microglia and turnover of toxic amyloid fragments.17,45,62–67 To build

upon these studies, we evaluated the presence of APOE in plaques

using immunofluorescence. In controls, we observed APOE-rich (red)

amyloid plaque (green) cores in 5xFADmice (Figure 4F). Silencing Apoe

with siRNAs reduced both amyloid plaque burden and APOE signal

in plaque cores (Figure 4g). We observed residual APOE staining in

occasional amyloid plaques that likely represents APOE cores that

formed prior to treatment (Figure 4G, arrow). Others have previously

shown that silencing Apoe destroys the core, allowing for phagocytic

clearance of plaques by microglia and the turnover of toxic amyloid

fragments.45,66–68 Webuild upon these studies by showing that siRNA-

mediated silencing of Apoe similarly reduces the APOE-rich core and

subsequently, amyloid plaque burden in 5xFAD.

We next used immunofluorescence to probe the effect of remov-

ing APOE-rich cores on microglial clustering. In a subset of animals

(n = 4 per group), five random regions of interest per animal were

controls (right). (G) X-34-positive plaques in cortex 2months post-treatment in treatedmice (left) and controls (right). (H–I) Sex-stratified
quantification of APP6E10-positive cortex plaques (H), and insoluble Aβ40 fibrils (I) and insoluble Aβ 42 fibrils (J) in cortex samples. (K–M)
Sex-stratified quantification of X-34-positive plaques in the cortex (K), soluble Aβ40 fibrils (L) and soluble Aβ42 fibrils (M) in cortex samples. mRNA
evaluated using QuantiGene. APOE protein quantified withWES ProteinSimple; statistical analysis was one-way ANOVA or t-test using GraphPad
Prism. Error bars are SD.Middle bars aremedian. Aβ, amyloid beta; AD, Alzheimer’s disease; di-siRNA, divalent small interfering RNA; HDL,
high-density lipoprotein; LDL, low-density lipoprotein. *p< 0.05, **p< 0.01, ***p< 0.002, ****p< 0.0001.
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F IGURE 2 Silencing Apoe after the onset of pathologic changes improves amyloid burden in 5xFADmice. (A) Experimental design. (B)
Schematic showing antibody binding sites for APP6E10 and Aβ42-specific antibody (D9A3A). APP6E10will react with Aβ and soluble APPα (sAPP
α). (C) mRNA expression throughout the brain 2 weeks and 2months post administration of di-siRNAAPOE. Controls (di-siRNANTC) are shown in
grey and treated (di-siRNAAPOE) are shown in green. (D) Amyloid deposition using APP6E10 in controls (left) and treated (right) animals. Scale bar:
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2642 FERGUSON ET AL.

acquired from the cortex and the number of free and clustered (plaque-

associated) microglia per field of view was quantified using ImageJ

(see methods). In treated and control mice, we observed IBA1-positive

microglial clustering around plaques (Figure 5A–B). siRNA silencing of

Apoe resulted in an increase in freemicroglia anda significant reduction

of microglia clustered around plaques (Figure 5C). Although the dense

clustering of microglia around plaques and the complexity of the tissue

samplesmade it difficult to quantify ramification andbranch formation,

silencing Apoe qualitatively increased branching, suggesting that Apoe

silencing may increase ramification. Further investigation of microglial

behavioral and morphologic changes in response to Apoe silencing and

amyloid reduction is necessary.

3.6 Apoe silencing activates innate immune
responses

In the early stages of AD, amyloid-degrading enzymes released by

microglia cannot keep pace with the production and aggregation of

toxic amyloid fragments.69 To probe the potential impact of Apoe

silencing on immune-driven clearance, we evaluated gene expression

in both APP/PSEN1 (cortex, 2 months post-injection, n = 8–10/group)

and 5×FAD mouse models (cortex, 2 weeks, n = 9–10/group; and 2

months post-injection, n = 20/group). Each treated group was com-

pared to its corresponding age-matched non-targeting control group

and differentially expressed genes were identified using a false discov-

ery rate (FDR) of ≤0.05 and a log2 fold change of 0.5 (detailed further

in Methods). Because the di-siRNA structure itself does not signifi-

cantly alter gene expression or stimulate an inflammatory response,

any changes observed here are likely a direct or downstream result of

silencing Apoe.24

Apoewas the most significantly downregulated gene in 5xFADmice

at 2 weeks (log2 fold-change −3.28, p = 7.28e−62) and 2 months (log2

fold-change −3.76, p = 6.63e−165) post-injection, and in APP/PSEN1

mice at 2 months post-injection (−2.85, p = 2.43e−18) (Figure 5D–F).

Only two to four genes with complementarity to the di-siRNA seed

sequence were marginally down-regulated, perhaps related to off-

target siRNA activity. The high specificity of di-siRNAs observed here

is consistent with previous reports of di-siRNAs in the CNS.24 Thus,

off-target events are unlikely to contribute to transcriptome changes.

Although we did not observe phenotypic changes in 5×FAD mice

at 2 weeks post-injection, silencing Apoe resulted in detectable tran-

scriptomic changes, suggesting initiation of underlying biological pro-

cesses that may affect disease progression (Figure 5D). Transcrip-

tome changes were more profound in both models after 2 months

(Figure 5D–F), consistentwith the significant reduction in amyloid bur-

den. In both mousemodels, the transcriptome effects of Apoe silencing

were skewed towards gene activation (Figure 5D–F). In 5xFAD mice,

64 genes were upregulated at 2 weeks and 160 genes were upregu-

lated at 2 months post-injection (log2 fold change cutoff of 0.5 and

adjusted p-value cutoff of 0.05). Conversely, only 12 and14 geneswere

downregulated at 2 weeks and 2 months post-treatment, respectively.

Two weeks post-injection in 5xFADmice, AD-associated genes, Trem2,

Slamf9, Tmem119, and Cst7 were upregulated. Tmem119 remained

slightly upregulated at 2 months, but fell just below the set thresh-

old, while there were no significant expression differences in the other

genes (Tables S6 and S7, File S1). In APP/PSEN1 mice, silencing Apoe

resulted in significant upregulation of 21 genes and downregulation of

just one.

Gene set enrichment analysis (GSEA) showed a consistent increase

in innate immune processes following Apoe silencing, with genes

involved in type 1 interferon response and cellular response to viral

pathogens being upregulated at both time points and in both models

(Figure5G–H, File S2). At2monthspost-treatment, the innate immune

responsewas themostpronounced signature, especially in5xFADmice

who hadworse amyloid burden overall. Upregulated immune response

genes included Stat1 and Stat2, and genes regulated by Stat1 and Stat2,

such as oligo-adenylate synthase genes (Oas1a, Oas1b, Oas1g, Oas2,

Oas3, Oasl1, Oasl2), interferon-related genes (Irf7, Irf9, Stat1, Ifit1, Ifit2,

Ifit3, Ifi27, Ifi35, Ifi44), and cytokines/chemokines (Ccl12, Ccl2, Ccl5,

Cxcl10, Cxcl13, Cxcl16, Tnfsf13b) (Figure 5I, Tables S6– and S7, File

S2).70 Upregulation of key immune-related genes Lag3, Ccl5, Cxcl13,

Oas3, and Lrf7were confirmedwith RTqPCR (Figure S6).

Apoe knockout induces more pronounced changes in inflammatory

gene signatures inmodels of neurodegeneration than in the absence of

disease (ie, wild-type animals), suggesting that Apoe silencing may not

be the only factor driving inflammation.71,72 Rather, the strong inter-

feron signature associatedwithApoe silencingmight reflect underlying

DAMor activated astrocytes.45,73 Indeed, we observed a strong corre-

lation between di-siRNA-Apoe treated 5xFAD mice and DAM expres-

sion signatures identified in single-cell RNA sequencing studies40–42,45

(Figure 5J, Figure S7). Pearson correlation between Apoe and each

DAM marker gene (Figure 4K) confirmed an overall inverse correla-

tion with Apoe expression levels but also highlighted a small number of

genes that are positively correlated with Apoe expression. In particu-

lar, Aplp2 and Apbb2, two genes previously identified as being involved

in APP processing, are significantly positively correlated with Apoe

expression (File S4). Simultaneously, Apoe silencing increased expres-

sion of C1qa and C1qb, two key markers of homeostatic microglia.73

Our data seem to contradict previous studies showing that genetic

1000 μm. (E) Aβ−42 using D9A3A in controls (left) and treated (right) animals. Scale bar: 1000 μm. (F) Zoom of cortical regions from panel D
showing neuronal amyloid reactivity in both groups and reduction in amyloid plaque deposition in di-siRNAAPOE treated animals. Scale bar:
1000 μm. (G) Zoom of cortical regions from panel E showing Aβ42 plaque reduction in di-siRNAAPOE treated animals. Scale bar: 1000 μm. (H,I)
Quantification of plaque burdenmeasured as percent area, separated by sex using APP6E10 (H) and Aβ42 antibodies (I). (J,K)MSD quantification
of insoluble amyloid in the cortex (J) and hippocampus (K). Statistics: t-test per brain region; sex separated; n= 9–10 per sex per group. Timepoint:
17weeks old, 2months post-injection. Aβ, amyloid beta; di-siRNA, divalent small interfering RNA;MSD,Meso Scale Discovery; NTC, non-targeting
(vehicle) controls. *p< 0.0332, **p< 0.0021, ***p< 0.0002, ****p< 0.0001.
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(A)

(C) (D)

(E)

(B)

F IGURE 3 Silencing Apoe primarily reduces plaque number. (A) Amyloid plaque size, and (B) amyloid plaque numbermeasured using APP6E10
antibody. (C) Aβ42 plaque size, and (D) Aβ42 plaque numbermeasured using Aβ42-specific antibody (D9A3A) in 5xFAD treated and control mice,
separated by sex. (E)MSD ELISA quantification of Aβ42 and Aβ40 in soluble brain fractions. Statistics: t-test per brain region; sex separated.
Timepoint: 17 weeks old, 2 months post-injection (n= 9-10 per sex per group). Di-siRNANTC is shown in grey, and di-siRNAApoE is shown in green.
Aβ, amyloid beta; ELISA, enzyme-linked immunosorbent assay; MSD,Meso Scale Discovery. *p< 0.0332, **p< 0.0021; ***p< 0.0002;
****p< 0.0001.

Apoe deficiency attenuates inflammatory signatures (reviewed in74),

a discrepancy that could be related to the time point in disease pro-

gression at which the transcriptome was evaluated, or the time point

of Apoe modulation (adulthood vs embryonic). Interestingly, expres-

sion profiles were positively associated with the microglial response

to injecting Aβ/ApoE3 lipoprotein complex into wild-type mouse brain

and negatively associated with the response to injecting Aβ/ApoE4
lipoprotein (Figure S7a).42 These discrepancies highlight the important

role single cell RNAseq (vs bulk performed here) can play in elucidating

the nuances of expression profiles.

Pathways associated with axonogenesis, neurotransmitter trans-

port, and synaptic organization were downregulated after silencing

Apoe for 2 months in 5xFAD mice (Figure 6). However, signatures

and components of the classical complement cascade (C1qa, C1qb)

were upregulated, consistent with activation of synapse pruning and

lysosomal activity in homeostatic microglia.45,73,75 The absence of
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(A) (B)

(C)

(E)

(F) (G)

(D)

F IGURE 4 Apoe silencing decreases amyloid CTF production and removes structural support for amyloid plaques.Western blots (A) and
quantification (B) showing a reduction in CTFs and Aβ42 in the cortex of treated compared to control animals.Western blots (C) and quantification
(D) showing a reduction in APP and Aβ42 in the hippocampus of treated compared to control animals.N= 4–5 per group. Statistics: one-way
ANOVA. (E) RNA expression levels of APP, PSEN1, PSEN2, and BACE1 in the cortex of treated and control animals. (F,G) Co-staining of amyloid
plaques (APP6E10, green) and APOE (red) in control (F) and Apoe silenced (G) 5xFADmice. Insets show amyloid (top, green) and APOE (red,
bottom). Arrows denote early plaquewith APOE present in the core while star denotes APOE poor plaquewith altered structure. 63x, scale bar:
10 μm. Aβ, amyloid beta; APP, amyloid precursor protein; CTF, carboxy-terminal fragment; di-siRNA, divalent small interfering RNA; NTC,
non-targeting (vehicle) controls; RIPA, radioimmunopreciptation assay. *p< 0.0332, **p< 0.0021, ***p< 0.0002, ****p< 0.0001.
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FERGUSON ET AL. 2645

F IGURE 5 Apoe silencing activates the expression of immune-related pathways. Co-staining of amyloid plaques (APP, green) andmicroglia
(IBA1, green) in control (A) and treated (B) 5xFADmice. Insets show amyloid (top, green) and IBA1 (bottom, green). Representative images from
corresponding cortex regions are shown. 40x, scale bar: 10 μm. (C) Quantification of IBA1+ cell clustering around amyloid plaques. Statistics:
one-way ANOVA. (D–F) Volcano plots showing differentially expressed genes after twoweeks (D) and 2months (E) of Apoe silencing in 5xFAD
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2646 FERGUSON ET AL.

these signatures in APP/PSEN1 mice, which showed lower overall

amyloid burden, suggests that worsening disease pathology combined

with Apoe silencing stimulates synapse pruning, which may serve to

strengthen neurons in the context of worsening neurodegeneration.

Sex affects Apoe-related progression of AD. Nevertheless, tran-

scriptional changes in response to Apoe silencing were similar in male

and female mice, with ribosomal subunit protein genes being the

exception (Figure S8a). Interferon genes were activated in both sexes,

but the effect was stronger in male mice at 2 months post-injection

(Figure S8a).

Interestingly, after silencing Apoe for 2 months in 5xFAD mice,

we observed increased expression of other lipoproteins, including

ApoA1 (log2fold change = 0.79, p = 0.0178) and ApoC1 (log2fold

change = 0.86, p = 0.003), which could reflect a compensatory

response to ensure proper lipid transport and cellular growth in the

brain.76,77 Taken together, silencing Apoe with therapeutic siRNAs is

target specific, significantlymodulates immune systemprocessing, and

slows plaque deposition throughout the brain.

3.7 Gene network analysis identifies clusters
associated with Apoe silencing over time in 5xFAD
mice

Over time,Apoe silencing normalized the expression of 21 geneswhose

expression changed during disease progression, altered the expres-

sion of 129 other genes, and impacted GO pathways (Figure S8b,c). To

further investigate how Apoe silencing alters disease-associated gene

sets, we performedWGCNA in 5xFADmice.78 We identifiedWGCNA

modules that positively or negatively correlated with amyloid burden

(p-value < 0.05, absolute value of R > 0.3) (Figure 6A) and looked

more closely at modules that were also significantly changed after

silencing Apoe. The dark red and midnight blue modules were nega-

tively correlated with amyloid burden and rescued by Apoe silencing

(Figure 6C,D). The purple module was positively correlated with amy-

loid burden and downregulated by Apoe silencing (Figure 6E). These

threemodules were enriched formitochondrial and electron transport

chain genes (dark red), ribosomal subunit proteins, translation, and

translational regulation (midnight blue), and synapse-related genes,

including glutamatergic synapses, and predicted targets of mmu-miR-

15a-5p and mmu-miR-425-5p (purple module). The gene ontologies

associated with Apoe silencing are like those of Apoe2 carriers, who

have increased protection against AD.79 The complete data set for the

gene network analysis is shown in the file S3.

4 DISCUSSION

The presence of APOE4 is the strongest genetic risk factor for devel-

oping late-onset AD.3,80,81 Some APOE-based therapeutics, including

an APOE mimetic and adeno-associated virus (AAV) gene delivery of

APOE2, are in Phase 1 clinical trials,82 but many previously evaluated

APOE therapies (eg, Bexarotene and Rosiglitazone) have been ineffec-

tive in humans, and none silence APOE to the levels seen in transgenic

proof-of-concept studies.82,83 Here, we effectively evaluate the spatial

and functional relationships between systemic and CNS pools of Apoe,

the impact of these pools on AD pathological phenotypes, and iden-

tify potential mechanisms through which Apoe impacts AD pathology.

With a single administration of 237 μg di-siRNA, we achieved potent,

sustained silencing of CNS Apoe, likely due to the integration of a fully-

modified scaffold that allows the siRNA to be internalized by the cell

and stored in the endosome for sustained release.84 Importantly, ours

is the first study to show that silencing Apoe with siRNAs can be ther-

apeutic: silencing Apoe after the onset of cellular changes significantly

reduced amyloid pathology in 5xFAD mice. Mechanistically, our find-

ings suggest that, when present, Apoe modulates APP levels, serves

as a scaffold for plaque formation, and prevents immune-mediated

amyloid degradation, leading to microglial dysfunction and cellular

death.45,66,68 Moving forward, this study provides the rationale and

technology necessary to further evaluate the relative impact of ther-

apeuticAPOE silencing on other neurodegenerative diseases, including

Huntington’s disease and tauopathies,18 and to further explore APOE

modulation as a therapeutic paradigm for AD. The therapeutic siR-

NAs developed in this study can be translated to potential clinical

trials, accelerating development of much needed disease-modifying

therapies.

Building on previous studies,15,16 we found no detectable traf-

ficking of non-fragmented Apoe in and out of the adult CNS, even

after the removal of systemic Apoe. While silencing liver Apoe did

not significantly improve amyloid phenotypes in APP/PSEN1 mice, we

did observe a moderate, yet significant, increase in soluble cortical

Aβ42. Even though only complete silencing of hepatic Apoe resulted in

detectable changes in serum cholesterol levels, partial silencing seen

with di-siRNAs may have other non-detectable impacts. Our results,

mice, and differentially expressed genes after 2months of Apoe silencing in APP/PSEN1mice (F). FDR set to< 0.05; shown in pink. Green denotes
FDR< 0.05 and the presence of the seedmatch in the 3′UTR. Grey: not significant. Log2fold change cut-off set to 0.5 (+/-). (G,H) Gene set
enrichment analysis on genes expressed in all conditions, clustered by gene set member semantic similarity. Labels indicate cluster themes. (I)
Analysis of transcription factor target gene enrichment in upregulated genes at 2months post-treatment in 5XFAD, using theMAGIC package. (J)
Comparison of gene overlap between Apoe silencing for 2months in 5XFAD andmarker genes of disease-associatedmicroglia fromKeren-Shaul
et al., 2017. (K) Volcano plot of Pearson correlation between each gene in the “Disease-AssociatedMicroglia” marker gene set and Apoe in the
5XFADmice 2months post-injection. Mice: 5xFAD, Age: 11 and 17weeks old. Timepoints: 2 weeks (n= 9–10/group) and 2months
(n= 18–20/group) post-injection. APP/PSEN1mousemodel: Age: 16weeks old, 2 months post-injection.N= 8–10 per group. di-siRNA, divalent
small interfering RNA; FDR, false discovery rate; NTC, non-targeting (vehicle) controls.
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(A)

(B)

(D)

(C)

APOE
APOE

APOE
APOE

APOE
APOE

APOE

APOE

F IGURE 6 Apoe silencing dynamically rescues gene expression alterations in 5xFADmice. (A) Correlation betweenWGCNA clusters,
treatment, and amyloid burden, measured as percent of brain area positive for amyloid IHC (seemethods). (C–E)WGCNAmodule gene average
expression z-score and gene ontology results for modules that are significantly correlated with amyloid burden and treatment conditions (R> 0.3,
p-value< 0.05). 5xFADmousemodel; Age: 11 and 17weeks old. Timepoints: 2 weeks post-injection (n= 9–10/group), 2 months post-injection
(n= 18–20/group). IHC, immunohistochemistry; NTC, non-targeting (vehicle) controls;WGCNA, weighted gene co-expression network analysis.

among others, highlight the need tomaintain systemicApoe expression

in therapeutic paradigms moving forward85 and highlight an impor-

tant area of focus as we continue to work on therapeutic strategies to

selectively silence Apoe in the CNS.

Disease pathology drives Apoe expression in activated microglia,

whichmayboth promote plaque formation via post-translationalmodi-

fication and enhance disease-associated inflammation.45,73 Consistent

with prior reports, we also found that Apoe serves as a key modulator

of immune response pathways in AD.45,66,86–88 However, unlike many

studies, we observed that silencing Apoe promoted the expression of

genes involved in immune response pathways. The data demonstrating

immuneactivationuponApoe silencing is seenonlywithApoe-targeting
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siRNAs and not identified in the context of non-targeting siRNAs of

identical chemical configuration, administered using the same meth-

ods, side-by-side. While using a single Apoe-specific compound could

not completely rule out the effects being sequence-specific, it is highly

unlikely. The observed signature is like the one observed in orthog-

onal animal models, where Apoe is removed genetically. In addition,

the signature is time dependent, taking 2 months and not present

after 2 weeks, which is more consistent with gene-specific, rather than

non-specific, effects. Although we did not perform cell-type-specific

RNAseq, expression signatures after silencing Apoe resembled those

seen in DAM cells. Microglial responses in AD are dynamic: DAM

have been implicated in acute inflammation required to acutely clear

toxic pathogens, as well as chronic, possibly harmful, inflammatory

processes.89 Given their dynamic nature, it is difficult to draw conclu-

sions regarding the implications of DAM expression signatures, and at

what point the switch between acute and chronic activation occurs.

It is possible that silencing Apoe slows the turning point from acute

to chronic neuroinflammation in the context of AD.90 Whether the

responses observed after silencing Apoe correspond with protective

acute immune responses or chronic inflammatory signaling warrants

further investigation.45,91

The Apoe-dependent reduction in APP and amyloid CTFs we

observed was surprising, particularly as there was no effect on the

expression of APP mRNA or APP processing machinery (APP, BACE1,

PSEN). Silencing Apoe may reduce APP stability, may increase CTF

degradation, or may decrease CTF production. Changes in production

could be due to Apoe-dependent changes in APP membrane localiza-

tion and cellular trafficking.92–94 In addition, silencing Apoe led to a

reduction in APOE-rich amyloid cores, which may reduce the stability

of amyloid plaques and allow for effective immune-related clearance

of toxic proteins. We observed an interesting increase in CTFs after

2 weeks that was reversed after 2 months of Apoe silencing, provid-

ing some insight into the necessary timing and duration of treatment.

While in these studies we treated at only one time point, future studies

treating at different time points and for varying durations are nec-

essary to further understand the potential therapeutic paradigm and

impact of Apoe silencing on the kinetics of CTF production.

A major caveat to the applicability of our results is the known

differences in the structure, binding ability, and impact on disease

between mouse and human APOE, as well as the three human APOE

isoforms. For example, APOE isoforms differentially drive plaque for-

mation and vascular pathology that contribute to Alzheimer’s disease

progression.95,96 In both mouse and human samples, APOE isoforms

contribute differently to the formation of fibrillar, versus dense core

versus vascular amyloid, potentially limiting the applicability of our

results, which focused on mouse Apoe in 5xFAD, to human disease.

Given the structural and binding differences between APOE isoforms,

future studies evaluating the impact of silencing APOE with siRNAs in

models with other APOE variants are warranted.

The role of APOE in AD has been muddled by differences in

conferred risk between populations (ie, Asian, European, African

American),97–100 and confounded by factors like body mass index

(BMI) and diabetes. GWAS studies point towards a protective role

of APOE2,101 and in vivo analyses suggest gain-of-function toxicity

for APOE4.101,102 In support of the gain-of-function model, individu-

als heterozygous for APOE4 (eg, APOE2/4 or APOE3/4) have similar

rates of Aβ burden, suggesting that the toxicity of APOE4 outweighs

a protective role for APOE2.83 Similarly, our results support a toxic

gain-of-function effect of Apoe on both amyloid plaque formation and

immune dysregulation.

Would APOE silencing in adults be a safe therapeutic approach?

Although CNS apoE is involved in synapse formation and neurite

growth103 (reviewed in104), individuals null for APOE are cognitively

normal.105,106 Our results indicated that silencing Apoe downregu-

lates pathways involved in axonogenesis and synaptic organization,

which may impact neuronal viability. Interestingly, APOE2 also shows

reduced synapse formation despite being protective against AD,107

and our comparison with published datasets demonstrates similar

expression profiles between APOE2 and Apoe-silenced samples. Prior

studies have shown that decreased cholesterol and cellular binding

underlies the protective benefit of the APOE2 allele and other APOE

mutations,102,108,109 suggesting that silencing APOE3 and APOE4 for

short periods during adulthood, thus reducing binding, may pheno-

copy the protective APOE2 state. Although a reduction in Aβ plaques
correlates well with behavioral improvements in prior studies,110 we

did not investigate the impact of silencing Apoe on AD-related cogni-

tive dysfunction in these experiments, because neither the 5xFAD nor

APP/PSEN1 models develop cognitive deficits until at least 6 months

of age, and the results can be highly variable.111,112 We did, however,

confirm that silencing Apoe with di-siRNA for extended periods does

not negatively affect cognition in young-adult 5xFAD mice, and thus,

appears to be well-tolerated and the impact on disease-related cog-

nition worth pursuing further. Additional studies involving additional

dosing regimens for long-termmodulation ofApoe are required to eval-

uate thepotential impactof theApoemodulation, plaque clearance, and

increase in glia activation on behavioral phenotypes.

Here, we developed translational tools that potently modulate

APOE in the context of late-onset AD. These novel tools enable the

future investigation of outstanding questions and aid in the develop-

ment of desperately neededdiseasemodifying therapeutics forADand

other conditions in which APOE plays a contributory role.
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