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Alzheimer disease (AD) is a heterogeneous disease with a complex pathobiology. The presence of
extracellular B-amyloid deposition as neuritic plaques and intracellular accumulation of hyperphos-
phorylated tau as neurofibrillary tangles remains the primary neuropathologic criteria for AD diag-
nosis. However, a number of recent fundamental discoveries highlight important pathological roles
for other critical cellular and molecular processes. Despite this, no disease-modifying treatment
currently exists, and numerous phase 3 clinical trials have failed to demonstrate benefits. Here,
we review recent advances in our understanding of AD pathobiology and discuss current treatment
strategies, highlighting recent clinical trials and opportunities for developing future disease-

modifying therapies.

Dementia describes an intra-individual pattern of decline in
memory and thinking impairing at least two domains of cognition
(McKhann et al., 2011). Alzheimer disease (AD) is the most com-
mon cause of dementia. The majority of cases occur after age
65, constituting late-onset AD (LOAD), while cases occurring
earlier than age 65 are considerably rarer, constituting less
than 5% of all cases and are termed early-onset AD (EOAD)
(Alzheimer’s Association, 2019). Approximately 1%—-2% of AD
is inherited in an autosomal dominant fashion (ADAD) and can
present with very early age of onset and a more rapid rate of pro-
gression, and it is sometimes associated with other neurologic
symptoms seen less frequently in sporadic AD (Bateman et al.,
2012). Clinical syndromes consistent with AD are defined by
classical symptoms and cognitive profiles. However, AD as a
distinct entity is now defined biologically by the presence of a
specific neuropathological profile (Jack et al., 2018a): extracel-
lular deposition of B-amyloid (AB) in the form of diffuse and
neuritic plaques and the presence of intraneuronal neurofibrillary
tangles (NFTs) and neuropil threads within dystrophic neurites
consisting of aggregated hyperphosphorylated tau protein
(Duyckaerts et al., 2009).

Dementia due to AD is associated with the onset of significant
and progressive disability throughout the disease course,
with death an inevitable outcome generally occurring within
5-12 years of symptom onset (Vermunt et al., 2019). The burden
on caregivers and the public health sector is enormous (Alz-
heimer’s Association, 2019). There is a dire need for disease-
modifying therapies that may prevent or slow the rate of disease
progression, but unfortunately none are currently available. The
history of pharmaceutical development for AD has been plagued
by a seemingly endless parade of mid-to-late-stage clinical trial
failures. Nonetheless, significant strides have been made in
recent years in clarifying key aspects of the underlying pathobi-
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ology of AD. Though the therapeutic pipeline has faced struggles
and some pharmaceutical companies have chosen to abandon
their AD drug development divisions, novel therapeutic strate-
gies are still being actively developed and tested. This Review
discusses recent advances in our understanding of the pathobi-
ology of AD and summarizes treatment strategies as well as the
challenges and opportunities on the path to development of truly
disease-modifying treatments.

Clinical and Preclinical Disease
Symptomatic AD follows an insidious and progressive course.
Typical amnestic cases are characterized by early impairment in
learning and memory, followed by later impairments in complex
attention, executive function, language, visuospatial function,
praxis, gnosis, and behavior and/or social comportment
(McKhannetal.,2011). Symptomatic AD may also present as atyp-
ical clinical syndromes in which there is early impairment in non-
memory domains. Posterior cortical atrophy presents with early
deficits in visuospatial function, praxis, and gnosis (Tang-Wai
et al., 2004). Logopenic variant of primary progressive aphasia is
characterized by dysfluent language with prominent word-finding
impairment and severe impairment in repetition (Gorno-Tempini
et al., 2008). The behavioral/dysexecutive variant of AD presents
with early executive dysfunction or behavioral impairment (espe-
cially apathy, hyperorality, and perseveration) (Ossenkoppele
et al., 2015). Clinical dementia severity can be graded by use of
standardized instruments such as the Clinical Dementia Rating
(CDR) (Burke et al., 1988; Morris, 1997), which grades disease
severity based on composite level of dysfunction in domains of
memory, orientation, judgement and problem solving, involvement
in community affairs, function in home and hobbies, and self-care.
Antemortem AD neuropathologic diagnoses can now be
made with reasonable validity using cerebrospinal fluid (CSF)
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Figure 1. Timing of Major AD Pathophysio-
logical Events in Relation to Clinical Course
A protracted preclinical phase of disease is char-
acterized by the early onset of amyloid deposition.
This is detected by a reduction in CSF and plasma
levels of AB42 or increased global signal on amy-
loid PET imaging. Concurrently, there are early
neuroinflammatory changes (such as microglial
activation). Microgliosis can be detected longitu-
dinally via use of PK11195 PET imaging, though
better agents are needed. This is followed by the
spread of neurofibrillary tangle (NFT) tau pathol-
ogy from the medial temporal lobes into
neocortex. Increased signal on tau PET imaging
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tive changes. Onset and progression of cognitive
impairment correlates with accumulation of tau

and hippocampal volume loss but not amyloid deposition. Onset and severity of clinical symptoms in AD can be staged by use of the Clinical Dementia Rating
(CDR) scale, where a score of 0 indicates normal cognition and scores of 0.5, 1, 2, and 3 indicate questionable, mild, moderate, and severe dementia,

respectively.

or positron emission tomography (PET) imaging biomarkers as
surrogate markers for cerebral Ap and tau deposition (Brier
et al., 2016; Fagan et al., 2006, 2007; Lowe et al., 2019; Morris
et al., 2009). Recent studies demonstrate the ability to detect
CNS AB deposition via the use of plasma assessment of AB spe-
cies (Nakamura et al., 2018; Ovod et al., 2017; Palmqvist et al.,
2019). Longitudinal studies of cognitive function and CSF and
neuroimaging biomarker changes in ADAD and LOAD have iden-
tified a significant preclinical phase of disease preceding onset
of clinical symptoms by at least 10-20 years (Vermunt et al.,
2019), characterized by early deposition of AB in the precuneus
and other cortical regions comprising the default mode network,
followed sequentially by regional cortical hypometabolism,
accumulation of tau pathology, hippocampal volume loss, and
onset of symptomatic cognitive impairment (Figure 1; Bateman
et al., 2012; Fagan et al.,, 2006, 2007, 2014; Gordon et al.,
2016, 2018; Hanseeuw et al., 2019; Jack and Holtzman, 2013;
Morris et al., 2009; Vos et al., 2013). Synaptic and neuronal
loss in the entorhinal cortex generally correlates well with onset
of cognitive impairment (Gomez-Isla et al., 1996). CSF and
plasma neurofilament light chain (NfL) is an emerging biomarker
that appears to track the level of general neurodegeneration
across all forms of neurodegenerative dementias (Bridel et al.,
2019; Mielke et al., 2019). Studies of both ADAD and LOAD
have demonstrated that rate of change in CSF and plasma NfL
levels correlates with cortical thickness on structural MRI and
cognitive performance (Mattsson et al, 2019; Preische
etal., 2019).

Pathophysiology of AD

Amyloid

AP peptide was first identified as the primary constituent of me-
ningovascular amyloid in 1984 (Glenner and Wong, 1984) and
subsequently as the main constituent in amyloid neuritic plaques
(Masters et al., 1985). Over the ensuing decades, enormous
research efforts were expended to clarify the underlying biology
of this peptide and its role in AD pathophysiology. AB is produced

by sequential cleavage of B-amyloid precursor protein (APP) by
B-secretase and y-secretase (Figure 2A; for review, see Haass
et al. [2012]). The B-secretase enzyme (BACE1) cleaves APP at
the N terminus of the AB sequence, releasing secreted APP-f3
and the membrane-bound C99 fragment (Vassar et al., 1999).
The y-secretase complex consists of four protein subunits: pre-
senilin (PSEN), presenilin enhancer (PEN), APH, and Nicastrin.
There are multiple isoforms of PSEN (PSEN1/PSEN2) and
APH (APHA, APH B/C); up to four different y-secretase com-
plexes may exist in single cell (Voytyuk et al., 2018; Xia, 2019).
Following cleavage by BACE1, the y-secretase complex binds
to N-terminally cleaved APP fragment (C99) and intramembra-
nously cleaves at the e-site releasing C-terminal fragment
(CTF) and AB48. The y-secretase complex then processes along
the remaining Ap C-terminal end, producing sequentially shorter
peptides until the AB peptide is released from the complex
(generally after producing peptides 38-, 40-, and 42-amino acids
in length). Recent publication of high-resolution substrate-
enzyme cryogenic electron microscopy (cryo-EM) molecular
structures for y-secretase-APP C83 fragment and y-secretase-
Notch 100 fragment (Yang et al., 2019; Zhou et al., 2019) has
definitively determined substrate binding sites for y-secretase
and lends strong evidence for a helix-unwinding model of
sequential substrate processing. BACE1, vy-secretase, and
APP form a large molecular complex in vivo, suggesting that
AP production may be facilitated by directly shuttling APP from
one processing enzyme to another (Liu et al., 2019). AB is pro-
duced predominantly in endosomes, and its release from neu-
rons is modulated by synaptic activity (Kamenetz et al., 2003;
Wei et al., 2010) both presynaptically (Cirrito et al., 2005, 2008)
and postsynaptically (Verges et al., 2011).

AB peptides are prone to aggregate into 8 sheet conformations
in the form of higher-order oligomers, protofibrils, and fibrils,
which are detectable in AD brain. Owing to increased hydropho-
bicity of its expanded C terminus, AB42 has a greater propensity
for aggregation. Recent cryo-EM experiments have elucidated
the structure of synthetically derived AB42 fibrils, demonstrating
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7 nm diameter fibrils containing two twisted protofilaments con-
sisting of AB42 monomers assuming an “LS” shape stacked in
parallel with in-register cross-B structure (Gremer et al., 2017).
8 nm amyloid fibrils are present in the center of neuritic plaques,
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Figure 2. Selected Roles of AB and Tau in
AD Pathophysiology

(A) AB is derived from APP via the proteolytic
functions of BACE1 and y-secretase. BACE1 and
APP are co-localized to endosomes, which is the
location of intracellular AB production. AB is
secreted into the interstitial fluid via a pathway that
is enhanced in the setting of neuronal activity.
Following secretion, Ap aggregates into higher-
order oligomers and fibrils that have numerous
effects on cellular function including impaired
synaptic activity and synapse loss, impaired
cerebral capillary blood flow, and direct promotion
of tau pathology by stimulating tau hyper-
phosphorylation as well as other pathways.

(B) Pathological tau aggregation (blue shading) in
the medial temporal lobes occurs with aging and is
not always associated with cognitive impairment
(primary age-related tauopathy). The earliest
accumulation of AB deposition (red shading) is in
the precuneus and posterior cingulate. Longitudi-
nal CSF and imaging biomarker studies suggest
that global amyloid accumulation is required for
the pathologic spread of tau from the medial
temporal lobes to other cortical regions in AD. In
this way, AD may represent an amyloid-facilitated
tauopathy.

(C) Pathologic spread of tau aggregates in AD
usually occurs in a stereotyped fashion along
neuroanatomically connected networks. Mis-
folded tau likely acts in a prion-like manner to
promote templated misfolding of native mono-
mers, leading to seeding of new pathological tau
aggregates. Tau pathology can subsequently
spread trans-synaptically to distant neurons, rep-
resenting a molecular correlate for pathologic tau
spreading noted in human AD brain.

whereas oligomers appear to be detect-
able among the halo of dystrophic neu-
rites surrounding neuritic plaques (Mas-
ters and Selkoe, 2012). There is
evidence that the process of Ap aggrega-
tion may require AB uptake by microglia
followed by intracellular seeding and ag-
gregation (Sosna et al., 2018).

AB fibrillization can be “seeded” in a
prion-like manner by the presence of
small assemblies of misfolded B sheet-
containing AP seeds that template the
formation of larger amyloid aggregates
(Walker and Jucker, 2015). Brain extracts
containing minute amounts of misfolded
AB prepared from AD brain or APP trans-
genic mice, when injected into APP trans-
genic animals via intracerebral or intra-
peritoneal routes, will induce cerebral
amyloidosis (Eisele et al., 2009, 2010;
Ye et al., 2015). There is strong evidence
that human-to-human transmission of

amyloid pathology is possible. Patients who developed iatro-
genic Creutzfeld—-Jakob disease (CJD) following injections of
prion-contaminated growth hormone derived from pooled
cadaveric pituitary extracts prior to 1985 have been found in



some cases to have significant cerebral and vascular amyloid
pathology (congophilic amyloid angiopathy [CAA]) (Jaunmuk-
tane et al., 2015). When injected intracerebrally into APP trans-
genic mice, these extracts are able to seed CAA pathology and
cerebellar amyloid deposition (Purro et al., 2018).

Based on a number of lines of evidence, Hardy and Higgins
proposed the amyloid cascade hypothesis in 1992, positing
that deposition of AB in the brain is the initiating step of AD path-
ogenesis, leading to subsequent tau deposition, neuron and syn-
aptic loss, and cognitive decline (Hardy and Higgins, 1992). This
hypothesis has been the leading model of AD pathogenesis
since it was first proposed, although portions have been revised
or supplemented over time (Musiek and Holtzman, 2015; Selkoe
and Hardy, 2016). The hypothesis is supported by the discovery
that exclusively genetic forms of AD, such as ADAD, Down syn-
drome (trisomy 21), or APP locus duplications, produce an
increase in the AB42/40 ratio, total Ap production, or AB fibrillino-
genic properties and are sufficient to induce typical AD pathol-
ogy (Tcw and Goate, 2017). Also, a rare APP mutation A673T
that reduces risk of developing AD causes decreased A pro-
duction (Jonsson et al., 2012; Martiskainen et al., 2017). In addi-
tion, the strongest genetic risk factor for LOAD, apolipoprotein E
(APOE), in large part appears to increase risk via influencing Ap
seeding and clearance (Bales et al., 1997; Castellano et al.,
2011; Verghese et al., 2013). While the genetic evidence strongly
supports the importance of Ap aggregation in instigating the AD
cascade, it seems clear that AB is necessary but not sufficient
and that there are other downstream factors that play a key
role. For example, there is minimal correlation between phases
of amyloid deposition and degree of cognitive decline (Nelson
et al., 2012). Also, patterns of regional cerebral amyloid deposi-
tion do not correlate with patterns of regional cerebral hypome-
tabolism on functional neuroimaging (Altmann et al., 2015; Edi-
son et al.,, 2007), although a recent study suggests that
regional amyloid deposition does correlate with distant regional
hypometabolism, suggesting that amyloid reduces the meta-
bolic activity of distant neurons projecting to regions of amyloid
deposition (Pascoal et al., 2019). Finally, despite decades of in-
vestment by the pharmaceutical industry in anti-amyloid thera-
pies and numerous phase 3 clinical trials, no amyloid-targeting
therapy has been successful in limiting progression of cognitive
impairment in symptomatic AD. These data suggest that while
amyloid accumulation may be key in beginning the pathological
process, other downstream events, such as neuroinflammation
and tau accumulation, may be the main drivers of neurodegen-
eration.

One extension of the amyloid hypothesis is the “cellular
phase” of AD, proposed by Bart De Strooper and Eric Karran
(De Strooper and Karran, 2016). This extension proposes that
accumulation of cerebral amyloid and tau pathology (the
“biochemical phase”) is a slow, gradual process that is tolerated
by CNS cells early in the course of disease, serving as a risk fac-
tor for development of clinical disease, but that the disease only
manifests clinically when cellular homeostatic mechanisms fail,
leading to impaired clearance of aggregated pathologic protein
(proteopathy), increased cellular stress, and a complex break-
down of finely tuned intercellular physiologic functions that ulti-
mately lead to neurodegeneration. Specifically, the cellular

phase is characterized by dysfunction of the neurovascular
unit, aberrant neuronal network activity, and impaired astrocyte
and microglia homeostatic functions and/or possible gain-of-
toxic functions.

Several lines of evidence suggest AR deposition may be
required for progression of tau pathology in AD (Figure 2B).
Neuropathological studies in humans have demonstrated that
tau pathology generally does not progress from the entorhinal
cortex into the neocortex in the absence of co-occurring amyloid
pathology (Pontecorvo et al., 2019; Price and Morris, 1999; Price
etal., 2009; Wang et al., 2016). Longitudinal assessment of amy-
loid and tau PET imaging suggests that the rate of amyloid accu-
mulation predicts onset of tau accumulation whereas the rate of
tau accumulation predicts onset of cognitive impairment (Han-
seeuw et al., 2019). A study of tau kinetics in humans and cell cul-
ture using stable isotope labeling techniques demonstrates that
tau production correlates with the presence of amyloid, suggest-
ing a mechanistic link (Sato et al., 2018). A three-dimensional (3D)
in vitro culture system consisting of human neurons differentiated
from induced pluripotent stem cells (iPSCs) overexpressing
human APP containing FAD mutations generates robust AB42
production and amyloid deposition. Importantly, this model
also develops elevated phospho-tau levels and fibrillary tau ag-
gregates, suggesting that elevated A levels alone are sufficient
to drive tau pathology in human neurons (Choi et al., 2014). Mul-
tiple studies have assessed the effect of combined AB deposition
on local tau pathology by either crossing tau transgenic and APP
transgenic mice or by injecting AB42 fibrils into tau transgenic
mice. In these studies, tau pathology and neurodegeneration
are enhanced in mice harboring both pathologies, whereas amy-
loid pathology is generally unaffected by concurrent tau pathol-
ogy (Bolmont et al., 2007; Gotz et al., 2001; Hurtado et al.,
2010; Lewis et al., 2001; Pooler et al., 2015). This was demon-
strated in a recent study where intracerebral injection of tau fibrils
derived from human AD brain into AB plaque-bearing mice led to
seeding of aggregated human tau in periplaque dystrophic neu-
rites followed by development of NFTs (He et al., 2018).

AB may also lead to cognitive impairment in ways independent
from its effects on tau. Soluble oligomers isolated from AD brain
have been shown to potently inhibit long-term potentiation (LTP),
enhance long-term depression (LTD), and reduce dendritic spine
density in rodent hippocampal slice cultures (Kamenetz et al,,
20083; Shankar et al., 2007; Wei et al., 2010). They also cause
impairment in cognitive tasks when injected into the lateral ventri-
cles of rodent models (Shankar et al., 2008). It is unclear whether
soluble oligomers in human AD brain mediate synaptotoxic effects
sufficient to cause cognitive impairment. One issue is that it is diffi-
cult to determine whether soluble oligomers definitively existin vivo
due to technical challenges related to the biochemical extraction
procedures required to detect them. A recent study shows that
the presence of AB also causes capillary constriction in human
cortical slices by acting on pericytes to generate reactive oxygen
species (ROS), leading to endothelin-1 release (Nortley et al.,
2019). Ap may also lead toreduced cerebral blood flow by inducing
neutrophils to occlude and stall capillary flow (Cruz Hernandez
et al,, 2019). Hypoxia can induce increased AB production,
possibly via increased BACE1 expression (Sun et al., 2006), sug-
gesting the possibility of a pathological feedforward loop.
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In summary, the available data still strongly support the central
role of pathologic Ap accumulation in mediating AD pathogen-
esis as outlined in the original description of the amyloid cascade
hypothesis, although its mechanism may be less direct than orig-
inally anticipated and requires further clarity via ongoing studies.
Tau
Multiple lines of evidence suggest that aggregated, hyperphos-
phorylated forms of tau may be a primary driver of neurodegen-
eration in AD. Clinico-neuropathologic correlation analyses have
demonstrated that tau pathology propagates throughout the AD
brain in a stereotyped fashion across neuroanatomically con-
nected networks (Figure 2C), forming the basis of Braak staging
(Braak and Braak, 1991). However, recent cross-sectional and
longitudinal tau-PET imaging studies in cognitively normal amy-
loid-positive individuals demonstrate widely distributed and
continuous accumulation of tau pathology outside of the entorhi-
nal cortex, suggesting that tau propagation may not be as
spatially restricted as previously thought (Jack et al., 2018b;
Schultz et al., 2018). Unlike A, the stage of tau pathology
correlates well with the progression of cognitive impairment
(Giannakopoulos et al., 2003; Nelson et al., 2012). With age,
tau pathology accumulates in the entorhinal cortex and medial
temporal lobes, even in the absence of cognitive decline—this
is termed primary age-related tauopathy (PART) (Crary et al.,
2014). Cognitive impairment in AD is only noted when tau
spreads from the entorhinal cortex into the neocortex in neuro-
pathological studies (Price and Morris, 1999; Price et al.,
2009). On longitudinal and cross-sectional studies of tau- and
amyloid-PET imaging combined with structural MRI, only the
presence or accumulation of tau was a predictor of cognitive
impairment, whereas the presence or accumulation of amyloid
was a predictor of more severe tau-associated cognitive impair-
ment (Aschenbrenner et al., 2018; Hanseeuw et al., 2019). These
findings have led to the hypothesis that cognitive decline and
neurodegeneration in AD is primarily driven by onset and spread
of tau pathology.

Tau protein is encoded by MAPT gene on chromosome 17, is
primarily expressed by neurons in the brain, and is alternatively
spliced at the N-terminal domain (N) and microtubule-binding
repeat domain (R) to form six distinct isoforms (ON3R, ON4R,
1N3R, 1N4R, 2N3R, and 2N4R), which are differentially ex-
pressed during brain development. Although NFTs in AD contain
both 3R and 4R isoforms, different tau isoforms are over-repre-
sented in pathological aggregates in other human tauopathies
(Guo et al., 2017). The physiological role of tau in the CNS is
not entirely clear, although numerous in vitro experiments have
documented important roles in microtubule assembly, stabiliza-
tion of neuronal axons, and regulation of microtubule transport
(Dixit et al., 2008; Weingarten et al., 1975). However, tau
knockout (KO) mice do not have a severe developmental pheno-
type (van Hummel et al., 2016) but do exhibit subtle deficits such
as delayed neuronal maturation in cell culture (Dawson et al.,
2001) and impaired synaptic plasticity (Ahmed et al., 2014).

Tau protein is subject to numerous post-translational modifi-
cations, including phosphorylation, acetylation, glycation,
O-GlcNAcylation, nitration, SUMOylation, ubiquitination, and
truncation (Marcelli et al., 2018). Tau can be phosphorylated
at 85 different residues (Guo et al., 2017). Pathological types
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and patterns of tau phosphorylation can occur even prior to
development of NFT. In many cases, aberrant phosphorylation
results in decreased binding affinity for microtubules (Biernat
et al., 1993; Mandelkow et al., 2007). This disassembly in-
creases the cytosolic pool of tau and is thought to promote
aggregation and fibrillization. Hyperphosphorylated tau is also
redirected from the axonal compartment to the somatodendritic
compartment where it can impair synaptic function by inhibiting
glutamate receptor trafficking or synaptic anchoring (Hoover
et al., 2010). Tau acetylation has been shown to reduce degra-
dation of phosphorylated tau and increase tau pathology (Min
et al., 2010) but has also been shown to inhibit tau phosphoryla-
tion at certain residues and limit further aggregation (Cook et al.,
2014). Tau acetylation has also been shown to result in axon
initial segment cytoskeletal instability followed by mislocaliza-
tion of tau to the somatodendritic compartment (Sohn et al.,
2016). O-GIcNAc modification of tau inhibits toxic self-assem-
bly (Ryan et al., 2019).

There are a number of tau kinases that mediate tau phos-
phorylation. They comprise three groups—proline-directed
serine-threonine protein kinases, non-proline directed serine-
threonine protein kinases, and tyrosine protein kinases. Exam-
ples include glycogen synthase kinase (GSK) 3, cyclin-depen-
dent kinase-5 (Cdk5), mitogen-activated protein kinase
(MAPK), cAMP-dependent protein kinase A (PKA), and cal-
cium-calmodulin-dependent protein kinase Il (CaMKIl), among
many others (Guo et al., 2017). Various kinases have been pro-
posed as putative drug targets for AD.

Tau is generally a soluble protein that is natively unfolded but
under the right conditions will aggregate into oligomers and
fibrils. NFT and neuropil threads contain an insoluble form of
tau aggregated into B sheet-containing amyloid fibrils, known
as paired helical filaments (PHFs) (Crowther and Wischik,
1985; Kidd, 1963; Mandelkow et al., 2007). These aggregated
fibrils are known to be polymorphic (Frost et al., 2009) and differ
in conformation when derived synthetically or from brains of
patients with various tauopathies. (Guo et al., 2016; Sanders
et al., 2014). Recent cryo-EM structures of tau fibrils derived
from brains of AD patients (Fitzpatrick et al., 2017) and other
tauopathies have demonstrated unexpected insights into fibril
structures and confirm that synthetic tau fibrils assume a vastly
different folded structure as compared to AD brain-derived tau
fibrils (for review, see Lippens and Gigant [2019]).

Since tau is normally highly soluble in its native monomeric
form and does not have significant intrinsic hydrophobicity, the
question arises as to what prompts tau aggregation in disease.
Numerous studies over the last decade have demonstrated the
prion-like ability of aggregated human tau fibrils to self-propa-
gate, for both synthetically prepared fibrils and those derived
from human AD brain. Exogenously supplied fibrils will seed
aggregation of transgenic human and endogenous mouse tau
fibrils in mouse tauopathy models by enhancing nucleation of
new fibrils. These aggregates then spread transsynaptically to
remote, anatomically connected brain regions, inducing further
seeding and aggregation, similar to the pathologic spread of
tau noted in AD brain (de Calignon et al., 2012; Clavaguera
et al., 2009, 2013; Frost et al., 2009; Iba et al., 2013; Liu et al.,
2012). Thus, prion-like seeding and spreading may represent a



mechanism whereby tau pathology propagates from the entorhi-
nal cortex to the neocortex in AD (DeVos et al., 2018).

ApoE

ApoE protein is an apolipoprotein whose major function is to
serve as a lipid-binding protein in lipoprotein particles and partic-
ipate in transport and delivery of lipids to target sites. ApoE is
expressed at the highest levels in the liver and brain. In the brain,
ApoE is expressed primarily in astrocytes and to a lesser degree
in microglia.

APOE is the strongest genetic risk factor for LOAD (Corder
et al., 1993; Strittmatter et al., 1993). The strength of this
association has been confirmed in numerous clinical, patholog-
ical, epidemiological, genome-wide association (GWASs), and
whole-genome sequencing studies over the years (Kunkle et al.,
2019). The APOE gene has three common alleles encoding three
protein isoforms—ApoE2, ApoE3, and ApoE4—which differ in
sequence by single amino acid substitutions at two different res-
idues (E2 cys112/cys158, E3 cys112/arg158, and E4 arg112/
arg158). A single inherited copy of the APOE &4 allele increases
risk of developing LOAD by ~3- to 4-fold, while two inherited
copies increases risk by ~12-fold (Roses, 1996). Inheritance of
the APOE &2 allele is protective. Longitudinal CSF, MRI, and
PET imaging studies of the preclinical phase of AD have estab-
lished that APOE ¢4 allele carriers develop enhanced cerebral am-
yloid deposition with age, do so at an earlier age, and accumulate
amyloid at a more rapid rate relative to non-carriers (Bussy et al.,
2019; Grimmer et al., 2010; Mishra et al., 2018; Morris et al., 2010;
Risacher et al., 2015). The effect of APOE ¢4 on measures of tau
accumulation and hippocampal atrophy are less certain. ApoE
has additionally been implicated in numerous AD-relevant neuro-
biological processes, many of which are mediated differentially by
ApoE isoforms, likely contributing to its role in AD pathogenesis
(Figure 3).

ApoE likely regulates AD risk in large part via effects on amyloid
pathology (Figure 3A; Huynh et al., 2017a). ApoE directly binds to
AB present in plaques (Namba et al., 1991). APP transgenic animal
models demonstrate markedly reduced fibrillar A deposition and
AB levels in the setting of ApoE KO, suggesting ApoE inhibits
clearance and/or promotes AB seeding (Bales et al., 1997, 1999;
Bien-Ly et al., 2012; Huynh et al., 2017b; Kim et al., 2011; Liu
et al., 2017; Ulrich et al., 2018). In APP transgenic-ApokE targeted
replacement (ApoE-TR) mice, where human ApoE isoforms are
expressed under the influence of endogenous murine ApoE regu-
latory sequences, ApoE isoforms have differential effects on
amyloid pathology. ApoE4-TR mice have enhanced amyloid
deposition and higher AB levels (Bales et al., 2009). Studies on
the effects of ApoE on A production are conflicting. In one study
where iPSC-derived human neurons were co-cultured with mouse
glia expressing human ApoE isoforms, neuronal Ap production
was significantly increased in ApoE4 glia co-cultures (Huang
et al., 2017). However, this effect was not observed in other
studies using different culture systems. (Biere et al., 1995;
Cedazo-Minguez et al., 2001). Experiments where ApoE expres-
sion is controlled temporally, either via inducible expression or
via the use of intrathecal antisense oligonucleotides (ASOs), high-
light that ApoE promotes the initial seeding of fibrillar AR deposi-
tion, whereas subsequent plaque growth after seeding seems to
rely on other factors (Huynh et al., 2017b; Liu et al., 2017). Detailed

in vivo microdialysis and stable isotope labeling kinetics experi-
ments have demonstrated that ApoE regulates clearance of AB
in the brain in an isoform-dependent manner (ApoE4-TR mice
have diminished AB clearance relative to other TR mice), whereas
AB production was not influenced by ApoE isoform (Castellano
et al., 2011). Although it was initially postulated that ApoE regu-
lates clearance via direct interactions with AB, in fact, there is little
direct binding of monomeric, soluble AR with ApoE in vivo.
Instead, ApoE regulates clearance of A by competitively binding
to AB receptors, such as LDLR-related protein 1 (LRP1) on the sur-
face of astrocytes, and blocking Ap uptake. In this way, ApoE KO
mice exhibit the highest rates of clearance since there is no
competition with AB receptors (Verghese et al., 2013). Possible
routes of AB clearance include astrocytic uptake (Basak et al.,
2012), microglial phagocytosis (Heckmann et al., 2019), blood-
brain barrier transport (Castellano et al., 2012; Zlokovic, 2013),
glymphatic clearance (lliff et al., 2012), and meningeal lymphatics
(Da Mesquita et al., 2018).

ApoE also has modulatory effects on tau pathology and tau-
related neurodegeneration (Figure 3B; Shi and Holtzman,
2018). Tau binds to ApoE3 but not ApoE4 in vitro (Strittmatter
et al., 1994). In a recent study assessing the effect of ApoE-TR
in the PS19 (tauP301S) tauopathy mouse model, ApoE4 dramat-
ically exacerbated tau-mediated neurodegeneration (Shi et al.,
2017). ApoE genetic deletion significantly reduced the extent
of neuron and volume loss in PS19 mice and strongly attenuated
microglial and astrocyte activation. A recent study failed to repli-
cate the neurotoxic effect of ApoE4 in tauopathy mice. In this
study, AAV viral transduction was used at postnatal day 0 to
overexpress tauP301L in ApoE-TR mice. They found that
ApoE2 mice, rather than ApoE4, had enhanced tau pathology,
astrogliosis, and behavioral impairment (Zhao et al., 2018). Of
note, neurodegeneration was not observed in this model at
6 months of age, the time of endpoint analysis. Therefore,
discrepancies between these studies are likely explained by dif-
ferences in experimental models.

ApoE4 may mediate risk for AD through modulation of immune
and microglial responses. APOE ¢4 carriers have a stronger
systemic inflammatory response to an intravenous lipopolysac-
charide (LPS) challenge, including more intense hyperthermia
and higher levels of tumor necrosis factor (TNF) secretion in
whole blood (Gale et al., 2014). ApoE expression in microglia is
required for the phenotypic expression of disease-associated
microglia (see Neuroimmune Activation below). ApoE also pro-
motes microglial clustering around AB plaques, and in the
absence of ApoE expression, there is strong reduction in the to-
tal amount of fibrillar plaques and plaque size but an increase in
overall AB-immunoreactive deposits (Figure 3C). Plaques appear
less compact with fewer periplaque microglia and enhanced
neuritic dystrophy (Ulrich et al., 2018). ApoE is also required for
microglial intracellular endolytic degradation of AB by neprilysin
and insulin-degrading enzyme (Jiang et al., 2008). This suggests
that ApoE plays an important role in mediating the microglial
response to A plaques.

ApoE4 may have direct pathologic effects on neurons and
neuronal networks independent of effects on amyloid and tau
pathology (Figure 3D; Najm et al., 2019). In primary neuronal
cell culture, exogenously applied ApoE4 directly inhibits neurite
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Figure 3. Postulated Roles of ApoE in AD Pathophysiology

(A) ApoE enhances seeding and fibrillization of AB, leading to enhanced amyloid deposition. ApoE (especially E4) impedes AB clearance from brain parenchyma

by competitively binding to Af receptors on glial cells.

(B) ApoE (especially E4) enhances tau pathogenicity. Presence of ApoE leads to increased microgliosis and enhanced neuroinflammatory cytokine release from
glial cells, ultimately leading to exacerbation of tau-mediated neurodegeneration.

(C) ApoE regulates the microglial response to amyloid plaques. In the presence of ApoE, phagocytically active disease-associated microglia (DAM) and microglial
neurodegenerative phenotype (MGnD) are located near plagues. Tight microglial clustering results in plaque compaction. In the absence of ApoE, periplaque
microglia are sparser, and amyloid plaques become larger and less compact. Neuritic dystrophy is significantly increased. On the other hand, if ApoE levels are

lower but not absent, neuritic dystrophy is lower.
(D) ApoE may contribute to AD pathophysiology via direct effects on neurons and

neuronal network activity. In cell culture, exogenously supplied ApoE4 inhibits

neurite outgrowth relative to ApoE3. ApoE4 also contributes to dysfunctional neuronal network activity as evidenced by reduced hilar GABAergic interneurons,

increased hippocampal network activity, and a propensity for seizures in ApoE4

target replacement mice.

(E) ApoE4 may directly impair blood-brain barrier (BBB) function in AD by failing to efficiently bind to LRP1 expressed on cells such as pericytes. There is evidence
that this leads to increased activation of cyclophilin A signaling pathways and the ultimate breakdown of BBB, resulting in passage of serum proteins (such as

fibrin) into the brain parenchyma and eventual neuronal death.

outgrowth, whereas ApoE3 stimulates neurite outgrowth (Holtz-
man et al.,, 1995; Nathan et al., 1994). In an ApoE transgenic
model, ApoE3 expression in neurons was protective against
kainic acid-induced excitotoxic neuronal damage, whereas
neuronal ApoE4 expression had no protective effect (Buttini
et al., 1999). When ApoE3 and ApoE4 were instead expressed
in astrocytes, both isoforms were protective (Buttini et al.,
2010). ApoE4-TR adult mice also have lower dendritic spine
density and spine length in the cortex (but not the hippocam-
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pus) relative to ApoE2-
et al., 2009).

ApoE4-TR mice have enhanced neural activity in the hippo-
campus and entorhinal cortex, as evidenced by hypermetabo-
lism on fMRI, increased high-frequency oscillations measured
by in vivo electrophysiology, and reduced inhibitory input to
neurons of entorhinal cortex (Nuriel et al., 2017). Along these
lines, ApoE4-TR adult mice are prone to seizures (Hunter et al.,
2012). In cognitively normal human APOE ¢4 carriers, there is

and ApoE3-TR mice (Dumanis



increased signal intensity and number of activated regions in the
hippocampus on fMRI during memory-activation tasks. These
data suggest that ApoE4 may cause neuronal dysfunction via
direct neurotoxic effects and by promoting hyperactivity in hip-
pocampal neuronal networks.

Neuronal hyperactivity may be mediated by impaired
GABAergic input. GABAergic inhibitory networks are impaired
in AD and may contribute to cognitive impairment (Najm et al.,
2019). ApoE4-TR mice have decreased numbers of GABAergic
interneurons in the hippocampus, and this correlates with
learning deficits. When given non-lethal doses of pentobarbital
over 4 weeks to boost GABAergic pathways, learning
deficits were reduced in ApoE4-TR mice. Pan-neuronal and
GABAergic-neuronal conditional ApoE KO in ApoE4-TR mice
was protective against neuron loss and memory deficits
(Knoferle et al., 2014). Finally, neurons derived from iPSCs
from E4/E4 patients as compared to E3/E3 or congenics had
higher amounts of hyperphosphorylated tau and reduced
GABAergic neurons, effects reduced after treating with a small
molecule ApoE structure corrector (Wang et al., 2018).

ApoE4 may also mediate neuropathological effects by directly
modulating blood-brain barrier (BBB) integrity (Figure 3E). Studies
in the Zlokovic lab have demonstrated that ApoE4 does not effi-
ciently engage LRP1 on pericytes. Lack of ApoE-mediated
signaling via this receptor results in activation of proinflammatory
cyclophilin-A-NFkB-MMP-9 signaling cascade. Overactivation of
this cascade leads to breakdown of BBB basement membrane
and tight junctions, resulting in extravasation of serum proteins
(e.g., fibrin) into the brain parenchyma. Exposure to serum pro-
teins can then contribute to neurodegeneration (Bell et al., 2012;
Zlokovic, 2013).

Neuroimmune Activation

No area of AD research has experienced more intense investiga-
tion in the recent past than the role of the innate immune system
in the pathophysiology of AD. Multiple lines of evidence suggest
that activation of immune mediators is a critical regulator of AD
pathology. Reactive astrogliosis and microgliosis are known to
be prominent pathological features in AD brain. Numerous
SNPs and rare coding variants in immune-related genes thought
to be implicated in microglial function have been identified as risk
factors for AD in whole-genome sequencing and GWAS ana-
lyses (for review, see Efthymiou and Goate [2017]; Karch and
Goate [2015]), including TREM2, CR1, SHIP1, BIN1, CD33,
PICALM, CLU, and the MS4A gene cluster. A non-synonymous
coding variant in PCLG2, a gene with suspected immune func-
tion, has been associated with decreased risk of AD (van der
Lee et al., 2019). Of note, many of these immune-related AD
risk factor SNPs or coding variants (Apoe, Trem2, Cd33,
Ms4a6d) have been identified as genes differentially expressed
in models of AB deposition as compared to tauopathy, suggest-
ing they may represent amyloid response genes (Matarin et al.,
2015). Systems-level analyses of gene regulatory networks in
post-mortem human LOAD brain specimens have identified the
immune-microglial molecular network as most highly associated
with pathophysiology in LOAD (Zhang et al., 2013). A recent,
detailed morphological analysis of microglial activation state in
brain specimens from two cohorts of cognitive aging found
that the proportion of activated microglia (PAM) strongly corre-

lated with the presence of pathologic AD (Felsky et al., 2019).
PAM was also strongly associated with the total Ap load and
number of neuritic plaques and less strongly associated with
the amount of PHF tau. Causal mediation modeling generated
a model consistent with a proposed pathologic sequence of
increased PAM triggering increased PHF tau accumulation,
leading to cognitive decline.

Single-cell transcriptomic methods have been employed to
identify unique microglial phenotypes associated with Af plaque
deposition in animal models of amyloidosis (APP/PS1 and
5XFAD) (Figure 4A). Termed microglial neurodegenerative
phenotype (MGnD) or disease-associated microglia (DAM),
these cells are defined by a unique expression profile consisting
of the upregulation of certain inflammatory transcripts (e.g.,
Apoe, Trem2, Clec7a) and downregulation of homeostatic tran-
scripts (e.g., P2ry12, Tmem119). In two studies, these microglia
were found to be in close association with neuritic plaques. In
one study, MGnD could be induced in wild-type (WT) mouse
brain by injection of apoptotic neurons and required ApoE
expression for induction (Keren-Shaul et al., 2017; Krasemann
et al.,, 2017). Single-nuclear transcriptomic techniques have
recently been applied to human AD brain specimens and have
identified microglial subtypes with increased Apoe expression
but have failed to identify DAM or MGnD subpopulations similar
to what has been seen in the mouse brain (Mathys et al., 2019).
Further work to better understand similarities and differences
between microglia in mouse models versus the human brain
are needed.

Disparate Roles of Microglia in AD Pathogenesis. Although
microglial activation is associated with disease pathology in
AD, it is difficult to parse whether microglial activation in AD is
damaging or protective. This may be because of disease-
stage-specific effects, with activation being protective in the
setting of amyloid deposition (Figure 4B) and damaging in the
setting of tau accumulation (Figure 4C).

Phagocytic Microglia Can Limit Amyloid-Associated Pathol-
ogy. As an example, TREMZ2 is an AD risk gene with a rare variant
allele, R47H, associated with significantly increased risk of AD
(Gratuze et al., 2018). TREM2 protein is expressed on microglia,
promotes microglial phagocytosis, modulates inflammatory
signaling, and promotes microglial survival. TREM2 also binds
to soluble oligomers of AB and promotes phagocytosis of Ap.
R47H is thought to be a loss-of-function variant (Gratuze et al.,
2018; Shi and Holtzman, 2018). In TREM2 deletion and haploin-
sufficiency studies using mouse models of AB deposition
(APPPS1-21 and 5xFAD), levels of Ap were decreased at
2 months of age (before plague deposition) but increased at
8.5 months of age (after plaque deposition), suggesting an
age- or amyloid-burden effect (Ulrich et al., 2014). Importantly,
there was also a reduction in plaque-associated microglia with
associated impairments in plaque compaction and increased
levels of dystrophic neurites around plaques (Leyns et al.,
2017; Song et al., 2018). Either TREM2 KO or TREM2 R47H
transgene expression in mice that develop amyloid deposition
results in enhanced amyloid seeding as well as enhanced tau
seeding and spreading near neuritic plaques (Leyns et al,
2019; Parhizkar et al., 2019). This suggests a role of Trem2 func-
tion in suppressing amyloid-induced local toxicity that also
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inhibits tau seeding and spreading. CD33 is another AD-suscep-
tibility locus that encodes a transmembrane glycoprotein ex-
pressed on the surface of microglia. Increased surface CD33
expression results in decreased microglial activation. In the
J20 amyloid mouse model, CD33 expression resulted in reduced
microglial-mediated phagocytosis of A and increased amyloid
pathology (Bradshaw et al., 2013; Griciuc et al., 2013). CD33
KO results in decreased amyloid pathology and improved cogni-
tion in 5xFAD mice. This is abrogated by additional TREM2 KO;
however, CD33 KO does not reciprocally abrogate effects of
TREM2 KO, suggesting that CD33 acts upstream of TREM2 (Gri-
ciuc et al., 2019). Microglia appear to clear Ap through a process
termed LC3-associated endocytosis (LANDO) that also recycles
AB receptors (CD36, TREM2, and TLR4) back to the cell surface;
if this is genetically deleted in 5xFAD mice, there is increased AB
accumulation, microgliosis with release of proinflammatory cyto-
kines, tau hyperphosphorylation, synapse dysfunction, neuron
loss, and cognitive impairment (Heckmann et al., 2019). These
data in models of AB deposition would suggest that dysfunc-
tional microglia are less able to sequester AR pathology within
compact plaques and less able to inhibit amyloid and tau seed-
ing near plaques, resulting in neuronal damage.

Activated Microglia Can Enhance Amyloid Pathology. Alter-
natively, phagocytosis of A by microglia can lead to microglial
activation. Following phagocytosis by microglia, Ap activates
the NLRP3 inflammasome, leading to caspase-1 activation
and IL-1B maturation and release (Halle et al., 2008). NLRP3 in-
flammasone is activated in AD and mild cognitive impairment
(MCI) brains and in APPPS1 mice. NLRP3 and caspase-1 ge-
netic deletion results in decreased A deposition, reduced IL-
1B release from microglia, and improved cognitive performance
in APPPS1 mice (Heneka et al., 2013). Following NLRP3 activa-
tion, monomers of the apoptosis-associated speck-like protein
containing a CARD domain (ASC) can form fibrils and recruit
caspase-1, resulting in autoproteolysis and caspase-1 activa-
tion as well as leading to further assembly of ASC fibrils into
paranuclear specks. Following inflammasome activation, ASC
specks can be leaked extracellularly, after which they can be
taken up by neighboring microglia to sustain the innate immune
response. Extracellular ASC specks have been found to bind to
AB and can cross-seed A oligomerization and plaque forma-
tion in APPPS1 mice (Figure 4D). This can be reversed by ge-
netic deletion of ASC or use of an anti-ASC neutralizing
antibody (Venegas et al., 2017). In support of a role for micro-
glia in exacerbating amyloid pathology, a recent study using
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Figure 4. Selected Roles of the Innate Immune System in AD Path-
ophysiology

(A) Transcriptomic analyses of microglia isolated from mice with amyloid pa-
thology have demonstrated a unique microglial subpopulation (DAM or MGnD)
only found in diseased animals, defined by reduced expression of homeostatic
genes and increased expression of genes involved in phagocytosis and
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microglial activation. Expression of ApoE and TREM2 is necessary for the
development of this disease-specific subpopulation.

(B) Microglial activation and phagocytosis have disparate effects based on the
prominent pathology studied. TREM2 KO results in a microglial phenotype that
is less activated and less phagocytic. In mouse models of amyloid deposition,
TREM2 KO leads to reduced peri-plaque microglial clustering, increased Ap
seeding and deposition, and increased dystrophic neurites with enhanced
plaque-associated tau pathology.

(C) Conversely, in PS19 tauopathy mice, TREM2 KO leads to reduced neu-
rodegeneration and microgliosis.

(D) AB phagocytosis leads to increased microglial activation. Lysosomal
damage by A can lead to activation of NLRP3 inflammasome, resulting in IL-
1B secretion. Extracellular ASC specks released from activated microglial can
then further cross-seed fibrillization of AB into fibrils.



pharmacological depletion of microglia in amyloid mice during
the period of plaque deposition demonstrated reduced paren-
chymal plaques following robust microglial depletion (Spangen-
berg et al., 2019). Therefore, phagocytosis of A by microglia
may be a double-edged sword: it may serve to limit the spread
of amyloid pathology in certain contexts or, alternatively, may
promote the spread of amyloid pathology via the mechanisms
described above.

Activated Microglia Exacerbate Tau-Associated Pathology.
Different results have been observed in models of tau pathology
that develop neurodegeneration (Figure 4C). In the PS19 tauop-
athy mouse, TREM2 deletion significantly reduced tau-mediated
neurodegeneration and astrogliosis (Leyns et al., 2017; Sayed
et al., 2018). These data would suggest that microglia contribute
to neuron death in models of tau-mediated neurodegeneration.
Microglial-derived exosomes appear necessary for tau propaga-
tion in a model of tau spreading using AAV viral transduced
expression of P301Ltau to induce rapid tau spreading from the
entorhinal cortex to the dentate gyrus of the hippocampus
(Asai et al., 2015). Depletion of microglia or pharmacological
inhibition of exosome secretion led to reduced tau spreading in
this model.

Direct Microglial Effects on Neuron Viability. Activated micro-
glia can directly secrete toxic proinflammatory cytokines
(Colonna and Butovsky, 2017; Kinney et al., 2018) or secrete
indirect mediators that stimulate astrocytes to secrete a neuro-
toxic substance (Liddelow et al., 2017). Microglia may also be
directly synaptotoxic. Complement binding (C1q) and microglial
phagocytosis lead to early synapse loss in a mouse model with
AB plaque deposition (J20 model). C1q binds to synapses and,
in the presence of soluble AB oligomers, promotes microglia
phagocytosis of synaptic contents (Hong et al., 2016).

Role of Gut Microbiome in Innate Immunity and AD Pathogen-
esis. There is increasing evidence that interactions between the
gut microbiome and the CNS innate immune system (gut-brain
axis) may modulate AD pathogenesis. Various aspects of CNS
physiology are regulated by the microbiome, including microglial
maturation and function (Abdel-Haqg et al., 2019). Germ-free
mice develop microglia with an immature phenotype, blunted
response to inflammatory stimuli, and defective immune
response to infection (Erny et al., 2015). The mechanism may
involve microbe-derived metabolites. Several studies have pro-
filed the composition of the gut microbiota in both mouse models
of amyloidosis (APP/PS1) and in human participants with de-
mentia due to AD and have found significant differences in the
overall abundance and diversity of microbial species relative to
WT animals or non-demented control participants, respectively
(Bauerl et al., 2018; Saiji et al., 2019; Vogt et al., 2017). These
alterations may influence microglial responses to disease
pathology. Indeed, one study demonstrated that APP/PS1AE9
mice chronically administered a cocktail of high-dose antibiotics
to modulate microbiome composition had significantly reduced
AP plaque load, reduced plaque size, increased soluble Ap42
levels, and reduced plaque-associated microglia and reactive
astrocytes (Minter et al., 2016). Further studies are required to
validate these findings, explore the effect of microbiome modu-
lation on other types of AD pathology (e.g., tau), and elucidate
underlying mechanisms.

In summary, activation of the innate immune system undoubt-
edly plays a role in AD pathophysiology. However, data
regarding role of activated microglia in animal models suggest
possibly divergent effects depending on disease context. Gut
microbiota may also modulate the microglial response to pathol-
ogy. Future studies will need to characterize the expression
profiles of microglia from both amyloid- and tau-based animal
models using single-cell techniques to determine whether
different microglial subpopulations with distinct pathology-
associated phenotypes exist. The role of these various micro-
glial-mediated mechanisms in modulating pathology in the
human AD brain is unclear and is being actively investigated.
Infectious Hypothesis
Multiple recent studies have revived interest in a long-standing
hypothesis that there may be an underlying infectious basis for
AD. Dating back to 1991, studies have demonstrated the pres-
ence of herpesvirus in brains of patients with AD, as well as
within amyloid plaques (Carbone et al., 2014; Jamieson et al.,
1991, 1992; Wozniak et al., 2009). A recent systems-level molec-
ular network analysis of preclinical AD brain identified a set of
network driver genes noted to be enriched for viral-susceptibility
genes. Follow-up analyses in AD brain specimens found detect-
able human herpesvirus (HHV)-6 and herpes simplex virus
(HSV)-1 DNA in three separate cohorts and identified many puta-
tive viral-host interactions that regulate gene networks pertinent
to AD biology, including innate immunity and APP processing
(Readhead et al., 2018).

AB exhibits characteristics of an antimicrobial peptide.
Synthetic and AD-brain-derived AR peptide fibrils significantly
inhibit the growth of Gram-positive and Gram-negative bacteria,
fungus (Soscia et al., 2010), and herpesvirus, while additionally
inhibiting the entry of herpesvirus into cells (Bourgade et al.,
2015). AB also forms fibrils that entrap bacteria and fungal cells,
leading to agglutination in vitro (Kumar et al., 2016; Spitzer et al.,
2016). The presence of AB in brain parenchyma is linked with
protection against infectious bacterial encephalomyelitis exper-
imentally induced by intracerebral inoculation with Salmonella
enterica typhimurium bacteria in 4-week-old 5xFAD mice.
5xFAD mice survived longer with less severe disease than WT
mice, while APP KO mice had slightly increased mortality
compared to WT mice. At sites of bacterial deposition in the
brain, significant A deposition was also noted. (Kumar et al.,
2016). Similarly, presence of parenchymal AB in 5xFAD mice re-
sults in decreased mortality following direct intracerebral HSV
inoculation. Areas of brain parenchyma containing deposits of
HSV-1 infection also demonstrated increased AP deposition
(Eimer et al., 2018).

These experiments have led to the antimicrobial protection
hypothesis of AD that suggests intracerebral infection by certain
pathogens may induce A fibrillization as an antimicrobial de-
fense mechanism, leading to amyloid seeding and deposition
and thereby initiating the amyloid cascade. (Moir et al., 2018).
In support of this theory, HSV-1 viral particles have recently
been shown to directly catalyze the fibrillization of AB42 in vitro
by nucleating aggregation via contact with the viral surface
(Ezzat et al., 2019).

Two recent Taiwanese-based nationwide, matched-control,
retrospective cohort studies have evaluated the association of
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HSV and varicella zoster virus (VZV) infection with risk of demen-
tia. One study demonstrated a significantly increased risk of
developing all-cause dementia (~3-fold increase) in patients
greater than 50 years of age following a new HSV infection.
This risk was nearly eliminated in patients who received antiher-
petic treatment (Tzeng et al., 2018). A second study demon-
strated a very slight increased risk of developing all-cause
dementia after zoster infection (HR 1.12). Again, a significant
decrease in dementia risk was observed in patients that received
antiherpetic treatment (HR 0.47) (Chen et al., 2018). The results
of these studies will need to be replicated, ideally in a large
prospective, longitudinal, observational cohort study, before
accepting herpesvirus infection as a bona fide risk factor for
AD or related dementias.

Another recent study suggests that periodontal infections may
contribute to AD pathogenesis. In this study, periodontal bacte-
rial proteins (gingipains) and DNA were identified in human AD
brain. Oral infection of WT mice with Porphyromsonas gingivalis
resulted in elevated intraparenchymal Ap levels, and inhibition of
gingipain activity led to reduced intracerebral bacterial burden,
decreased AP levels, and reduced neuroinflammation (Dominy
et al., 2019). Based on these results, a phase 2/3 double-blind,
randomized control trial testing use of gingipain inhibitor
COR388 is underway in mild-to-moderate AD (ClinicalTrials.
gov, ID# NCT03823404).

Sleep

Sleep impairment can lead to impaired attention, concentration,
and working memory but may also influence development of
underlying AD pathology. Women with sleep-disordered breath-
ing have a higher risk of developing MCI or dementia relative to
non-sleep-disordered breathing patients (Yaffe et al., 2011). A
single night of sleep deprivation leads to elevated CSF AB42
levels in healthy middle-aged men (Ooms et al., 2014). Reduced
slow-wave sleep in cognitively normal elderly participants is also
associated with increased CSF AB42 (Varga et al., 2016). A study
exploring the effect of selective reduction of overnight slow-
wave sleep via an automated detection-intervention method in
healthy volunteers also demonstrated increased CSF AR levels
in participants receiving the study intervention (Ju et al., 2017).
However, in a recent study of partial sleep deprivation lasting
5-8 days, no changes in AD CSF biomarkers were noted,
although that study did not alter the quantity of slow-wave sleep
(Olsson et al., 2018).

In animal microdialysis experiments, interstitial fluid (ISF) AB
levels correlate with wakefulness and significantly increase
following acute sleep deprivation or orexin infusion. In mice over-
expressing AP, acute sleep deprivation caused a significant
increase in amyloid plaque deposition. A decrease in amyloid
plaque deposition was observed after chronic orexin receptor
blockade, resulting in increased sleep (Kang et al., 2009). In
mice overexpressing AB, sleep-wake cycle and diurnal fluctua-
tions in ISF and CSF AB levels are normal before an age when
animals develop amyloid plaque formation. However, after AB
plaque formation, there is an impaired sleep-wake cycle and
loss of diurnal fluctuation in ISF or CSF A levels (Roh et al.,
2012). Two main mechanisms have been proposed as to how
sleep deprivation or increased wakefulness increases extracel-
lular AB in the brain. Studies from the lab of Maiken Nedergaard
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suggest that glymphatic clearance is slower during wakefulness
versus sleep (lliff et al., 2012; Xie et al., 2013). Increased synaptic
ApB release due to elevated neuronal metabolism and/or activity
during wakefulness versus sleep is another mechanism.
Increased synaptic and network activity has been previously
shown to stimulate release of extracellular Ap and tau from neu-
rons (Bero et al., 2011; Brody et al., 2008; Cirrito et al., 2005; Ya-
mada et al., 2014). In a recent study of amyloid kinetics in human
CSF using stable isotope labeling, there was an increase in Ap
levels following sleep deprivation but no change in rate of AB
clearance. This suggests the mechanism for increased AB is
increased production (Lucey et al., 2018). Similar findings are
also noted with extracellular tau. Sleep deprivation in tauopathy
mice and healthy human participants resulted in increased ISF or
CSF tau levels (Holth et al., 2019). When seeded with recombi-
nant synthetic tau fibrils, sleep-deprived animals had more
significant tau spreading relative to non-sleep-deprived animals.
In summary, these studies provide compelling evidence that
sleep deprivation stimulates increased levels of A and tau in
human CSF and animal model brains and enhances intracerebral
pathology.

Therapeutic Strategies for Alzheimer Disease

There are currently four FDA-approved medications for the man-
agement of cognitive impairment and dysfunction in global activ-
ities in symptomatic AD. These include three cholinesterase
inhibitors (ChEls; donepezil, rivastigmine, and galantamine)
and memantine, an uncompetitive NMDA receptor modulator.
Despite enormous efforts by the pharmaceutical industry, there
remains no effective disease-modifying therapy available today.
More than 20 compounds have completed large phase 3,
double-blind, randomized control trials in cohorts of patients at
various stages of AD, and none has demonstrated any efficacy
in slowing cognitive decline or improving global functioning
(Table 1). These many trial failures highlight the need for different
approaches to clinical trial design in AD.

First, most of the failed phase 3 trials intervened on patients
with mild-to-moderate symptomatic AD. Though this represents
an intermediate phase of clinical disease, this is actually an
advanced stage of the biological disease when considering
that pathology accumulates in the AD brain 15-20 years prior
to onset of clinical symptoms (Vermunt et al., 2019). At this stage
of disease pathogenesis, significant and irreversible synaptic
and neuronal loss has occurred, and the pathological cascade
would likely be very difficult to reverse (Goémez-Isla et al.,
1996). Instead, disease-modifying clinical interventions applied
as early in the preclinical phase of disease as possible in a pre-
ventative study design might have a better chance of changing
disease trajectory before the onset of frank neurodegeneration.
Several recent large-scale clinical trials have adopted a second-
ary or primary prevention paradigm: the Dominantly Inherited
Alzheimer Network Trials Unit (DIAN-TU) drawing from the large
DIAN cohort of ADAD patients (Bateman et al., 2017), the A4 trial
enrolling participants with confirmed preclinical AD by biomarker
assessment (Sperling et al., 2014), and the Alzheimer Prevention
Initiative (API) using a cohort of patients with ADAD as well as a
separate cohort of older homozygous APOE e4/e4 carriers
(Reiman et al., 2011). Importantly, each study is testing
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Table 1. Discontinued Phase 3 Disease-Modifying Drug Trials in AD, Excluding ChEI and Memantine Trials

Drug (Study Type of ClinicalTrials.gov

Name) Study Population Target/Mechanism Molecule Outcome NCT Identifier Reference

Bapinezumab Mild-to-moderate AD  Soluble and Monoclonal No effect on cognition ~ NCT00575055  (Salloway et al.,

fibrillar A antibody or ADL NCT00574132  2014)

Solanezumab Mild-to-moderate Soluble monomeric Monoclonal No effect on cognition ~ NCT00905372  (Doody et al.,

(EXPEDITION-1,  AD; mild AD AB antibody or ADL NCT00904683  2014; Honig

2 and 3) et al., 2018)

Crenezumab very-mild-to-mild Oligomeric, fibrillar  Monoclonal No effect on cognition ~ NCT03114657

(CREAD-1/2) AD with amyloid and plague-based  antibody or ADL on preliminary
positive biomarkers AB analysis

Aducanumab Mild AD Conformation- Monoclonal No change in rate of NCT03639987  (Selkoe, 2019)

(ENGAGE; specific AB Antibody cognitive decline

EMERGE) aggregates

AN-1792 Mild-to-moderate AD  Active Full-length AB42 Trial halted due to NCT00021723

immunization immunogen development of
meningoencephalitis
in 4 patients
Semagacestat Mild-to-moderate AD  y-secretase Small molecule  No effect on cognition  NCT01035138  (Doody et al.,
(IDENTITY-1/2) inhibitor or ADL; increased NCT00594568  2013)
risk of skin cancer
Tarenflurbil Mild AD y-secretase Small molecule  No effect on cognition ~ NCT00105547  (Green et al.,
modulator or ADL 2009)

CNP520 Cognitively normal BACE1 inhibitor Small molecule  Worse cognitive NCT03131453  (Lopez Lopez

(Umibecestat) APOE ¢4/ €4 performance, weight NCT02565511 et al., 2019)

(API Generation)  carriers loss

Lanabecestat Very-mild-to-mild AD  BACE1 inhibitor Small molecule  No effect on cognition  NCT02783573

(AMARANTH; or ADL NCT02245737

DAYBREAK-ALZ)

Atabecestat Preclinical AD; positive BACE1 inhibitor Small molecule Worse performance NCT02569398  (Henley et al.,
amyloid, normal on some cognitive 2019)
cognition tests; in some cases,

prominent side effects

Verubecestat Prodromal AD BACE1 inhibitor Small molecule Worse performance NCT01953601 (Egan et al.,

(APECS) on some cognitive tests 2018, 2019)

and in ADL

Elenbecestat Mild AD BACE1 inhibitor Small molecule  Unspecified safety NCT02956486

(MISSION-AD1/2) concerns upon NCT03036280

interim review

Intepirdine Mild-to-moderate AD  5-HTg receptor Small molecule No effect on cognition =~ NCT02585934

antagonist or ADL
Idalopirdine Mild-to-moderate AD  5-HTg receptor Small molecule  No effect on cognition ~ NCT02006641 (Atri et al.,
(STARBEAM) antagonist or ADL 2018)
Dimebon Mild-to-moderate AD  Pleiotropic: Small molecule  No effect on cognition ~ NCT00675623  (Cano-Cuenca
anti-histamine, or ADL et al., 2014)
mitochondria,
others

Nilvadipine Mild-to-moderate AD  Calcium channel Small molecule No effect on cognition =~ NCT02017340  (Lawlor et al.,
blocker or ADL 2018)

Naproxen, Prevention study; Anti-inflammatory;  Small molecule  No delay in time to NCT00007189  (ADAPT-FS

celecoxib Cognitively normal COX inhibitor incident cognitive Research

(ADAPT study) elderly with parent or ~ (NSAID) impairment after 1-3 Group, 2015)
sibling with dementia years treatment and

7 years follow-up
Indomethacin Mild-to-moderate AD  Anti-inflammatory; Small molecule No effect after 1 year NCT00432081 (de Jong
COX inhibitor treatment on cognition et al., 2008)
(NSAID) or ADL; study under-

powered

(Continued on next page)
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Table 1. Continued
Drug (Study Type of ClinicalTrials.gov
Name) Study Population Target/Mechanism Molecule Outcome NCT Identifier Reference
Prednisone Mild-to-moderate AD  Anti-inflammatory ~ Small molecule  No effect on cognition =~ NCT00000178  (Aisen et al.,
or ADL 2000)
Intravenous Mild-to-moderate AD  Immunomodulator Pooled Ig No effect on cognition ~ NCT00818662  (Relkin et al.,
immunoglobulin or ADL 2017)
(IVIg)
LMTM Very-mild-to-mild AD  Tau aggregation Small molecule No effect on cognition  NCT01689233  (Gauthier et al.,
inhibitor; methylene or ADL 2016)
blue derivative
Simvastatin Mild-to-moderate AD  HMGCoA- Small molecule Some improvement NCT00053599  (Carlsson et al.,
(CLASP and reductase inhibitor; on a few cognitive NCT00486044 2008; Sano
ESPRIT studies) cholesterol tests but no effect et al., 2011)
lowering agent on ADL
Atorvastatin Mild-to-moderate AD  HMGCoA- Small molecule No effect on cognition ~ NCT00151502  (Feldman
reductase inhibitor; or ADL et al., 2010)
cholesterol-
lowering agent
Rosiglitazone Mild-to-moderate AD  PPARYy agonist Small molecule  No effect on cognition ~ NCT00594568  (Harrington
(REFLECT-2/3) or ADL NCT00428090 et al., 2011)
Tricaprilin Mild-to-moderate AD  Improve Small molecule  No effect on cognition ~ NCT01741194
mitochondrial or ADL
metabolism

anti-amyloid therapies in cognitively normal patients who are at
high risk for developing the disease.

Second, it is important to reconsider assumptions and under-
lying hypotheses with regard to disease pathogenesis. While the
underlying evidence for the amyloid cascade hypothesis remains
solid, new discoveries should continually inform and update our
understanding of disease pathobiology, eventually leading to the
development of novel treatment approaches.

The current AD clinical pipeline has over 100 different com-
pounds being tested in various phases of clinical trials (Hara
et al., 2019). We will now review available symptomatic treat-
ments and developments on the path to identifying disease-
modifying therapies.

Symptomatic Treatment

Cholinesterase Inhibitors

During the course of AD pathogenesis, cholinergic neurons in the
nucleus basalis of Meynert and other septal nuclei that project
widely throughout the cortex are lost, causing a general cholin-
ergic deficit (Bartus et al., 1982). This loss of cholinergic input
is thought to contribute to early attention and memory dysfunc-
tion in AD. ChEls work to reverse this deficiency by increasing
synaptic levels of acetylcholine. Three ChEls are currently
approved for use in mild-to-moderate AD: donepezil, rivastig-
mine, and galantamine. They differ primarily in their pharmacoki-
netic profiles (donepezil has a much longer half-life than the
others and is dosed once daily) and formulation (rivastigmine is
available as a continuous-release transdermal patch) but not in
overall efficacy. Their symptomatic benefit in AD has been
confirmed via meta-analyses assessing both cognitive perfor-
mance and global functioning (Birks, 2006). However, the overall
effect size is modest (mean difference in Mini-Mental State
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Examination [MMSE] of 1.37 points after 6 months treatment),
and there is no effect on long-term disease progression. Avail-
able data do not support the use of ChEls in very mild AD (i.e.,
mild cognitive impairment), and in fact, ChEl may worsen cogni-
tion at this early clinical stage (Han et al., 2019).

Anti-NMDA

Memantine is an uncompetitive NMDA receptor modulator that
may act to inhibit glutamate-mediated neurotoxicity that de-
velops as neurons die during AD progression, although the pre-
cise mechanism of its effect is unclear (Greenamyre et al., 1988;
Livingston et al., 2017). Meta-analysis confirms the efficacy of
memantine in moderate-to-severe AD on measures of cognition,
activities of daily living (ADL), and neuropsychiatric symptoms
(McShane et al., 2006). However, as with ChEl, the effect size
is quite small, and the medication has no effect on long-term dis-
ease progression. Effects in mild-to-moderate stage disease
were marginal, and therefore, it is not recommended that this
medication be prescribed to patients with mild AD.

Disease-Modifying Treatments

Ag-Directed Therapeutics

The goal of many AB-directed therapies is to lower levels of
parenchymal AB and amyloid deposits in the AD brain. The am-
yloid cascade hypothesis suggests that AR accumulation trig-
gers disease pathogenesis, so therapies that lower parenchymal
AB might be expected to slow disease progression. Since no in-
tegrated AD animal model exists in which to definitively test the
validity of the amyloid cascade hypothesis, clinical trials using
AB-directed therapies in humans have been considered one of
the most direct ways to test this. Unfortunately, many clinical tri-
als have been inadequately designed to robustly test the amyloid
hypothesis, such that negative trial results cannot be necessarily



Table 2. Active Phase 3 Disease-Modifying Drug Trials in AD

ClinicalTrials.gov

Drug Study Population Target Type of Molecule Status NCT Identifier
Gantanerumab Very-mild-to-mild AD Conformational epitope ~ Monoclonal Phase 3 enrolling NCT03444870
found only on fibrillar AD antibody
BAN2401 (CLARITY) Very-mild-to-mild AD with AB protofibrils Monoclonal Phase 3 enrolling NCT03887455
positive amyloid biomarkers antibody
ALZT-OP1 (cromolyn Very mild AD with positive  Anti-inflammatory Small molecule Phase 3 enrolling NCT02547818
sodium/ibuprofen) CSF amyloid
Levetiracetam Very mild AD with positive ~ SV2A Small molecule Phase 3 enrolling NCT03486938
amyloid PET imaging
CAD106 Cognitively normal ApoE Active immunization with Immunogen Phase 3 no longer NCT02565511
e4/e4 homozygotes AB1-6 peptide fused to enrolling; APl Generation
virus-like particles primary prevention study
COR388 Mild-to-moderate AD Periodontal bacteria Small molecule Phase 3 enrolling NCT03823404
gingipain inhibitor
AVANEX 2-73 Very-early-to-mild AD with  Sigma-1 protein agonist Small molecule  Phase 3 enrolling NCT03790709

positive amyloid biomarkers

interpreted as a rejection of the amyloid hypothesis (Karran and
Hardy, 2014; Karran et al., 2011). Active and passive immuniza-
tion strategies and use of secretase inhibitors have been the
primary modes of targeting AB in clinical trials.

Active Immunization. AB-directed immunotherapy has been
explored as a disease-modifying therapy in AD for the last 20
years (Gallardo and Holtzman, 2017). The first successful
demonstration of antibody-mediated clearance of A was in
1999, when active immunization of PDAPP mice using full-length
human AB42 peptide resulted in a significant decrease in existing
amyloid deposits in animals vaccinated at an older age and
almost completely prevented the development of amyloid depo-
sition in animals vaccinated at a younger age (Schenk et al.,
1999). This subsequently led to the development of the first
human AB immunotherapy trial using AN-1792, a mixture of syn-
thetic full-length human AB42 with adjuvant. In a phase 2a trial,
four patients developed aseptic meningoencephalitis, leading
to the discontinuation of the trial, although ongoing neuroimag-
ing and neuropathologic follow-up allowed for assessment of
long-term treatment response. 25 of 129 patients were deemed
to be antibody responders. Post-mortem evaluation determined
that there was significant variability in degree of amyloid clear-
ance but that some vaccinated patients had long-lasting, nearly
complete clearance of AB deposits. However, they still had
prominent tau pathology with advanced Braak staging, and
most had severe dementia at time of death, even despite plaque
clearance (Nicoll et al., 2019; Vellas et al., 2009). Active vaccina-
tion strategies using A peptides as immunogens are still being
pursued, with CAD106 in a phase 3 trial (Table 2) and ABVac40
currently in phase 2 trials (Lacosta et al., 2018; Vandenberghe
et al., 2016). Both claim to avoid the risk of meningoencephalitis
by excluding portions of the AB peptide responsible for inducing
Th1 immune responses.

Passive Immunization. Passive immunotherapy is another
strategy for immunologically targeting AB clearance. With infu-
sions of a monoclonal antibody, there is less variability in
efficacy from patient to patient, and since titer levels can be
more tightly controlled, there is less risk of adverse events. Six

different monoclonal antibodies directed against AB have
advanced to phase 3 clinical trials. The first monoclonal antibody
to do so was bapinezumab. This is a humanized version of
mouse 3D6 antibody that targets N-terminal AR peptide and
binds to soluble and fibrillar AB, triggering microglial phagocy-
tosis of Ap deposits. This antibody was tested in two parallel
phase 3 trials in mild-to-moderate AD patients and had no effect
on cognition or ADL at the doses tested (Salloway et al., 2014). In
high concentrations, it was associated with amyloid-related
imaging abnormalities (ARIA) edema and microhemorrhages.
Solanezumab is a humanized version of mouse antibody m226
whose epitope lies within the AR mid-domain and binds only to
soluble AB, not fibrillar or plaque-based AB. Preclinical studies
demonstrated that peripheral administration sequestered
peripheral AB and led to a dramatic and rapid rise in peripheral
AB levels. It was hypothesized that the antibody might alter the
equilibrium between plasma and CNS AB, the so-called periph-
eral sink hypothesis (DeMattos et al., 2001), as well as directly
binding soluble AB in the CNS. Two phase 3 trials of solanezu-
mab in mild-to-moderate AD failed to demonstrate a marked
benefit on cognition or ADL and did not reduce cerebral amyloid
deposition (Doody et al., 2014). A third phase 3 trial in mild AD
also failed to demonstrate a significant benefit on the primary
endpoint (Honig et al., 2018). Aducanumab is a fully human
IgG1 antibody that binds a specific conformational epitope of
AB. There was initial excitement for this antibody, as it was
demonstrated to actively engage and clear amyloid plaques
both in transgenic APP models and in human participants with
prodromal or mild AD based on florbetapir-PET imaging. Further,
after 1 year of monthly infusions, participants receiving aducanu-
mab had slower decline in CDR-sum of boxes and MMSE in a
phase 1b trial (Sevigny et al., 2016). Unfortunately, two phase 3
trials in mild AD were stopped early for futility in March 2019, after
interim analysis suggested no change in cognitive decline (Sel-
koe, 2019). Crenezumab is a fully human IgG4 antibody that
binds oligomeric, fibrillar, and plaque-based AB. Two phase 3 tri-
als were terminated early in January 2019 for futility after interim
analysis failed to demonstrate any benefit. Gantenerumab is a
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fully human IgG1 antibody that binds to a conformational epitope
on aggregated AR fibrils within plagues and triggers Fc-mediated
microglial phagocytosis of AB. Gantenerumab entered a phase 3
clinical trial for mild AD in 2014 that ultimately stopped enrolling
early due to futility. The study was continued as an open label
extension at high dose for 2 years. Follow-up analyses demon-
strated a dramatic decline in AB deposition in participants in
the open extension, such that some became amyloid negative
on imaging. Based on this, a new high-dose phase 3 trial has
been initiated in very-mild-to-mild AD (Ostrowitzki et al., 2017).
BAN2401 is a humanized version of murine antibody mAb158
that binds large soluble AB protofibrils in vitro. Phase 2 trials
demonstrated significant engagement and clearance of cerebral
amyloid deposits and possible reduction in cognitive decline. It
has now entered a phase 3 clinical trial in very-mild-to-mild AD
patients (Logovinsky et al., 2016). Donanemab, a monoclonal
antibody developed by Lilly that uniquely targets AB(p3-42)
(@ pyroglutamate form of AB exclusively found in plaques) in
which the goal is to directly engage plaque-based AB for clear-
ance, is currently in a phase 2 trial.

Though the data for AB-directed monoclonal antibodies in
symptomatic AD have been discouraging, several antibodies
are currently being used in primary and secondary prevention
studies where dose administration at an earlier disease stage
might provide a better opportunity for disease modification.
DIAN-TU is using solanezumab and gantenerumab in a phase
2/3 adaptive design clinical trial in ADAD mutation carriers
known to inevitably develop disease (Bateman et al., 2017).
Crenezumab is being used in the APl ADAD Colombia trial of
known mutation carriers (Tariot et al., 2018), whereas active im-
munization with CAD106 is being used in the API Generation trial
of APOE ¢4 homozygotes (Lopez Lopez et al., 2019).

Secretase Inhibitors. An alternative strategy for reducing AB
levels is to reduce production via inhibition of - and y-secretase
activities. The rate-limiting step for AR production is enzymatic
cleavage by BACE1, so this would seem to be a particularly
attractive target. In mouse amyloidosis model, BACE1 inhibition
limits initiation of new plaque formation but does not prevent
growth of established plaques (Peters et al., 2018). Thus,
BACE1 inhibition might be expected to work synergistically in
combination with AB-directed monoclonal antibodies to reduce
AB deposition by addressing both clearance and production of
AB. Ideally, BACE1 inhibition would be the preferred target for
primary prevention studies, as blocking AB production prior to
onset of pathology would be sufficient to prevent the develop-
ment of pathology. The reality of BACE1 inhibitors in clinical
testing has been more challenging.

A number of BACE1 inhibitors have entered clinical trials in
recent years. Lilly inhibitors LY2886721 and LY3202626 failed
in phase 2 trials due to hepatotoxicity and impaired cognitive
performance, respectively. Five additional BACE1 inhibitors
have now failed phase 3 clinical trials due to lack of efficacy
and/or associated side effects (Table 1). Verubecestat failed
to slow cognitive decline in a phase 3 trial of mild-to-moderate
AD and resulted in worse cognition on some measures. (Egan
et al., 2018, 2019). Lanabacestat was discontinued after interim
analysis in biomarker-confirmed very-mild-to-mild AD failed to
detect any reduction in cognitive decline, despite evidence of

326 Cell 179, October 3, 2019

target engagement (Clinicaltrials.gov, ID# NCT#02783573). Ata-
becestat was discontinued after a trial in preclinical AD demon-
strated frequent hepatotoxicity and worse cognitive outcomes
than placebo (Henley et al., 2019). CNP520 (umibecestat) was
initially found to be safe and well tolerated in early phase 1
and 2a studies. This inhibitor was then incorporated into one
arm of the phase 2/3 APl Generation study (along with
CAD106; see above) for secondary prevention of AD in older
APOE ¢4/¢4 homozygotes (Lopez Lopez et al., 2019). Unfortu-
nately, study sponsors announced discontinuation of this arm
in July 2019, when interim analysis demonstrated worse
cognition, increased brain atrophy, and more weight loss in
the treatment group relative to placebo. Only one BACE1 inhib-
itor, elenbecestat, was left standing in clinical trials until
September 2019, when study sponors announced discontinua-
tion of ongoing clinical trials in biomarker-positive MCI and/or
prodromal AD after review of interim safety data. The Alz-
heimer’s Clinical Trials Consortium had planned to use elenbe-
cestat in upcoming primary and secondary prevention studies
but now will proceed only with BAN2401 (Panza et al., 2018).
At this point, no additional BACE1 inhibitors are being actively
investigated in clinical trials.

At this point, it appears that worsening cognitive function
and weight loss are possible class effects for BACE1 inhibi-
tors, as they were observed as adverse effects across multiple
trials. These may not be simply off-target effects. BACE1 has
substrates other than APP that are likely important in neurode-
velopment, as evidenced by the fact that BACE1 KO mice
develop seizures (Hitt et al., 2010), myelination deficits (Willem
et al., 2006), cognitive impairment (Laird et al., 2005), and axon
guidance defects (Rajapaksha et al., 2011). Conditional
BACE1 KO in adulthood mitigates many of these side effects,
but there remain impaired axon guidance defects (Ou-Yang
et al., 2018). Based on these data, it may be difficult to
develop a BACE1 inhibitor without some expected on-target
side effects.

Two y-secretase inhibitors (GSIs) have been tested clinically
as disease-modifying therapies for AD, and each have failed
due to lack of efficacy or worsening of cognition combined
with dose-limiting adverse side effects. Avagacestat phase 2 tri-
als in mild-to-moderate and prodromal AD were terminated after
it failed to demonstrate any reduction in cognitive decline and
caused adverse effects at higher doses, such as nausea, vomit-
ing, diarrhea, rash, pruritis, and increased incidence of non-
melanoma skin cancer (Coric et al., 2015). Semagacestat was
the first GSI to enter a phase 3 trial for AD. However, the trial
was halted early due to concerns of worsening cognition,
increased incidence of skin cancers and infection, and weight
loss relative to placebo (Doody et al., 2013). Likely the broad-
spectrum nature of these GSls contributed to their side-effect
profile, as Notch signaling and downstream pathways from other
substrates would be inhibited (De Strooper, 2014). Alternatively,
side effects might be attributable to on-target inhibition of APP
processing, resulting in accumulating levels of membrane-
bound N-terminally cleaved APP fragments. The same concern
might also apply to BACET1 inhibitors.

An alternative means of inhibiting amyloidogenic processing of
AB by y-secretase is to use y-secretase modulators (GSMs) that
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alter processing of APP (lower AB42 and higher AB40 levels)
without influencing processing of other substrates (Xia, 2019).
The mechanism appears to be related to slowed dissociation of
e-cleaved C99 fragment, thereby increasing enzyme processivity
and leading to generation of shorter AB fragments (Okochi et al.,
2013). The first GSMs were discovered by recognizing that
ibuprofen, indomethacin, and sulindac reduce Abeta4?2 levels
(Weggen et al., 2001) through modulation of yy-secretase activity
(Eriksen et al., 2003). This eventually led to identification of R-flur-
biprofen (tarenflurbil), a molecule having GSM activity but without
inhibitory effects on cyclooxygenase activity. Despite promising
preclinical data, unfortunately, a phase 3 clinical trial did not
demonstrate any benefits on cognition or ADLs over the course
of 18 months (Green et al., 2009). However, significant CNS
AB42 lowering was not likely achieved (Karran and Hardy, 2014);
therefore, more efficacious GSMs may still be a viable conceptual
approach. Indeed, there are other promising GSMs now in devel-
opment that may enter human trials in the near future (Wagner
et al., 2017). With the recent publication of high-resolution sub-
strate-enzyme cryo-EM structures for y-secretase-APP C83 frag-
ment and y-secretase-Notch 100 fragment (Yang et al., 2019;
Zhou et al., 2019), it may now be possible to more easily develop
substrate-specific y-secretase inhibitors or modulators.
Tau-Directed Therapeutics

Tau is considered a critical target for developing disease-modi-
fying therapies. Multiple strategies have been proposed for
reducing tau pathogenicity in AD. One of the first compounds
tested in a clinical trial was methylene blue. Any putative benefit
attributed to methylene blue has been thought to be secondary
to reduced tau fibrillization and aggregation and induction of
autophagy, which leads to reduced tau pathology and neuron
death in mouse models of tauopathy (Congdon et al., 2012;
Crowe et al., 2013; Wischik et al., 1996). A second-generation
stabilized and reduced derivative of methylene blue called
LMTM was created and moved to clinical trials. Unfortunately,
in two different phase 3 trials testing LMTM in all-cause dementia
and mild-to-moderate AD, there was no reduction in rate of
decline of cognition or ADL compared to placebo (Gauthier
et al., 2016). Whether LMTM at the doses administered pre-
vented accumulation of aggregated tau or decreased existing
deposits was not tested.

A second strategy for reducing tau pathogenicity is to inhibit
abnormal hyperphosphorylation through use of tau kinase
inhibitors. A GSK-3 inhibitor, tideglusib, was shown in a pre-
clinical study using double transgenic mice expressing human
tau and APP to reduce tau phosphorylation, decrease amyloid
deposition, lead to less neuronal loss, and improve cognition
(Serend et al., 2009). However, a phase 2 trial in mild-to-
moderate AD did not demonstrate any reduction in rate of
cognitive or functional decline as compared to placebo (Love-
stone et al., 2015).

As with AB, a significant amount of investment has been
made in developing immunotherapies to facilitate tau pathol-
ogy clearance from the brain, including both active and pas-
sive immunization. Two active immunization strategies are be-
ing investigated. AADvac-1 consists of tau peptide containing
amino acids 294-305 conjugated to keyhole limpet hemocya-
nin with use of adjuvant. AADvac-1 recently completed phase

1 testing and is currently undergoing phase 2 trials (Novak
et al., 2019). ACI-35 is another active vaccination attempt us-
ing 16 copies of synthetic phosphorylated tau fragment
embedded in liposome. The goal is to generate an immune
response against pathologic phosphorylated tau with no
cross-reactivity against non-pathologic tau. This has
completed phase 1 clinical testing and awaits further phase
2 testing in the future.

Numerous tau-directed monoclonal antibodies have been
generated and are currently being tested in clinical trials. In pre-
clinical studies, mouse anti-human tau monoclonal antibody
HJ8.5 demonstrated reduced tau seeding, hyperphosphoryla-
tion and thioflavin S staining, reduced levels of detergent insol-
uble tau, and reduced brain atrophy and cognitive deficits in
PS19 (P301S) mice—whether administered via intraventricular
infusion (Yanamandra et al., 2013) or peripherally (Yanamandra
etal., 2015) prior to the development of significant tau pathology.
This antibody has been humanized and, in a single patient with
progressive supranuclear palsy (PSP), led to increased plasma
tau concentrations after intravenous injection. In PS19 mice,
plasma tau was found to inversely correlate with brain soluble
tau levels, suggesting that peripheral tau levels reflect changes
occurring in the CNS (Yanamandra et al., 2017). The humanized
version of HJ8.5 (ABBV-8E12) has been tested in a phase 1 trial
and found to be safe; ABBV-8E12 has now advanced to two
phase 2 trials including patients with early AD and PSP (West
et al., 2017). The PSP study was just terminated following a futil-
ity analysis. A separate Biogen humanized anti-tau monoclonal
antibody (BIIB092) has also been tested in phase 1 study in
PSP patients, passed safety parameters, and was demonstrated
to reduce N-terminal tau in CSF of patients. This antibody has
now advanced to phase 2 testing in PSP and AD (Boxer et al.,
2019). Biogen and other companies have additional monoclonal
antibodies targeting tau that are in the clinical pipeline:
R07105705, BIIBO76, JNJ-63733657, LY3303560, MC1-L, and
UCB1017. A critical issue is to determine the extent to which
pathological seeding and spreading of tau pathology occurs
via extracellular forms of tau and whether such a mechanism
occurs in humans. It is likely that if a peripherally administered
anti-tau antibody is to be efficacious in a disease such as AD,
such a mechanism would need to occur, and an antibody would
need to inhibit this process. If antibody-based methods are
developed to degrade and reduce intracellular, cytoplasmic
forms of tau, this may prove to be a more effective way to not
only prevent but also clear existing tau pathology.

Finally, a separate strategy to limit tau-mediated pathology
would be to reduce tau expression. One clinically viable
approach is the use of intrathecally delivered ASOs. ASO-based
clinical treatments have demonstrated dramatic success in
cases of spinal motor atrophy (Finkel et al., 2017) and are being
tested in Huntington’s disease (Tabrizi et al., 2019). Preclinical
studies using tau-overexpressing mice suggest this approach
may be viable in tauopathies (DeVos et al., 2017). lonis has initi-
ated a phase 1/2 trial of anti-tau ASOs (MAPTRX) in mild AD
(Clinicatrials.gov, ID# NCT03186989).

ApoE-Directed Therapeutics
To date, no in-human AD clinical trials have targeted ApoE.
However, a number of preclinical studies in relevant animal
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models have investigated ApoE-directed therapies that may
eventually translate clinically.

Multiple studies employing ApoE genetic deletion (Bales et al.,
1999; Verghese et al., 2013), conditional expression of ApoE iso-
forms (Liu et al., 2017), or ASO-mediated knockdown of ApoE
expression (Huynh et al., 2017b) suggest that lowering ApoE
levels reduces relevant pathology in both amyloidosis and tau-
opathy mouse models (Shi et al., 2017). Use of anti-ApoE ASO
delivered via intracerebroventricular injection in ApoE-TR/
APPPS1-21 mice demonstrated dramatically reduced A plaque
deposition if administered prior to plague seeding but not after.
Neuritic dystrophy was also significantly attenuated, indepen-
dent of an effect on amyloid deposition even when administered
after amyloid deposition (Huynh et al., 2017b). Therefore, target-
ing ApoE3 or ApoE4 expression via ASO delivery in AD may be
beneficial, especially if administered in early preclinical phases.
Since ApoE promotes plaque-associated microgliosis resulting
in plague compaction and reduced neuritic dystrophy (Ulrich
et al., 2018), therapeutically reducing ApoE levels may also
have unexpected effects on the innate immune response to
established plaques. An alternative strategy for lowering AB
levels via targeting a certain form of ApoE is the use of passive
immunization. Monoclonal antibody HJ6.3 delivered peripherally
to APP/PS1 mice either before or after plagque deposition re-
sulted in reduced AP levels and fibrillary amyloid pathology,
increased microglial activation, and improved spatial-memory
performance (Kim et al., 2012; Liao et al., 2014). HAE-4 is a
monoclonal antibody that targets non-lipidated, aggregated
ApoE3 and E4 preferentially located within amyloid plagues.
Delivery of this antibody centrally or peripherally reduced fibril-
lary amyloid plaque load along with soluble and insoluble AB
levels without reducing cerebral or plasma ApoE levels. Instead,
data suggest the antibody mediates its effect by binding apoE in
plaques followed by antibody-mediated plaque opsonization by
microglia, likely promoting peri-plaque AB phagocytosis (Liao
et al., 2018).

Another proposed strategy is to utilize gene-therapy methods
to overexpress ApoE2 in APOE e4/e4 carriers as a means to
overcome loss of function associated with ApoE4 (Rosenberg
et al., 2018). This strategy would only be effective if ApoE4-
mediated disease mechanisms are truly due to loss of function
or, if secondary to ApoE4 toxic gain of function, if ApoE2 is
able to act in dominant protective fashion to inhibit ApoE4 toxic
effects. While there are data to support the concept that ApoE2
expression may be protective using a gene-transfer approach
(Hu et al., 2015; Hudry et al., 2013), it would be useful to validate
protective effects and lack of toxicity in a number of different
models. ApoE modulates AD pathobiology through various path-
ways (see above), so it will be important to confirm that APOE2
overexpression has only salutary effects on these many dis-
ease-relevant biological functions. This is especially critical after
a recent study in the preclinical literature demonstrated that
APOE2 expression via viral delivery exacerbated pathology in
tauopathy mice (Zhao et al., 2018). It is unclear whether
ApoE2 gene delivery would be a superior strategy to simply
lowering ApoE levels (discussed above). A recent study tested
APOE2 gene delivery in non-human primates using AAVrh.10
hAPOE2-HA vector to deliver an APOE2 expression cassette.
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This study found that intracisternal viral injection led to the widest
area of cerebral transduction with only minimal surgery (Rosen-
berg et al., 2018). A phase 1 clinical trial in humans using intracis-
ternal injection of this vector is planned (ClinicalTrials.gov,
ID# NCT03634007).

Immune Modulation

Interest in anti-inflammatory treatments for AD were initially
stoked by findings from multiple epidemiologic studies suggest-
ing that chronic use of nonsteroidal anti-inflammatory drugs
(NSAIDs) was associated with lower incidence of AD, with the
most pronounced effect seen in patients taking chronic
ibuprofen (in t* Veld et al., 2001; Vlad et al., 2008). However,
follow-up clinical trials testing the effect of low-dose prednisone
(Aisen et al., 2000), low-dose aspirin (AD2000 Collaborative
Group et al., 2008), NSAIDs (Aisen et al., 2003; de Jong et al.,
2008), and selective COX-2 inhibitors (Aisen et al., 2003; Thal
et al., 2005) failed to show any reduction in rate of cognitive
decline in mild-to-moderate AD. Prevention studies of naproxen
and celecoxib in patients at risk for preclinical AD also failed to
demonstrate any protective benefit (ADAPT-FS Research
Group, 2015; Meyer et al., 2019). Therefore, a generic anti-in-
flammatory treatment approach for AD does not appear viable
for secondary prevention or treatment of symptomatic patients.

In one study, patients with rheumatoid arthritis treated with
etanercept, TNFa decoy receptor, had lower incidence of AD,
but no effect was noted with use of other anti-rheumatic medica-
tions (e.g., prednisone, sulfasalazine, and rituximab) or anti-TNF
agents (e.g., infliximab and adalimumab) (Chou et al., 2016). A
phase 2 trial of etanercept in mild-to-moderate AD established
safety but saw no significant reduction in cognitive decline on
analysis of secondary clinical outcomes (Butchart et al., 2015).
It is notable that etanercept does not cross the BBB. One strat-
egy to enhance etanercept delivery across the BBB is by fusing
the molecule to transferrin receptor. This approach demon-
strated reduced amyloid burden and improvement in recognition
memory in preclinical studies using APP/PS1 mice (Chang et al.,
2017). Preclinical models have demonstrated protection from
synaptic deficits in rodent amyloidosis models following treat-
ment with inflammasome inhibitors before onset of amyloid
plaques (Qi et al., 2018).

Intravenous immunoglobulin (IVlg) is an immunomodulatory
treatment approved for treatment of various neurologic and
rheumatologic autoimmune diseases. However, a phase 3 trial
of IVIg did not demonstrate any cognitive benefits in mild AD
despite a favorable safety profile (Relkin et al., 2017).

A separate treatment approach is to boost microglial activa-
tion or phagocytic function, since several AD gene risk variants
in TREM2 and CD33 act to decrease microglial activation and
phagocytosis (see above). TREM2-activating monoclonal anti-
bodies have entered phase | clinical trials (Clinicaltrials.gov,
ID# NCTO03635047). CD33-blocking antibodies are also
being planned for phase 1 clinical trials (Clinicaltrials.gov,
ID# NCT03822208).

Young Blood

Recent heterochronic parabiosis experiments demonstrated
that introduction of young blood in old mice led to increased neu-
rogenesis and dendritic spine density and improved age-related
cognitive impairment (Katsimpardi et al., 2014; Villeda et al.,
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2014). This effect was also seen after injection of human umbili-
cal cord blood (Castellano et al., 2017). Serum from young mice
promoted increased numbers of functional synapses, increased
dendritic arborization, increased synaptic response to stimuli,
and increased NMDA synaptic responses in co-cultures of
human neurons with mouse glia. Such effects were not seen
with serum from old mice or fetal bovine serum (FBS). Proteomic
and functional validation experiments suggest that the effect is at
least partly mediated by SPARC1L and thrombospondin-4 (Gan
and Sudhof, 2019). Heterochronic parabiosis and direct injection
of young mouse plasma in APP amyloidosis mice resulted in
increased levels of synaptic protein and improvement in cogni-
tive performance on standard tests of spatial working memory
and hippocampal-dependent associative learning (Middeldorp
et al., 2016).

These studies have led to increased off-label clinical adminis-
tration of young-donor plasma to individuals for a list of age-
related conditions, leading the FDA to release a statement
recommending against this given the lack of current evidence
to support the practice (Commissioner, 2019).

This approach is being tested currently in clinical trials. A
completed phase 1 trial of weekly infusions of 1 unit of young
fresh, frozen plasma from male donors (aged 18-30) versus sa-
line in patients with mild-to-moderate AD for a total of 4 weeks
demonstrated that the intervention was mostly well tolerated
(Sha et al., 2019). A concentrated plasma fraction derived from
young-donor plasma is now being tested in a phase 2 trial (Khei-
fets and Braithwaite, 2019). Plasma exchange may work to
simply remove detrimental plasma components from old blood
or mobilize CSF AB rather than supply therapeutic factors from
young blood. The AMBAR trial, a current phase 2b/3 trial, is
testing this hypothesis by assessing the effect of monthly plasma
exchange with albumin replacement on mild-to-moderate AD
(Boada et al., 2019).

Combination Therapies

Using the example of treatment paradigms for other chronic dis-
eases, such as hypertension, congestive heart failure, epilepsy,
HIV, and others, a combinatorial treatment strategy for AD
seems more likely to yield clinical successes than monotherapy
(Gauthier et al., 2019; Morris, 2019; Stephenson et al., 2015).
Many of the diseases just listed are only effectively managed
when multiple medications spanning different drug classes are
employed. Given the multifactorial nature and underlying
complexity of AD pathobiology, the expectation that a single
agent targeting a single pathological pathway would be highly
effective in slowing disease progression seems irrational once
different pathologies of varying types are present. In fact, combi-
nation strategies have begun to be employed in clinical trial
design. The Lilly TRAILBLAZER phase 2 trial initially tested the
combination of the BACE1 inhibitor LY3202626 with anti-pyro-
glutamate AB monoclonal antibody donanemab. Unfortunately,
LY3202626 was found to be associated with slight cognitive
worsening in dedicated phase 2 trials, so the combination treat-
ment arm was ultimately dropped. Nonetheless, combination
strategies in clinical trials should continue to be encouraged,
especially those with combinations spanning different drug clas-
ses. ldeally, this type of treatment approach would also be
applied to preventative or preclinical AD trials.

Conclusions

AD research is at a unique moment. Despite significant advances
in our understanding of AD pathobiology, we have not yet iden-
tified a disease-modifying therapy that has proven effective in
humans. While biochemical analyses, in vitro and in vivo studies,
genetic analyses, and longitudinal imaging studies lend strong
support to the role of AB aggregation in initiating disease patho-
genesis, the clinical trials as conducted have not panned out.
So far, amyloid-based therapeutics appear to be ineffective in
modifying the disease course for symptomatic AD. Future clin-
ical trial efforts should instead focus on applying these anti-
amyloid treatment strategies to the preclinical disease—the
earlier the better—with drugs shown to hit their target effectively.
It is now more important than ever to also pursue non-amyloid-
based therapies. Tau- and ApoE-directed therapeutics remain
at an early stage of development, and both hold great potential
going foward. There is also huge potential for therapies that
modulate the neuroimmune or microglial response in AD, and
this class of drug development is significantly under-repre-
sented. Combination therapy is a strategy that should be
employed more widely in AD clinical trial design. Finally, AD
pathobiology is complex, and the older one is, the greater the
likelihood that other age-related diseases contribute to cognitive
decline together with AD pathology. Ongoing intensive investiga-
tion in this area will be critical to making key discoveries that will
ultimately unveil novel therapeutic approaches leading to truly
disease-modifying medications.
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