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Abstract

Alzheimer’s disease is a common and devastating age-related disease with no effective disease-modifying treatments. Human
genetics has implicated a wide range of cell surface receptors as playing a role in the disease, many of which are involved in
the production or clearance of neurotoxins in the brain. Amyloid precursor protein, a membrane-bound signaling molecule,
is at the very heart of the disease: hereditary mutations in its gene are associated with a greatly increased risk of getting
the disease. A proteolytic breakdown product of amyloid precursor protein, the neurotoxic A peptide, has been the target
for many drug discovery efforts. Antibodies have been designed to target AP production with some success, although they
have not proved efficacious in clinical trials with regards to cognitive benefits to date. Many of the recently identified genes
associated with late-onset Alzheimer’s disease risk are integral to the innate immune system. Some of these genes code for
microglial proteins, such as the strongest genetic risk factor for the disease, namely APOE, and the cell surface receptors
CD33 and TREM2 which are involved in clearance of the AP peptide from the brain. In this review, we show how structural
biology has provided key insights into the normal functioning of these cell surface receptors and provided a framework for
developing novel treatments to combat Alzheimer’s disease.
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Introduction

Alzheimer’s disease (AD) is the most prevalent neurode-
generative disease with age being the biggest risk factor
(Lindsay et al. 2002; Reeve et al. 2014). Over 50 mil-
lion people worldwide are afflicted by dementia, of which
AD is the major cause, and its prevalence is expected to
almost double over the next 20 years as people live longer.
The mechanisms by which AD progresses to cognitive
decline are complex and not fully elucidated. A defining
pathological feature of AD is the deposition of extracel-
lular plaques in the brain composed primarily of a pep-
tide called amyloid beta (Af); a proteolytic breakdown
product of the amyloid precursor protein (APP; Fig. 1).
Ap exists as monomers, soluble oligomers, fibrils (Fig. 2),
and plaques with evidence suggesting that AP pathology
occurs decades before the onset of dementia (Villemagne
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Fig. 1 Diagrammatic representation of the known amyloid precur-
sor protein (APP) structures, in the context of a cell membrane. Each
structure shown is described here with its PDB ID. APP consists of
an N-terminal growth factor-like domain (GFD) (red, IMWP (Ross-
john et al. 1999)) and associated copper-binding domain (CuBD)
(blue, 2FMA (Kong et al. 2007a)) which are commonly referred to
as the “extracellular domain 1” or E1 (3KTM (Dahms et al. 2010)).
This is followed by an anionic acid-rich region containing a Kunitz
protease inhibitor domain (orange, 1AAP (Hynes et al. 1990)) that
is absent, due to differential mRNA splicing, from the form of APP
predominantly found in neurons. A helical bundle region, E2 (brown,
3UMH (Dahms et al. 2012)) is the last extracellular portion of APP,
linked to the TM helical region that includes the AP peptide (rain-
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Kunitz protease
inhibitor domain

et al. 2013). A second defining AD pathology is neurofi-
brillary tangles made of a hyperphosphorylated form of
microtubule associating protein Tau. AP and Tau have
been described as respectively the “trigger and bullet” of
AD pathogenesis as AP is upstream of Tau in pathogen-
esis and triggers the conversion of Tau from a normal to a
toxic state (Bloom 2014). This suggestion builds on earlier
studies, for example, where primary mouse neurons, when
exposed to the A peptide, suffered neurite degeneration,
and cell death for wild-type neurons but not for neurons
from tau knock-out mice. When human tau was expressed
in the tau knock-out neurons, the sensitivity to the peptide
was restored (Rapoport et al. 2002). Recapitulation of AD
pathogenesis has been reported, where Ap-plaques and
Tau-tangles were reproduced in a 3D human neural cell
culture as a consequence of APP mutations that caused
accumulating AP (Choi et al. 2014).

AB fibrils

bow, 1IYT (Crescenzi et al. 2002)). A short C-terminal intracel-
lular domain is found to be partly helical (blue-white, 3DXC (Rad-
zimanowski et al. 2008)) in complex with binding proteins such as
Fe65 (tan, 3DXC (Radzimanowski et al. 2008)) and X11 (green,
1AQC (Zhang et al. 1997)) while other binding proteins are known
but lack experimental structures (e.g., PAT1, dark green, AlphaFold2
model AF-Q92624-F1 (Jumper et al. 2021)). Processing of APP by
fB- and y-secretases (gray, SHDO, and colored by chain, 6IYC, respec-
tively (Mandal et al. 2016; Zhou et al. 2019)) releases the AP pep-
tide which is then able to polymerize into a range of different amyloid
structures (shown are 50QV, 6SHS, and 6W0O as examples (Ghosh
et al. 2021; Gremer et al. 2017; Kollmer et al. 2019))
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Fig.2 The AP peptide folds into a variety of conformations and
comes together into multiple oligomeric states. Ap monomers are
found to have a partially helical structure (PDB ID: 1IYT (Cres-
cenzi et al. 2002)), whereas protofibril (PDB ID: 2LMN (Paravastu

Prevention of accumulation of AP in the pre-sympto-
matic stages of AD is a widely advocated strategy to treat
the disease (Das et al. 2012; Moulder et al. 2013; Mull-
ard 2012). However, the obvious protein targets to tackle
Ap accumulation are proving problematic. Antibodies that
bind Ap represent the most advanced approaches but have
failed to prove efficacious in clinical trials although one of
them, Biogen’s Aducanumab, was recently approved (https://
www.fda.gov/news-events/press-announcements/fda-grants-
accelerated-approval-alzheimers-drug). Ap is a proteolytic
breakdown product of APP by the action of two proteases,
B-secretase (BACE) and y-secretase (Fig. 1). The Ap peptide
is not released as a single-sized species; rather, the proteo-
lytic processing of APP produces peptides ranging in size
from 39-43 residues and these are often referred to as AP
isoforms. Of all the AP isoforms, AP40 (i.e., peptide com-
prised of AP residues 1-40) and Ap42 (i.e., AP residues
1-42) appear to be the most important and they possess dif-
ferent physical and physiological characteristics such as con-
formation, aggregation propensity, metabolism, and cellular
toxicity (Dunys et al. 2018; Qiu et al. 2015). The differences
between AP40 and AP42 are described in more detail in
the anti-A antibodies section below. Therapies are being
developed which aim to decrease AP production by inhibit-
ing the action of BACE or y-secretase on APP processing.
Large phase III trials of Eli Lilly’s y-secretase inhibitor,
Semagacestat, were halted in 2011 because of an increased
risk of skin cancer and infections (Doody et al. 2013). The
problem with y-secretase targeting is that it processes many
other membrane proteins such as Notch (thought to be
responsible for cancers seen in y-secretase inhibitor treat-
ment). Eli Lilly suspended development of a BACE inhibitor
in phase II trials due to liver toxicity, possibly caused by
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et al. 2008)) and fibril (PDB IDs: 2LMP and 50QV (Gremer et al.
2017; Paravastu et al. 2008)) structures of the peptide reveal a pleated
fB-sheet fold that can form between multiple peptide chains

inhibition of a liver enzyme (Lahiri et al. 2014). It is not sur-
prising that targeting proteases, which cleave other proteins,
is proving toxic and so strategies that target APP-specific
processing are likely to be a better approach. It follows that
APP itself might prove a more promising target to reduce AP
production but a paucity of knowledge about APP biology
has hampered this avenue of AD drug discovery.

The observation that plaques consist mostly of the AP
peptide led to the amyloid cascade hypothesis in which
deposition of the peptide in the brain is a crucial step in
AD (Hardy and Higgins 1992). This hypothesis has been
strongly supported by occurrence of plaques and tangles in
individuals with a hereditary and aggressive form of AD,
so-called early-onset familial AD which represents ~4% of
AD patients (Alzheimer’s Association 2012), who possess
mutations in the genes encoding APP and components of the
y-secretase complex. In addition, many patients with Down
syndrome exhibit AD symptoms early in life and they have
a triplication of the APP gene. Additional support has come
in the form of the generation of numerous transgenic mouse
models with the genetic mutations of APP and y-secretase
which display AD pathology (Myers and McGonigle 2019).
Over the years, the hypothesis has been refined with the
findings that soluble Af peptides, particularly low molecular
weight oligomers, are neurotoxic and their levels correlate
better with AD symptoms and severity than do the A fibrils
in plaques. The plaques are now thought to be protective
by taking soluble toxic peptides out of circulation (Makin
2018; Fyfe 2021). However, many have questioned the valid-
ity of the amyloid hypothesis with the failure to date of AP
directed treatments, such as those discussed above, to con-
vincingly show cognitive benefit in clinical trials. Alterna-
tive approaches gaining increased attention are a focus on

@ Springer



236

Biophysical Reviews (2022) 14:233-255

downstream effector molecules like Tau and inflammatory
molecules, as well as clearance mechanisms for neurotoxins.
Genome-wide association studies (GWAS) have identified
AD risk genes associated with microglia, the immune cells
of the brain, and neuroinflammation with the most common
factor being apolipoprotein E4 (APOE4) gene with others
such as the genes for microglia receptors, triggering recep-
tor expressed on myeloid cells 2 (TREM2) and myeloid cell
surface antigen cluster of differentiation 33 (CD33), that are
involved in A clearance from the brain (Leng and Edison
2021). In this review, we describe how structural biology has
contributed to our understanding of some of the main play-
ers implicated in AD: the cell surface receptors APP and its
breakdown product, the AP peptide, and microglia receptors
that clear toxins from the brain.

Amyloid precursor protein

The normal physiological roles of APP are not well under-
stood. It is known that the binding of APP to heparan sulfate
proteoglycans (HSPGs) stimulates neurite outgrowth in cul-
tured neurons (Small et al. 1994) and a secreted form of APP
has potent neuroprotective actions against glutamate neuro-
toxicity, AP peptide-induced oxidative injury, and glucose
deprivation (Chasseigneaux and Allinquant 2012). When
APP processing is shifted towards the amyloidogenic path-
way, not only is there a gain of toxicity with overproduction
of AP, but also a loss of APP function in neuroprotection.
The lack of understanding of APP biology prevents us from
appreciating loss of function implications in AD pathology.

APP is a type-I transmembrane protein with a large extra-
cellular portion (612 amino acids in the neuronal isoform)
that has been structurally and functionally subdivided into
several domains (Fig. 1). The highly conserved N-terminal
growth factor-like domain (GFD) has been shown to bind
heparin and the extracellular matrix protein fibulin (Ohsawa
et al. 2001). The crystal structure of the GFD domain was
determined in 1999 (Fig. 1) and revealed a highly charged
basic region that may interact with glycosaminoglycans
(Rossjohn et al. 1999). Structural similarities with cysteine-
rich growth factors, taken together with its known growth-
promoting properties, suggested this domain might function
as a growth factor. Adjacent to the GFD is a copper-binding
domain (CuBD) implicated in copper transport and regula-
tion of APP processing by BACE (Spoerri et al. 2012). The
structure of the CuBD was initially determined by nuclear
magnetic resonance spectroscopy (NMR) (Barnham et al.
2003) and then copper-bound structures by X-ray crystal-
lography (Fig. 1) (Kong et al. 2007a, b). These structures
revealed how this domain recognizes copper and reduces it,
suggesting that APP could function as a metallochaperone
in transporting copper ions. These two domains constitute
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the so-called E1 domain. The crystal structure of the entire
E1 domain has subsequently been determined revealing that
the GFD and CuBD domains pack tightly together (Dahms
et al. 2010). In non-neuronal isoforms of APP, there is a
Kunitz type protease inhibitor domain for which a struc-
ture was determined in 1990 (Fig. 1) (Hynes et al. 1990).
A long low complexity acidic-rich region connects the El
domain to the core E2 domain. The E2 domain contains a
second heparin-binding region and has been implicated in
binding to HSPGs (Reinhard et al. 2013). Numerous struc-
tures of monomeric and dimeric forms of the E2 domain
have been determined revealing an elongated helical stalk
that is stabilized in the presence of metal ligands (Fig. 1)
(Dahms et al. 2012; Wang and Ha 2004). APP is known to
participate in homo- and hetero-oligomerization which is
highly dependent on the local environment and is implicated
in APP’s function and processing, in addition to dependence
on co-localization with the secretases (Pasternak et al. 2003;
Scheuermann et al. 2001).

The cleavage of APP proceeds via two alternative path-
ways: a so-called normal physiological pathway where it
gets cleaved by a-secretase, an ADAM family member, or
a pathological pathway where it gets cleaved by -secretase
or BACE (Fig. 1). The BACE structure was solved in 2000
(Fig. 1) (Hong et al. 2000) and subsequently has been fol-
lowed by hundreds of BACE inhibitor complex structures as
part of drug discovery campaigns. The extracellular domain
of the a-secretase was more recently determined (Seegar
et al. 2017). In each case, the large extracellular domain of
APP is released from the membrane surface and the remain-
ing C-terminal fragments are cleaved by y-secretase, which
in the case of the pathological pathway, releases the Af pep-
tide. y-Secretase is a membrane-embedded aspartyl protease
comprised of four subunits: nicastrin, APH-1, presenilin,
and PEN-2. The mechanism of APP recognition and cleav-
age by y-secretase has been elegantly explained by two high-
resolution atomic structures determined by cryo-electron
microscopy (Fig. 1) (Yang et al. 2019; Zhou et al. 2019).

There is appreciable evidence that APP acts as a cell sur-
face receptor (Deyts et al. 2016). It shares a similar architec-
ture (Kang et al. 1987), cellular orientation, and localization
(Schubert et al. 1991; Weidemann et al. 1989) to known
(type-I) cell surface receptors. The APP cytoplasmic domain
binds to Fe65, a protein related to oncogenic signal trans-
ducers (Fiore et al. 1995). Other binding partners have been
discovered, including APP-BP1 (Chow et al. 1996), X11
(Borg et al. 1996) and UV-DDB (Watanabe et al. 1999).
APP mutations associated with familial AD cause constitu-
tive activation of Go, a member of the heteromeric G pro-
tein family that serves as signal transducers of cell surface
receptors (Nishimoto et al. 1993; Okamoto et al. 1996). The
APP-El-directed antibody 22C11 is also known to trigger
Go-mediated signal transduction (Brouillet et al. 1999), and
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recent reports have implicated a YENPTY motif in the APP
cytoplasmic region in modulating several APP activities
through phosphorylation and dephosphorylation of the first
tyrosine residue (Nhan et al. 2015; Li et al. 2016; Bukhari
et al. 2017). APP C-terminal fragments have been shown
to interact with Ga subunits leading to signaling and the
promotion of neurite outgrowth via adenylyl cyclase/PKA-
dependent pathways (Copenhaver and Kogel 2017). The
physiological relevance of these various signaling pathways
is unclear but they do demonstrate that the APP molecule
is capable of signaling across membranes. A predominant
mechanism of signal transduction for many cell surface
receptors involves dimerization (Brooks et al. 2014) and
APP forms dimers (Isbert et al. 2012).

APP dimerization is known to modulate A production
(Eggert et al. 2009; Lefort et al. 2012; Scheuermann et al.
2001). These studies used antibodies or disulfides to artifi-
cially crosslink APP and to stabilize multimers. In addition,
copper binding to the CuBD reduces A production (Barn-
ham et al. 2003) yet comparisons between our structures
of ligand-free (apo) and copper-bound forms of the CuBD
reveal no significant conformational changes that would
explain this effect (Kong et al. 2008). This discrepancy likely
arises due to the complexity of APP oligomerization, stem-
ming from the fact that there are at least four dimerization
motifs in APP, including E1 homo-dimerization induced by
short-chain heparin, E2 homo-dimerization induced by long-
chain heparin, in the juxtamembrane (JM) region (region of
APP corresponding to AP residues 1-28) and the GxxxG
dimerization motifs in the transmembrane (TM) region
(Khalifa et al. 2010), as well as potential domain-domain
hetero-dimerization modes, heparin dependent or not.

Anti-Ap antibodies

The amyloid hypothesis proposes the deposition of extra-
cellular AP peptides in the brain as the central event in the
pathogenesis of AD (Hardy and Allsop 1991). AP is neuro-
toxic and has been found to kill cultured neurons (Yankner
et al. 1990). A multitude of studies have now explored the
deleterious effects this peptide has on neurons in vitro and
in vivo, including oxidative stress, mitochondrial dysfunc-
tion, neurite degeneration, impaired synaptic plasticity,
cation imbalances, and neuronal apoptosis (Anandatheer-
thavarada et al. 2003; Ezeani and Omabe 2016; Krishtal
et al. 2017; Parihar and Brewer 2010; Song et al. 2006;
Varadarajan et al. 2000). More recently, it has been shown
that, in addition to direct effects, sustained deposition of Af
can cause neuronal loss through chronic activation of the
innate immune system. Microglia are an emerging central
player in this process. Activated by Af, these cells mediate
an inflammatory response by releasing pro-inflammatory

cytokines, eicosanoids, chemokines, and complement
factors; this can lead to neuronal dysfunction and death,
direct phagocytosis of neurons, induction of Tau pathol-
ogy, and reduced phagocytic clearance of AP (Ennerfelt
and Lukens 2020; Heneka et al. 2015). AP is therefore a
promising target for AD therapeutics, with the majority
of potential disease-modifying treatments targeting this
peptide (van Dyck 2018). Early studies demonstrated that
vaccination against Af can reduce amyloid deposition
and prevent memory loss in animal models of the disease
(Morgan et al. 2000; Schenk et al. 1999). Now, passive
immunotherapy through the administration of monoclo-
nal antibodies (mAbs) directed against Af are among the
most extensively developed, with aducanumab being the
first U.S. Food and Drug Administration (FDA)-approved
therapy to reportedly address the underlying biology of AD
(https://www.fda.gov/news-events/press-announcements/
fda-grants-accelerated-approval-alzheimers-drug).

There have been several proposed mechanisms by which
these antibodies work to reduce the amyloid burden and slow
the progression of AD. By crossing the blood-brain barrier
and directly opsonizing A in the brain, these antibodies can
initiate the phagocytosis of AB complexes and the activa-
tion of microglia through binding Fc receptors on these cells
(Bard et al. 2000; Brazil et al. 2000; Wilcock et al. 2004a,
b). By directly binding to AP these antibodies can prevent
the aggregation of this peptide into fibrils (Figs. 1 and 2),
and by binding pre-existing fibrils can cause their disaggre-
gation and protect from their neurotoxic effects (Solomon
et al. 1997, 1996). Finally, by binding and draining plasma
Ap, these antibodies can leech AP from the brain (Liu et al.
2015; Zhang and Lee 2011). This final mechanism relies
on the peripheral sink hypothesis, whereby Ap is able to be
transported across the blood-brain barrier resulting in an
equilibrium between A in the brain and periphery.

Over the last decade, the X-ray crystal structures of sev-
eral promising mAbs for AD treatment have been solved in
complex with their Ap target (Table 1) (Arndt et al. 2018;
Crespi et al. 2015; Feinberg et al. 2014; La Porte et al. 2012;
Miles et al. 2013; Ultsch et al. 2016). These studies revealed
that, despite some sharing the same sequence epitope of Ap,
the conformational epitope recognized by these antibodies
can differ markedly (Figs. 3 and 4). Taken with the knowl-
edge that these mAbs have been tested in clinical studies
with confusing results and often failure (van Dyck 2018), a
deeper understanding of how the shape and conformation of
the epitope can affect target engagement and clinical efficacy
could lead to further improvements to this promising treat-
ment strategy.

Antibodies that target the N-terminus of Af and have had
their complex structure solved include aducanumab, bap-
ineuzumab, and gantenerumab (Figs. 3 and 4 and Table 1).
Aducanumab was designed by screening libraries of human
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Table 1 Examples of anti-Ap antibodies that have been tested in clin-
ical trials, along with the epitopes and conformation of the Af pep-
tide that they recognize. The AP species reported to be recognized

by the antibody are also listed. The A structural epitopes for each
of these antibodies and structures of the AP:antibody complexes are
shown in Figs. 3 and 4, respectively

Antibody Structural epitope® Epitope shape AP species selectivity (M = monomer, Reference

A = aggregate)
Aducanumab 2-7 Extended A>M Arndt et al. (2018)
Bapineuzumab 1-6 Helix M, A Miles et al. (2013)
Crenezumab 13-24 Helix - f coil M, A Ultsch et al. (2016)
Gantenerumab 1-11 Extended A>M Bohrmann et al. (2012)
Ponezumab 30-40 Extended M>A La Porte et al. (2012)
Solanezumab 16-26 Helix-p coil M>A Crespi et al. (2015)

“Residue numbers in the AB42 peptide

Aducanumab
(27}
Crenezumab

Bapineuzumab  Gantenerumab

7 *;M“

Fig.3 The AP epitopes recognized by the clinical anti-Ap antibod-
ies listed in Table 1 are depicted as molecular surfaces overlaid onto
the helical AB42 monomer (PDB ID: 1IYT (Crescenzi et al. 2002)).
Residue numbers of the epitope are shown in parentheses. The con-
formation adopted by each of the AP epitopes in the Ap:antibody
complexes are shown alongside in stick fashion, with those for cren-
ezumab and solanezumab superimposed to illustrate their structural

memory B cells for reactivity against aggregated Af; this
eventually led to a human mAb that selectively reacts with
AP aggregates (Sevigny et al. 2016). Bapineuzumab was
developed by humanizing the mouse mAb 3D6, which was
selected due to its specificity for the free amino terminus of

@ Springer

Solanezumab

(16-26)

Ponezumab

similarity. The location of residues F19 and V24 are indicated in the
overlay of crenezumab and solanezumab; the linear AR conformation
is disrupted at F19 and the remainder of the epitope adopts a more
helical conformation in both antibodies, while V24 is the last Ap resi-
due observed in the crenezumab structure and the side-chain adopts a
different orientation to that observed in solanezumab (see main text
for details)

Ap (Feinberg et al. 2014). The developers of bapineuzumab
noted that the greatest efficacy across several endpoints
in preclinical studies came from antibodies that targeted
N-terminal epitopes of AP (Bard et al. 2003; Schroeter et al.
2008; Zago et al. 2012). The developers of gantenerumab
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Fig.4 Structures of the clinical anti-Af antibodies listed in Table 1;
the view is looking down onto the Ap-binding cleft: (left-right, top-
down) aducanumab (PDB ID: 6CO3 (Arndt et al. 2018)), bapineu-
zumab (PDB ID: 4HIX (Miles et al. 2013)), gantenerumab (PDB ID:
5CSZ (Bohrmann et al. 2012)), crenezumab (PDB ID: 5VZY (Ultsch
et al. 2016)), solanezumab (PDB ID: 4XXD (Crespi et al. 2015)), and

hypothesized that the most efficient amyloid clearance
would come from antibodies that display high affinity for
A plaques and recruit brain effector cells (Bohrmann et al.
2012). In addition to recognizing an N-terminal Af epitope,
gantenerumab has shown selectivity for residues 18-27 from
the amyloid mid-region (Bohrmann et al. 2012). Both gan-
tenerumab and aducanumab bind the N-terminus of A in
an extended conformation, as revealed by their crystal struc-
tures (Figs. 3 and 4), interacting with A residues 1-11 and
2-7 respectively (Arndt et al. 2018; Bohrmann et al. 2012).
Despite this, the linear epitope of Ap recognized by each of
these antibodies is unique and does not align with a root-
mean-square deviation (RMSD) of 3.2 A for all matched
atoms. In comparison, bapineuzumab binds the N-terminus
of AP as a 3, a-helix, with the N-terminal D1 residue buried
deepest in the antibody binding pocket and the C-terminal
H6 exposed at the entrance (Feinberg et al. 2014; Miles et al.
2013). The antibody likely binds to a population of A pep-
tides that has already adopted the conformation observed
in the crystal structures and is unable to co-opt the peptide
into this conformation, explaining the antibody’s selectiv-
ity for the free N-terminus of Af (Miles et al. 2013). Both
aducanumab and gantenerumab have been reported to have
strong selectivity for AP fibrils, while bapineuzumab is
less selective for this species (Arndt et al. 2018; Bohrmann
et al. 2012). In comparative binding studies, aducanumab

ponezumab (PDB ID: 3UOT (La Porte et al. 2012)), with the com-
plexed AP ligand colored yellow in stick form. The antibodies are
depicted as transparent molecular surfaces; the heavy and light chains
are identified by dark and light shades, respectively. The N- and
C-terminal AP residues observed in each crystal complex are labeled

and gantenerumab displayed strong selectivity for Ap fibrils
and efficiently bound immobilized oligomeric AP even in
a surplus of free monomer, while bapineuzumab was less
selective and binding to oligomeric A was inhibited by
soluble AB monomer (Arndt et al. 2018). In the same study,
aducanumab was shown to have extremely weak monovalent
Ap-binding with a fast dissociation rate, while both gan-
tenerumab and Bapineuzumab displayed higher affinities
and much slower dissociation rates. An interesting finding
was that aducanumab has a markedly higher affinity for a
tetrameric branched Ap multi-antigen peptide over dimeric
multi-antigen peptide, while gantenerumab and bapineu-
zumab bound well to both, highlighting the impact of
valency on the affinity of Aducanumab for Ap (Arndt et al.
2018).

Two antibodies that target the mid-region of A have
had their complex structure solved, solanezumab and cren-
ezumab (Figs. 3 and 4 and Table 1) (Crespi et al. 2015;
Ultsch et al. 2016). Solanezumab is a humanized form of
the murine antibody m266, which was shown in transgenic
mouse models of AD to reduce brain Af burden without
binding AP deposits, opening the possibility of targeting
the soluble pool of Ap (DeMattos et al. 2001). Crenezumab
was developed by humanizing an anti-Af} mAb of an IgG4
isotype, to minimize Fc gamma receptor activation of micro-
glia and provide a safer therapeutic alternative for passive
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immunotherapy for AD (Adolfsson et al. 2012). Both cren-
ezumab and solanezumab capture the mid-region of AP in
an intermediate between observed p-sheet and helical forms,
with almost perfectly conserved Af-binding residues (Crespi
et al. 2015). The captured AP molecules of these antibodies
align closely, with an RMSD of 0.44 A for all matched atoms
(Fig. 3). Both antibodies sequester the hydrophobic core of
Ap, with the KLVF region of the peptide adopting a con-
formation compatible with crystallographic p-sheet models
of AP oligomerization. This conformation is disrupted by a
rotation at residue F19 (Fig. 3), initiating a helical or coil
conformation that is also observed in NMR-derived solu-
tion structures of monomeric Af, and eliminating features
characteristic of AP oligomers and fibrils (Crespi et al. 2015;
Ultsch et al. 2016). This central epitope is hypothesized to
be involved early in the oligomerization of Ap and would
become unavailable to these antibodies in oligomeric AP
(Crespi et al. 2015). In support of this, solanezumab was
shown to recognize soluble monomeric Ap, inhibit fibril for-
mation by synthetic A, and displayed a slight preference
for binding to soluble Ap40 over fibrils (Arndt et al. 2018;
Legleiter et al. 2004). In contrast, and despite recognizing
an overlapping epitope, crenezumab has been reported to
bind multiple forms of Af with high affinity and a pref-
erence for oligomers over monomers, protect against Ap
oligomer-induced cytotoxicity, and increase the uptake of
AP oligomers by microglia (Adolfsson et al. 2012). V24 is
the final AP residue observed in the crenezumab structure
and is the only AP residue to have an alternate conforma-
tion to that observed in the solanezumab structure, with the
V24 Cp atom of crenezumab swapping orientations with
the V24 side chain in comparison to that observed in the
solanezumab structure (Fig. 3). When observed in the solan-
ezumab structure, the side chain of V24 makes hydropho-
bic interactions with the side chain of D28 from the anti-
body light chain, whereas this interaction is not observed
in the crenezumab structure. It has been proposed that this
alternate conformation is evidence to support crenezumab
binding a random coil structure between residues 21 and 24
in comparison to the a-helical structure captured by Solan-
ezumab (Ultsch et al. 2016). It has been further proposed
that the a-helical epitope is present in monomeric Af but
absent from aggregated species, potentially explaining the
reported binding preferences of these antibodies for different
AP species (Ultsch et al. 2016).

Ponezumab is the only antibody targeting the Ap C-ter-
minal region that has had its structure solved to date (Figs. 3
and 4 and Table 1) (La Porte et al. 2012). Ponezumab is
a humanized IgG2 antibody that binds specifically to the
C-terminus of AP40, with the recognized epitope being
available for binding on the soluble A present in the circu-
lation (La Porte et al. 2012). The IgG2 region was selected
over IgG1 as these mAbs have an intrinsically lower
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propensity to induce immune effector function (Armour
et al. 2003; Landen et al. 2013). Ponezumab captures the
C-terminus of Af in an extended conformation and makes
extensive contacts with the AP40 carboxyl moiety, preclud-
ing it from being able to recognize unprocessed APP and
Ap42 peptide (La Porte et al. 2012). This is supported by
binding assays in which ponezumab bound to monomeric,
oligomeric, and fibrillar forms of Ap40 equally well, while
not binding to any form of Ap42 (La Porte et al. 2012).
Despite recognizing several forms of Ap40, further studies
have revealed strong selectivity of Ponezumab for mono-
meric species of Af (Landen et al. 2013).

A number of AP structural studies have elucidated the
plethora of conformations and multimeric states this pep-
tide is capable of adopting and allows the development of a
structure-activity relationship with anti-Af antibodies. Af
monomers aggregate into higher-order assemblies, includ-
ing low-molecular-weight oligomers such as dimers, trimers,
tetramers, and pentamers, to midrange molecular weight oli-
gomers, including hexamers, nonamers, and dodecamers, to
protofibrils, and fibrils (Fig. 2) (Chen et al. 2017). An early
study of the structure of monomeric A in water revealed
it had no secondary structure, and instead collapsed into
a compact series of loops, strands, and turns (Zhang et al.
2000). Studies of AP40 and AP42 in fluorinated alcohols and
in SDS micelles have revealed the presence of two helical
regions, connected through a flexible kink (Coles et al. 1998;
Crescenzi et al. 2002). A recent NMR study showed that
Ap40 can adopt a compact, partially folded structure with
the central hydrophobic region of the peptide forming a 3,
a-helix and the N- and C-termini collapsing against it due to
the clustering of hydrophobic residues (Vivekanandan et al.
2011). It should be noted that the conformation of soluble
AP is likely influenced by the solvent system in which it is
studied. While monomeric AP can exist in an ensemble of
rapidly converting conformations, helical forms of Ap have
been predicted to be crucial on-pathway intermediates in
amyloid fibrillogenesis (Fezoui and Teplow 2002; Kirkita-
dze et al. 2001).

AP fibrils share structural similarities and all contain
B-sheets (Figs. 1 and 2), formed by parallel B-strand seg-
ments that run approximately perpendicular to the fibril
growth axis in a “cross-f” motif (Tycko 2006). Early solid-
state NMR studies using short peptide segments of AP have
shown that amyloid fibril “cross-p” structures can exist in
either a parallel or antiparallel pattern (Benzinger et al. 1998;
Petkova et al. 2004). More recently, cryo-electron micros-
copy was used to determine the structure of an AB42 fibril
composed of two intertwined proto-filaments composed of
AP42 molecules stacked in a parallel, in-register cross-f§
structure (Gremer et al. 2017). AP fibrils are structurally
polymorphic; both trimeric and dimeric models with an in-
register parallel cross-f-sheet structure have been developed
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based on NMR and crystallographic data (Paravastu et al.
2008). The common cross-f3 motif of AP fibrils results in the
hydrophobic mid-region and C-terminus being sequestered
into the core of the structure, leaving the more hydrophilic
N-terminal region solvent exposed (Fig. 2) (Gremer et al.
2017; Paravastu et al. 2008). One caveat of these studies is
that to ensure a homogenous solution, optimizing conditions
that can stabilize AP peptides are frequently used that may
not be physiologically relevant (Chen et al. 2017).

The oligomeric states of Ap are more transient than fibrils
and preparing homogenous solutions of these species is dif-
ficult; as a result, little is known about the structure of these
species (Chen et al. 2017). A oligomers studied by circular
dichroism and infrared spectroscopy feature extended coil
or B-sheet structures (Tew et al. 2008; Lomont et al. 2018).
In the presence of detergents, soluble oligomers have been
found to have substantial f-sheet content with a mixed par-
allel and antiparallel character (Yu et al. 2009). Solid-state
NMR studies have shown AB40 oligomerizes with the C-ter-
minal sequestered and the N-terminus exposed for antibody
binding, as is observed in fibril structures (Lu et al. 2013). It
is still unknown whether A} monomers are able to directly
form fibrils without an intermediate oligomeric structure, or
if the oligomeric structures are basic units that can assemble
into fibrils (Chen et al. 2017).

Despite only differing by two amino acids at the C-ter-
minal region, it is known that AB42 forms fibrils signifi-
cantly faster than AP40 (Jarrett et al. 1993). Most residues
of the C-terminal region of A are hydrophobic, and it is
becoming clear this region is important in determining the
aggregation mechanisms of the A peptide. By comparing
C-terminal fragments derived from AP40 and AP42, the
C-terminal dipeptide 141-A42 was shown to strongly pro-
mote aggregation (Li et al. 2010). Dimer formation is the
first step in peptide aggregation, and recent studies have
shown the importance of this C-terminal region in deter-
mining this process. In particular, the Ap42 dimer has a
higher propensity than the AB40 dimer to form p-strands at
the central and C-terminal regions, which are two segments
crucial to the oligomerization of AP (Coté et al. 2012; Kim
and Lyubchenko 2014). Tetramers formed of the Ap40 pep-
tide have been shown to resist further addition of molecules;
as a result, AB40 fibril growth is much slower than that of
Ap42 (Bernstein et al. 2009). Aggregate free AB40 prepara-
tions have been shown to form monomers, dimers, trimers,
and tetramers, while AP42 preparations preferentially form
pentamer or hexamer units that assemble further (Bitan et al.
2003). Addition of 141 to AP40 may induce formation of
the pentamer and hexamer units, but addition of A42 was
required for further assembly. Molecular recycling of Ap40
fibrils is also faster than AP42 fibrils, with a higher rate con-
stant of dissociation of molecules from the fibril (Sanchez
et al. 2011). These studies highlight the differences in the

structure and aggregation mechanisms of different Ap iso-
forms and support the increased potential of Ap42 to form
stable aggregates.

The AP oligomer hypothesis posits that soluble A oli-
gomers, rather than insoluble fibrils or plaques, trigger
synaptic dysfunction and memory impairment (Hardy and
Selkoe 2002; Klein et al. 2001; Walsh et al. 2002). Recent
evidence supports this species as being the most neurotoxic
(Selkoe and Hardy 2016; Tolar et al. 2021; Walsh and Selkoe
2007). Based on NMR and X-ray crystallographic studies,
mAbs targeting the N-terminus would likely be most effi-
cient in clearing AP oligomers (Montoliu-Gaya and Ville-
gas 2016; van Dyck 2018). While both aducanumab and
gantenerumab display high selectivity for aggregated Ap
over soluble monomeric peptide, bapineuzumab is mark-
edly less specific (Arndt et al. 2018). Aducanumab and
gantenerumab both bind an extended conformation of Ap
that is accessible in oligomeric and fibrillary forms and can
likely co-opt this peptide into the binding pocket, while bap-
ineuzumab requires the free N-terminus of Ap in a specific
conformation to bind. Despite selectivity for these aggre-
gated species being a desired feature of anti-Ap antibodies,
the nomenclature to describe their relative selectivity for
varying AP species has been inconsistent, and few direct
comparisons have been reported (van Dyck 2018). Both
crenezumab and solanezumab bind the mid-region of Ap
in an almost identical conformation (Fig. 3). This region
of AP is predicted to be occluded during aggregation, and
while solanezumab predictably favors soluble monomeric
peptide, crenezumab is reportedly able to bind oligomeric
species. A direct and quantitative comparison of the relative
affinities for these species is therefore important to further
understand the structure activity relationship of antibodies
that target this region of the peptide (Table 1) (Arndt et al.
2018). Autocatalytic aggregate multiplication by secondary
nucleation of monomers at the surface of fibrils is a critical
source of AP oligomers, becoming the dominant source of
this toxic species above a critical concentration of fibrils
(Cohen et al. 2013). Comparative studies into the influence
of therapeutic antibodies on the aggregation kinetics and
production of multimeric AP offer new insights into their
mechanism of action and supports affinity and stoichiom-
etry analyses. In these studies, aducanumab was unique in
its ability to selectively reduce the secondary nucleation
rate of AP42 resulting in reduced free oligomer production,
while in contrast, solanezumab selectively inhibits primary
nucleation of monomers into aggregates (Linse et al. 2020).
Both bapineuzumab and gantenerumab were found to act
predominantly by reducing the growth of the fibrillar aggre-
gates, resulting in a smaller reduction in free oligomer pro-
duction (Linse et al. 2020). This is in agreement with the
higher selectivity of aducanumab for aggregated forms of
Ap in comparison to bapineuzumab and gantenerumab, and
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the high specificity of solanezumab for monomeric peptide.
The developing structure-activity relationship between A
and antibodies that target this polymorphic peptide can aid
in the design of improved antibodies with conformational
epitopes selective for the most neurotoxic soluble aggregated
species (van Dyck 2018).

Microglial receptors implicated
in Alzheimer’s disease

Genome-wide association studies (GWAS) of AD risk point
glaringly at innate immunity (Kunkle et al. 2019). Micro-
glial cells are innate immune cells of the central nervous
system (CNS), comprising 5-10% of the glial cells in the
brain (Kabba et al. 2018). Microglia are highly dynamic
cells that, as the resident macrophage cells, act as the first
and main form of active immune defense in the CNS (Filiano
et al. 2015). Upon detection of pathogens or damage, micro-
glia adopt an activated state resulting in an inflammatory
response. The activated microglia respond to alterations in
brain tissue homeostasis by changing their gene expression
profile, leading to the release of a host of neuroactive signal-
ing molecules, such as neuroinflammatory cytokines (Renno
et al. 1995), that can contribute to the pathophysiology of a
wide range of neurodegenerative diseases. A growing body
of literature implicates microglial activation as a key point
in the pathogenesis of a variety of neurodegenerative dis-
orders and a potential avenue for the development of novel
therapeutic agents (Lull and Block 2010; Subramaniam and
Federoff 2017; von Bernhardi et al. 2015).

A number of key microglial proteins have been identi-
fied from GWAS studies including, but not limited to APOE
(Kunkle et al. 2019), CD33 (Hollingworth et al. 2011),
1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase
gamma-2 (PLCG2) (Sims et al. 2017), and TREM2 (Guer-
reiro et al. 2013). APOE is the strongest genetic risk fac-
tor for the development of late-onset Alzheimer’s disease
(LOAD) and has been shown to influence the average age of
disease onset (Corder et al. 1993). PLCG2 is a membrane-
associated enzyme that plays a crucial role in cell-surface
receptor signal transduction (Hernandez et al. 1994). Spe-
cifically, PLCG?2 is necessary for immune cell function and
is highly expressed in microglia.

CD33, a cell surface receptor in microglial cells, has
recently shown significant association with LOAD (Hol-
lingworth et al. 2012; Naj et al. 2011). Binding of CD33 to
sialic acid—modified ligands induces an inhibitory signal in
microglia to reduce Af uptake by phagocytosis. Addition-
ally, TREM2 and APOE have been identified as key micro-
glial proteins. The TREM2-APOE pathway has recently
been shown (Krasemann et al. 2017) to regulate the micro-
glial switch from homeostatic to the damage-associated
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microglial phenotype. These pro-inflammatory damage-
associated microglia are induced by neuronal damage and
have a common gene expression signature established in
a two-step process (Keren-Shaul et al. 2017). In one step,
APOE levels rise dramatically, accompanied by suppression
of genes associated with resting microglia. In a second step,
a TREM2-dependent step induced by damaged or apoptotic
neurons sees upregulation of protein markers characteris-
tic of the damage-associated microglia phenotype distinct
from typical proinflammatory M1 microglia. The genetic
associations of CD33 and TREM2 converge whereby CD33
modulates the expression of TREM?2 and TREM?2 functions
downstream of CD33 (Chatila and Bradshaw 2021; Griciuc
et al. 2019).

CD33

As the name suggests, myeloid cell surface antigen clus-
ter of differentiation 33 (CD33) is a cell surface receptor
located on myeloid cells in the periphery and CNS. Since
the late 1980s, CD33 has been a therapeutic target in acute
myeloid leukemia due to it being highly expressed on acute
myeloid leukemia progenitor cells but not normal stem cells
(Maakaron et al. 2021; Walter et al. 2005). CD33-targeted
immunotherapy agents have included unconjugated antibod-
ies, antibody-drug conjugates, radioimmunoconjugates, and
immunotoxins. Upon antibody binding, CD33 is internal-
ized in the cell enabling toxins to be delivered (Walter et al.
2008a, b). One acute myeloid leukemia therapy approved
by the FDA in 2000 capitalizes on this CD33 internalization
mechanism to deliver a toxic payload (0zogamicin) conju-
gated to a CD33-directed antibody (gemtuzumab) (Appel-
baum et al. 1992; Sabbath et al. 1985; Walter et al. 2005). In
the CNS, CD33 is expressed by microglia; increased activa-
tion of CD33 suppresses microglial phagocytosis leading to
accumulation of AP and other cellular toxins in the brain. In
turn, the accumulation of A results in neuroinflammation,
now thought to be a major cause of neurodegenerative dis-
eases such as LOAD (Chatila and Bradshaw 2021; Griciuc
and Tanzi 2021; Miles et al. 2019). Although the details of
the CD33 signaling cascade are not fully understood, inhi-
bition of CD33 expression or function could increase the
capacity of microglia to clear toxic species from the brain,
including various forms of A, providing an alternative
effective therapy against the progression of AD and other
neurodegenerative or neuroinflammatory diseases.

CD33 belongs to the sialic acid—binding immunoglobulin
(Ig)-like lectin (siglec) receptor family, of which there are
15 human members (Duan and Paulson 2020; Miles et al.
2019). Also known as siglec-3, the canonical mature iso-
form of CD33 (i.e., signal peptide, residues 1-17, has been
cleaved) is a 38-kDa type-I transmembrane receptor contain-
ing 347 residues. The extracellular region is comprised of
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an N-terminal IgV domain (residues 18—139, also known
as the V-set domain) followed by an IgC domain (residues
145-232, also known as a C2-set domain). A flexible, dis-
ordered JM region (residues 233-264) connects the IgC
domain to a TM a-helix (predicted by AlphaFold2 to be
residues 265-295, model ID: AF-P20138-F1 (Jumper et al.
2021)); this is followed by an unstructured intracellular
domain (residues 296-364) (Fig. 5).

The IgV and IgC domains adopt the typical immuno-
globulin fold, each domain comprising a sandwich of two
B-sheets formed by 7-9 antiparallel -strands. As is typical
of a siglec IgV domain, each p-sheet in this domain contains
more (-strands than those in the IgC domain (Crocker et al.
2007; Miles et al. 2019). There are three disulfide bonds in
the extracellular region, one each in the IgV (C41-C101)
and IgC (C163—C212) domains and one connecting these

Anti-CD33 scFv P02_D09

P22:CD33 complex

two domains (C36—-C169) to help stabilize the overall con-
formation. The extracellular region also contains five known
N-glycosylation sites (N100, N113, N160, N209, and N230),
with glycosylation at N100 modulating ligand binding to
CD33 (Sgroi et al. 1996). The intracellular domain contains
an immunoreceptor tyrosine—based inhibitory motif (ITIM)
and one ITIM-like motif located at residues 338-343 and
356-361 respectively, with Y340 and Y358 within these
motifs being phosphorylated by Src kinases and also dock-
ing sites for tyrosine phosphatases SHP-1 and SHP-2 or
suppressor of cytokine signaling 3 (SOCS3) (Duan and
Paulson 2020; Orr et al. 2007; Paul et al. 2000; Taylor et al.
1999; Ulyanova et al. 1999; Walter 2018). Within the IgV
domain, sialic acid-bearing ligands bind to an arginine resi-
due conserved among the siglec family; for CD33, this is
R119 (Fig. 5, inset box). CD33 preferentially binds to a2—3

Anti-TREM2 scFv-2
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Fig.5 Diagrammatic representation of microglial proteins CD33,
TREM2, DAP12, and APOE4 structures in the context of a cell
membrane. CD33 is thought to signal as a homodimer, or possibly a
higher-order oligomer. The extracellular region of CD33 is comprised
of an N-terminal IgV domain and a membrane-proximal IgC domain
(PDB ID: 5IHB), followed by a flexible JM region connected to a
helical TM and an intracellular region containing the signaling ITIM
motifs. The insert box shows the polar interactions (black dashed
lines) of the sialic acid mimetic P22 with CD33 IgV domain residues
(PDB ID: 6D4A (Miles et al. 2019)). In addition to traditional anti-
bodies targeting the extracellular region of CD33, scFv antibodies
such as scFv P02_D09 (PDB ID: 6UUP (Park et al. 2021)) have been
identified. TREM2 requires the DAP12 receptor to form a signaling
complex. The extracellular region of TREM?2 is comprised of an IgV
domain (PDB ID: 5ELI, wild-type TREM2 (Kober et al. 2016)), fol-
lowed by a flexible JM region connected to a helical TM domain and
a very short non-signaling intracellular region. The TREM2 TM helix
interacts with the two TM helices of DAP12 via salt bridge interac-
tions (indicated by the + and —). DAP12 forms a homodimer with a

ApoE4 lipidated

ITAM IR [BEE voo | vo0
ITAM [ vio2 i vio2
DAP12 DAP12

very short N-terminal extracellular region, a disulfide bond connects
the two N-terminal regions of the DAP12 monomers. The intracel-
lular tails of each DAP12 monomer contain two signaling ITAM
motifs. The extracellular IgV domain of TREM2 is the target for ago-
nistic antibodies, such as scFv-2 (PDB ID: 6YYE (Szykowska et al.
2021)) whose epitope is indicated by the black bracket. Mutation of
TREM2 R47 to histidine increases the risk of developing LOAD, the
location of this residue is indicated and the structure of the R47H
TREM2 mutant is depicted to the right of the wild-type protein (PDB
ID: 5UDS8 (Sudom et al. 2018)). The soluble (i.e., unlipidated) form
and membrane-associated lipidated form of APOE4 are also shown,
APOE4 interacts with the extracellular region of TREM2 as well as
AP oligomers (Figs. 1 and 2). The location of the APOE4 interaction
surface is indicated by the black curved line encompassing R47 in
wild-type TREM2. The APOE4 structures (residues 19-317) depicted
are models constructed using X-ray crystallography structures of
APOE4 and APOA-I, for the soluble and lipidated forms respectively
(PDB IDs: 6NCO (Petros et al. 2019) and 3R2P (Mei and Atkinson
2011)
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and a2-6 linked sialic acids; these can be components of
a variety of ligands for example glycan chains on the cell
surface, glycosylated proteins, gangliosides, and amyloid
plaques (Chatila and Bradshaw 2021; Duan and Paulson
2020; Miles et al. 2019). In the context of microglia and
AD, the most relevant binding partners for CD33 have yet
to be identified. There are two main isoforms of CD33, the
canonical isoform (also known as CD33M) and an isoform
thought to be protective against AD which is missing the
sialic acid-binding IgV domain (known as CD33m) (Chatila
and Bradshaw 2021; Duan and Paulson 2020; Hernandez-
Caselles et al. 2006).

There are currently seven crystal structures in the protein
databank (PDB, https://www.rcsb.org) for the extracellular
region of human CD33; these contain either the IgV domain
alone (PDB IDs: 6D48, 6D49, and 6D4A (Miles et al. 2019))
or both the IgV and IgC domains (PDB IDs: SIHB, 5J06,
5J0B, and 7AW6). To date, three ligands have been crys-
tallized in complex with the extracellular region of CD33,
the CD33-selective sialic acid mimetic P22 (also known as
cpd22; Fig. 5, inset box; PDB IDs: 6D49 and 6D4A (Miles
et al. 2019); 7AW6), 3-sialyllactose (PDB ID: 5J06) and
6-sialyllactose (PDB ID: 5JOB). Each of these ligands con-
tains a single sialic acid moiety which engages R119 in the
CD33 IgV domain via a salt bridge. P22 has pM affinity
for CD33, whereas 3-sialyllactose and 6-sialyllactose are
millimolar affinity ligands (Miles et al. 2019). Antibody
cross-linking of the CD33 extracellular domain, together
with forced phosphorylation within the intracellular domain,
indicates that signaling of CD33 requires at least receptor
dimerization (Orr et al. 2007; Paul et al. 2000; Taylor et al.
1999; Ulyanova et al. 1999). Higher-order oligomers may
also be involved in CD33 signaling, as it has been demon-
strated that the receptors cluster on the cell surface when
presented with a multivalent sialic acid-bearing ligand
(Miles et al. 2019; Siddiqui et al. 2017). The structures of
the CD33 IgV+IgC domain by Dodd and coworkers (PDB
IDs: 5IHB, 5J06, and 5J0B; space group P2,2,2,) contain
four molecules of CD33 in the asymmetric unit and these
form two distinct dimer: one where two molecules arrange
in a IgC-IgC fashion, forming what could be a functional
dimer (Fig. 5), while the other two molecules arrange in a
IgV-IgC fashion (i.e., a non-functional dimer). In a different
crystal form, Bradshaw and coworkers (PDB ID: 7AW6;
space group C121) observed only two CD33 molecules in
the asymmetric unit and these were orientated in the IgC-
IgC fashion of the putative functional dimer. In this dimer,
the sialic acid-binding surfaces are on opposite faces of the
IgV domains and the distance between the R119 residues
located in each CD33 molecule is ~40 A. This distance can
be spanned by multivalent sialic acid-bearing ligands and
we have demonstrated that a biotinylated form of P22 con-
jugated to streptavidin-labeled microparticles increases the
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uptake of AP in CD33-transfected murine microglia cells as
well as increasing phagocytosis (Miles et al. 2019).

While interest in CD33-targeted therapies remains high
for acute myeloid leukemia and other hematological malig-
nancies, downregulating CD33 expression or inhibiting its
function in the CNS is a hotly pursued area for potential
treatments for AD and other neurodegenerative/neuroinflam-
matory diseases. Despite FDA approval being pulled in 2010
due to severe side effects, gemtuzumab ozogamicin was re-
approved by the FDA in 2017 for use in adults with newly
diagnosed acute myeloid leukemia (Molica et al. 2021;
Walter et al. 2005). CD33-targeted acute myeloid leuke-
mia/cancer therapeutics under development are still largely
antibody-based (Walter 2018); for example, chimeric antigen
receptor T cell (CART) therapy comprised of a bifunctional
single-chain variable fragment (scFv) antibody whose affin-
ity for the CD33 extracellular region is controlled by bind-
ing of an FDA-approved small molecule (e.g., methotrexate)
(Fig. 5, scFv P02_DO09, PDB ID: 6UUP, and 6UY3 (Park
et al. 2021)). These approaches could be adapted for use in
the CNS, to this end next-generation anti-CD33 antibodies
(e.g., AB-64.1.2-huG2, Alector LLC (Culp et al. 2019)) are
in early development and also in clinical trials (e.g., ALO03
phase I trial NCT03822208 (Imbimbo et al. 2020)) for the
treatment of AD and other cognitive disorders. Apart from
P22, the only reported small molecules with uM affinity for
CD33 are analogs of P22 lacking the galactopyranosyl-glu-
copyranosyl C2-substituent (Li et al. 2018). The P22:CD33
complexes described above may provide the basis for struc-
ture-based design of small molecule modulators of CD33
activity.

TREM2

Like CD33, TREM2 is a cell surface receptor expressed
on microglia in the brain; it is also expressed on dendritic
cells and macrophages in the periphery (Biber et al. 2019;
Kober et al. 2020; Neumann and Takahashi 2007). TREM2
is thought to be anti-inflammatory (Chatila and Bradshaw
2021; Kober et al. 2020; Neumann and Takahashi 2007)
and plays a major role in the removal of toxic cellular
debris in the brain by activating microglia; for example, it
is required for phagocytosis of apoptotic neurons, removal
of myelin debris after neuronal injury, and removal of neu-
ronal synapses during the synapse elimination phase in
brain development (Kleinberger et al. 2014; Kober et al.
2020; Takahashi et al. 2005). Mutations in TREM2 have
been implicated as genetic risk factors for frontotemporal
dementia and LOAD, and in recent years, it has drawn a
great deal of attention in the pursuit of microglia-specific
approaches to treating these diseases. TREM?2 acts as a
receptor for a number of proteins including AP (mediat-
ing microglial uptake and degradation of Ap), lipoproteins
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(e.g., low-density lipoprotein (LDL), very-low-density
lipoprotein (VLDL) and high-density lipoprotein (HDL)),
and apolipoproteins, particularly APOE (Atagi et al. 2015;
Bailey et al. 2015; Kober et al. 2020; Yeh et al. 2016; Zhao
et al. 2018). TREM2 is also known to bind anionic phos-
pholipids such as phosphatidylethanolamine, phosphati-
dylserine, and sphingomyelin (Kober et al. 2020; Sudom
et al. 2018). Sudom and coworkers further demonstrated
that binding of phosphatidylserine to TREM2 enhanced
receptor oligomerization in solution and activated pSyk
signaling in HEK 293T cells expressing TREM?2.

In humans, there are four functional members of the
TREM protein family, i.e., TREM1, TREM2, TREM-like-1
(TREML1), and TREML2. TREM2 is a type-I transmem-
brane receptor and the ~25.5 kDa canonical isoform con-
tains 230 residues comprised of an 18 residue N-terminal
signal peptide (cleaved to produce the mature protein),
followed by a single extracellular IgV domain (residues
19-129) connected to an a-helical TM domain (residues
175-195) by an unstructured JM region (residues 130-174)
(Fig. 5). The IgV domain contains two disulfide bonds, one
is located between the two parallel f-sheets of the domain
(C36-C110) and the second is located on the membrane-
proximal ends of B-strands C and C' (C51-C60). In addi-
tion, there are two N-glycosylation sites, N20 and N79, in
the extracellular domain. A hydrophobic patch (M41, W44,
L69, W70, and F74) on the surface of the IgV domain has
been reported as the primary interaction surface for APOE,
while monomeric Ap42 has been demonstrated to bind to an
adjacent electropositive patch (R47, R62, H67, and R77) on
the domain surface (Kober et al. 2016, 2020). Interestingly,
phosphatidylserine: TREM?2 complex obtained by soaking
the phospholipid into unliganded TREM?2 crystals showed
the phospholipid binding to residues in both the hydrophobic
and electropositive surface patches of two adjacent TREM2
molecules in the asymmetric unit (PDB ID: 6B8O (Sudom
et al. 2018)). The TREM2 interaction surface defined for
APOE, Ap, and phosphatidylserine contains crevices or hol-
lows, rather than a single ligand-binding pocket. Kober and
coworkers recently showed that TREM2 bound both lipi-
dated and unlipidated (i.e., soluble) forms of APOE (both
shown in Fig. 5); the highest affinities were observed for
the unlipidated forms in the order of APOE4 (281 nM) >
APOE3 (440 nM) > APOE2 (590 nM) (Kober et al. 2020). It
is interesting to note that the order of TREM2 affinity for the
unlipidated APOE isoforms also corresponds to their LOAD
risk (Argyri et al. 2014; Yeh et al. 2016), as described in the
APOE section below. Kober and co-workers also demon-
strated that TREM2 bound monomeric AB42 with a K, =
5.1 pM and inhibited self-polymerization of this monomeric
form (Kober et al. 2020). The short TREM2 intracellular
region (residues 196-230) contains no known signaling
motifs; hence, it requires a signaling partner protein.

TREM?2 interacts with DNAX-activation protein 12
(DAP12, also known as TYROBP) at the cell membrane via
electrostatic interaction between TREM?2 K186 and DAP12
D50 (Fig. 5). DAP12 is a disulfide-bonded homodimer con-
taining two intracellular immunoreceptor tyrosine-based
activation motifs (ITAMs) and it acts as a signaling partner
for a variety of receptor proteins (Duan and Paulson 2020;
Kober et al. 2020). Upon ligand binding to TREM2, tyrosine
residues within the DAP12 ITAM motifs are phosphorylated
by Src kinases thereby initiating the TREM2-DAP12 signal-
ing pathway (Kober et al. 2016; Paradowska-Gorycka and
Jurkowska 2013; Sudom et al. 2018; Takahashi et al. 2005).

There are three known isoforms of TREM2: the canoni-
cal isoform (described above), a C-terminally truncated
isoform where the amino acid sequence differs for residues
162-219 (isoform 2), and a soluble form which lacks the TM
and intracellular region (isoform 3, sSTREM?2). sSTREM?2 is
produced in two ways, translational splicing or proteolytic
cleavage by ADAM10 and ADAM17 at residues 157-158
(Jin et al. 2014; Kober et al. 2020; Wunderlich et al. 2013).
The membrane-bound fragment can be cleaved further by
y-secretases. Recently, Franzmeier and coworkers have
demonstrated that higher levels of STREM?2 in cerebrospinal
fluid are associated with attenuated APOE4-related risk for
cognitive decline and neurodegeneration typically observed
in AD (Franzmeier et al. 2020). Kober and co-workers found
that STREM2 bound APOE?2, 3, and 4 with similar affini-
ties (Kp = 223-294 nM), unlike full-length TREM2, and
bound monomeric AP42 with a K, = 3.8 pM (Kober et al.
2020). They also demonstrated that sSTREM?2 inhibited
polymerization of monomeric Ap42. Based on these obser-
vations Kober and co-workers suggested that, like full-length
TREM?2, sTREM?2 also plays a protective role in AD patho-
genesis. Interestingly, the level of sSTREM?2 in AD-affected
brains is higher than in normal brains and correlates with
Tau and phosphorylated-Tau levels, raising the possibility
that inhibiting sSTREM?2 production or activity may actually
be beneficial in reducing the risk of AD (Heslegrave et al.
2016; Piccio et al. 2016; Suarez-Calvet et al. 2016). We look
forward to the roles of full-length TREM?2 and sTREM?2 in
microglial activation and AD being clarified.

There are currently eight structures of the TREM2 IgV
domain publicly available (PDB IDs: SELI, 5SUD7, 5UDS,
6B80, 6Y6C, 6YMQ, 6YYE, and 6XDS (Byrne et al.
2021; Kober et al. 2016; Sudom et al. 2018; Szykowska
et al. 2021)), as well as structures of the TM a-helix (PDB
IDs: 620G, 6Z0H, and 6Z0I (Steiner et al. 2020)). The unli-
ganded wild-type IgV domain (PDB IDs: SELI and 5UD7) is
structurally similar (RMSD < 1 A over all Ca atoms) to that
observed in scFv antibody (PDB IDs: 6Y6C, 6YMQ, and
6YYE) and phosphatidylserine (PDB ID: 6B80) complexes.
Microglia expressing an R47H mutation have impaired
phagocytosis (Kleinberger et al. 2014; Song et al. 2017;
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Yuan et al. 2016) and the R47H TREM2 variant increases
the risk of developing LOAD by ~2-5-fold (Guerreiro et al.
2013; Jonsson et al. 2013). R47 is located in the electroposi-
tive patch of the wild-type TREM2 IgV domain and, while
mutation to histidine (R47H) does not have a major impact
on the overall domain structure (RMSD = 0.52 over all Ca
atoms); there are significant localized structural alterations
adjacent to R47H (Fig. 5, PDB ID: 5UDS8 (Sudom et al.
2018)). The main structural difference occurs for TREM2
residues H67-T82, a sixteen amino acid section encompass-
ing a loop and a p-strand in the wild-type IgV domain. In the
R47H mutant, there is a remodeling of this entire section, the
B-strand is lost and electron density is not observed for resi-
dues F74-S81. The R47H mutation destroys the electropo-
sitive patch surrounding R47 in the wild-type IgV domain,
as well as disrupting an extensive hydrogen bond network,
resulting in significant alterations to the proposed ligand-
binding surface (Sudom et al. 2018). Biophysical studies
indicate that the R47H mutation affects both TREM?2 sta-
bility and structure (Kober et al. 2016; Sudom et al. 2018).
Thus, it has been proposed that the TREM2 R47H AD risk
variant disrupts ligand binding to the TREM2 IgV domain
and, in turn, reduces activation of the TREM2-DAP12 sign-
aling pathway (Kober et al. 2016; Sudom et al. 2018).
Modulating the activity of TREM2 in microglia may offer
a new pathway to developing AD treatments and therapeu-
tics for microglial-driven diseases. TREM2-agonistic anti-
bodies like scFv-2 (Fig. 5 (Szykowska et al. 2021)) are the
most developed, with one antibody currently in phase II clin-
ical trial for the treatment of AD (i.e., AL002, clinicaltrials.
gov ID: NCT04592874) and several antibodies in preclinical
development (Chatila and Bradshaw 2021; Ellwanger et al.
2021; Schlepckow et al. 2020). Antisense oligonucleotide
therapy and gene therapy candidates are in the early drug
discovery phase (Chen et al. 2020; Schoch et al. 2021).

APOE

APOE is a protein expressed primarily in the brain (by astro-
cytes) and liver (by hepatocytes). It is one of the major pro-
teins involved in lipoprotein transport in the brain and cir-
culatory system (Argyri et al. 2014; Fitz et al. 2021). APOE
is an amphipathic molecule that interacts with the aqueous
plasma environment as well as lipid particles. In addition
to TREM2 (described in the section above), there are many
interacting protein partners for APOE including AP, hepa-
rin, VLDL, and the LDL receptor (LDLR) (Argyri et al.
2014; Henry et al. 2018). There are three isoforms of APOE
(APOE2, APOE3, and APOE4); the order of LOAD risk has
been determined as APOE4 > APOE3 > APOE2 (Argyri
et al. 2014; Yeh et al. 2016). APOE4 is a major genetic risk
factor for LOAD, whereas APOE2 appears to be protective
against the disease. The binding affinities for lipidated and
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unlipidated (i.e., soluble) APOE isoforms for TREM2 and
STREM?2 are listed in the TREM?2 section above. While lipi-
dated APOE is most likely to be monomeric, unlipidated
APOE is a mixture of monomers, dimers, and tetramers; the
species formed are concentration-dependent and tetramers
dominate at concentrations greater than 1 pM (Argyri et al.
2014; Garai et al. 2011; Garai and Frieden 2010; Yeh et al.
2016).

Cleavage of an N-terminal signal peptide (residues 1-18)
produces the mature ~34-kDa protein comprising 299 resi-
dues. The APOE secondary structure is a series of a-helices,
of varying lengths, connected by flexible linkers (Fig. 5).
The N-terminal domain (residues 19—-185) forms a 4-heli-
cal bundle and is followed by the hinge region (residues
186-254) and the C-terminal domain (residues 255-317)
contains a long helix encompassing residues 255-284
(Henry et al. 2018; Petros et al. 2019). The hinge region is
important for converting the unlipidated helical bundle, or
soluble form, to the hairpin conformation of the lipidated
form (Fig. 5). APOE contains six O-glycosylation sites (T26,
T36, T212, T307, S308, and S314) and one N-glycosylation
site, K93. It exists in multiple glycosylated and sialylated
forms, the extent of which is governed by its environment,
and it is not required for proper APOE expression or secre-
tion (Kockx et al. 2018; Wernette-Hammond et al. 1989).
The binding site for LDLR and other lipoprotein receptors
encompasses APOE residues 158-168; with R152, R160,
R163, and R190 being important for high-affinity bind-
ing (Henry et al. 2018). Heparin has been reported to bind
at residues 162-165 and 229-236. Residues 210-290 are
involved in lipid binding and lipoprotein association, with
APOE residues 278-290 having specificity for VLDL bind-
ing. Using truncation mutants of APOE3, Kober et al. (2020)
demonstrated that hinge residues 210-256 were responsible
for the primary interaction with TREM2 (Kober et al. 2020).
There is a homo-oligomerization region in the C-terminal
domain of APOE, located at residues 266-317.

The three isoforms of APOE differ at residues 130 and
176; APOE2 has cysteine residues at both positions and
APOES3 has C130 and R176 while APOE4 has arginine resi-
dues at both positions (Argyri et al. 2014). The relative sta-
bility of the three isoforms is APOE2 > APOE3 > APOE4
and is likely related to the nature of the residues at posi-
tions 130 and 176. There are a multitude of APOE isoform
variants, one of particular interest is the naturally occur-
ring Pittsburgh variant APOE4 L46P (L28P in the mature
protein, SNP ID:rs769452). Carriers of this APOE4 mutant
have a substantially higher risk of developing LOAD. L46
is located near the start of a helix in the N-terminal domain
4-helix bundle and the proline mutation appears to reduce
protein stability and affect conformation (Argyri et al. 2014).
A search conducted in the PDB (August 2021) identified
>100 structures of fragments of varying lengths of human
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APOE and other apolipoproteins, such as APOA, in lipidated
and unlipidated conditions. Models for lipidated and unlipi-
dated human APOE4 (residues 19-317) are shown in Fig. 5.

Summary/conclusions

There is no doubt that structural biology, in particular X-ray
crystallography and more recently cryo-electron micros-
copy, has contributed key insights into the physiological and
pathological functions of key proteins implicated in AD. In
this review, we focused on cell surface receptors strongly
implicated by human genetic studies in the pathogenesis
of AD. We have shown that structural studies have given
valuable insights into the normal function of the receptors,
for example, revealing growth factor and metal-binding
activities of APP, a snapshot of the many conformational
states adopted by the AP peptide, and how CD33 recognizes
carbohydrate molecules. We have also shown how these
structures have provided key insights and guidance into the
development of drugs, both biologics and small molecules,
for example, BACE inhibitors, antibodies directed towards
various epitopes and aggregation states of AP, and small
molecule development of CD33 inhibitors. As genetic stud-
ies and omics technologies become more sophisticated, it
is expected many more drug targets will be revealed as the
complicated interactome networks underpinning AD are
increasingly revealed. We expect structural biology will con-
tinue to make significant contributions to our understanding
of the molecular events that underlie AD.
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