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Abstract

The innate immune system plays key roles in controlling Alzheimer’s disease (AD), while secreting cytokines to eliminate
pathogens and regulating brain homeostasis. Recent research in the field of AD has shown that the innate immune-sensing
ability of pattern recognition receptors on brain-resident macrophages, known as microglia, initiates neuroinflammation,
AB accumulation, neuronal loss, and memory decline in patients with AD. Advancements in understanding the role of innate
immunity in AD have laid a strong foundation to elucidate AD pathology and devise therapeutic strategies for AD in the
future. In this review, we highlight the present understanding of innate immune responses, inflammasome activation, inflam-
matory cell death pathways, and cytokine secretion in AD. We also discuss how the AD pathology influences these biological
processes.
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Kanneganti, 2018). Upon assembly, the inflammasomes
induce membrane pore formation and proinflammatory cyto-
kine processing, leading to a form of inflammatory cell death
known as pyroptosis (He et al., 2015; Man et al., 2017; Shi
et al., 2015). Innate immune signaling and inflammasome
activation are key protective responses against AD (Heneka
et al., 2013, 2014; Venegas et al., 2017). However, their acti-
vation must be tightly regulated, as excessive activation can
lead to neuroinflammation and brain damage. Balancing the

Introduction

Alzheimer’s disease (AD), the most common dementing illness,
is characterized by progressive memory decline and cognitive
dysfunction. AD affects more than 44 million people world-
wide, with a new patient diagnosed every 4 s. The number of
patients with dementia, including AD, is expected to double
every 20 years and reach 115 million by 2050, placing huge
financial burdens on individuals and society.

The three pathological hallmarks of AD are deposition of
extracellular B-amyloid (Ap), intraneuronal aggregation of
neurofibrillary tangles composed of the microtubule-associ-
ated protein tau, and neuronal loss called neurodegeneration
(Nelson et al., 2012) (Figure 1). In mammalian hosts, Af
and tau deposits as danger-associated molecular patterns
(DAMPs) are recognized and cleared by multiple pattern-
recognition receptors (PRRs) including Toll-like receptors
(TLRs), retinoic acid-inducible gene I (RIG-I)-like receptors
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(RLRs), and nucleotide-binding oligomerization domain-like
receptor family proteins (NLRs) (de Rivero Vaccari et al.,
2014; Heneka et al., 2013; Ising et al., 2019; Tahara et al.,
2006; Venegas et al., 2017).

In response to DAMPs, some PRRs can assemble large
multiprotein complexes known as inflammasomes (Place &

Hyun-Jeong Cho, PhD, Department of Biomedical Laboratory Science,

College of Medical Science, Konyang University, Daejeon, South Korea.
Tel: +82-42-600-8433

Email: hjcho@konyang.ac.kr

Jin-Hyeob Ryu, PhD, B615~619, 17, Techno 4-ro, Yuseong-gu, Daejeon,
Korea.

Email: branden.ryu@biorchestra.com

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution

of the work without further permission provided the original work is attributed as specified on the SAGE and Open Access page (https://us.sagepub.com/en-

us/nam/open-access-at-sage).


https://orcid.org/0000-0001-7500-782X
mailto:hjcho@konyang.ac.kr
mailto:branden.ryu@biorchestra.com
https://creativecommons.org/licenses/by-nc/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage
https://us.sagepub.com/en-us/nam/open-access-at-sage
https://us.sagepub.com/en-us/journals-permissions
https://journals.sagepub.com/home/asn
http://crossmark.crossref.org/dialog/?doi=10.1177%2F17590914211051908&domain=pdf&date_stamp=2021-10-20

ASN Neuro

APP

B-secretase

a-secretase 1

Monomers Oligomers

Disintegrating * q
microtubule o 0

— —
y-secretase % @,

5 aggregates

=7
AB plaque

protofibrils

AB fibrils

Extracellular space

Intracellular space

Neurofibrilliary
tangle

Figure |. Aggregation of Af and tau. The AP precursor APP undergoes processing by proteases o-, 8-, and y-secretase. AR monomers can
aggregate into A oligomers, protofibrils, fibrils, and ultimately plaques, which are among the hallmarks of AD pathology. Loss of
microtubule binding leads to elevated levels of cytosolic tau, thereby increasing the potential for tau—tau interactions. Aggregation of
hyperphosphorylated tau protein leads to the assembly of neurofibrillary tangles followed by progressive cytoskeletal changes, disruption of

axonal transport, and AD pathology.

host innate immune response has been considered in potential
therapeutic approaches for AD, but this balance must be finely
tuned to reduce excessive neuroinflammation, while clearing
AP and tau deposits.

In this review, we discuss innate immune recognition,
inflammasome activation, programmed cell death, and
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Figure 2. A and tau pathology in AD. Extracellular AB and tau
contribute to enhanced bioactivity of microglia, which induces the
secretion of proinflammatory cytokines including IL-18 and IL-18.
Activated microglia further take up A and tau and ultimately induce
impaired immune responses in microglia and sterile inflammation.
Several forms of tau contribute to neuron-to-neuron spreading,
uptake, and aggregation of tau, thereby leading to tau-induced
toxicity.

cytokine release that occur in response to AD, as well as
how innate immune responses regulate the disease to resist
development of AD pathology.

Pathogenesis of Alzheimer’s Disease

AD is the most common type of dementia and neurodegenera-
tive disease involving neuroinflammation, neuronal loss, and
memory decline (Heneka et al., 2015; Nussbaum & Ellis,
2003). AP deposition can begin in the brain decades before
the onset of clinical symptoms and stimulate tau-mediated
AD pathogenesis such as tau hyperphosphorylation, tau aggre-
gation, and triggering neuron-to-neuron spread (Figure 2).

As AP accumulation can induce the formation of neurofi-
brillary tangles that propagate to produce mild cognitive
impairment and dementia, AP production has been exten-
sively characterized (Jack et al., 2010). AP is a cleavage
product of amyloid precursor protein (APP). APP expressed
in neurons and glial cells has several physiological roles in
mediating cell-to-cell adhesion for neuronal signaling and
neurotransmitter release. APP cleavage by proteolytic secre-
tases can generate amyloid peptides, including a peptide of
37-49 amino acids, AP, and released into the extracellular
space in the brain (Chen et al., 2017). APP processing can
follow the following two pathways: amyloidogenic and non-
amyloidogenic. The amyloidogenic pathway involves a cleav-
age event induced by p-secretase such as BACEI, which
releases soluble APPB. The APP C-terminal fragment can
then be cleaved by y-secretases such as presenilin (PS) 1
and 2 at one of the several sites varying from 40 to 44
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amino acid residues to generate neurotoxic AP peptides.
Among Afs of various lengths, soluble AP,_4, is a major
component of plaque formation and initiates AP aggregation
due to its hydrophobic C-terminus, which reduces the flexibil-
ity of transformation from a-helical to f-sheet structure. The
non-amyloidogenic pathway is mediated by o-secretases
such as ADAM 9, 10, and 17, and y-secretase catalyzes
further cleavages to produce non-toxic and possibly beneficial
soluble APPa fragments with important neuroprotective func-
tions (Chasseigneaux & Allinquant, 2012; Chen et al., 2017).
The A, _4, peptide can induce the production of higher-order
assemblies of AP, wherein the monomers of AP peptide accu-
mulate by misfolding into propagating conformations to
freely diffuse through the brain (Chen et al., 2017). AP olig-
omers act as seeds to form insoluble Af aggregates know as
plaques (Katzmarski et al., 2020). Af plaques disrupt
cell-to-cell communication, lead to neuronal apoptosis, and
activate immune cells such as microglia, thereby triggering
inflammation and brain tissue damage (Heneka et al., 2015).
Activated microglia further take up Af and tau and ultimately
induce impaired immune responses in microglia and sterile
inflammation (Busche & Hyman, 2020) (Figure 2).

Tau is a type II microtubule-associated protein that is
highly expressed in neurons and moderately expressed in oli-
godendrocytes and astrocytes in the mammalian brain. Under
normal condition, tau mainly modulates the stability of micro-
tubules in axons by direct interaction with tubulin. Tau also
has synaptic functions regulated by post-translational modifi-
cations (PTMs), including phosphorylation and proteolytic
cleavage (Wesseling et al., 2020). However, abnormal
PTMs induce tau hyperphosphorylation, which causes it to
dissociate from microtubules and to enhance tau aggregation
(self-assembly) (Alonso et al., 2018). Therefore, hyperphos-
phorylation of tau substantially impairs the stability of micro-
tubules in nerve cells, which is involved in the pathogenesis of
AD. The hyperphosphorylated tau is released by exosomal
processes, which can be detected in the cerebrospinal fluid
and blood of patients with AD (Fiandaca et al., 2015; Jia
et al., 2019), with the amounts detected correlating with cog-
nitive impairment. Although exosomal tau is a potential bio-
marker for AD, it is necessary to consider how to achieve
high sensitivity with diagnostic tools early in the onset of
AD. Extracellular misfolded tau released from pathological
cells via exosomes can enter naive cells such as neurons
and microglia, leading to tau-induced toxicity and convert
monomeric physiological tau via endocytosis (Hardy &
Selkoe, 2002; He et al., 2018; LaFerla et al., 1995; Selkoe
& Hardy, 2016) (Figure 2).

Innate Immune Recognition in Alzheimer’s
Disease

As resident immune effector cells of the central nervous system,
microglia play a crucial role in regulating brain homeostasis and

mediating innate immune responses in AD (Clayton et al., 2017;
Hanisch & Kettenmann, 2007). Microglia sense a variety of
microbial molecules known as pathogen-associated molecular
patterns (PAMPs) as well as host-derived DAMPs via PRRs,
including TLRs, RLRs, and NLRs (Kigerl et al., 2014)
(Table 1). Microglia associated with AD are commonly in an
activated state with upregulated expression of PRRs. PRRs
drive signal transduction pathways that induce an inflammatory
response and secretion of pro-inflammatory cytokines, includ-
ing type I interferons (IFNs), thereby leading to the
microglia-associated clearance of debris via phagocytosis in
AD (Heneka et al., 2014; McDonough et al., 2017). Although
microglia are integral for the phagocytosis and degradation of
AP, their chronic activation can provoke impaired neuroinflam-
matory responses, with the potential to induce AP production
and neuronal distress (Hansen et al., 2018; Hemonnot et al.,
2019; Sarlus & Heneka, 2017).

TLR- and RLR-Mediated Alzheimer’s Disease
Recognition

TLR- and RLR-mediated signaling leads to the secretion of type
I IFNs and proinflammatory cytokines. TLRs are membrane-
bound PRRs expressed in the microglia of mice, rats, and
humans, and their activation can be beneficial or detrimental
to the host (Bsibsi et al., 2002; Olson & Miller, 2004; Zhang
et al., 2013). In microglia, the activation of TLR2 together
with CD14, a coreceptor of TLR4, induces an immune response
associated with fibrillar Ap phagocytosis (Reed-Geaghan et al.,
2009). Moreover, TLR2 and TLR4 activation in microglia
enhances the production of AP peptides with 42 amino acids
(APi_42), which are key pathogenic species in AD (Chen
et al., 2006). Some studies have shown that the inhibition of
TLR2 activation attenuates glial cell reactivity, leading to
reduced AP deposits and improved cognitive function in APP/
PS1 double transgenic mice (McDonald et al., 2016).
Furthermore, Tlr2/4-deficient mice are protected from neuro-
cognitive and behavior impairment after immunization with
APiu> peptide (Vollmar et al, 2010). Tlr27" microglia
induce proinflammatory cytokines, including tumor necrosis
factor (TNF)-a, interleukin (IL)-1p, and IL-6 and enhance AP
clearance (Jana et al., 2008; Liu et al., 2012).

APP/PS1 transgenic mice of an AD model deficient in
TLR4 exhibit reduced microglial activation, reduced cogni-
tive function, and increased AP deposition (Song et al.,
2011). In a transgenic mouse model carrying a mutation in
tau (P301S), mild and chronic stimulation of TLR4 with lipo-
polysaccharide reduced the level of cerebral phosphorylated
tau proteins and improved memory (Qin et al., 2016). In con-
trast, the activation of TLR4 reduced the clearance of micro-
glial AP;_4> peptides by modulating the activity of the
scavenger receptor CD36 (Li et al., 2015). Pronounced
TLR4 expression in APP transgenic mice and increased
TLR4 expression in the brains of patients with AD are
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Table |. Effects and Functions of Innate Immune Sensor in AD.
Extracellular AB Intracellular neurofibrillary Inflammatory Cognition
Sensor deposits tangles (pTau) cytokines function Reference
TLR2 Increase N/A Increase (TNF-a, Impair (Liu et al., 2012)
IL-1B, IL-8)
Increase N/A N/A Impair (McDonald et al.,
2016)
TLR4 Decrease N/A Increase (IL-1B) Improve (Song et al,, 2011)
N/A Decrease Increase (TNF-o, Improve (Qin etal,, 2016)
IL-1B, IL-8)
Increase N/A Increase (IL-6, Impair (AD (Walter et al., 2007)
TNF-o) patient)
Increase N/A Increase (TNF-o, Impair (Balducci et al., 2017)
IL-1B, IL-6)
RIG-I Increase N/A N/A Impair (de Rivero Vaccari
etal, 2014)
NLRP3 Increase N/A Increase (IL-1B) Impair (Heneka et al., 2013)
N/A Increase Increase (IL-1B) Impair (Ising et al., 2019)
Increase Increase Increase (IL-1p) N/A (Stancu et al,, 2019)
Increase N/A N/A N/A (Yin et al,, 2018)
Increase N/A Increase (TNF-a, Impair (Lonnemann et al,,
IL-1B, IL-6) 2020)
AIM2 Increase N/A No significant (IL-1B)  No significant  (Wu et al,, 2017)
Extracellular ASC  Increase N/A Increase (IL-1p) N/A (Friker et al., 2020)
speck Increase N/A N/A Impair (Venegas et al., 2017)

associated with A plaques (Walter et al., 2007). The activa-
tion of TLR4 is necessary for glial cell activation, which
resulted in memory impairment in a mouse model of AD
(Balducci et al., 2017). A recent study suggested that alter-
ations in microglial TLR4 signaling contribute to AD patho-
genesis in APP/PS1 double transgenic mice (Go et al.,
2016). Collectively, the activation of TLR2 and TLR4 in
the initial stages of AD has beneficial effects in Ap clearance,
whereas chronic activation contributes to AP aggregation.

RIG-I is a cytosolic PRR that canonically senses
5’-triphosphate double-stranded RNA. Although one study
revealed that RIG-I was elevated in the temporal cortex and
plasma of patients with mild cognitive impairment (de
Rivero Vaccari et al., 2014), the detailed molecular mecha-
nism of how RIG-I is involved in AD pathology remains
unclear. Thus, further studies are required to identify the in
vivo dominant innate sensor in AD.

AP complexed with nucleic acids triggers TLR- and
RLR-derived type I IFN responses in microglia, resulting in
complement-mediated synapse destruction in AD (Roy
et al., 2020). Therefore, IFNs constitute a pivotal element
within the neuroinflammatory network of AD and critically
contribute to neuropathogenic processes.

NLRP3 Inflammasomes in AD

Innate immune cells in the brain play major roles in cytokine
production and inflammatory signaling. Among the

proinflammatory cytokines, IL-1p and IL-18 are the key medi-
ators of the inflammatory response; increased levels of these
proteins correlate with the severity of AD in patients
(Forlenza et al., 2009; King et al., 2018; Ng et al., 2018;
Ojala et al., 2009). The release of IL-1f and IL-18 requires
proteolytic maturation of pro-IL-1f and pro-IL-18. This
process is mediated by inflammasome formation and protease
caspase-1 activation (Man et al., 2017). Inflammasome
sensors can recognize PAMPs and/or DAMPs produced
during pathogen infection and cellular instability, respectively
(Kanneganti, 2010). Among the sensors, the most well-
characterized sensor is the NLR family pyrin domain-
containing 3 (NLRP3), which has been implicated in several
diseases such as autoinflammatory diseases, obesity, colitis,
and pathogen-mediated diseases including influenza A
viruses and corona viruses (Gurung & Kanneganti, 2016;
Kanneganti et al., 2006a, 2006b; Karki et al., 2015; Lee
et al, 2020; Lee & Ryu, 2021; Stienstra et al., 2011;
Thomas et al., 2009; Zaki et al., 2010).

The NLRP3 inflammasome has emerged as a trigger of AD
pathogenesis. The mRNA and protein expressions of NLRP3
are upregulated in the monocytes of patients with AD
(Saresella et al., 2016). Loss of the NLRP3 inflammasome
(NLRP3/caspase-1) in APP/PS1 mice protects against long-
term potentiation deficits and attenuates spatial memory defi-
cits and the AP burden (Heneka et al., 2013).

Furthermore, exogenous-aggregated tau activates the
NLRP3 inflammasome in the microglia (Stancu et al.,
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2019), and fibrillar Ap-containing brain homogenates induce
tau pathology in an NLRP3-dependent manner (Ising et al.,
2019). Consistently, NLRP3 inflammasome inhibitor
(MCC950, blocks NLRP3-ASC-induced IL-1p secretion
and ASC oligomerization) reduces phosphorylation of tau
and accumulation of A in the hippocampus induced by exog-
enous tau seeding in TauP301S transgenic mice (Stancu et al.,
2019). Other NLRP3 inflammasome inhibitors, such as the
drug JC-124 and fenamate non-steroidal anti-inflammatory
drugs, exert beneficial effects in mouse models of AD
(Daniels et al., 2016; Yin et al., 2018). Collectively, these
findings suggest that the NLRP3 inflammasome contributes
to AD pathology.

MxA Inflammasomes in AD

Besides NLRP3, MxA also acts as an inflammasome sensor in
respiratory epithelial cells (Lee et al., 2018, 2019). The Mx
genes, which are present in almost all vertebrates, are
interferon-regulated genes whose expression is upregulated
following IFN production, which leads to an antiviral
response, particularly against RNA viruses (Haller et al.,
2015). Following influenza A virus infection, MxA recog-
nizes the influenza virus A nucleoprotein, which then interacts
with  the inflammasome  adapter  protein  and
apoptosis-associated speck-like protein containing a CARD
(ASC), and leads to caspase 1 activation and IL-1p and
IL-18 production (Lee et al., 2018, 2019).

It has been reported that MxA polymorphisms are associ-
ated with risk and age-at-onset in AD and accelerate cognitive
decline in patients with AD (Ma et al., 2012). Another study
showed that MxA is found in senile plaques of the AD brain
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Figure 3. Extracellular ASC specks in AD. Activation of microglia
by a TLR agonist leads to transcriptional induction of genes encoding
components of the NLRP3 inflammasome and pro-IL-1f8. Upon AB
and tau uptake, lysosomal damage leads to the assembly of the
NLRP3 inflammasome, which eventually induces the release of IL-1
and oligomerization of ASC to form ASC specks. Extracellular ASC
specks interact with AP aggregates in the extracellular space to
promote their deposition as plaques. Extracellular ASC specks can
be engulfed by neighboring microglia and contribute to the
exacerbation of neuroinflammation via further production of IL-1f.

and the presence of MxA in reactive microglia could contrib-
ute to AD pathology (Yamada et al., 1994). Given that IL-1f
and IL-18 are associated with the severity of AD in patients
(Forlenza et al., 2009; King et al., 2018; Ng et al., 2018;
Ojala et al., 2009), it will be interesting to reveal whether
MxA inflammasome is required for AD exacerbation.

Extracellular ASC Specks in AD

Inflammasome sensors, such as NLRP3, are intracellular pro-
teins expressed in macrophages and are activated by a wide
variety of DAMPs, such as alum, silica, uric acid, and
amyloid-p, following their engulfment by macrophages.
Activated NLRP3 facilitates ASC oligomerization to form
large, intracellular macromolecular aggregates known as
ASC specks. It has been reported that ASC specks are
released into the extracellular space, where ASC propagates
inflammatory responses via prion-like transmission mediated
by engulfment in neighboring macrophages (Baroja-Mazo
et al., 2014; Franklin et al., 2014). In AD pathology, in the
extracellular space, ASC specks bind to Af;_4; to accelerate
its oligomerization, indicating the cross-seeding activity of
ASCs in AP aggregation, which boosts its toxicity in micro-
glia (Friker et al., 2020; Venegas et al., 2017) (Figure 3).
Recently, it has been reported that the extracellular ASC
specks are engulfed by Arf6-deficient macrophages, and
IL-1p production is reduced in Arf6~~ macrophages com-
pared with that in wild-type macrophages (Lee et al.,
2021a). Although detailed molecular mechanisms of how
intracellular ASC specks are released into the extracellular
space and the role of these molecules in neuroinflammation
remain largely unknown, the extracellular ASC specks may
induce Arf6 dependent-secondary inflammasomes in neigh-
boring microglia and AD pathology.

Programmed Cell Death and
Proinflammatory Cytokines in Alzheimer’s
Disease

Cell death plays an important role in limiting disease progres-
sion. However, inflammatory cell death also results in the
release of proinflammatory cytokines and cellular contents,
including PAMPs and DAMPs, which can induce severe
inflammation (Bergsbaken et al., 2009; Pasparakis &
Vandenabeele, 2015) (Figure 4). Therefore, cell death is con-
sidered a double-edged sword during disease progression.

Pyroptosis in Alzheimer’s Disease

Pyroptosis is a form of inflammatory cell death mediated by
inflammasomes and gasdermin (Shi et al, 2015).
Inflammasome assembly leads to the activation of inflamma-
tory caspases [caspase-1 (human and mouse), —4 (human), —5
(human), or —11 (mouse)], which proteolytically cleave and



ASN Neuro

<T=18

oooo

Inflammasome
(™

<= A8

e iTAU

“<ZT=-AB7?

s, Tau?
7
3

RI
RIPK

o

@0 g

@pase-3 T Adve OO D
T caspase-l pro-IL-1p
GSDMD | N-GSDMD Pro-IL-18
\ P
C N ";T: v oggl
mv

v

Apoptosis

GSDMD pore 1

MLKL channel

—

Necroptosis

Pyroptosis

Figure 4. Programmed cell death pathways in AD pathology. In AD, AP and tau deposition act as danger-associated molecular patterns
(DAMPs) and stimulate inflammasome assembly, resulting in the activation of caspase-|. Activated caspase-| cleaves pro—IL-1p, pro—IL-18,
and gasdermin D (GSDMD). The N-terminal fragment of GSDMD may then oligomerize within membranes to form membrane pores and
execute pyroptosis. Af and tau deposition initiates a signaling cascade mediated by caspase-8 and —9 activation. Caspase-8 and —9 induce
the activation of caspase-3 to drive apoptosis. AD exacerbation by AP and tau deposition initiates necroptosis, a receptor-interacting serine/
threonine-protein kinase | (RIPKI) and RIPK3 complex-dependent form of inflammatory cell death that depends on the activation of the
protein mixed lineage kinase domain-like pseudokinase (MLKL) to form channels in the membrane.

release the N-terminal fragment of gasdermin D (GSDMD) to
form pores in the plasma membrane (He et al., 2015; Man
et al, 2017; Shi et al, 2015). Caspase-1-dependent
GSDMD cleavage leads to the release of IL-1p and IL-18
(Man et al., 2017).

Recombinant AP;4, can induce caspase-1 activation,
GSDMD cleavage, and pyroptosis in mouse cortical
neurons (Han et al., 2020; Tan et al., 2014). NLRP3 inflam-
masome and caspase-1 activation, along with IL-1f release,
have also been observed when fibrillar AP is phagocytosed
by microglia (Halle et al., 2008). Furthermore, recombinant
tau protein can activate the NLRP3 inflammasome and
induce IL-1p release from microglia (Stancu et al., 2019). A
recent study revealed that microglia isolated from Tau22
mice, which express human tau mutations involved in fronto-
temporal dementia, stimulate pyroptosis, as evidenced by

NLRP3 inflammasome and caspase-1 activation and IL-1p
release (Ising et al., 2019).

Necroptosis in Alzheimer’s Disease

Necroptosis is a form of inflammatory cell death mediated by
mixed-lineage kinase domain-like pseudokinase (MLKL).
MLKL is oligomerized by the phosphorylation of receptor-
interacting serine/threonine-protein kinase 1 (RIPK1) and
RIPK3; the oligomerized MLKL is translocated to the
plasma membrane and forms channels (Dondelinger et al.,
2014).

In the temporal gyrus of human patients with AD, RIPK1
and MLKL show robust expression, and necroptosis is associ-
ated with reduced brain weight of patients with AD (Caccamo
et al., 2017). Furthermore, necroptosis exacerbates cognitive
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deficits in APP/PS1 transgenic mice (Caccamo et al., 2017).
Another study revealed that APP/PS1 mice treated with phar-
macological inhibitors of RIPK1 or Ripkl”"7NPP3SN mice
exhibit reductions in AP burden, inflammatory cytokine
levels, and memory deficits (Ofengeim et al., 2017).

Apoptosis in Alzheimer’s Disease

Apoptosis is executed by caspase-3 and —7 following the acti-
vation of upstream initiator caspases including caspase-8/10
or —9. Pyroptosis and necroptosis are inflammatory and
lytic cell death processes in which cytokines are released to
induce inflammation and alert immune cells, whereas apopto-
sis has been historically considered to be immunologically
silent. However, recent studies have suggested that apoptosis
is not always immunologically silent, as crosstalk occurs
between apoptotic proteins and the molecules executing
Iytic cell death (Lee et al., 2020; Place et al., 2021). The apo-
ptotic protein caspase-3 has been reported to activate gasder-
min E to induce lytic cell death (Rogers et al., 2019).
Caspase-8 activates GSDMD under specific conditions (Lee
et al., 2020; Place et al., 2021).

In the context of AD, APP is a substrate for caspase-3-
mediated cleavage, which contributes to AP} plaque formation,
synaptic loss, and behavioral changes associated with AD
(Gervais et al., 1999). Other studies have reported that the
activation of caspase-3, -8, and -9 further induces Af
plaque formation and AD progression (Rohn et al., 2001,
2002; Stadelmann et al., 1999; Su et al, 2001).
Collectively, these studies suggest that the apoptotic pathways
may also contribute to AD progression.

Recent studies have found extensive crosstalk between
programmed cell death pathways, establishing the concept
of PANoptosis (pyroptosis, apoptosis, necroptosis) (Gurung
et al., 2014; Kuriakose et al., 2016; Lamkanfi et al., 2008;
Lee et al., 2020, 2021b; Malireddi et al., 2010, 2021; Place
et al., 2021). Although inflammasome activation is primarily
associated with gasdermin D (GSDMD)-mediated pyroptosis,
there is emerging evidence of the contribution of inflamma-
some components in driving PANoptosis (Christgen et al.,
2020; Gurung et al., 2014; Kesavardhana et al., 2020;
Kuriakose et al., 2016; Lee et al., 2020, 2021b; Malireddi
et al., 2020, 2021; Place et al., 2021; Zheng et al., 2020).

The AIM?2 innate immune sensor, which is activated by
double-stranded DNA, has been implicated in AD, that is,
Aim?2 deficiency reduces A deposition and microglial activa-
tion (Wu et al., 2017). Recently, it has been reported that
AIM?2 regulates the innate immune sensors pyrin and ZBP1
to drive inflammatory signaling and PANoptosis (Lee et al.,
2021b). It will be interesting to reveal whether AIM2
PANoptosis exerts beneficial effects in AD.

Inflammatory Cytokines

Microglia-associated PRRs drive signal transduction path-
ways that induce inflammatory cell death pathways and

secretion of pro-inflammatory cytokines, including type I
IFNs, thereby leading to the microglia-associated clearance
of debris via phagocytosis in AD (Heneka et al., 2014;
McDonough et al., 2017).

However, over activation of inflammatory cell death path-
ways can lead to critical brain damage and severe neuroin-
flammation (Bergsbaken et al., 2009; Pasparakis &
Vandenabeele, 2015). Inflammatory cell death leads to the
release of proinflammatory cytokines and chemokines,
which may contribute to AD pathology.

Indeed, AP-stimulated human monocytes release che-
mokines such as IL-8, monocyte chemoattractant
protein-1 (MCP-1), macrophage inflammatory protein la
(MIP-1a), and MIP-1p in vitro. Microglia cultured from
rapid autopsies of patients with AD and nondemented
patients revealed increased expression of IL-8, MCP-1,
and MIP-1a after experimental exposure to Af (Xia &
Hyman, 1999).

Many proinflammatory cytokines have been shown to be
produced by neurons or microglia and the levels of IL-1a,
IL-1pB, IL-6, TNF-a, granulocyte-macrophage
colony-stimulating factor, and IFN-a are increased in AD
brain tissue (Friker et al.,, 2020; Ising et al, 2019;
Rubio-Perez & Morillas-Ruiz, 2012; Stancu et al., 2019;
Venegas et al., 2017). Proinflammatory cytokines such as
IL-18, IL-1p, IL-6, and TNF-a are released by astrocytes
and microglia in response to AP plaques or following tau
hyperphosphorylation (Forloni et al., 1997; Wang et al.,
2015). Recent studies revealed that the combination of
TNF-a and IFN-y induces inflammatory cell death, tissue
damage, and cytokine shock syndromes (Karki &
Kanneganti, 2021; Karki et al., 2021). Furthermore, treating
with neutralizing antibodies against TNF-a and IFN-y pro-
tected mice during SARS-CoV-2 infection, sepsis, hemopha-
gocytic lymphohistiocytosis, and cytokine shock (Karki &
Kanneganti, 2021; Karki et al., 2021). Therefore, it is impor-
tant to identify the innate immune processes contributing to
cytokine release and potential associations between cytokine
signaling and inflammatory cell death in AD pathology.

Innate Immune Signals Regulate Adaptive
Immunity

The innate immune and adaptive immune systems interact
with each other. Although innate immune responses control
the progression of AD, adaptive immune responses also con-
tribute to restraining AD pathogenesis. B and T lymphocytes
are the main cellular components of adaptive immunity that
are responsible for antigen-specific antibody secretion and
cell-mediated immunity, respectively. The adaptive immune
response plays a key role in the development of adequate
control against toxic molecules, such as misfolded tau and
AP (Anderson et al., 2014; Cantrell, 2015). The triple trans-
genic (3xTg-AD) mouse model shows tau and Ap accumula-
tion in the brain increasing with age and changes in their
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immune system. A recent study has shown that CD4*/CD8*
lymphocyte ratio in the blood of 3xTg-AD mice increased
compared with that of WT mice (St-Amour et al., 2014), sug-
gesting a universal deficit in the adaptive immune response;
the finding is consistent with abnormal lymphocyte popula-
tions in patients with AD (Larbi et al., 2009; Pellicano
et al., 2012; Pirttild et al., 1992; Saresella et al., 2011;
Schindowski et al., 2006; Speciale et al., 2007).

Innate immune sensing by PRRs instructs adaptive immu-
nity (Palm & Medzhitov, 2009). Therefore, innate and adap-
tive immune systems function cooperatively, and crosstalk
between peripheral and central immunity such as cytokine
and chemokine signaling likely plays an important albeit
understudied role in AD. Recent studies have shown that
peripheral neutrophils and T-regulatory cells profoundly
affect AD pathogenesis (Baruch et al., 2015; Zenaro et al.,

Table 2. Target and Immunity Mechanism of Therapeutic Agents in Clinical Trials for Alzheimer’s Disease.

Target/

Clinical

Agent

Mechanism?®

Mechanism of action

trial phase®

Reference

Atuzaginstat
(COR388)

Azeliragon (TTP488)

NE3107 (HE30286)

AL002 (anti-TREM2)

ALZT-OP|
(cromolyn +
ibuprofen)

Daratumumab
(anti-CD38)

Dasatinib +
quercetin
GB30I

Lenalidomide

Montelukast
(MKO0476)

Pepinemab (VXI5)

ALO003

Edicotinib

XPro1595

Inflammation/
Infection

Amyloid/
inflammation

Inflammation

Inflammation

Inflammation

Inflammation/
Immunity

Inflammation/
Immunity

Inflammation/
Immunity

Inflammation/
Immunity

Inflammation

Inflammation

Inflammation

Inflammation

Inflammation

Small molecule; bacterial protease inhibitor targets
gingipain produced by Porphyromonas gingivalis;
reduces neuroinflammation

Small molecule inhibitor; RAGE antagonist; reduces AB
transport into the brain; mitigates toxic effects of
oligomers and reduces inflammation

MAPK- /3 inhibitor; reduces proinflammatory NF«xB
activation

Immunotherapy; monoclonal antibody; targets
microglial TREM2 receptors; promotes microglial
clearance of AB and reduces neurotoxicity

Small molecule and combination therapy (cromolyn;
approved anti-asthma drug, ibuprofen; approved
anti-inflammatory drug); reduces aggregation of Ap
and induces neuroprotective microglial activation

Immunotherapy (FDA-approved for the treatment of
multiple myeloma); monoclonal antibody; targets
CD38 on glia cells; regulates microglial activity

Senolytic therapy; tyrosine kinase inhibitor (dasatinib)
and flavonoid (quercetin, nutritional supplement);
reduces senescent cells and tau aggregation

Cell therapy drug; autologous regulatory T cells;
reduces neuroinflammation

FDA-approved cancer drug; reduces inflammatory
cytokines; regulates innate and adaptive immune
responses

Small molecule; cysteinyl leukotriene type | (cysLT-1)
receptor antagonist; affects inflammatory processes,
neuronal injury, blood-brain-barrier integrity, and
AB protein accumulation

Immunotherapy; monoclonal antibody inhibitor of
semaphoring 4D (SEMAA4D); reduces inflammatory
cytokine release

Immunotherapy; monoclonal antibody targeting
SIGLEC-3 (CD33); reactivates microglia and
immune cells in the brain; improves microglial
clearance of toxic proteins

Small molecule; CSF-1R antagonist; blocks microglial
proliferation and production of cytokines (ILIJ and
TNFo)

Protein biologic; soluble TNFa inhibitor; reduces
neuroinflammation

(Haditsch et al., 2020)

(Lue et al., 2001)

(Ahlem et al., 2009)

(Wang et al., 2020)

(Brazier et al., 2017; Zhang
etal, 2018)

(Blacher et al., 2015;
Guerreiro et al., 2020)

(Zhang et al., 2019)

(Dansokho et al., 2016;
Plascencia-Villa and
Perry, 2020)

(Decourt et al., 2020)

(Lai et al., 2014; Morin
etal, 2014)

(LaGanke et al., 2017)

(Estus et al., 2019)

(Mancuso et al., 2019)

(MacPherson et al., 2017)

*Target/mechanism and clinical trial phases are based on ClinicalTrials.gov (2021).
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2015). A recent study revealed A plaque formation, neuro-
inflammation, and microglial activation in 5XFAD mice
(Marsh et al, 2016). Additionally, the loss of
IgG-producing B cells impairs microglial phagocytosis,
thereby inducing Ap deposition and worsening AD
pathology (Marsh et al., 2016).

Adaptive immunity in AD pathology has not been studied
using genetic deletion of key PRRs. The use of knockout mice
lacking key innate sensors in specific immune cell subsets will
reveal the cell type-specific requirements for these sensors in
instructing various aspects of adaptive immunity in AD
pathology.

Therapies for Alzheimer Disease

Currently, there is no effective therapy for AD except aduca-
numab; a new therapy for early AD was approved by the FDA
in 2021. Aducanumab is a human monoclonal antibody that
selectively targets aggregated AP (Sevigny et al., 2016).
Given the increasing incidence of AD globally, effective treat-
ment strategies for AD are urgently needed. Over the last two
decades, several drugs that decrease AP production or
increase Af clearance in the brain have been identified.
Although A plaques are the neuropathological hallmark of
AD, they are poorly correlated with AD severity and cognitive
dysfunction (Arriagada et al., 1992; Giannakopoulos et al.,
2003). Patients with AD in whom brain AP plaques were
cleared by anti-Af immunotherapy showed no cognitive
benefit (Holmes et al., 2008).

One possible target for intervention is neuroinflammation.
Indeed, neuroinflammatory biomarkers shed light on thera-
peutic target candidates such as soluble TREM2, RAGE,
CD38, CD33, and TNF-a (Table 2). Several studies have con-
sistently identified a link between the inflammasome and AD,
and microglia play a central role in linking inflammation with
neurodegeneration (Friker et al., 2020; Heneka et al., 2013;
Salter & Stevens, 2017; Venegas et al., 2017). In contrast,
an efficient adaptive immune system may prevent AD patho-
genesis by modulating microglial function (Marsh et al.,
2016). Further studies are needed to understand the role of
the innate immune system and microglia to explore whether
immune-based therapies can be designed for AD.

Tau-targeted therapies are another active area of investiga-
tion. As tau pathology correlates better with cognitive impair-
ments than AP lesions, targeting tau is expected to be more
effective than Ap clearance once clinical symptoms are
evident (Congdon & Sigurdsson, 2018). Unfortunately,
most initial anti-tau therapies based on the inhibition of
kinases or tau aggregation or on stabilization of microtubules
have been discontinued due to their lack of efficacy and tox-
icity (Congdon & Sigurdsson, 2018). Currently, most tau-
targeted therapies in clinical trials are immunotherapies,
which have shown promise in numerous pre-clinical studies
(Congdon & Sigurdsson, 2018).

Conclusions

Research in the past two decades have substantially expanded
our understanding of innate immune responses in AD pathol-
ogy. Emerging evidence suggests that aberrant microglial
function in innate immune responses and cell death are inex-
tricably linked to AD pathology. Therefore, innate immune
responses and cell death must be finely controlled to reduce
excessive neuroinflammation during the clearance of depos-
ited AP and tau. Nevertheless, the following questions
remain unanswered. What is the dominant innate immune
sensor-derived signaling pathway that controls neuroinflam-
mation and clearance of AP and tau deposition? What types
of cell death are involved in neuroinflammation in AD?
How can the innate immune response be balanced to reduce
excessive neuroinflammation while retaining its support for
the adaptive immune response? This association among
inflammasome, inflammatory cell death, and neuroinflamma-
tion in AD is being actively pursued by numerous studies, and
exploring the roles of these factors will help identify new drug
targets for combating this devastating neurodegenerative
disease.
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