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Abstract

Sections

Increasing evidence points to a pivotal role ofimmune processesin
the pathogenesis of Alzheimer disease, which is the most prevalent
neurodegenerative and dementia-causing disease of our time. Multiple
lines of information provided by experimental, epidemiological,
neuropathological and genetic studies suggest a pathological role
forinnate and adaptive immune activation in this disease. Here, we
review the cell types and pathological mechanisms involved in disease
development as well as the influence of genetics and lifestyle factors.
Giventhe decade-long preclinical stage of Alzheimer disease, these
mechanisms and their interactions are driving forces behind the
spread and progression of the disease. The identification of treatment
opportunities will require a precise understanding of the cells and
mechanismsinvolved as well as a clear definition of their temporal
and topographical nature. We will also discuss new therapeutic
strategies for targeting neuroinflammation, which are now entering
the clinic and showing promise for patients.
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Key points

o There is strong evidence for an inflammatory component
of Alzheimer disease.

e Extrinsic factors, such as brain trauma, diet, systemic and local
infections, and the gut microbiota, have an impact on the inflammatory
component of Alzheimer disease.

e Factors intrinsic to the host, including microglial phagocytosis,
barrier function in the brain, cellular metabolism and cell senescence,
also have a central role in neuroinflammation in Alzheimer disease.

o Astrocytes, oligodendrocytes, lymphocytes and peripheral
myeloid cells contribute to neuroinflammation in Alzheimer disease.

e Vascular cells become activated in Alzheimer disease and a leakiness
of the blood-brain barrier is observed. A contributing role of the
glymphatic system has also been described.

o New therapeutic approaches based on targeting the inflammatory
component of Alzheimer disease are currently being tested in clinical
trials. Future trials are also being designed to target these pathways.

Introduction

Alzheimer disease (AD) represents the most common cause of dementia,
accounting for roughly 70% of all cases, and givenits high care burden,
the disease is a major health care challenge. Neuropathologically, AD
is characterized by extracellular deposition of misfolded and aggre-
gated amyloid-3 (APB) peptides as well as by the formation of intra-
neuronal neurofibrillary tangles made of hyperphosphorylated tau
(p-tau). Although Alois Alzheimer described histological abnormalities
in astroglia and microglia, the changes seen in these cells were long
regarded as an irrelevant bystander effect. More recent studies have
challenged and substantially changed this view, and immune-mediated
disease mechanisms have become afield of intense researchand drug
developmentin AD. Consequently, one must consider whichimmuno-
logical process at which time point can be harnessed for therapeutic
intervention. While, ingeneral, suchimmune modulation may include
preventive, disease-modifying or even acute therapeutic strategies,
it is commonly accepted that clinically silent or even inapparent
disease stages may hold the greatest potential for suchinterventions.
Identification and definition of pre-dementia stages of AD, such as sub-
jective cognitive impairment and mild cognitiveimpairment, together
with biomarker discovery may allow delineation of the time, duration
and sites whereimmune interventions will successfully interfere with
disease pathogenesis and progression. In this Review, we summarize
and weigh the current knowledge onimmune processesin AD. Starting
with a review of human evidence for an inflammatory component in
AD, we then describe the individual cellular compartments and spe-
cificimmune mechanisms that contribute to disease pathogenesis.
Several of these mechanistic studies have been performed in animal
models displaying a specific pathology, forinstance, deposition of tau.
While the detailed phenotypes, advantages and limitations of these
animal models of AD are reviewed elsewhere', we focus here on the
specificimmunological aspects of these models and relate these to
the human disease.

Evidence for an inflammatory component in AD
Brain pathology and microglial changesin AD

Theterm ‘plaques’wasintroduced in 1898 —almost 7 years before Alois
Alzheimer described AD — for structures that are today known as A3
plaques in the AD brain*”. Glial cells surrounding these plaques had
already been described and it was speculated that these plaques were
of glial origin*”. Itis now clear that microglia are reactive and increased
innumberinthe AD brain as well as being associated with Ap plaques®”’,
neurofibrillary tangles' and complement factors® (Fig. 1). These micro-
glia generate immune mediators, such as cytokines, chemokines,
inflammasomes and reactive oxygen species (ROS)*""*¢, and contrib-
ute to both the asymptomatic and symptomatic disease stages's.
Microglia are also likely to influence the clinical and pathological
disease phenotype®. In humans, topographical associations have
beenreported for microglia with AB and p-tau but not between A3
and p-tau, which is consistent with microglia playing a pivotal role
in AD pathogenesis®. Diffuse AP plaques are present in the brains of
middle-aged and older individuals who are cognitively normal?, and
markers of homeostatic microglia (such as ionized calcium-binding
adaptor molecule1(IBA1), puringericreceptor P2Y12R and transmem-
brane protein119 (TMEM119)) are downregulated following the appear-
ance of AB*. While neuritic plaques are defined by the presence of AB,
the presence of p-tau and activated microglia are additional features
of AD*, with these microglia expressing the phagocytic markers CD68
and macrophage scavenger receptor A (MSRA)**. Of note, there is wide
variation in Ap deposits with different involvement of microglia seen
in the brains of patients with AD*. AB in neuritic plaques tends to be
more fibrillar, with dense cores, and has amore varied composition with
the presence of the 40-residue isoform AB,,, the 42-residue isoform
AP,,, the 43-residueisoform Af,;, N-terminally truncated AB and other
post-translationally modified forms of AB*%, AD cases with an atypi-
cal clinical presentation show a different spreading and morphology
of pathological hallmarks, associated with different levels and spatial
localization of microglial activity'>”, This supports the hypothesis that
the spatial activation of microglia is involved in both the clinical and
pathological presentation of the disease. In conclusion, microglial acti-
vationisanearly eventin AD thatisinstrumental for the morphology of
AP deposits, the spreading of pathology and the clinical presentation
of patients with AD*.

Biofluid biomarkers of inflammation

Evidence for an ongoing chronic inflammatory disease component
in AD has been further substantiated by probing inflammatory bio-
markers in cerebrospinal fluid (CSF) or in blood samples and by the
development of microglial positron-emission tomography (PET)
tracers suchastranslocator protein (TSPO) ligands. Although the first
studies on biofluid-based biomarkers for inflammation — primarily
involving CSF or blood-based protein markers — date back nearly
30 years®, there remains an unmet demand for reliable biomarkers
that monitor the various aspects of AD neuroinflammation. Studies
on ‘classical’ inflammation markers, like C-reactive protein (CRP) or
pro-inflammatory cytokines, are large in number but have shown
limited consistency in meta-analyses®-*. Quantitation of inflam-
matory mediators, such as cytokines in CSF, can be hampered by
the sensitivity of detection technologies®, but novel ultra-sensitive
immunoassays, including single-molecule array, proximity exten-
sion assay and nucleic acid-linked immuno-sandwich assay, or
measurement of brain-derived exosomes might overcome such

limitations>~°.
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For CSF, a few proteins have emerged as robust markers to moni-
tor neuroinflammation in AD due to their reproducible relationship
to pathological features of the disease. These proteins are soluble
triggering receptor expressed on myeloid cells 2 (TREM2), which
is a marker of microglial activation; YKL-40, which is an astroglial
inflammation marker; and glial fibrillary acidic protein (GFAP), which
serves as a marker of astrocyte reactivity” %, although its appropri-
ateness as astandalone marker is still under debate. Interestingly, the
CSF GFAPsignalin ADis robustly replicated in serumand plasma, with
increases in plasma and serum GFAP concentrations closely associ-
ated with the onset of cerebral Ap pathology*’, which likely reflects
astrocytic reactivity in response to pathology*'. Extensive proteomic
studies that include validation in biofluids have described several
other inflammatory messengers within sets of proteins affected by
AD pathology*. Furthermore, novel immunoassays might enable the
detection of inflammasome components, such as NACHT, LRR and
PYD domains-containing protein 3 (NLRP3) and apoptosis-associated
speck-like protein containing a CARD (ASC), as biomarkers of inflam-
masome activationin AD*>**, with these being therapeutic targets that
are soon to be clinically tested in neurodegenerative disease®. There
is also growing interest in the detailed analysis of CSF leukocyte gene
expression patterns. By their nature, CSF or blood-based fluid biomark-
ersdonot help withascribinginflammatory processes to specific brain
areas and cannot be used to assess the spatial and temporal spread of
inflammation over the entire disease trajectory. Nevertheless, they
will likely be instrumental in detecting overall changes occurring in
brainhomeostasis and neurodegeneration, thereby helping to identify
individuals at risk for disease who can then undergo more detailed
investigations.

Molecularimaging and PET

Changes in regional brain pathology can be partly determined by
molecularimaging techniques, including PET, that allow for temporal
and spatial analysis of the living human brain. To visualize microglial
reactivity by molecular imaging in human brain, radiopharmaceu-
ticals have been developed that target TSPO, which is an 18-kD pro-
tein found within the outer mitochondrial membrane*®. Although
TSPO is expressed by microglia, astrocytes and endothelial cells, its
upregulation in response to activation is particularly prominent in
microglia”’. Current research aims to develop radiotracers that target
receptors more specific to microglia (for example, P2X7R, P2Y12R and
CX;C-chemokine receptor1(CX;CR1))inorder to visualize changesin
these cells***°, Of the second-generation TSPO tracers, two radiotracers
(DPA-714 and PBR28) have shown higher binding potential (twofold to
threefold) and reduced background activity in comparison to PK11195,
afirst-generation TSPO tracer*’. In patients with AD, increased PBR28
binding (to temporal and parietal brain regions) correlates to higher
levels of cognitive impairment and atrophy°' as well as greater regional
tau and AP deposition®. In a longitudinal study (2.7 years), patients
positive for AP had agreater increase in TSPO binding in several brain
regions compared to controls, and changes in TSPO binding corre-
lated well with cognitive decline®’. These results indicate that TSPO
could serve as a biomarker of AD progression in patients and be used
to measure the response to anti-inflammatory therapies™.

By contrast, in prodromal AD, increased TSPO binding (as meas-
ured with DPA-714) in the temporoparietal cortex positively corre-
lated with improved Mini-Mental State Examination (MMSE) scores
and grey matter volume and slowed cognitive decline®*. In this study,
30 patients with AD were stratified into slow or fast decliners after

2 years of follow-up. Excitingly, slow decliners showed higher TSPO
binding than fast decliners®*. These results demonstrate that reactive
microgliosis occurs during the prodromal and preclinical stages of
AD, and that it may even play a protective role at the very early stages
of disease®***. Moreover, in patients with clinical AD, an increase of
DPA-714 binding was observed at follow-up. The correlation between
increasing DPA-714 binding and poorer clinical outcome measures
(forexample, clinical dementia rating, MMSE, hippocampal atrophy)
suggests a detrimental effect of increasing levels of neuroinflamma-
tion on clinical AD progression once the disease has developed*®.
In contrast, high initial DPA-714 binding was correlated with a low
dynamic increase of microglial reactivity and a favourable clinical
course. Another study has proposed an early and late peak of reactive
microgliosisin AD trajectory”. Together, PET-based microglialimaging
can decipher several microglial phenotypes at various disease stages
and represents a non-invasive biomarker that may be used to assess
future immune-modulating therapiesin AD.

Immune-related genetics

Strong support for the inflammatory hypothesis in AD has come
from genome-wide association studies (GWAS). GWAS have not
only unravelled a direct genetic connection of inflammation to dis-
ease pathogenesis but also hold promise for the identification of
inflammation-related therapeutic targets. In total, the percentage
of diseaserisk for AD that can be attributed to inheritable genetic fac-
tors has been estimated to be between 56% and 79% in twin studies®,

The development of high-throughput genomic approaches over the
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Fig.1|Microglial cell responses at sites of AP deposition. Oligomeric or
fibrillar amyloid-p (AB) acts as a danger-associated molecular pattern to activate
surrounding microglial cells. The microglia release immune mediators, including
complement factors, chemokines and cytokines, as well as reactive oxygen
species (ROS) and nitric oxide. Microglia attempt to phagocytose A at the site of
deposition and can proliferate. Finally, microglia also undergo cell death at sites
of AB deposition. Activation of the NACHT, LRR and PYD domains-containing
protein 3 (NLRP3) inflammasome can drive an inflammatory form of cell death,
namely pyroptosis, which is associated with the release of apoptosis-associated
speck-like protein containing a CARD (ASC) specks that can promote further
tissue inflammation.
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Table 1| A non-exhaustive list of the most relevant genes with risk variants for AD

AD-related Description

Suggested role in AD

risk factor
ABCA7 A member of the superfamily of ABC transporters Genome-wide association study-identified risk factor for early-onset and late-onset AD.
Has a role in lipid homeostasis and transport in the brain and plays a role in phagocytosis
of microglia. Defects repress A3 clearance
ABI3 Member of an adaptor protein family that regulates actin  Highly expressed in microglia and relevant for AR plaque-mediated microglial activation.
polymerization Loss of its activity leads to increased cytokine levels, neuroinflammation and A3 plaque
accumulation. Defects lead to a decrease in microglia number and mobility in the brain
ACE2 Enzyme cleaves angiotensin | and angiotensin Il and is Its activity is reduced in AD brains, which correlates with increased neuroinflammation
involved in regulating intestinal amino acid homeostasis, and oxidative stress. In the brain, ACE2 converts angiotensin Il into angiotensin-(1-7),
expression of antimicrobial peptides and the ecology of ~ which protects from inflammation and oxidative stress
the gut microbiome
ADAM10 Transmembrane metalloproteinase that cleaves the The a-secretase cleaves APP within the AR sequence, reducing AR production. Defects
ectodomain of transmembrane proteins, including increase extracellular AB plaque formation. It is also relevant for keeping normal synapse
adhesion proteins, growth factor precursors and functions. Relevant for hippocampal neurogenesis. It may influence tau pathology
cytokines
APH1B Functional component of the y-secretase complex, Variants are associated with increased AD risk. Component of the y-secretase complex.
which enables the intramembrane cleavage of integral Involved in intramembrane cleavage of APP, producing AB. Dysregulated expression
proteins including APP increases A plaque formation
APOE A core component of plasma lipoproteins that is The 4 allele of this risk factor is related to sporadic AD, whereas the €2 allele is
involved in their production, conversion and clearance protective. It has a role in lipid transport and metabolism as well as in membrane
integrity and repair. Role for metabolism and clearance of AB. Accumulation of more AR
plaques in the presence of an €4 variant. The €4 variant drives earlier and more abundant
AR deposits and also leads to a stronger tau aggregation and spreading. The neuronal
€4 variant promotes tau phosphorylation and leads to increased neuroinflammation
and cell death
BIN1 Involved in synaptic vesicle endocytosis and may Risk factor for late-onset AD, relevant for AR production and clearance and involved
interact with dynamin, synaptojanin, endophilin in tau pathology. It is involved in neuronal synapse transmission and also expressed in
and clathrin microglia, where it is important for their activation and their role in neuroinflammation.
Defects lead to an accumulation of enlarged early endosomal vesicles and
neurodegeneration as well as activation of pro-inflammatory and disease-associated
responses of microglia
CD2AP Scaffolding molecule that regulates the actin Variants of this risk factor affect its protein function and increase susceptibility for AD.
cytoskeleton Defects lead to increased AR production and plaque formation as well as to tau fibrillar
tangle accumulation. CD2AP contributes to maintaining blood-brain barrier integrity. It
is involved in synaptic plasticity and structure especially in pre-synapses. Also important
for dendrite branching and spine density
CR1 Member of the receptors of complement activation This risk factor for late-onset AD plays a role in phagocytosis of AB, and complement
family receptor 1variants lead to the accumulation of AR plaques and to increased
neuroinflammation. It is a receptor for components of the complement system of the
immune system, which is relevant in regulating clearance of cell debris and pathogens
ECHDC3 Enoyl-CoA hydratase domain-containing 3, Modulates neuroinflammation and has a role in lipid metabolism and endolysosomal
mitochondrial membrane trafficking
FERMT2 Scaffolding protein that enhances integrin activation Relevant for APP metabolism, it modulates APP processing by direct interaction with
mediated by TLN1and/or TLN2 but activates integrins APP and by processing it to AB. Defects promote A production; it affects synaptic
only weakly by itself plasticity and connectivity as well as axonal growth and guidance. Low expression of
FERMT2 has negative effects on neuronal health, axonal growth and synaptic function
HS3ST1 Member of the heparan sulfate biosynthetic enzyme Relevant for sulfation of heparan sulfate, which affects Af3 aggregation, plaque formation
family and its clearance as well as tau aggregation speed and aggregate internalization.
3-O-sulfated heparan sulfate can be identified in AD brains. Sulfated heparan sulfate
interacts with various receptors and proteins involved in inflammation, possibly
impacting neuroinflammation
IL34 Cytokine that promotes the differentiation and viability Involved in monocyte differentiation. Highly relevant for development, survival
of monocytes and macrophages through the CSF1IR and function of microglia. Binds to CSF1R to promote microglial cell proliferation and
survival. Relevant for AR clearance
MINK1 Serine-threonine kinase that acts as a negative regulator ~ Associated with increased AD risk. Involved in various phosphorylation pathways and
of Ras-related Rap2-mediated signal transduction to associated with inflammation in the brain. Required for keeping synaptic integrity and
control neuronal structure and AMPA receptor trafficking  function, thereby important for cognition and memory
PLCG2 Transmembrane signalling enzyme that catalyses Gene variants modify AD risk. Expressed by microglia regulating their activity, including

the conversion of 1-phosphatidyl-1D-myo-inositol
4,5-bisphosphate to 1b-myo-inositol 1,4,5-trisphosphate
and diacylglycerol using calcium as a cofactor

response to AR deposition. Its increased activity improves microglia functions such as
phagocytosis. Associated with the inflammatory response via signalling pathways that
regulate production of inflammatory cytokines and chemokines
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Table 1 (continued) | A non-exhaustive list of the most relevant genes with risk variants for AD

AD-related Description

Suggested role in AD

risk factor
PLD3 Member of the phospholipase D family of enzymes that Linked to increased risk for AD. Negative regulator of Af production and reduced
catalyse the hydrolysis of membrane phospholipids expression correlates with higher AB plaque loads, whereas higher expression levels
correlate to attenuated cognitive decline and lower A loads in patients with AD.
Positively linked to the number and size of endolysosomal vesicles in neurons as well
as to A3 metabolism
PRKD3 Serine-threonine protein kinase D family member. Associated with increased AD risk. May affect the production and clearance of A3;
Converts transient diacylglycerol signals into prolonged  potentially involved in vesicle trafficking. Plays a role in different signalling pathways
physiological effects, downstream of PKC. Involved in regulating neuronal differentiation, survival and apoptosis. Potential role in inflammatory
resistance to oxidative stress responses in the brain
PTK2B Protein tyrosine kinase that is involved in Associated with late-onset AD, interacting with A3 as well as with tau pathology.
calcium-induced regulation of ion channels and Modulates AR toxicity and colocalizes with p-tau in AD. Relevant for regulating
activation of the MAP kinase signalling pathway neuroinflammation by affecting microglia activity. Defects lead to increased
neuroinflammation. Highly expressed in neurons, affecting synaptic plasticity and
signalling. Involved in tau phosphorylation by regulating several tau-modifying kinases
SCIMP Scaffold protein, expressed by antigen-presenting cells ~ Variants increase AD risk. Regulates immune responses in microglia upon AR exposure.
and is localized in the immunological synapse Relevant for neuroinflammation as its dysregulation causes cerebral inflammation.
Involved in pro-inflammatory signalling in Toll-like receptor-activated macrophages.
Upregulated in microglia in mouse models of AD
SHARPIN Involved in protein linear polyubiquitination and Related to late-onset AD. Its expression is enhanced by AB-induced oxidative stress.
regulation of signal transduction Relevant for the regulation of AR phagocytosis in peripherial macrophages. Enhances
AR clearance and reduces AR plaque load. It has a role in regulating inflammatory
responses in the brain by activation of the NF-«kB pathway
SLC2A4 Protein that functions as an insulin-regulated facilitative  Insulin-regulated glucose transporter. Defects or dysfunction contribute to insulin
glucose transporter resistance and metabolic deficits in AD, which can increase oxidative stress and
neuroinflammation. Upregulated in AD temporal cortex microglia and involved in
fuelling active synapses in neurons
SORL1 Sortilin-related receptor. Sorting receptor for Associated with AD risk and relevant for processing and trafficking of APP away from
several cellular proteins, including APP sites producing AB. It interacts with APOE and tau and may affect tau aggregation and
spreading. Involved in AR clearance
TREM2 Triggering receptor expressed on myeloid cells 2. Associated with late-onset AD affecting AR clearance and tau expression, aggregation,
Forms a receptor signalling complex with TYROBP to spreading, and its phosphorylation. Primarily expressed by microglia and relevant for
mediate cell activation. Can bind APP cleavage products their survival, proliferation and function. Modulates inflammatory responses via galectin
3 and is involved in regulating the production of cytokines and chemokines
UNC5C Belongs to the UNC5 family of netrin receptors. Receptor  Associated with developing AD and late-onset AD. Enhances neuronal susceptibility

for netrin required for axon guidance

to AB toxicity and promotes cell death via apoptosis, in particular in the absence of
netrin 1. Relevant in DAPK1-mediated tau hyperphosphorylation and neuronal apoptosis
in relation to A accumulation and tau pathology. Related to changes in brain structure
and atrophy rates in the hippocampus and precuneus

AB, amyloid-3; AD, Alzheimer disease; APOE, apolipoprotein E; APP, AB precursor protein; CSF1R, colony-stimulating factor 1 receptor.

past 15 years majorly improved our knowledge of AD genetics®®, and
GWAS and next-generation sequencing approaches have now identified
more than 80 independent genetic loci that modulate the risk of AD®-**
(Table1). Pathway analysis using these genetic findings has identified
bothinnate and adaptiveimmune responses as key contributing path-
ways for AD pathogenesis®***. It has also been shown that many AD risk
alleles specifically activate enhancers in microglia®. In fact, close to
25% of the identified potential AD genetic risk factors could be highly
orexclusively expressed by microgliaand/or linked toimmune-related
function®. Several of these genes encode mediators that are involved in
microglial responses, including factors that activate microglia (such as
IL-34 and apolipoprotein E (APOE)), immune receptors (TREM2, tran-
scription factor PU.1(encoded by SP/1), membrane-spanning 4-domains
subfamily Amember 4A (MS4A4A), MS4A6A, HLA-DQAland CD33)¢,
signalling intermediates (phospholipase Cy2 (PLCG2), protein tyros-
ine kinase 23 (PTK2B) and phosphatidylinositol 3,4,5-trisphosphate
5-phosphatase 1 (INPP5D)) and molecules linked with the cytoskeletal
machinery (ABI3 and EPHAL). Other genes encode molecules linked to

additionalimmune-related responses such as complement regulation
(complement receptor 1 (CR1) and clusterin (CLU)).

Recently, a large meta-GWAS by the European Alzheimer and
Dementia Biobank reaffirmed most previously detected immuno-
logical loci. Crucially, it also provided genetic evidence linking the
linear ubiquitin chain assembly complex (LUBAC) to AD®*. Compris-
ing SHARPIN, RBCK1 and OTULIN, LUBAC is a high-confidence AD
risk factor, unique in forming linear ubiquitin chains and pivotal in
inflammation and immunity research. LUBAC is integral to NLRP3
inflammasome activation, impacting innate immune responses and
AP pathology in AD. It is also involved in autophagy, specifically in
modifying TAR DNA-binding protein 43 (TDP43)-positive neuronal
inclusions, potentially triggering autophagic clearance. Importantly,
the same GWAS study also supported the significance of the TNF sig-
nalling pathway in AD. Genetic loci, such as ADAMI17, which encodes a
metalloproteinase crucial for the activation of TNF signalling®®, and
TNIP1, which encodes a factor that inhibits the TNF pathway®’, were
identified. Other relevant factors include SPPL2A, which has arole
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in non-canonical TNF shedding’®, and progranulin (PGRN, encoded

by GRN), which functions as a TNF receptor ligand and antagonist”’.

Genetics studies also suggest a role for adaptive immune
responses mediated by HLA-DRB1 (and more specifically a protective
role of the HLA-DRBI*04 subtype), potentially by enabling immune
targeting of tau, especially the K311-acetylated form of tau’ that
potentiates aggregation of the tau PHF6 fragment”. Importantly, AD
research has also shown that tau pathology depends on Af342-evoked
neuroinflammation and may be linked to microglia connecting both
major pathological hallmarks of AD™, Functional genomics will now
be the focus of ongoing work to enable the translation of genetic risk
factorsto therapeutics.

Epigenetics

Emerging evidence points to animportant role of epigenetics in the
regulation of microglia during AD pathogenesis’’*°. Microglia, as well
as other tissue-resident macrophages, show a high degree of epige-
netic heterogeneity between tissues and disease states®’. They also
display lineage-specific characteristics and epigenetically primed
responses according to the context and previous events®**, Chroma-
tin compaction®*, DNA methylation®®¢, and histone acetylation®*®’,
methylation®**%%°, phosphorylation®° or lactylation” are modified in
microgliain response to different stimuli. Additionally, microglia are
alsoregulated by non-coding RNAs, among which microRNAs (miRNAs)
seem to play a prominent role in controlling microglia-specific gene
expression and proteostasis. Changes in microglia-specific miRNAs are
observedinliquid biopsies from patients with early AD and can predict
disease progression®>”*, While such epigenetic alterations can persist
and may even transmit across generations, they are also reversible™.
Interventions targeting epigenetic mechanisms, including treatment
with DNA methylation® and histone deacetylase (HDAC)® inhibitors,
RNA therapeutics®™?”, and depletion of key components of the epige-
netic machinery such as DNA methyltransferase 1(DNMT1)*®, ten-eleven
translocation methylcytosine dioxygenase 2 (TET2)°’, HDAC1 and
HDAC?2 (refs. 83,100), sirtuin 1 (SIRT1)'”", polycomb protein embryonic
ectoderm development®*'°2, and Jumonji domain-containing protein 3
(JMJD3)*, can modify microglial cell responses. Intriguingly, these
effects candiffer based on contextual factors and the brain’s prior state,
leading to contrasting outcomes during brain development, homeo-
stasis and disease®"'°*1°*1%* In conclusion, epigenetic processes help to
shape microgliadynamics and responses to future events®*'%7, mak-
ing the epigenome an attractive drug target. Whether this hypothesis
will withstand causal validation with epigenetic editing tools remains
to be determined but, currently, it provides an exciting framework
for future work.

The exposome — can lifestyle factors

modulate inflammation?

While genetic and epigenetic influences may still be viewed as ‘given’
and ‘unchangeable’, several lifestyle behaviours and environmental
factors, whichare collectively described as the exposome, modify the
risk of developing AD. Several of these factors are directly or indirectly
linked to the immune system, as we summarize below.

Brain trauma

Traumatic braininjury (TBI) is one of the mostimportant non-genetic,
non-age-relatedrisk factors for developing dementia, which correlates
consistently with the number and severity of TBIs'**""'°, An association
betweenasingle moderate-to-severe TBland AD neuropathologyisless

clear, with multiple studies showing no association""*; however, other
studies have found anassociationbetween TBI with aloss of conscious-
nessandincreased Ap plaque burden, suggesting that the severity of TBI
relates to AB deposition™*"*, Notably, exposure to years of repetitive
mild TBIs (such as those that occur in contact and collision sports as
well asinmilitary soldiers exposed to multiple mild concussive events)
isarisk factor for developing chronic traumatic encephalopathy, aneu-
rodegenerative disease characterized by tau pathology in the cortical
sulci and around blood vessels>"°, Both a single moderate-to-severe
TBland repetitive mild TBIs are associated with chronic vascular injury
and blood-brain barrier (BBB) disruption'”"® as well as with persistent
microgliosis"*?°, Additionally, A precursor protein (APP) is accu-
mulated in axons with diffuse injury after TBI, increasing the risk for
AB accumulation''. Due to the elevated levels of neuroinflammation
common to TBland AD, it is hypothesized that immune responses
that occur after TBl accelerate or even trigger AD-prone neuropatho-
logical cascades during normal ageing or inindividuals with a specific
genetic predisposition. Even after amild TBI, microgliaand astrocytes
remain persistently reactive'”, secreting inflammatory mediators,
such as IL-1B, IL-6, TNF and ASC, that contribute to neurodegenera-
tion post-injury through increased APP transcription'?, y-secretase
expression'”, reduced microglial phagocytosis'®, and pathological
post-translational modifications of tau such as hyperphosphorylation™
and acetylation'?. Furthermore, in a vicious cycle, the accumulation
oftoxic peptides and proteins associated with neurodegenerative dis-
orders may also enhance and perpetuate glial responses to traumatic
injury, leading to significantly higher secondary damage and acceler-
ated neurodegeneration'”. Persistent neuroinflammation following
TBI may also mediate the increased risk for other neurodegenerative
diseases such as Lewy body disease?® and TDP43 disease'”.

Diet and exercise

Several lifestyle factors influence dementia risk via neuroinflamma-
tory processes”"*. Higher physical activity™*'** is associated with
reduced dementia risk and lower inflammatory markers in human
blood"™*'*, The association with cognitive performance is largely
mediated by the amount of activated microglia™®. In animal models,
increased physical activity aswell asan enriched environment attenuate
the neuroinflammatory response to Ap pathology, resulting in reduced
cytokine release** ¥ altered microglial phagocytic activity '
and improved cognition™"38140142143 By contrast, a sedentary lifestyle
combined with lack of a balanced diet increases the risk for midlife
obesity, midlife hypertensionand diabetes™*'*, which are established
risk factors for dementia™. These processes caninduce wide-ranging
metabolic changes and systemic chronicinflammation'*®**’, Systemic
inflammation and innate immune memory can, in turn, affect neuro-
inflammatory and neurodegenerative processes in the brain®'*54,
Accordingly, pro-inflammatory dietary patterns associate with
cognitive decline-related blood-proteome changes®’, high risk for
dementia®™ and reduced brain volume', while opposite association
patterns are observed for abalanced, Mediterranean diet"* . Promot-
inganactive, stimulating lifestyle and a balanced diet (for example, by
multi-domain behavioural interventions™®) therefore holds promise in
preventing dementia and reducing neuroinflammation in AD.

Systemic infection and inflammation

Itisgenerally accepted that peripheral inflammationimpacts demen-
tia. For example, enhanced cognitive decline was consistently found
in patients with existing AD pathology who additionally experienced
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peripheral infections (for a review see Bettcher et al."*’). Many infec-
tions are linked with a significantly increased risk for developing AD
and vascular dementia, and increasing numbers of infectionsincrease
risk in a cumulative fashion'®. In mice, it has been shown that sys-
temic inflammation induced by exposure to bacterial lipopolysac-
charide (LPS) exacerbated Af and tau pathology, for example, through
enhanced inflammatory activation and reduced clearance of A and
tau'*®'1°1%2 Interestingly, not only external bacterial challenges but
also sterile inflammatory, autoimmune and allergic responses affect
braininflammation'®. Inhumans, elevated levels of TNF and acute sys-
temicinflammatory events were associated with more rapid cognitive
decline over a 6-month period'*®. Exacerbated pathology is often due
to enhanced inflammatory responsesin the brain of patients, and this
isalso seenin animal models.

Mechanistically, inflammation causes ‘priming’ of microglia that
leads to asevere inflammatory response in the pathologically altered
brain and, in turn, drives further functional deterioration'**'*, Inter-
estingly, epidemiological studies have also provided strong evidence
that peripheralinflammationincreases dementiarisk when the inflam-
matory insult occurs up to two decades earlier'®®. The mechanisms of
these long-term effects are much less clear but may involve epigenetic
reprogramming of microglia, leading to long-lasting innate immune
memory (or ‘trained immunity’) in the brain that is sufficient to alter AD
pathology inmouse models®. Such epigenetically driven changes have
beendescribed in peripheral macrophages'**'*’, but whether microglial
innateimmune memory also exists in the human brain requires further
investigation. Trained immunity may have beneficial functionsin the
periphery, such as enhanced pathogen clearance, but it may drive
hyperinflammationin the brain, thereby exacerbating pathology. There
is some evidence that patients with AD who died with infection show
higher levels of brain IL-1f than those who died without infection'*® and
LPS-induced systemicinflammationis known to potentiate IL-1p activ-
ity, driving further inflammasome activation and exacerbating both
AP and tau pathology. Conversely, while immune tolerance may lead
toimmune paralysisin the periphery, increasing the risk for secondary
infections, it may be beneficial in the brain by inhibiting detrimental
microglial reactivity®>'®’,

Poor oral health and periodontitis

Periodontal disease represents asubtle and chronic formof peripheral
inflammation. Support for an influencing role of oral hygiene comes
from works linking microbiome dysbiosis to the development of
dementia in later life’*>’°, LPS from the outer surface membrane
of Gram-negative bacteriais astrongimmune system activator'”’. The
Gram-negative anaerobe Porphyromonas gingivalis is considered a
keystone bacterium'?in generalized periodontitis’”*. This bacterium
and its virulence factors are found in autopsied AD brains'”* 7, The
infection is responsible for causing extensive oxidative damage in
a genetically modified ApoE knockout (ApoE”") mouse model orally
infected with P. gingivalis to initiate experimental periodontitis'”’.
P.gingivalisinfection and P. gingivalis-LPS-induced neuroinflammation
were studied in mouse models”**' and it was reported that P. gingivalis
induced classical complement pathway activation following oral infec-
tions. A subsequent report demonstrated release of pro-inflammatory
cytokines, suchas TNF, IL-6 and IL-1B, in the brains of middle-aged mice
and also highlighted the involvement of the TLR4-NF-kB signalling
pathway™'. Another study found several types of microglial reactiv-
ity states™’ similar to those that account for cytokine secretion in the
human brain'®, Taken together, there are multiple hints that oral health

my influence therisk and course of AD. Further clinical and experimen-
tal data have toidentify the precise mechanisms and time at which oral
healthinteracts with disease pathogenesis.

Gut microbiome

In addition to the oral microbiome, the gut microbiome may influ-
ence immune processes in the brain. It was shown in mice that the gut
microbiome essentially educates and shapes microglia responses to
pathological insults. Strikingly, rats receiving faecal transplantation
from patients with AD develop AD-like symptoms'*. Conversely, faecal
transplantation from healthy mice to AD model animals reduces disease
pathology'®'*¢, Disease microbiomes can be modified, for example,
the traditional Indian medicine Triphalawas shown to positively affect
cognitive parameters in mice with AD and reduce serum A levels by
shifting the microbiome to Bacteriodetes and Verrucomicrobiota phyla
with areduction of Cyanobacteria'®.

There are several routes of communication between the gut micro-
biome and the brain, including the vagus nerve, the stress-associated
hypothalamic-pituitary-adrenal axis, direct or indirect modulation of
neurotransmitters and short-chain fatty acids (SCFAs) and other metab-
olites (reviewedinrefs.188,189). The BBB controls brain entry of periph-
eralimmune cells and immune mediators. Microbiome-originated LPS
and SCFAs may impair the permeability of the BBB"°** and affect
homeostasis, maturation and reactive microgliosis, for example, by
SCFA binding to free fatty acid receptor 2 or TLR4 (refs. 193,194). In
germ-free'” mice, the BBB has a higher permeability'. The BBB per-
meability in germ-free mice is rescued by mono-colonization with
SCFA-producing bacterial strains'®.

In germ-free mice, there are global defects in microglia mor-
phology and maturity. Temporal eradication of the microbiome
subsequently leads to severe changes in microglial properties'®.
Microgliain germ-free animals have enhanced A3 uptake at early dis-
ease stages'”® and protect against tau-related neurodegeneration'”.
Antibiotic-induced microbiome depletion disrupts the BBB in adult
mice'”® and may allow peripheral immune cells to enter the brain'®’.
Therapy with Bifidobacterium and Lactobacillus species-based pro-
biotics after antibiotic administration improves BBB integrity and
memory deficitsin mouse models of AD**"?°°, In addition, microbially
derived metabolites from tryptophan andindole that access the brain®”!
have an anti-inflammatory effect on microglia and astrocytes. These
metabolites bind the aryl hydrocarbon receptor, which then inhib-
its NF-kB-mediated pro-inflammatory pathways®**2°*, Primary and
secondary bile acids that cross the BBB bind to microglial Takeda
G protein-coupled receptor 5(TGRS5) and induce an anti-inflammatory
phenotype®® by inhibiting the pro-inflammatory NF-kB pathway via
proteinkinase A*°*?”, therefore also blocking activation of the NLRP3
inflammasome®®, The conjugated bile acid tauroursodeoxycholic acid
reduces gliosis in the context of AD, resulting in reduced Ap plaque
formation and cognitive decline’”. Despite these various lines of evi-
dence for adisease-modulating role, the precise mechanisms through
which microbiome alterations interfere with disease progression need
to be better understood.

Additional environmental or personal lifestyle factors may
contribute to AD pathogenesis by stimulating, aggravating or accel-
erating neuroinflammation but such aninfluence may depend on the
genetic background of each individual. Studying gene-exposome
interactions may therefore be important to pinpoint which genetic
backgrounds and lifestyle factors combine to mediate detrimental as
well as protective effectsin AD.
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Box 1| CNS-associated macrophages:
an overview

For many years, the ontogeny of central nervous system (CNS)-
associated macrophages was unclear and they were thought to
originate from bone marrow-derived monocytes®™°. However,
elegant fate-mapping experiments have proven their prenatal
origin from distinct yolk sac progenitors described as c-KIT*
non-committed erythromyeloid progenitors®*®*'. These progenitors
engraft via the CNS surface to the embryonic mouse brain
parenchyma at embryonic day 9.5 where they locally migrate,
expand and finally gain their typical arborized morphology.
Microglia are relatively long-lived cells with a lifespan of several
years, and they divide very slowly at estimated rates of about 0.5%
with considerable differences in various CNS regions in mouse

and human®?°%, Microglial cells in the steady-state CNS undergo
self-renewal without any input from circulating haematopoietic cells,
which are excluded by the tight blood-brain barrier®***°. As typical
tissue macrophages, microglial cells are thought to be extremely
sensitive to even minute changes in their microenvironment. As
such, they are considered to be tremendously plastic cells that can
quickly adopt multiple functional and morphological phenotypes,
influenced by environmental cues. The recent advent of several
novel single-cell technologies and innovative fate-mapping
studies have shed new light on the transcriptional and cellular
heterogeneity of microglia in mouse and human®®’. Microglial cells
are characterized by distinct transcriptional, epigenetic, proteomic
and functional profiles during development, homeostasis and
perturbation?*°®, During pathology, several microglial states

have been defined leading to a perplexing nomenclature of
context-associated microglial signatures?'“#??126159-601 \Whether
this endless description of putative novel microglial clusters or
even subsets is meaningful and whether these reflect real distinct
biological conditions remains to be determined.

Microglia and pathophysiological processes in AD
Microglial cell transcriptomes and differences between
murine and human microglia
Inthecentralnervoussystem(CNS),localmacrophagesexistintwodistinct
flavours: either as juxta-neuronal macrophages in the parenchyma —
where they are traditionally called microglia — or as resident macro-
phages at CNSinterfaces such as the leptomeninges, the perivascular
space and choroid plexus?°?2, These border macrophages comprise
the CNS-associated macrophages (CAMs) (Box 1). CAMs are positioned
atstrategicallyimportant CNS boundaries but their functions are not
yet fully understood as was recently discussed”®*"* 2",

Nevertheless, theidentification of microglial phenotypesthat are
associated with neurodegeneration”® in mouse models of AD? has
sparked considerableinterestin these cells. However, mouse models of
AD only partially recapitulate the complex brainenvironment encoun-
tered in patients with AD. Human microglia respond to a plethora of
environmental signals in the AD brain and genetic variations can also
affect microglial function. Bulk analysis of microglia isolated from
the brain tissue of children or adults who were cognitively healthy led
to the identification of a homeostatic microglial cell gene expression
signature”®?°, Homeostatic microglial marker genes include genes

encoding microglia-enriched surface receptors such as CX,CR1, P2RY12
and TMEML119. The generation of single-cell and single-nuclei transcrip-
tomicdatafromisolated human microglia has revealed multiple, small
subclusters —microglial states — that differ from homeostatic microglia
andare characterized by the upregulation of distinct marker genes***”,
Inneurotypical brains, the upregulation of genes encoding MHC class
IlI-associated molecules, such as CD74 and HLA-DRA, by microglia sug-
geststhatthey canparticipateinantigen presentationin thebrain. Other
microglial cell activationstatesinclude interferon-responsive microglia
(expressing, for example, interferon-induced transmembrane protein 3
(IFITM3), interferon-induced protein with tetratricopeptide repeats 1
(IFIT1), IFIT3 and ubiquitin-like protein ISG15), inflammatory micro-
glia (expressing, for example, CC-chemokine ligand 2 (CCL2), CCL3
and CCL4), proliferative microglia (expressing, for example, MKI67 and
PCNA), and a small subset reminiscent of mouse disease-associated
microglia (DAM) that expresses APOE and lipoprotein lipase?*.

However, data on gene expression profiles of human microglia
statesin ADis still limited. Compared to microgliafrom mouse models,
human AD-associated microglia show a higher degree of variation.
This is probably due to manifold environmental and genetic dif-
ferences but also may arise due to technical reasons (for example,
differences in microglia isolation and sequencing technologies).
Nevertheless, isolation of microglial cells from AD brains and subse-
quent analysis of the transcriptome has provided important insights
into microglial cell activation states**°***, Reflecting the complex
environmental changes in AD, signature genes for DAM were found
across several microglial cell clusters, whereas numbers of MHC class
lI-positive microglia were reduced”*°. Comparison with mouse micro-
gliaisolated from an AP mutant mouse model showed only a partial
overlap between mouse and human DAM signatures, with the com-
mon denominator being genes associated with lipid metabolism and
lysosomal function®?. Regressing microglia gene expression against
AP and p-tau load revealed that these pathologies are characterized
by distinct gene expression responses in microglia?2. As mentioned
above, the gene expression profile of mouse microglia substantially
differs from human microgliaalready under homeostatic conditions.
One strategy that can measure the impact of different environmental
stimuli on human microglia is the transplantation of human induced
pluripotent stem (iPS) cell-derived haematopoietic progenitor cells
(HPCs) into the brain of immunodeficient mice?** that overexpress
human colony-stimulating factor 1 (CSF1), which supports human
microglia survival’***, The presence of AP resulted in the transition
of iPS cell-derived HPCs to DAM that, again, showed only a partial over-
lap ingene expression when compared to the murine DAM signature.
Anadvantage of such chimeric mouse models is the possibility toinves-
tigate the response of human microglia to microglial cell-autonomous
genetic perturbations such as the loss of TREM2. Deletion of TREM2in
human microglia resulted in the loss of the DAM response in AD-like
chimeric mouse models and changed microglia function as evidenced
by impaired phagocytosis and chemotaxis®”. Single-cell RNA sequenc-
ing of xenograftediPS cell-derived HPCs with the TREM2R47H loss-of-
function variantidentified a cluster that resembled foam cells seenin
atherosclerosis?®. Collectively, these transplantation studies may help
to provide more biological and mechanistic insights into the varying
microglial cell states in the context of different environmental stimuli.
However, limitations of the chimeric models include the murine and
immunocompromised background.

Although we have gained substantial insights into various
microglial cell states and their underlying gene expression profiles
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in recent years, the transcriptional mechanisms by which different
environmental cues in AD drive these distinct phenotypes are largely
unknown. Recent advances in sequencing technologies, including
ATAC-Seq and ChIP-Seq scRNA, may help us to infer key transcrip-
tion factors responsible for context-dependent gene expression in
microglia. Transfer of human microglia from the brain into a culture
environment results in rapid chromatin remodelling with altera-
tions in chromatin accessibility and active gene regulatory elements,
mainly enhancers?’. A multi-omics study assessing microglia chro-
matin accessibility and gene expression in AD brains identified SP/1
(which encodes PU.1) as a key regulator of microgliain AD”. Other
transcription factors of interest include members of the MAF, AP-1
and microphthalmia (MIT/TFE) families, which were shown to be
upregulated in microglia isolated from AD brains®*. Clarification of
the key transcriptional regulators of microglial states may lead to the
development of novel strategies for selectively targeting microglia
phenotypes.

Microglial phagocytosisin AD

Phagocytosis may be influenced by many of the genes associated with
AD that are expressed by microglia, including TREM2, PLCG2, ABI3,
CD33, PILRA (encoding paired immunoglobulin-like type 2 receptor-o),
SIGLEC11 (encodingsialicacid-binding immunoglobulin-like lectin 11),
ABCAIand ABCA7 (encoding phospholipid-transporting ATPase ABCA1
and ABCA7, respectively), CRI (encoding CR1), GRN, CLU and APOE™.
APOE can opsonize A3 plaques, synapses or neurons, and then con-
secutively activate TREM2, PLCG2 and ABI3 to induce microglial
phagocytosis; this pathway is potentially inhibited by CD33, PILRa
and SIGLEC11 (ref. 229). Thus, most of the known genetic AD risk vari-
ants are potentially linked to microglial phagocytosis, but it remains
unclear whether this concerns the phagocytosis of soluble A3, A
plaques, dead cells and debris, myelin debris, live synapses, or even
whole neurons. Af plaque-associated microglia show increased
expression of TREM2, which can bind A, inducing phagocytosis
of AB, causing compaction of AB plaques, and reducing Ap seeding of
new plaques®**”#0%! Accordingly, antibodies thatincreased TREM2
expression and signalling reduced Ap plaque burdenin amouse model
of amyloidosis'*. Activation of TREM2 can induce a DAM expression
profilein microglia, including increased expression of the phagocytic
receptors Axl and Mer?”, which also have increased expression in A3
plaque-associated microglia®*. Knockout of Axl and Mer in amouse
AP model lowered AP phagocytosis by tenfold and led to a surprising
and selective reduction in the number of dense-core Af3 plaques. This
suggests that microglial phagocytosis of AB via this class of receptors
leads to the formation of dense-core plaques by microglia, which is
arguably a protective confinement mechanism to prevent the release
of toxic AP species®.

Fc receptors have also been shown to mediate microglial phago-
cytosis of AB species bound toimmune complexes®®. This is presumed
tobe one ofthe mechanisms underlying the AB-clearing effects of the
anti-Af antibodies aducanumab and lecanemab, which were recently
approved by the FDA for AD. Although there are still considerable con-
cernsassociated with the use of these anti-Af antibodies, they clearly
highlight and validate the potential of Ap clearance by microglia as a
promising therapeutic avenue (Box 2).

Nonetheless, in later stages of AD pathology, microglial phago-
cytosis may contribute to synapse loss (see synapse section below)
and neuronal loss. TREM2 can mediate microglial phagocytosis of
synapses in Ap or tau models of AD**?*°, Mer can mediate microglial

phagocytosis of newborn neurons in AR mouse models, limiting neu-
rogenesis and seizures®”’. Aggregated and oligomeric tau can induce
microglial phagocytosis of live neurons in vitro or in vivo, and this
neuronal loss can be prevented by blocking microglial phagocytosis,
which also prevented memory loss in mice****°, Thus, microglial
phagocytosis of A3, synapses and neurons may affect AD onset and
progression, andinterventions need to focus onthe specific phagocytic
receptorsinvolved at different stages of disease.

Microglial barrier function

Beyond these clearance functions, microgliaalsoformabarrier around
sites of degeneration and injury. In AD, microglia cluster around A3
plaques, wrapping their processes tightly around the plaque surface.
Thisencapsulationcreatesaphysical barrier thatlimits Ap plaque expan-
sionand leads to amore compact conformation of the Ap deposit*****,
Surrounding each AP plaque are hundreds of neurites with spheroid
enlargements®* that disrupt electrical conduction and neural circuit
function***, Microglia encapsulation of plaques plays a crucial role in
protecting axons by limiting their exposure to toxic protofibrillar AB*2,

Box 2 | Anti-A immunotherapies for AD

Although there are multiple mechanisms to explain the efficacy of
anti-amyloid-3 (AB) immunotherapies, data from both successful
and failed human Alzheimer disease (AD) clinical trials support the
concept that preferential targeting of deposited Af3 and subsequent
microglial reactivity underlies efficacy. Thus, these interventions
represent a major translational success for the field, as the proof
of concept and mechanism of action was first obtained in A3-
depositing mouse models. Additional immune therapies are now
being evaluated both in preclinical studies and in human clinical
trials. However, there is little consensus regarding how to best
evaluate these novel therapies in preclinical models and which
models should be used. As the balance of positive (for example,
AR and/or tau reduction, synaptic integrity) and negative effects
(for example, excessive synaptic pruning, overt toxicities, impacts
on peripheral immune status) of any manipulation may limit
therapeutic benefit, the field would be well-served to utilize a
rigorous and systematic approach to evaluate these therapies
in models before human trials.

Indeed, the examples of immune modulation that have
opposing effects on A and tau pathologies in mice illustrate
why we should insist on a more rigorous and systematic approach
to testing these novel therapies before moving them into human
trials. Few in the field would be comfortable with advancing a
therapy for AD that had opposing effects on the classic core
pathologies. Yet, most immune interventions are advanced to
the clinic without rigorous testing in both models and with only
limited study of impacts on the peripheral immune system.
To increase the probability of translational success and reduce
the potential for doing harm we might consider using systems-
level omics studies both at a cellular and multiorgan level to
assess potential benefits and liabilities of novel immune therapies.
Indeed, immune manipulation in a population of older individuals
with AD or at high risk for developing AD raises many safety
concerns, and we should try to de-risk these interventions as
much as possible.
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Microglia Ap plaque sensing and encapsulation are disrupted in
ageing”* and with hypomorphic TREM2 human variants** as well as
by deletion of Trem2 (refs. 245,246) or disruption of downstream DAP12
and SYK signalling®”**® in mice. Additional receptors, including the
receptor tyrosine kinase MERTK*? and PIEZO1 (the pore-forming subu-
nitof the mechanosensitive Piezo channel)**’, may also mediate micro-
glial cell plaque sensing and barrier formation. Disruption of these
signalsis associated with more diffuse A plaques and greater axonal
spheroid formation*****and neuritic tau hyperphosphorylation”°. In
contrast, overexpression of Trem2 (ref.251) or treatment withactivating
TREM2 antibodies*? enhances microglia encapsulation and reduces
plaque-associated axonal pathology in mouse models of cerebral A
deposition. Astrocytes intermingle with microglia at the plaque inter-
face, suggesting a coordinated interaction during barrier formation”,
which may be mediated through TREM2 and APOE signalling™*. Overall,
the evidence suggests that targeting microglia and astroglial cells in
AD to enhance the formation of neuroprotective barriers could yield
beneficial therapeutic effects.

Microglial cell proliferation

Microgliosis due to increased microglial cell proliferation represents
another key feature of AD (Fig. 1) and predicts the onset of cognitive
decline®. An increase in the proliferation of microglia is observed
in post-mortem samples from patients with AD in association with
upregulation of the CSF1receptor (CSFIR) pathway>*® CSFIR gene
variants may associate with the risk of developing AD*’, although this
has not yet been confirmed by meta-GWAS analyses. However, studies
using mouse models of cerebral A pathology have helped to elucidate
the timing and consequences of microglial proliferation. Anaccepted
mechanistic model suggests that thereis an early microglial response
to nascent Af3 pathology that triggers microglial proliferation, and
this has been observed using in vivo imaging in mice?*?. Microglial
proliferation increases progressively in proximity to Ap plaquesin a
CSFIR-dependent manner™®. Prevention of microglial proliferation via
inhibition of the tyrosine kinase activity of CSFIR impedes the degen-
eration of synapses, ameliorating cognition deficits without modifying
the levels of AB in the APP/PS1 model*®, the 3xTg model**® and 5xFAD
mouse model?*?*? of cerebral AB pathology. Microglial proliferation
canbe prevented using alternative agents, such as the antibiotic mino-
cycline, rendering similar beneficial effects over AD-like pathology®®.
The inhibition of CSF1R is also a disease-modifying mechanismin a
model of tauopathy, leading to reduced neurodegeneration and an
improvement in behavioural performance. Functionally, prevention of
microglial proliferationinduces areturn of microglia to ahomeostatic
phenotype®®?** Interestingly, inhibition of microglial proliferationis
linked to prevention of the onset of replicative senescence in microglia
associated with specification of the DAM phenotype®®. Collectively,
these studies point to microglial proliferation as amechanism under-
pinning the contribution of microglia to disease pathology and identify
CSFIR as a possible therapeutic target. This body of evidence has led
to promising drug discovery programmes®*®and, in coming years, the
field will collect valuable clinical information about their potential
efficacyin AD.

Microglial energy metabolism

Metabolically, the brainis a highly active organ and its energy demand
is predominantly fuelled by glucose. Glycolytic signalling can power
inflammatory activity in macrophages and peripheral immune cells,
yetwe are stilluncovering the extent to which such signallingimpacts

microglia. In primary microglia, A canincrease glycolysis with a cor-
responding reduction in oxidative phosphorylation®”. This switch to
glycolysis activates the mTOR-HIF1a pathway, which in turn directly
regulates the production of inflammatory cytokines, including IL-13%".
Similar effects have been found in murine models of AD, where micro-
gliafrom APP/PS1 mice show increased glycolytic activity?*s. This was
recently shown to be sex-dependent as microglia from aged female
APP/PS1 mice are more glycolytic and inflammatory than those from
their male counterparts, withacorresponding reduction in phagocytic
ability*®. Whether this finding relates to sex differences in AD remains
to be further investigated. Interestingly, microglia are metabolically
flexible and not solely reliant on glucose. Instead, they can also use
aminoacids, suchas glutamine, or fatty acid oxidation to fuelimportant
surveillance and migratory activities””°. Recent studies indicate that,
inmicrogliaand macrophages, glycolysis and mitochondrial function
decline significantly with ageing, leading to an energy-depleted state
that disrupts homeostatic cell responses such as phagocytosis and
inflammation resolution. Several mechanisms have been identified
that contribute to this change. With age and immune stimulation, mye-
loid cells lose their capacity for de novo NAD* biosynthesis because of a
distal breakdownin tryptophan metabolism*”’. Moreover, with ageing,
glucose is shunted away from glycolysis and towards the production
of glycogen, an effect driven by increased signalling by the immune
modulator prostaglandin E, via its EP2 receptor”* EP2 signalling also
disrupts glutaminolysis in ageing myeloid cells, an alternative source
of energy that fuels the tricarboxylic acid cycle and mitochondrial
respiration viaanapleurosis. Inhibition of EP2 signalling genetically and
pharmacologically restores bioenergetics and homeostaticimmune
responses in microgliaand macrophages and reverses age-associated
cognitive decline. Recent studies also identified TREM1as adisruptor
of homeostatic myeloid glucose metabolism that contributes to cog-
nitive decline in ageing and in models of amyloidosis. Thus, myeloid
metabolism directsimmune responses in microgliaand macrophages,
which in turn regulate cognitive function in ageing and models of
neurodegeneration.

Microglial lipid metabolism

The majority of the brain dry mass comprises lipids (in white matter,
lipids constitute 49-66% of the dry mass; in grey matter, this figure is
36-40%)*".Inrecentyears, lipid metabolism and membrane transport
have been shown to haveimportantrolesin AD neuropathogenesis?* ",
It became clear that, due to ROS production in AD, lipids containing
polyunsaturated fatty acids are peroxidized, leading to the formation
of toxic lipid peroxidation byproducts that can crosslink with DNA
and amino acids in proteins?’?’%, It seems that ROS induces lipid syn-
thesis in neurons and storage of peroxidized lipids in lipid droplets,
which are then transferred via APOD or APOE to glial cells as aneuro-
protective measure””, The CMS121 inhibitor of fatty acid synthase
reduces lipid peroxidation and inflammation in AD**. In ageing and
neurodegeneration, accumulation of lipid droplets can be observed
in microglia, which leads to a pro-inflammatory cell phenotype®$*,
Phosphatidylinositol-binding clathrin assembly protein (PICALM)
and homozygosity for the APOEe4 allele are also linked to microglial
lipid droplet formation in AD**>?%* and raised total cholesterol levels?**
that, inturn, cause problems in neurons®®. Lipid droplet accumulation
in microglia in the context of tauopathies is regulated by AMPK?®,
The accumulation of these lipid droplets reduces microglial cell abili-
ties to phagocytose and clear aggregates®’**®. In addition, it has been
shownthat aloss-of-function mutationin the innateimmune receptor
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TREM2 leads to lysosomal defects as well as to a downregulation of
cholesterol synthesis and lipid droplet formation in microglia®®’. Fur-
thermore, A3 aggregation takes place at neutral membranes and is
dependent on membrane composition®°. Microglial cell-mediated
AP monomer degradation accelerates upon APOE-mediated efflux of
cholesterol from the cell*'. Long-term exposure to a high-fat diet*
as well as several regulators of lipid metabolism, such as cholesterol
25-hydroxylase (CH25H)**, INPP5D?*, the transcriptional repressors
BHLHE40 and BHLHE41 (ref. 295), MS4A4A**, transient receptor poten-
tial cation channel subfamily V member 1(TRPV1)*”” and hexokinase 2
(HK2)*3, have also been linked to inflammationin the setting of tauopa-
thies. Strategies that target microglial function in the context of lipid
metabolism have emerged as novel therapeutics®.

Microglial senescence

Cellularsenescenceis a hallmark of ageing and age-associated diseases,
including AD. Senescent cells are characterized by anirreversible pro-
liferation arrest and profound changesin their metabolism and behav-
iour, preventing them from executing their physiological function. In
addition, senescent cells frequently display a senescence-associated
secretory phenotype (SASP) that is characterized by the release of
various pro-inflammatory factors®’. SASP factors were detected in
the brain, CSF and serum of patients with AD*°°%, and these fac-
tors are associated with aged and potentially senescent microglia®***.
Interestingly, microglial cell-mediated inflammation, especially that
driven by the SASP factor IL-13, was shown to contribute to tau spread-
ing and tau-mediated neurodegeneration’'¢*%3% _[n line with this,
microglia have been identified as a putative senescent population
in tauopathies, including AD**?°>3%73%_Senescent microglia devel-
oped before the onset of neurofibrillary tangle deposition in human
P301S tau-transgenic mice (PS19 mice); using single-cell RNA sequenc-
ing, these microglia were found to represent a subset of DAM>°,
Remarkably, removal of senescent cells, either genetically or with
senescence-targeting pharmacological means, alleviated tau pathol-
ogy, tau-mediated neurodegeneration and cognitive deficits in this
model’”, suggesting that senescent microglia contribute to disease
progression. Cellular senescence can be induced viamultiple pathways.
The sustained proliferation of microgliain AB-depositing APP/PS1 mice
promoted replicative senescence, ultimately fuelling AR accumula-
tionand synaptic defects*®. Furthermore, microglia internalizing tau
aggregate-bearing neurons or monomeric tau from the extracellular
space enter a senescent state and present with a SASP*'**" that might
modulate AD pathology, neuronal function and neurodegeneration.
While senescent glial cells seem to be involved in AD pathogenesis as
outlined above, a unifying set of markers for microglial senescence and
the SASP has not yet been defined. Further studies will have to detail
markers of senescence and assess their occurrence over the course of
ADlongitudinally, bothin the brains of patients with AD and in related
mouse models.

Which other cells drive neuroinflammation in AD?
Astrocytes

Astrocytes support the normal development and maintenance of the
CNSand are vital for neuronal health and function®**. The response of
astrocytes duringacute infection or braininjury andin chronic disease
statesisreferredtoasastrocytereactivity. Any one particular reactive
response may include several heterogeneous reactive ‘sub-states’ —
each with distinct transcriptomic profiles and possible functional
outcomes®**, The response of astrocytes to neurodegenerative

diseases like AD has been linked to inflammatory responses of micro-
gliaand peripheralimmune cells, pathological proteins like AB and tau,
barrier leakage, and many other pathological indications’”.

While there are many initiators of astrocyte reactive statesin AD,
the main hallmarks are hypertrophy of astrocytic processes, upregu-
lation of cytoskeletal proteins (like GFAP and vimentin), increased
expression of innate immune-related genes (such as LCND2 (encod-
ing lipocalin 2) and SERPINA3N (encoding the protease inhibitor
al-antichymotrypsin)) and many components of the cholesterol syn-
thesis pathway™®. These transcriptomic and morphological changes
often occur long before cognitive deficits. Reactive astrocytes are
associated with senile plaques and, while there is restructuring of
astrocyte gross morphology, their domain architecture is preserved,
indicative of isomorphic, non-proliferative astrogliosis*”. Prolifera-
tion or scar formation is uncommon, although reactive astrocytes
are accumulated around senile plaques. Other reported altered
functional changes in reactive astrocytes include decreased phago-
cytosis, decreased glutamate uptake, loss of endfeet polarization
and expression of AQP4 water channels, and secretion of neurotoxic
compounds®®. In particular, astrocytes in AD upregulate expression of
monoaminoxidase-B, which translates to increased synthesis of GABA
(thusincreasing tonicinhibition, counteracting neuronal hyperexcit-
ability and causing cognitive impairment) and increased production of
H,0,.Similarly, H,0,is produced by increased activity of the ureacycle,
implemented in detoxification of ammoniaand utilization of AB****°,
Oxidative stress is further augmented by age-dependent decline in
astrocyte anti-oxidative systems®”, thus precipitating direct neuronal
injury. Inaddition, astrocytes can secrete cytokines®”, thus contribut-
ing to the regulation of inflammation. Single-cell RNA sequencing
revealed substantial changesin expression ofimmune response genes,
genes associated with AP clearance and CD74 (which is involved in
antigen presentation) in post-mortem samples from patients who had
AD?*”2, A substantial subpopulation of astrocytes in AD demonstrates
atrophy and loss of homeostatic support, further aggravating neuronal
damage®®,

Giventhateachastrocyteinteracts withup to 2 million synapsesin
the human brain®*, changes in synapse-forming functions likely have
major contributing roles to cognitive decline. Synaptic uncoupling of
neurons projecting between brain regions, particularly in the hippo-
campus, likely decreases memory function. The neurotoxic reactive
astrocyte sub-state is also likely to contribute to the degeneration
of neurons and synapses®®, for example, by secretion of toxic satu-
rated lipids contained in lipoparticles®”. Other putatively protective
reactive astrocytes seem more prevalent in the early stages of AD and
may help maintain CNSintegrity by limiting the infiltration of periph-
eral immune cells**. How astrocytes respond directly to Ap deposits
remains under investigation, but decreased astrocyte AQP4 levels
could slow the clearance of pathogenic proteins through the glym-
phatic system, which resides between the blood vessel endothelium
and astrocyte endfeet.

Loss of cholesterol synthesis machinery is also important for
understanding modulation of neuroinflammation in the context of
AD. As almost sole producers of cholesterol in the CNS, astrocytes
are integral for the biosynthesis of cell membranes in the brain and
spinal cord. Astrocyte-derived cholesterol has also been reported to
supportthe survival of oligodendrocytes and remyelination®?*, which
may add to neuroprotection in the context of AD. Cholesterol is also
an important trophic molecule for microglia, and evidence suggests
that astrocytes expressing the AD-associated APOE4 allele are less
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Fig. 2| Contribution of peripheral immune cells to Alzheimer disease.
Neutrophils and CD8* T effector memory CD45RA" cells may infiltrate the brain
parenchymain Alzheimer disease by leaving either the cerebral vasculature or
the cerebrospinal fluid compartment. T cells can proliferate and might promote
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neuronal damage either through the release of inflammatory and cytotoxic
molecules or by physically interacting with neuronal processes, causing the
formation of structures called spheroids that indicate restricted or blocked
axonal transport. AP, amyloid-p.

competentat producing and secreting cholesterol. This couldinitiate a
feedbackloop between decreased cholesterol driving microglial reac-
tive states, which in turn feed back to drive reactivity in astrocytes®”.
Indeed, this astrocyte-microglial cell crosstalk is important for the
maintenance of many physiological microglial functions, including
synapse pruning and debris clearance.

Oligodendroglia

In models of AD, oligodendrocytes undergo marked transcriptional
changes, transforming into what are termed disease-associated oligo-
dendrocytes®**~>*°, Spatial transcriptomics has identified alterationsin
oligodendrocyteslocated near AR plaques®®**"**, Like DAM, this state
isnot confined to aspecific brain pathology butis seenin various mod-
elsofbraininjury and disease. While pathway analysesindicate that the
primary disease-associated oligodendrocyte state may have immune-
modulatory functions, our understanding of their role in the diseased
orageingbrainremains limited. Independent lines of evidence suggest
causal links between oligodendrocytesin the ageing brain, secondary
neuroinflammation and AD neuropathology. Oligodendrocytes make
myelin for rapid impulse propagation and provide metabolic sup-
port to myelinated axons®?, extending beyond white matter tracts.
Notably, there is extensive intracortical myelination of projection
neurons and interneurons®*, persisting wellinto the second and third
decade of human life. Importantly, with advancing age, cortical mye-
lin decreases in abundance, showing an inverse correlation with the

onset of pathologies that become the hallmark of AD**. Specifically,
the late and thinly myelinated regions of the human brain appear to
be the first to develop AD pathology®*°. Underlying myelin loss is a
gradual deterioration of myelin integrity, initially documented by
electron microscopy in ageing primate brains®”. This degeneration
affects the cytoplasmic channels within myelin®*® that are required
for the delivery of metabolic support to the encapsulated axon®***°,
Thus, advanced ageing of the cortexis associated with axonal perturba-
tion, myelin degeneration and secondary inflammation®*~*, the latter
triggered by axon loss and the ingestion of myelin debris by microglia
contributing to their pro-inflammatory activation®°**>**, Combining
mouse models of AD with oligodendrocyte-specific defects that cause
apremature white matter ageing phenotype demonstrated that myelin
dysfunction drives amyloidosis and A plaque formation®*. Interest-
ingly, increased brain Af load is a consequence of both more Af pro-
cessing in affected nerve fibres and a distinct molecular phenotype
of DAM; the latter become visibly recruited away from A plaques by
dysfunctional myelin, leading to less efficient clearance of Ap from
the brain parenchyma.

Lymphocytesin AD

The adaptive immune system is increasingly recognized as being
involved in the pathogenesis of AD. Disruption of the BBB in AD**
creates the possibility for peripheral lymphocytes, including B cells
and T cells, to enter the brain parenchyma (Fig. 2). Indeed, pathology
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in transgenic mouse models of AD is associated with infiltration of
B cells into the brain parenchyma and with immunoglobulin deposi-
tionat AB plaques®”. Furthermore, in the absence of B cells, AB plaque
burden was reduced, suggesting that B cells might contribute to AD
pathogenesis. Importantly, the absence of B cells reversed behavioural
and memory deficits, suggesting these cells as promising targets
for AD therapy.

One of the most remarkable changes that accompany immune
system ageing relates to the function and maintenance of T cell
populations. Whereas the naive T cell population shrinks with age,
central memory T cell, effector memory T cell and exhausted
T cell populations accumulate with age and often show dysregulated
properties®*®3%°, Low-grade chronic systemic inflammation, which
accompanies and/or is caused by processes such as tissue senescence
and altered metabolism®”, acts as an additional component that
contributes to T cell dysfunction in ageing. A compelling question
is whether the emergence of dysregulated T cell subsets prepares
the ground for the development of AD*? Support for this was evi-
dentin arecent study in humans, which found increased frequencies
of pro-inflammatory CD8" T effector memory CD45RA" cells in the
peripheral blood of individuals with mild cognitive impairment and
AD, as well as the clonal expansion of these cells in the CSF, suggest-
ing antigen-specific reactivation®>. CD8" T cells were also observed
within the meningeal tissues and the brain parenchyma of people
with AD* (Fig. 2).

Recent studies using mouse models of tau pathology also suggest
aninstrumental role of T cell infiltrationin tau-related neurodegenera-
tion, neuroinflammation and cognitive deficits®**>. Pathology was
associated with the clonal expansion of selected T cell populations,
although their antigen specificity remains unknown>*. These observa-
tions arereminiscent of earlier reports showingincreased frequencies
of late-stage differentiated CD4" T effector memory CD45RA" cells in
theblood**and clonal expansion of CD4" T cells in the CSF*’ of patients
with AD compared to healthy controls, as well as of studies showing
enhanced circulating AB-specific CD4* T cells in elderly individuals
and in people with AD*®, The precise role of these T cells in AD patho-
genesis remains to be defined, but their identity as tissue-resident
memory T cells has been confirmed through transcriptome analysis®.
Moreover, the fact that the CD8" T cells within the brain parenchyma
are in direct contact with microglia suggests a regulatory crosstalk
between both cell types®*°.

Such T cell-microglial cell crosstalk was illustrated in a recent
study showing that the CXCL16-CXCR®6 axis retains CD8" T cellsin the
brains of mice with AD-like pathology*®'. Cxcré deficiency reduced
the accumulation and clonal expansion of CD8" T cells in the brain,
while ablation of CD8" T cells ultimately increased pro-inflammatory
cytokine production from microglia. These findings suggest ben-
eficial roles for brain CD8" T cells in protecting against AD patho-
genesis. In contrast, the observed direct contact of the CD8" T cells
with neurites argues for the possibility of a neurotoxic activity®?>;
however, this requires further experimental evidence. Nevertheless,
antibody-mediated depletion of CD8" T cells in a transgenic mouse
model of AD resulted in changes in the expression of neuronal genes
inthebrain. Moreover, theinfiltration of CD8" T cellsinto a3D culture
systemresembling AD pathology led to anincrease in neuroinflamma-
tion and neurodegeneration®®. In summary, it is still unclear if CD8*
Tcellsare friends or foesin AD pathology. Whether CD8' T cells play a
protective or pathological role might ultimately depend, forexample,
onthe precise time and stage of disease pathology.

The topic requires further investigation, in particular since
immune therapeutics targeting CD8" T cells in other settings, such
as cancer immunotherapy, could be repurposed for use in neurode-
generative diseases such as AD**, Clinical studies suggest that the
homeostasis and suppressive functions of regulatory T (T,) cells are
also altered in patients with AD*****°. T, cells were shown to critically
control anti-AB CD4" T cell responses®®®, and the selective amplifi-
cation of T, cells via low-dose IL-2 treatment modulated reactive
microgliosis and restored cognitive functions in a mouse model of
AD-like AP pathology’”. Recent reports showed that T, cells also
modulate and finetune the balance of reactive astrocyte subtypes
in AD-like pathology®®. Other CD4" T cell populations may also have
protective roles in AD. AB-specific T helper 1 cells injected into the
ventricles of 5XxFAD mice migrated into the brain parenchyma and
stimulated the expansion of MHC class II-positive microglial cells with
improved capacity for Ap uptake®*’. Genetic engineering of these T cells
to overexpress brain-derived neurotrophic factor (BDNF) facilitated
neuronal repair®®.

These studies together support intricate roles of T cells in the
context of AD neuroinflammation. It is intriguing to speculate that
the emergence of dysregulated T cells with ageing facilitates neuro-
inflammation and the progression of AD. Further characterization
ofimmune senescence processes and defining the antigen specificity of
disease-associated T cells could pave the way towards novel therapies
for AD that target lymphocytes.

Peripheral myeloid cells
Circulating myeloid cell populations, such as neutrophils and mono-
cytes, can migrate into the brain during AD and may contribute to dis-
ease pathogenesis (Fig. 2). Neutrophilsaccumulate in the AD brain and
the peak of neutrophilinfiltrationin mice with AD-like disease coincides
with the onset of memory loss*”. Transient neutrophil depletion dur-
ing early disease in AD models reduces cognitive deficits and neuro-
pathology, suggesting that these cells have a detrimental role*”"*"2,
Neutrophils adhere in brain vessels and migrate into the parenchyma
but they also obstruct blood flow by plugging brain capillaries® ">,
Soluble oligomeric AB,_,, triggers the rapid activation of LFAl inte-
grin, leading to neutrophil adhesion, whereas A deposits promote
neutrophil arrest and spreading in brain venules but also determine
theintraparenchymal localization of these cells*”. Inkeeping with this,
LFAlintegrinblockade has therapeutic effectsinmouse AD models®”.
Neutrophils are highly reactive cells that release multiple cyto-
toxic molecules during AD, including myeloperoxidase, elastase and
IL-17 (refs. 371,374,375). They also deploy neutrophil extracellular traps
in the vasculature and inside the parenchyma, thus contributing to
BBB dysfunctionand neuronal damage®". Notably, circulating neutro-
phils have a hyperactivated phenotype in patients with AD compared
to control individuals, and neutrophil abnormalities correlate with
faster cognitive decline’*~”°, Neutrophil indicators could therefore
be suitable as disease biomarkers and understanding the phenotype
of neutrophilsin AD may help toidentify new therapeutic approaches.
Monocytes have also beenimplicated in AD pathology. In mouse mod-
els of cerebral amyloidosis, circulating monocytes migrate into the
brain via the CCR2-CCL2 axis and contribute to AP clearance®**!,
However, a beneficial effect for monocyte infiltration has recently
been challenged in the context of AD**>*®, A dysfunctional monocyte
compartment has been reported in patients with dementia, further
highlighting that alterations in peripheral myeloid cells could drive
pathology in AD*7*%4,
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The blood and lymphatic vasculatures
Vascular cells
Alzheimer himself described increased endothelial cell proliferation
and growth in the first case of AD reported*, suggesting that vascu-
lar cellsbecome activated during the progression of the disease. Many
reports have described vascular anomalies, including but not restricted
to the existence of amajor brain microvascular pathology®****, insuf-
ficient angiogenesis®*’**°, deficient clearance of AB due to an altered
BBB*”, and the accumulation of hypoxic markers in brains of patients
with AD and inrelated animal models**>”. It has also been suggested
that the vascular network associated with AP plaques is altered early
both in patients with AD****** and in mouse models*°****, where vas-
cular voids surrounded by hypervascularized areas were found to be
associated with A deposits. A recent multifactorial study found that
vascular dysfunction is an early event in AD pathology*?, while small
nuclear RNA-sequencing analyses identified specific changes in AD
thatareassociated with endothelial cells and pericytes**® and reported
enriched expression of AD risk genes in vascular cells*®,
Mechanistically, vascular activation has been associated with
(1) A accumulation in the wall of brain vessels in the form of cere-
bral AB angiopathy*’; (2) brain pericyte contraction*’%; (3) clotting
of blood vessels by neutrophils®*%; (4) infiltration of peripheral
immune cells in the brain parenchyma*® in response to chemokines
released during neuroinflammation*®*"; and (5) a reduction in the
number of vessels through non-productive angiogenesis, which acti-
vates microglia to disassemble blood vessels around AP plaques®*.
In addition, perivascular microglia, astrocytes and pericytes may
also directly affect BBB patency in AD*>*", Importantly, the patho-
logical leakage across the BBB induced by dysfunction of these cells
may in turn also modulate innate immune cell function in the brain,
indicating a vicious circle of vascular injury leading to perivascular
inflammation and vice versa*“. In addition to these cellular changes,
cerebral vasculature functions, including neurovascular coupling,
are also altered in patients and mouse models of AD*". In animal
models, these detrimental effects are mediated by A inducing the
CD36-mediatedgeneration of ROSin perivascularmacrophages*aswell
as by p-tau disrupting the synthesis of the vasodilator nitric oxide (NO)
evoked by synaptic activity*”. These changes are exacerbated by addi-
tional vascular effects at the capillary level such as pericyte-mediated
vasoconstriction*%,

Glymphatic system

The role of the BBB in the removal of AP from the brain is well
established'®. However, this is not the sole route of A removal. Typi-
cally, tissue metabolites are cleared through the lymphatic network
that pervades most tissues. However, CNS parenchyma lacks this
comprehensive lymphatic vasculature, leading many to presume for
decades that the brain, due to its immune privileged’ status, has no
lymphatic connection to the peripheral immune system. This belief
was disproved in 2015 when functional lymphatic vessels were rede-
scribed just outside the parenchyma of the brain*’ and spinal cord**°,
specifically in the outermost layer of their meningeal covering, the
dura mater. While these vessels are outside the CNS parenchyma,
they serve as a lymphatic conduit for the CNS, delivering brain and
spinal cord-derived molecules to the draining lymph nodes*”. To
effectively drain CNS-derived molecules, including AP, these menin-
geal lymphatics must interact with the so-called glymphatic system,
a conceptual model for understanding CSF flow through the brain**'.
Arterial pulsations drive CSF from peri-arterial to intraparenchymal

spaces, and this CSF is then reabsorbed at the peri-venule spaces with
the aid of the glial AQP4 molecule*?>***, When the ‘dirty’ CSF, contain-
ing brain metabolites, such as AP, leaves the brain, it traverses the
meningeal layers, a process observed in both mice*** and humans*®.
However, the exact path that the CSF takes remains elusive. Upon
reaching the duramater, brain-derived molecules are sampled by dural
antigen-presenting cells, and the remaining molecules are removed
by the meningeal lymphatics*****°, Impairment of these meningeal
lymphatics, either through pharmacological or genetic manipulation
or complete ligation at the entry of the draining lymph node, results
inincreased deposition of AB plaques in the brain parenchyma and
their occurrence in previously plaque-free meninges*”**'. Moreover,
malfunctioning lymphatics hinder the effectiveness of anti-Ap anti-
bodies in plaque clearance and lead to side effects, such as acompro-
mised BBB and abnormally activated microglia, mirroring the microglia
phenotype seen in humans with AD**2, Given that the functionality of
meningeal lymphatics declines with age**?, it is plausible that these
lymphatics must be operational for patients to benefit from anti-Af3
drugs and possibly other therapies. Future therapies should aim to
combine plaque removal with strategies that enhance the function of
the meningeal lymphatics.

Immune mediatorsin AD

In the sections above, we have highlighted the key cell types that are
likely to contribute to AD development and progression. Below, we
summarize the key immune mediators and receptors that have been
linked to neuroinflammation in the context of AD (Table 2).

Damage-associated molecular patterns

Damage-associated molecular patterns (DAMPs) accumulate in the
brain in AD, contributing to several aspects of the pathology and
accelerating disease progression**>, The most relevant is AB, which
can activate microglia via multiple surface receptors. Microglia can
phagocytose AP through its binding to CD36, subsequently inducing
the formation of TLR2-TLR6 heterodimers and NF-kB activation**.
Further uptake mechanisms exist, including but not restricted to CD14
(whichis aco-receptor of TLR4), TLR6, TLR9, a6p1 integrin and the
scavenger receptor SCARAL (refs. 433,435-437). Following TLR acti-
vation, Af initiates NLRP3 inflammasome activation, promoting the
release of inflammatory cytokines**®, Furthermore, Ap can also activate
NLRP1 expressed in neurons and oligodendrocytes through different
mechanisms, including TLR4 binding**°. Other DAMPs, including tau
monomers and oligomers, HMGB1, chromogranin A, S100 proteins,
circulating DNA, mitochondrial DNA, ceramides and ATP, also activate
patternrecognition receptorsto driveinnateimmuneactivationinthe
context of AD*%°,

TREM2 and APOE

APOE isthe primary transporter of lipids and cholesterol in the brain;
it also has immunomodulatory functions that are entwined with the
microglial receptor TREM2. APOE is an activating ligand of TREM2
and, inturn, TREM2 signalling sustains microglial production of APOE
in the brain. TREM2 directly binds numerous ligands, including lipi-
dated as well as recombinant non-lipidated APOE**"***, Upon binding
APOE, TREM2 transmits intracellular signals that promote reactive
microgliosis. However, the TREM2 R47H variant, which is associated
with increased risk for AD, is unable to bind APOE**'"**3, Thus, direct
APOE-TREM2 interactions may sustain microglial cell responses to AD
pathology. Microglial cell transition from a homeostatic to anactivated
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Table 2 | Mediators linked to Alzheimer disease

Alzheimer disease-associated
mediators and factors

Specific examples linked
to Alzheimer disease

Animal study data on examples?

Clinical study data on examples?

Yes No Yes® No
Cytokines IL-1a, IL-1B, IL-2, IL-6, IL-10, IL-12,  IL-1q, IL-1B, IL-2, IL-6, IL-10, = IL-1q, IL1B, IL-22, IL-6,  IL-23, IL-33, IL-34
IL-13, IL-17, IL-23, IL-33, IL-34, IL-12, IL-13, IL17, IL-23, IL-33, IL-10, IL-12, IL-13,
TNF, TGFB, IFNy, GM-CSF IL-34, TNF, TGF, IFNy, IL-17, TNF, TGFB,
GM-CSF IFNy, GM-CSF*
Chemokines CCL2, CXCL16 CCL2, CXCL16 - CCL2 CCL16
Transcription factors NF-kB NF-kB - NF-kB -
Inflammasomes NLRP3 NLRP3 - NLRP3 -
Oxidative mediators ROS, NO, O, ROS, NO, O, - ROS, O, NO
Microglial-expressed inducible NOS2 NOS2 - - NOS2
nitric oxide synthase
Apolipoproteins APOE APOE - APOE -
Immune receptors TREM2, SPI1, MS4A4A, TREM2, SPI1, MS4A6A, MS4A4A TREM2, CD33 SPI1, MS4A4A,
MS4A6A, CD33 CD33 MS4A6A
MHC HLA-DQA1, HLA-DRB1 HLA-DQA1, HLA-DRB1 = - HLA-DQA1, HLA-DRB1
Signalling intermediates PLCG2, PTK2B, INPP5D PLCG2, PTK2B, INPP5D - - PLCG2, PTK2B, INPP5D
Complement machinery CR1, clusterin CR1, clusterin - Clusterin® CR1
Cytoskeletal machinery ABI3, EPHA1, FERMT2 ABI3, EPHA1 FERMT2 = ABI3, EPHA1, FERMT2
Prostanoid enzymes COX1, COX2 COX1, COX2 - COX1?, COX2* -
Other immune and neuronal SPP1, NPTX2, SRPX2, CD47, SPP1, NPTX2, CD47, SIRPa SRPX2 NPTX2 SPP1, SRPX2, CD47,
proteins SIRPa SIRPa
DAMP receptors TLRs, NLRs, AIM2-like TLRs, NLRs, AIM2-like RLRs, CTDRs TLRs?, NLRs AIM2-like receptors,

receptors, RLRs, CTDRs

receptors

RLRs, CTDRs

Regulators of APP processing

BACE1, y-secretase, IFITM3,
SMAD, PPARYy, STAT1, GSK3

BACET, y-secretase, IFITM3,
SMAD, PPARy, STAT1, GSK3

BACE1, y-secretase?,
PPARY?, GSK3?*

IFITM3, SMAD, STAT1

Regulators of ubiquitination
and other pathways

SHARPIN, RBCK1, OTULIN,
LUBAC, ADAM17, TNIP1, SPPL2A,
PGRN

SHARPIN, LUBAC, ADAM17,
SPPL2A, PGRN

RBCK1, OTULIN,
TNIP1

SHARPIN, RBCK1,
OTULIN, LUBAC,
ADAM17, TNIP1,
SPPL2A, PGRN

Epigenetic regulators

HDAC, DNMT1, TET2, SIRT1,
JMJD3

HDAC, DNMT1, TET2, SIRT1,
JMJD3

HDAC?, SIRT?*

DNMT1, TET2, JMJD3

Exposome factors

Brain trauma, midlife
hypertension, diabetes,
systemic inflammation, oral
and gut microbiome dysbiosis

Brain trauma, midlife
hypertension, diabetes,
systemic inflammation,
oral and gut microbiome
dysbiosis

Diabetes®, systemic
inflammation, oral
and gut microbiome
dysbiosis®

Brain trauma, midlife
hypertension

Cellular factors

Microglia, astrocytes,
oligodendroglia, lymphocytes

Microglia, astrocytes,
oligodendroglia,
lymphocytes

Microglia?,
astrocytes®,
lymphocytes

Oligodendroglia

APP, amyloid-f3 precursor protein; APOE, apolipoprotein E; BACE1, 3-secretase 1; CDTRs, C-type lectin-like receptors; COX, cyclooxygenase; CR1, complement receptor 1; DAMP, damage-

associated molecular patterns; DNMT1, DNA methyltransferase 1; EPHA1, ephrin type-A receptor 1; FERMT2, fermitin family homolog 2; GM-CSF, granulocyte-macrophage colony-stimulating
factor; GSK3, glycogen synthase kinase 3; HDAC, histone deacetylase; IFITM3, interferon-induced transmembrane protein 3; INPP5D, phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase 1;
JMJDS3, Jumoniji domain-containing protein 3; MS4A4A, membrane-spanning 4-domains subfamily A member 4A; NLRs, NOD-like receptors; NLRP3, NACHT, LRR and PYD domains-containing
protein 3; NO, nitric oxide; NOS2, nitric oxide synthase 2; NPTX2, neuronal pentraxin 2; PGRN, progranulin; PLCG2, phospholipase Cy2; PTK2B, protein tyrosine kinase 23; RLRs, RIG-I-like receptors;
ROS, reactive oxygen species; SIRT1, sirtuin 1; TET2, ten-eleven translocation methylcytosine dioxygenase 2; TLRs, Toll-like receptors; TREM2, triggering receptor expressed on myeloid cells 2.

“Clinical study about the specific target; otherwise only measured in a drug testing study.

state in mouse models of AP accumulation is partially dependent on
both TREM2 and APOE*"**, Interaction between TREM2 on micro-
glia and APOE within Af plaques may be crucial for compaction: Ap
plaques in both APOE-deficient mice and in TREM2-deficient mice
display filamentous morphology and are associated with axonal
dystrophy®*. Though TREM2 affinity for APOE isoforms may be
similar***2, APOE variants are recognized and engulfed by TREM2 at
varyingrates, suggesting that APOE4 may have amore marked impact

than other isoforms®”. During homeostasis, APOE is mainly secreted

by astrocytes. However, microglia, particularly those wrapped around
AP plaques, secrete large amounts of APOE in AD and related mouse
models?**7?1544¢ This is largely dependent on TREM2: very little APOE
is produced by microglia that express the TREM2 R47H variant®*$*
or thatlack a functional Trem2 gene””**'. Thus, APOE-TREM2 interac-
tions may constitute an autocrine circuit that sustains microglial cell
responses to AP plaques.
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Complement factors

It has been known for over four decades that the complement com-
ponents Clq and C3 are associated with pathological hallmarks of
AD (plaques and tangles)®*****, More recent studies demonstrated
increased expression of complement proteins (reviewed in ref. 450)
and the generation of activated complement fragments in the brains
of patients with AD brain and in mouse models of AD*"**?, Excessive
complement activation can lead to detrimental inflammation and
neurotoxicity via the C5a and C3a fragments, which signal through
their receptors and synergize with other innate immune signalling
pathways such as TLRs and RAGE*>** as well as via the generation of
the membrane attack complex (C5b-9), all of which are relevant to AD
progression* ¥,

The role of C3 and the receptors for its diverse activation frag-
mentsinADis clearly complex and regulated by time and location***¥
(andreviewed inref.460). C3-deficient mice show protection from neu-
rodegeneration*®, spine loss*?, and excessive microglial cell-mediated
synapse loss*? and C3aR is a modulator of microglial function*"*¢,
C5arl expression is upregulated in AD brain*®**¢*, In mouse models
of AD, antibody to the pro-inflammatory complement activation
fragment C5a, genetic ablation of C5aR1 or pharmacological antago-
nism of C5aR1resulted inless inflammatory microglia and astrocytes,
preservation of neuronal complexity, reduction of cognitive loss,
and suppression of synapse engulfment by microglia*****. In addi-
tion, classical complement activation (through C1, C2, C4 and C3)
has a substantial role in synapse pruning during neural development
and adult plasticity, but aberrant or unregulated activation leads to
excessive synapse elimination in AD mouse models****"*°_However,
induction of C1q expression is an early response to injury prior to
upregulation of other complement components inbrain, and protec-
tiveroles of Clq have been documented, including an enhancement of
phagocytosis, suppression of microglial cell-mediated inflammation,
and neuroprotection*”. As a result, unintended immunocompromis-
ing consequences of targeting this component must be considered.
Novel approaches to modulate neuronal activators of the complement
cascade may be selective and effective for different subtypes of AD*>.

Cytokines
In AD, cytokine production is initiated by DAMPs activating pat-
tern recognition receptors and can be regulated at multiple steps,
including cellular release. In the brain, cytokines are released by
microglia, astrocytes, lymphocytes, pericytes, and other cells and
actonneighbouringcells, including the releasing cells, to drive neuro-
inflammation. In microglia, activation of the NLRP3 inflammasome
generated IL-1B, which reduced microglial clearance of Ap and the
release of AB-degrading enzymes (such as insulin-degrading enzyme
and neprilysin) and stimulated the production of NO and subse-
quent immune cascades**. Neurons exposed to microglia-derived
IL-1B8 show enhanced spine loss and reduced hippocampal long-term
potentiation****7*, Reduced long-term potentiation has also been
reported in hippocampal slice preparation experiments following
exposure tolIL-2,1L-6, TNF and other cytokines**™*”. Inanimal models,
IL-1f can cause neurofibrillary tangle formation and tau pathology
through an IL-1receptor-mediated calcium-calmodulin-dependent
proteinkinase lla (CamKlla)-dependent mechanism’. NLRP3 inflam-
masome activation can also result in microglial pyroptosis, release of
ASC specks and further seeding of Ap deposition*”® (Fig. 3).

More recently, the generation of type I interferons and other
cytokines through the cGAS-STING pathway, which is activated by

cytosolic DNA, hasbecomeafocus ofintense research*®~*!, Typelinter-
ferons are elevated in AD, and genetic deficiency for the type I inter-
feron receptor (IFNARI1) can be protective in some mouse models of
AD*® IL-1q, type linterferon, IFNy, GM-CSF, IL-10 and IL-13 are elevated
in AD brains in association with neurofibrillary tangles**’. T cell-derived
IFNy canincrease reactive microgliosis and AP depositionin AB mouse
models***. IL-10 is generally anti-inflammatory but knockout of the
1[10 gene in an A mouse model reduced amyloidosis, synaptic loss
and cognitive deficits, while increasing reactive microgliosis and
phagocytosis*®. IL-12 and IL-23 are elevated in AD, and depletion of
their shared subunit (p40) reduced AP load and cognitive deficits in
an AD mouse model**®. In contrast, other cytokines may be protective
in AD. For example, IL-33 is reduced in AD brains, and IL-33 deficiency
resulted inincreased tau pathology and neurodegeneration in mice*®.
Furthermore, IL-33 injection reduced microglial reactivity, AR plaques,
synaptic loss and cognitive deficits in amouse model of AD*,

Cyclooxygenases and prostanoids

Prostanoids were initially implicated in AD pathogenesis based
on cross-sectional and longitudinal epidemiological studies
showing reduced risk for AD in individuals taking non-steroidal
anti-inflammatory drugs, which inhibit both cyclooxygenase 1 (COX1)
and COX2 (refs. 489,490). Although clinical trials of non-steroidal
anti-inflammatory drugs and COX2-selective inhibitors were aban-
doned due to lack of clear benefit and potential cardiovascular risks*”,
continued preclinical work highlights unique roles for these enzymes
inthe context of AD. For example, COX1is constitutively expressed by
microglia*?, and its activity was associated with memory impairment
and neuropathology in various models** **, Inaddition, cyclooxyge-
nases have been implicated in communication across the BBB'7*#°,
and might therefore link peripheral inflammation to dementia and
AD progression*”’, Other data demonstrate unique roles for specific
prostanoids and their G protein-coupled receptors. For instance, pros-
taglandin E2 actingon EP2 receptors reduced A3 phagocytosis in several
models*®***° and worsened spatial memory performance in APP/PS1
and ageing mice?’>*’%, possibly by driving age-associated changes in
myeloid cellinflammatory and metabolic states”’>. Moreover, EP1recep-
tors facilitate excitotoxic injury inischaemic and AD models*°*”, Such
findings support interventional targets that are more specific than
general COX inhibitors.

iNOSandNO

One major hallmark of neuroinflammationis aberrant NO production
by microglial cell-expressed inducible nitric oxide synthase (iNOS or
NOS2), a factor held responsible for aggravating pathology. iNOS
generates high levels of NO, with the stimulation of microglia by
LPS and IFNy*° resulting in NO production at a rate of ~-140 pmol per
minute per million cells**% In the presence of ROS following NADPH
oxidase activation, various reactive nitrogen species are generated,
including the potent oxidant peroxynitrite, which enhances nitrosative
stress and causes oxidative damage, nitration, and S-nitrosylation of
proteins, lipids and DNA. Evidence suggests that iNOS expression is
the major source for NO-mediated post-translational modifications
likely rendering many target proteins dysfunctional in AD and other
neurodegenerative disorders®*>=%,

In AD, 3-nitration of y-secretase, triosephosphate isomerase, tau
or AB itself may aggravate pathology’”". These modifications can
induce a positive feedback loop by which chronic and uncontrolled
neuroinflammation causes further excessive microglial reactivity,
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display so-called ‘don’t eat me signals’ can be entirely engulfed by microglial

cell phagocytosis. CamKllg, calcium-calmodulin-dependent protein kinase llo;
DAMP, damage-associated molecular pattern.

resulting in release of additional pro-inflammatory cytokines and
chemokines and damage to the nervous system. In contrast to
iNOS-derived NO, calcium-dependent neuronal NOS (nNOS) activity
leads to NMDA-dependent peak NO production of -2 fmol per second
(~120 pmol per minute) in the entire hippocampus, which increases
in aged 3xTg-AD mice due to higher nNOS protein expression®?.
This enhanced NO production was also seen in APP/PS1 mice due
to increased interaction between C-terminal PDZ-ligand (CAPON)
and nNOS*”, a mechanism that, when disrupted, prevented memory
defects and dendritic loss in this model. Additional evidence suggests
that tau nitrotyrosination is caused by the enhanced nNOS-CAPON
interactions that occur in the App™°* mouse model of AD*"*. These
data confirm an NMDA receptor-nNOS-dependent route contribut-
ing to AD pathology, consistent with earlier studies and clinical tri-
als, where application of the NMDA receptor antagonist memantine

(an open-channel blocker) reduced excitotoxicity and ameliorated
AD pathology®”.

There are various hypotheses as to where excitotoxicity and the
associated and well-described neuroinflammation originate. Clas-
sically, accumulation of AP aggregates and cell debris are involved
in a neuroinflammatory response and augmented NO production.
Indeed, both fibrillary and oligomeric forms of Af directly activate
microglial cells, including iNOS expression and NO production®*~*, To
target NO-mediated cytotoxicity in neurodegenerative conditions, one
therapeuticapproachistosuppress overallNO production, either phar-
macologically or genetically. This method showed promising outcomes
in a variety of model systems where NOS inhibition or iNOS deletion
prevented or slowed disease progression®>**°, However, clinical trials
have not yet achieved any beneficial effects, although phase I and I
trials (NCT02167256, NCT01864655) using Src family kinase inhibitors
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(such assaracatinib) to suppress NF-kB*%, the transcription factor nec-
essary foriNOS expression, were performed®>**. It seems obvious that
thereis aneedtoidentify the optimal time window in whichinhibition
of NO production could exert the most clinical efficacy®*°>.

Mutual interaction between immune mechanisms
and neurodegeneration

Inflammation regulates Ap production

Inflammation can have detrimental effects in AD by exacerbating the
generation of AP. It was proposed that pro-inflammatory cytokines
could enhance the transcription of APP and affect A} aggregation
and generation®*>?, The expression of 3-secretase 1 (BACE1) and
APP increases upon incubation with pro-inflammatory mediators,
such as cytokines and ROS**~**, or in response to events leading to
chronic gliosis such as TBl and stroke®**~*¢, Other reports have sug-
gested that inflammatory cytokines can regulate y-secretase activity
by inducing the expression of interferon-induced transmembrane
protein 3 (IFITM3), which binds to y-secretase, thereby increasing A3
levels®”. Interestingly, peripheralinfection, including with a periodon-
tal pathogen, canlead to anincrease in APP and BACE1 expression”’.In
addition, studiesin models of cerebral amyloidosis have revealed that
low-grade peripheral inflammation induced by LPS injection exacer-
bates AB pathology by affecting AB clearance mechanisms™®>3%% or
AB generation®****, However, other reports have shown the opposite
effects, withareductionin AR when LPS was injected intracranially**>**
or when mice are primed with low doses of LPS before the onset of
transgene-driven AB deposition'’. The effect of inflammation on APP
and BACE1 expression has been related to the presence of consensus
binding sites for various transcription factors that are known to be
regulated by inflammation (such as SMAD, NF-kB, PPARy and STAT1) in
the BACEI and APP promoters®>>***-*¢_In addition, changes in inflam-
matory markers have been associated with alterations in epigenetic
reprogramming®¥, including the expression of miRNAs regulating the
expression of genes (such as BACEI1 and GSK3) involvedin Ap generation

and tau phosphorylation®®,

Tau pathology

Tau pathology can spread from cell to cell by unknown mecha-
nisms. Accordingly, tau can be found in the extracellular space and
potentially enters cells trans-synaptically, a phenomenon thought
to be involved in disease progression®***°, In tau-transgenic mouse
models, tau pathology and tau spread were shown to be driven by
activated microglia, potentially via the release of IL-1B'°"*% (Fig. 3).
In line with this, depletion of microglia led to reduced tau transfer
between neurons™'. Tau was identified as an activator of the NLRP3
inflammasome, and NLRP3 inflammasome activation was detected
in the brains and CSF>* of patients with tauopathy. The loss of inflam-
masome function markedly reduced progression of tau pathology as
well as tau seeding downstream of AR™. In another study, p-tau and
misfolded tau activated NF-kB signalling and NLRP3 inflammasomes
inmicroglia®* Notably, myeloid cell-restricted deletion of MYD8S8 or
ASCrescued tau pathology andimproved cognitive functioninamouse
model. Importantly, suppression of tau via doxycycline or virus-like
particle-based neutralization significantly reduced NLRP3 and ASC
levels in the rTg4510 mouse model of tauopathy®?2. This suggests that
neuronally derived tau can serve asa DAMP and trigger microglial cell
immune responses. Strategies to block tau or tau-microglia cellinter-
actions could be potential therapeutic strategies for tauopathies,
including AD.

Synapses and axons

Itis becoming clear that microglia play crucial roles at the neuronal
synapse (thus the term quadripartite synapse)®***, Microglia constantly
contactsynapses and contribute to synaptichomeostasis and function
throughout lifespan®*~> (Fig. 3). One key microglial function during
development is the coordination of synaptic pruning via the classical
complement cascade®***. Interestingly, this process becomes reac-
tivated in aregion-specific manner in various models of neurological
disease, includinginboth AB-based*"**’ and tau-based***** AD models.
These studies have shown that complement components Clqand C3 are
upregulated and localized to synapses, leading to aberrant elimination
of the tagged synapses by microglia**’ (Fig. 3). This microglial response
issuggested to mediate synapse loss and dysfunctionin models of AD
and of other neurological diseases® > as well as in ageing***** and
across species®®.

Several immune and neuronal proteins have emerged as poten-
tial upstream regulators of microglial cell-mediated phagocytosis
and production of Clq in AD models, including phosphatidylserine
(PtdSer), SPP1, TREM2 and neuronal pentraxin 2 (NPTX2)*¢¢75¢%, Still,
further investigations are necessary to determine how specific syn-
apses are being targeted and eliminated while others remainintact®®’.
This could include molecules that negatively regulate complement
proteins, such as the newly identified complement inhibitor SRPX2,
or molecules that negatively regulate microglial phagocytosis such
as CD47 and SIRPa. Another important consideration is that micro-
glial cell-mediated synapse elimination may not always be detrimental
in neurodegeneration®**"", For example, it has recently been shown
that microglial cell-mediated elimination of synapses can protect
circuits from hyperexcitability in AD-related neurodegeneration. It is
possible that synapse elimination early onin neurodegeneration could
be beneficial as this might protect neurons from excitotoxicity and
detrimental effects propagating in an uncontrolled manner, leading
to cognitive decline. Thus, further elucidating the timing and circuit
specificity of microglial cell-mediated and complement-mediated
synapse elimination during neurodegeneration willimprove our ability
to therapeutically target these mechanisms in disease.

Clinical trials and future therapeutic targets

The modern era of studying neuroinflammation in AD began in 1982
with the report from Eikelenboom and Stam of complement compo-
nents decorating AP plaques®’. These results were fortified by addi-
tional studies by McGeer et al." and Rogers et al." in the late 1980s.
Giventhat theimplication ofinflammation in AD pathogenesis predates
articulation of the Ap hypothesis*?, and given an assumption that such
inflammation must harm surrounding tissues, one may wonder why
no agents have been approved for modification of AD pathogenesis by
modulation ofinflammation as well as why no such agents are presently
in late-stage clinical trials. Clinical trials to date have resulted in null
or, in some instances, negative (suggesting harm) findings (reviewed
upto2018inref.573). These trials tested anti-inflammatory agents of
different categories and, in some instances, employed strategies to
avoid exposure at later stages of the disease process, enroling rela-
tively ‘young-elderly’ cognitively normal individuals with a parental
history of AD*”*. The most concerning result emerged from a trial that
tested the ability of the discontinued COX2-selective agent rofecoxib
to prevent ‘conversion’ of mild cognitiveimpairment to AD dementia,
producing a statistically significant hazard ratio of 1.46 (P=0.011) in
favour of incident dementia. Such findings have likely discouraged
morerecenttrial efforts, asasearch for “neuroinflammation Alzheimer
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Glossary

3xTg model

Mouse model of Alzheimer disease (AD)
carrying three mutations associated
with familial AD (FAD): APP Swedish,
MAPT P301L and PSENTM146V.

5xFAD mouse model

Mouse model of AD that overexpresses
both mutant human APP (encoding
amyloid-(3 precursor protein 695)

with the Swedish (K670N, M671L),
Florida (I716V) and London (V7171)

FAD mutations and a human PSENT
harbouring two mutations, M146L and
.286V. Overexpression of these genes
results in cerebral amyloidosis and
behavioural changes in mice.

B-Secretase 1

(BACE1). In the context of AD, BACET is
the major (3-secretase that generates
AR in neurons by cleaving APP.

Amyloid-B

(AB). An aggregation-prone peptide

of 36-43 amino acids that originates
from AR precursor protein (APP) after
being processed by (3-secretase and
v-secretase. AR is the main component
of AD AB plaques.

APP/PS1 model

Mouse model of AD expressing

a chimeric mouse/human APP
(Mo/HUAPP695swe) and a mutant
human presenilin 1 (PSEN1-dE9), both
directed to central nervous system
(CNS) neurons. Other combinations of
FAD-related gene variants exist.

Blood-brain barrier

(BBB). A network of blood vessels
and tissue that is made up of closely
spaced cells and helps keep harmful
substances from reaching the brain.

Central memory T cell

Central memory T cells express
CD45R0O, CCR7 and L-selectin (CD62L).
They are commonly found in the
lymph nodes and in peripheral blood
circulation.

CNS-associated macrophages
(CAMs). Macrophages located at CNS
interfaces, including the meninges,
perivascular space and choroid plexus.
CAMs are also referred to as BAMs or
‘border-associated macrophages'in the
literature.

Damage-associated
molecular patterns

(DAMPs). Also known as alarmins,
these are molecules released by
stressed cells undergoing cell death
and act as endogenous danger
signals to promote and exacerbate the
inflammatory response.

Disease-associated microglia
(DAM). A subset of brain-resident
macrophages that can be found

next to sites of neurodegeneration.
DAM may have protective roles and
might have a sensory mechanism to
identify neurodegeneration-associated
molecular patterns. DAM were first
described in the 5xFAD mouse AD
modelin 2017 by Keren-Shaul et al.”".

Effector memory T cell

Effector memory T cells express
CD45RO but lack expression of

CCR7 and L-selectin. Because these
memory T cells lack the CCR7 lymph
node-homing receptor they are found
in the peripheral circulation and
tissues. They are important for the rapid
response to previously experienced
immune (pathogen) challenges.

Exhausted T cell

A condition in which T cells lose
their ability to kill certain cells, such
as cancer cells or cells infected by a
pathogen, mostly due to sustained
overactivation in response to chronic
immune challenges.

Inflammasome

Cytosolic multi-protein complexes that
enable the cell to initiate inflammatory
responses following the sensing of
DAMPs and pathogen-associated
molecular patterns. They activate caspase
1-mediated cleavage of pro-inflammatory
cytokines and can initiate pyroptosis, an
inflammatory form of cell death.

Innate immune memory

A type of epigenetically driven memory
shown by myeloid cells and innate-like
lymphocytes following exposure

to pathogen-associated molecular
patterns or DAMPs.

Lewy body disease

A disease associated with abnormal
deposits of a protein called o-synuclein
in the brain. These deposits, called Lewy
bodies, affect chemicals in the brain
and can lead to problems with thinking,
movement, behaviour and mood.

Long-term potentiation

A form of activity-dependent plasticity
that results in a persistent enhancement
of synaptic transmission.

Microglia

A subset of glial cells of the CNS. They
are yolk sac-derived macrophages
that reside in the brain and spinal cord
parenchyma and are the first and main
line of immune defence in these tissues.
Microglia are responsible for CNS
homeostasis and have a central role

in removing unnecessary or damaged
neurons and in pruning synapses as
well as in recognizing and removing
plaques and infectious particles.

Mini-Mental State Examination
(MMSE). A screening test that can be
used to systematically and thoroughly
assess cognitive functions.

Neurovascular coupling
Alterations in local perfusion that occur
in response to changes in neuronal
activity.

Neutrophil extracellular traps
Neutrophil extracellular traps are
web-like structures that form from
DNA and other neutrophil intracellular
proteins. They are released by
activated neutrophils and bind and kill
pathogenic microbes.

Prodromal AD

The prodromal stage of AD refers to
patients with mild cognitive impairment
and evidence of AD-associated
pathology.

Quadripartite synapse

A term proposed to describe
presynaptic and postsynaptic neuronal
terminals and the neighbouring
astrocytes and microglia.

Regulatory T (T,,) cells

A specialized subpopulation of T cells
that act to suppress effector immune

responses, thereby maintaining tissue
homeostasis and self-tolerance.

Tau

Tau protein is encoded by the MAPT
gene and stands for tubulin-associated
unit. In dementias such as AD but

also in Parkinson disease and other
tauopathies, p-tau can form insoluble
aggregates called neurofibrillary
tangles.

Tau PHF6 fragment

A hexapeptide fragment of tau that can
self-assemble and initiate full-length tau
protein aggregation.

TDP43 disease

Neurodegenerative diseases associated
with a TDP43 dysfunction. Examples
include amyotrophic lateral sclerosis,
frontotemporal lobar degeneration and
limbic predominant age-related TDP43
encephalopathy.

T effector memory CD45RA"
cells

A terminally differentiated subset of
memory T cells that re-expresses
CD45RA, a marker normally associated
with antigen-inexperienced T cells.

Translocator protein

(TSPO). The protein translocation
systems found in mitochondria,
chloroplasts and the general secretory
pathways (Sec and Tat) responsible

for the efficient delivery and folding of
globular and membrane proteins into
their correct compartment or into the
membrane.
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disease” under “controlled clinical trials” retrieved only 26 citations as
of 6™ November 2023. The more recent citations report approaches
such as treatment with Boswellicacids®”, caloric restriction®” and oral
hygieneintervention®”. Investigators described phase I trials of Lome-
cel B, a cell therapy comprising allogeneic mesenchymal stem cells,
in patients with mild AD®*°; of note, some have proposed rebrand-
ing mesenchymal stem cells as ‘medicinal signalling cells’ to diminish
the implied stemness of the cell product®°. Recipients of Lomecel
B showed no safety issues but measurements of plasma cytokines, hip-
pocampal volume and MMSE produced variable results with no clear
dose-response or biomarker-clinical relationship. One high-profile
initiative (NCT05450549) using DNL919, a brain-penetrant TREM2
antibody, was discontinued following the observation of moderate,
reversible haematological toxicity in a single ascending dose safety
study in healthy volunteers®®',

Fromthe present Review, and from examining the clinical trial liter-
ature, itbecomes apparent that the community of neuroinflammation
and neurodegenerationresearchers currently lacks a unifying hypoth-
esis that would enable the generation of panels of core-pathology bio-
markers. Our field would be well-advised to consider ways to accelerate
clinical development given underlying biological uncertainty. For
example, basket trials performed withina platform trial structure allow
the establishment of acombined, enlarged placebo group and stand-
ardized protocols against which to evaluate multiple agents simultane-
ously. At the same time, considering how to enhance diversity of trial
populations promises to augment the potential for real-world success.

Next-generation models and open questions

This Review has highlighted how diverse cell types in the brain paren-
chyma contribute to neuroinflammation in the setting of AD. It is
clear that the culpritin AD is not any one given cell type but rather
a community of cells whose mutual interaction accelerates AD
pathophysiology®®. It seems also obvious that any therapy designed to
targetimmune processes runs the risk of interfering with mechanisms
of immune defence and organ homeostasis. The complexity of neu-
roinflammation in AD calls for precise temporal and spatial targeting
of cellinteractions for therapeutic purposes, meaning that, along the
decade-long course of the disease, the best time for interference has to
beidentified and, ideally, the effects of any therapies confined to the
brain. Disruption of these interactions that drive neuroinflammation
is an important therapeutic target, and will require more sophisti-
cated studies at the humanlevel, such as using invitroiPS cell-derived
model systems to identify suitable immune targets. Such challenges
arebeing addressed by many groups and, while no one model system
isideal at present, some in vitro systems show promising results in
capturing features of AD pathophysiology such as the response to A3
toxicity®®. Simpler model systems of cellular monocultures derived
fromiPS cells have also shown that certainin vitro measures correlate
with complex traits captured during life such as cognitive decline®***.
Anadded challengeis thatiPS cell-derived cell types, and even cell lines,
display heterogeneity in cell states evenin monocultures®. Therefore,
next-generation models will need a higher level of characterization to
eitheraccount for the diversity of cell states or, preferably, differenti-
ate the component cell types to the target cell states needed for an
experiment.

Therecent development of chimeric models where human micro-
gliaare transplanted into the mouse brain opens new avenues to tackle
some of the challenges connected to the complex molecular and cellu-
lar interplay occurring in a whole living organism. They provide a

complex platform in which human cells are placed into a living brain
‘bioreactor’, where they caninteract with other CNS and systemic com-
ponents and be exposed to relevant disease challenges®***¢°% Initial
characterization of this model showed that transplanted human micro-
gliarecapitulate several baseline transcriptomic, proteomic and func-
tional aspects of human primary cells*>??>°%¢, The analysis of human
microglia transplanted into the brain of AD mice revealed that they
display awide heterogeneity of cell states that mimic time-dependent
phenotypes and transcriptional features of AD***¥”, An additional key
advantage of chimeric models is the wide range of patient-derived
iPScelllinesthat could shed light onthe impact of single or poly-genetic
risk associated to AD**® as well as relatively straight-forward genetic
modifications that can be introduced at stem cell level and can help
in translating from cell state to function. Although transplantation
studies may provide relevant biological and mechanistic insights into
different AD genetics, microglia cell states and functions, they also
come with significant limitations as the human cells are placed in an
immunodeficient mouse host.

With enhanced multicellular in vitro and in vivo models, we will not
reproduce the human brain but we will have a manipulable approxima-
tion of cellular communities with which to test mechanistic questions
and obtainreproducible results that caninform therapeutic pipelines.
Key questions to pursueinclude defining how different microglial cell
states translate into function within the brain. This would enable us
to target the nodes in the intercellular communication network of
microglia that drive pathology so that the cell community is instead
driven towards protective states. One does not necessarily have to
perturb all cells in a community equally; perhaps perturbing a key
driver cell subtype can theneffect the desired changes in the other cell
types in the community. In vitro models with a pseudo-vascular com-
ponent or refined chimeric systems with re-introduction of adaptive
immune cells via T cell transfer are particularly interesting, as leverag-
ing the propagation of immune responses from the periphery to the
CNSwould beideal foratherapeutic, avoiding the many challenges of
BBB penetration.

With the advent of anti-Ap passive vaccination therapies in AD,
even if limited in efficacy, and the beginning of clinical testing of
immune-modulatory drugs in AD, future strategies will also have to
test possible combinations. The success of these therapies either alone
or in combination may depend on the identification of the optimal
treatment period and biomarkers to monitor target engagement in
the decade-long course of this disease.

Published online: 9 December 2024
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