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Abstract | Dysregulation of the immune system is a cardinal feature of Alzheimer disease (AD),
and a considerable body of evidence indicates pathological alterations in central and
peripheralimmune responses that change over time. Considering AD as a systemic immune
process raises important questions about how communication between the peripheral and

central compartments occurs and whether this crosstalk represents a therapeutic target. We
established a whitepaper workgroup to delineate the current status of the field and to outline
aresearch prospectus for advancing our understanding of peripheral-central immune crosstalk
in AD. To guide the prospectus, we begin with an overview of seminal clinical observations

that suggest a role for peripheral immune dysregulation and peripheral-centralimmune
communication in AD, followed by formative animal data that provide insights into possible
mechanisms for these clinical findings. We then present a roadmap that defines important next
steps needed to overcome conceptual and methodological challenges, opportunities for future

interdisciplinary research, and suggestions for translating promising mechanistic studies into

therapeutic interventions.

Dysregulation of the immune system is a cardinal fea-
ture of Alzheimer disease (AD). Considerable evidence
indicates that pathological alterations occur in both
central and peripheral immune responses and that these
change over time. Immune dysfunction as a cause of AD
pathogenesis and progression was previously thought
to be restricted to the immune process in the CNS,
but accumulating data indicate pivotal contributions
of the peripheral immune system as well. Examining
AD pathophysiology through the lens of a systemic
immune process raises important questions about how
communication occurs between the peripheral and cen-
tral compartments, whether this communication func-
tionally changes over time, and whether this crosstalk
could be a therapeutic target’. Some data also indicate
that functional alterations in immune cells and/or dis-
ruption of immune homeostasis result in a combination
of protective and destructive downstream effects with
complex implications — positive and negative — for AD
according to disease stage.

In order to understand the myriad roles of peripheral-
central immune dysregulation in AD and to develop
effective therapeutic interventions that target the commu-
nication between these systems, we established a white-
paper workgroup as part of the Alzheimer’s Association

Immunity and Neurodegeneration Professional Interest
Area. Numerous comprehensive reviews of the role of
the immune system in AD pathogenesis have been pub-
lished previously”™, so our aim was not to provide an
exhaustive summary of prior studies nor to reach a con-
sensus on the most robust immune biomarkers. Instead,
the goal of this Roadmap is to delineate the current sta-
tus of the field and to outline a research prospectus for
advancing our understanding of the dynamic interplay
between peripheral and central immune dysregulation
in AD.

We begin with an overview of seminal clinical obser-
vations that suggest a role for peripheral immune dysreg-
ulation and peripheral-central immune crosstalk in AD,
followed by formative animal data that provide insights into
possible mechanisms that underlie these clinical findings.
Although we discuss the role of central immune regulation
in AD, we primarily consider central immune function
from the perspective of its relationship with the periph-
ery rather than in isolation. Finally, we present a roadmap
that defines the next steps that are essential to overcom-
ing conceptual and methodological challenges, high-
lights opportunities for interdisciplinary future research,
and provides suggestions for translating promising
mechanistic studies into therapeutic interventions.
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Key points

e Alzheimer disease (AD) should be viewed as a systemic disease that involves dynamic
processes in the peripheral and central immune compartments.

¢ Clinical studies suggest that the peripheral and central immune systems are
dysregulated in AD, are related to cognitive function and clinical status, and may
change in a non-linear manner over time; burgeoning evidence also suggests that the
roles of innate and adaptive immune processes differ depending on the pathological
stage of AD.

Animal studies have provided insights into possible mechanisms for peripheral and
central immune communication, including direct pathways that involve peripheral
immune cell infiltration into the CNS, as well as indirect pathways that involve
systemic inflammation-driven modulation of microglial function.

Longitudinal clinical studies to evaluate peripheral and central immune mechanisms
are needed in combination with comprehensive assessment of the human exposome
in demographically diverse cohorts.

Further mechanistic studies in animal models are critical to providing a better
understanding of peripheralimmune cell trafficking to the CNS, adaptive and innate
immune system interfaces and astrocyte-microglia crosstalk.

Translational and interdisciplinary studies are needed to reconcile differences in
immune pathways across species and to develop strategic immune-based therapies
that are tailored to disease state and severity.

State of the field

Clinical studies of inmune dysregulation

The possibility that immune dysfunction is involved
in AD was first recognized in Alois Alzheimer’s orig-
inal 1907 article, in which he described morphological
alterations in glia in autopsy samples from the brains of
patients with AD. Colocalization of immune cells with
amyloid plaques is now a well-recognized neuropatho-
logical feature of AD. More broadly, ageing is charac-
terized by systemic changes to the innate and adaptive
immune systems, including thymic involution, chronic
expression of circulating pro-inflammatory markers
(known as ‘inflammageing’), and senescent cellular
phenotypes, which have a senescence-associated secre-
tory profile and release several inflammatory medi-
ators. Although immune system dysregulation was
originally considered to be a ‘bystander’ in pathologi-
cal ageing processes, genome-wide association studies
(GWAS) and clinical research studies have implicated
this dysfunction in AD pathogenesis and clinical
progression.

In this section, we discuss evidence from human
studies that addressed the complexity of the interplay
between central and peripheral immune dysfunc-
tion and its association with salient clinical outcomes.
We focus on this interplay to avoid the false dichotomy
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of central versus peripheral immune dysregulation. We
primarily review the role of peripheral immune regula-
tion in CNS-related outcomes and the tandem appraisal
of the peripheral and central immune systems in ageing
and AD.

Peripheral inflammation, cognitive decline and dementia.
In vivo studies of immune dysregulation in humans
have predominantly focused on circulating, peripheral
inflammatory mediators. Increases in these markers
have been associated with negative trajectories in the
context of both ‘normal’ ageing’ and AD, although dis-
cordant results are noted throughout the literature®'’
and several large-scale studies have found no relation-
ship between peripheral inflammation and AD'"'2
Nevertheless, meta-analyses of observational and epi-
demiological studies have indicated that dysregulation
of inflammatory markers is present in AD'>'* and that
this dysregulation is associated with an increased risk of
developing all-cause dementia'>'.

Early clinical studies of immune dysregulation
focused on the role of peripheral inflammatory markers
in predicting pathological outcomes in late life and indi-
cated that alterations in these markers presage cognitive
changes and/or symptomatic manifestations of disease.
These formative epidemiological studies demonstrated
that baseline levels of C-reactive protein'”'* and IL-6
(REF.') and peripheral blood mononuclear cell produc-
tion of tumour necrosis factor (TNF) and IL-1p" in
healthy adults are associated with future development
of all-cause dementia or AD. Observations that higher
levels of peripheral inflammatory markers in midlife
to late life indicate an increased risk of dementia have
been further supported by studies in which elevated
levels of these markers were found to be associated
with future cognitive decline more broadly (not just
dementia)*~?* and to interact with vascular risk factors
to negatively influence outcomes™. Moreover, a chronic
pro-inflammatory state, defined by longitudinal eleva-
tions in the levels of peripheral inflammatory markers,
has been associated with earlier disease onset of AD in
APOE &4 carriers™. Findings from the Atherosclerosis
Risk in Communities (ARIC) study indicate that a
greater extent of peripheral inflammation in midlife is
associated with steeper cognitive decline over a 20-year
period even after accounting for vascular risk factors
and demographic variables. Similar to the body of
research linking midlife cardiovascular risk factors
with late-life cognitive decline®, the implications of
peripheral inflammation for brain health might differ
according to the timing and duration of exposure.

Peripheral innate immunity and AD stages. Peripheral
inflammatory markers in asymptomatic older adults have
been associated with many clinical variables and bio-
markers, including cognition®*, brain structure*>**-!,
functional brain connectivity™ and future amyloidosis™.
However, resolving the temporal course and clinical
significance of peripheral immune dysregulation in
the context of symptomatic AD has been a consider-
able challenge. Attempts to use peripheral inflamma-
tory markers to differentiate clinical stages of AD or to
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demarcate conversion from mild cognitive impairment
(MCI) to dementia have yielded mixed results*’.
Although many peripheral inflammatory markers
increase in tandem with clinical progression, there is no
agreed-upon immune marker profile in the periphery
for the staging of diagnostic severity. This is due, in part,
to inconsistent evidence suggesting that some periph-
eral inflammatory markers peak in the early sympto-
matic stages of AD and decline in later stages (that is,
late dementia)*****!. Studying absolute differences in
cytokine levels might be less meaningful than delineat-
ing how these cytokines function and change at specific
stages of clinical severity, as strong negative associations
between peripheral inflammation and cognition have
been observed even in the context of low absolute levels
of inflammatory markers*.

In addition to linking peripheral inflammatory mark-
ers with clinical AD severity, levels of peripheral inflam-
matory markers have also recently been compared with
fluid and PET biomarkers of AD pathology to investi-
gate their relationship with disease pathogenesis and
stage. In this context, levels of peripheral inflammatory
markers have generally been more strongly associated
with cerebrospinal fluid (CSF) levels of phosphorylated
tau”** and neurofilament light chain** than with CSF
levels of amyloid-p (Ap). The majority of studies have
been restricted to cross-sectional designs and have been
limited in their appraisal of standardized (for example,
amyloid-tau-neurodegeneration framework)* patho-
logical AD staging, both of which have hampered a full
view of the temporal course. Of note, however, very
recent data from a study on peripheral inflammation and
AD-related neuroimaging biomarkers in asymptomatic
older adults suggests the possibility that inflammation
has protective effects at specific pathological stages*.
Specifically, Yang and colleagues reported that higher lev-
els of IL-12p70 were associated with slower rates of longi-
tudinal cognitive decline in asymptomatic older adults,
but only in individuals with higher amyloid burden
on PET imaging; moreover, higher levels of IL-12p70
in the setting of higher amyloid burden were associated
with less tau pathology and neurodegeneration. This
study raises questions about the dynamic role of periph-
eral inflammation in combating or compensating for
accumulating amyloid pathology during early stages of
the disease process, and highlights the need for prospec-
tive, longitudinal biomarker studies that are stratified by
both clinical and pathological AD stages.

Although most human studies of immune dys-
function and AD stages have focused on plasma
cytokine levels, phenotypic and functional assays of
monocytes have also indicated a role for inflamma-
tory dysregulation in AD dementia***. In the most
recent study of this type, in vitro application of IL-33
to lipopolysaccharide-primed, A,,-stimulated mono-
cytes reduced IL-1B production in monocytes from
healthy elderly adults and adults with MCI but not in
cells from people with AD dementia; moreover, it stim-
ulated IL-10 production in monocytes from healthy
older adults only. Collectively, these findings sug-
gest that anti-inflammatory functional pathways may
be altered in the MCI and dementia stages*®. Other

ROADMAP

studies have also linked hyperreactive peripheral innate
immune cells with clinical outcomes in patients with
AD. Specifically, homeostasis of circulating neutrophils
is altered, with a shift towards pro-inflammatory phe-
notypes and increased production of reactive oxygen
species®. In this study, the ratio of harmful, hyperreac-
tive senescent neutrophils to immunosuppressive neu-
trophils was higher in patients with AD dementia than
in patients with MCI. Moreover, alterations in neutro-
phil homeostasis were more pronounced in patients
who declined rapidly than in those who declined more
slowly, strongly suggesting that neutrophil immuno-
phenotypes not only reflect stage of disease but also
presage cognitive decline®.

Systemic inflammatory events and clinical outcomes.
Ageing is associated with an increased incidence of infec-
tions and surgical procedures, both of which introduce
systemic immune alterations®-**. Systemic inflammatory
health events range from common acute infections (for
example, the common cold) and procedures (for exam-
ple, orthopaedic surgery) to chronic infections (for
example, herpes simplex virus and Chlamydia pneumo-
niae infection) and critical illness (for example, sepsis).
So-called sickness behaviour™ — defined as a collection
of behavioural changes that occur during infection and
serve an evolutionarily adaptive role in the conservation
of energy and resources — and cognitive decline***
have been associated with a range of such acute and
chronic events, suggesting that direct pathways exist
between the peripheral and central compartments.
Even a single recent infection may alter peripheral
immune markers and accelerate cognitive decline in
elderly adults™**".

In a seminal study published in 2009, recent inflam-
matory events were associated with increased levels of
peripheral immune markers and a twofold increase in
the rate of cognitive decline over a 6-month period™.
With regard to longer-term outcomes, a recent study
showed that a history of infections requiring hospital
treatment was associated with future development of
dementia, even when analyses were limited to indi-
viduals in whom dementia was diagnosed more than
10 years after the infection®. Of note, such infections
were more strongly associated with vascular dementia
than with AD dementia, suggesting that infection-related
mechanisms involve both inflammatory and vascular
pathways>.

Other studies have suggested that systemic inflam-
matory events can influence the neuroinflammatory
response in AD in more complex ways; for example, ter-
minal systemic infections have been associated with an
immunosuppressive, rather than an inflammatory, envi-
ronment in the brain of patients with AD, characterized
by upregulation of anti-inflammatory genes (IL4R and
CHI3L1) and decreased expression of pro-inflammatory
proteins®. However, the role of acute and chronic sys-
temic events in exacerbating or unmasking AD-specific
degenerative processes remains relatively under-studied,
and little is known about how the period of exposure or
the role of concomitant AD pathology affects immune
phenotypes in response to these events.
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Correlations between peripheral and central compart-
ments. Methodological constraints have limited wide-
spread in vivo assessment of CNS immune dysfunction
in humans. Nevertheless, a growing body of evidence
indicates that a CNS inflammatory response, typically
characterized by upregulation of CSF pro-inflammatory
markers, occurs early in AD. Clinical and pathologi-
cal associations with this inflammatory response are
mixed and marker dependent, emphasizing the fact
that granular assessment of specific pathways at each
stage of disease severity is critical. For example, sev-
eral studies have found that higher CSF levels of C-C
motif chemokine ligand 2 predict faster clinical decline
in AD"%2. However, other studies have suggested that
increased levels of soluble triggering receptor expressed
on myeloid cells 2 (TREM2)** and confluence of several
pro-inflammatory and anti-inflammatory factors in the
CSF are predictive of slower clinical decline®’. Using
the National Institute on Aging—Alzheimer’s Association
2011 criteria® for stratifying participants on the basis of
preclinical biomarker stage, one study found that CSF
levels of inflammation were lower in stage 1 (biomarker
evidence of amyloid positivity only) than in stage 0 (no
biomarker abnormality) but markedly higher in stage 2
(biomarker evidence of amyloid positivity and elevated
total tau levels). This unexpected result of a nadir in the
inflammatory process prior to significant tau accumula-
tion highlights that the pattern of CSF levels of immune
proteins is likely to be non-linear and can differ with the
presence or absence of AP and tau pathology®.

PET imaging studies have also raised numerous ques-
tions about the longitudinal dynamics of central innate
immune activation and the balance between beneficial
and detrimental roles of resident innate immune cells in
responding to AD pathology. A meta-analysis of stud-
ies in which translocator protein (TSPO) PET was used
to estimate microglia and astrocyte activation showed
that neuroinflammatory processes increase in tandem
with disease progression®’. Other PET studies have
suggested that CNS immune responses fluctuate with
multiple peaks or differ in their dynamics according to
pathological stage®’. A longitudinal PET study has also
suggested that the functions of distinct neuroinflamma-
tory signatures depend on patient-specific factors rather
than strictly on disease stage®.

Few clinical studies have been done to directly inves-
tigate communication between peripheral and central
innate immunity in AD. The breadth of evidence for
associations between peripheral inflammation, acute
systemic health events and CNS-related outcomes
strongly suggests that communication between the
two systems occurs, but the directionality and timing
of these pathways and the potential for their therapeu-
tic modification are poorly understood. Simultaneous
measurements of and comparisons between CNS and
peripheral inflammation are sparse, although some
findings suggest that levels of most analytes corre-
late only modestly between the compartments*-®.
Importantly, biomarkers of AD-related pathology are
associated with unique inflammatory signatures in the
blood and the CSF****%, and indices of peripheral and
CNS immune dysregulation contribute to models of

AD classification'**. The distinct inflammatory profiles
suggest joint and/or independent contributions of the
peripheral and central immune systems to AD, further
highlighting that the peripheral inflammatory milieu is
unlikely to be simply a downstream epiphenomenon of
CNS dysfunction.

Adaptive immunity in AD. Burgeoning human data
demonstrate that cellular adaptive immunity and asso-
ciated neuroimmune interactions have an instrumental
role in AD pathophysiology. Several studies have demon-
strated that homeostasis of peripheral T cell immunity is
dysregulated in AD, suggesting that altered distributions
and activation statuses of lymphocyte functional subsets
in the periphery have complex implications in disease
pathogenesis. In line with this idea, peripheral altera-
tions in naive and memory subsets of CD4" T cells have
been documented in patients with mild AD dementia
compared with healthy older adults — the proportion
of naive cells was decreased and that of effector memory
and terminally differentiated effector memory (TEMRA)
CD4" cells was increased””". Accordingly, other studies
have demonstrated that peripheral CD4* T cells from
patients with AD include a high proportion of circulat-
ing IFNy-secreting T helper (T};) 1 cells and are skewed
towards T};17 and T,;9 phenotypes””. Some clinical
evidence indicates that immunomodulation mediated
by regulatory T (T,,) cells — CD4" T cells that suppress
excessive immune responses — is also altered in AD.
Although still at an early stage of inquiry, studies sug-
gest that the overall proportion of peripheral T, cells is
reduced””” or that T, , cell subsets and T, cell-mediated
suppression are increased in MCI (but not in mild or
severe AD dementia)’>’°.

In addition to T cell activation in the peripheral
compartment, patients with AD have a much higher
proportion of activated CD8* T cells in the CSF than
healthy older adults, and this abnormality correlates with
AD-related cognitive and neuroanatomical outcomes””.
The potential for adaptive immune crosstalk between the
peripheral and central compartments is illustrated by
a recent comprehensive study that examined adaptive
immune changes in multiple groups of patients with
AD. The study provided evidence that AD is associated
with an adaptive immune signature in the blood (the
presence of CD3*CD8'CD27- TEMRA cells), which is
linked with increased effector functions and negatively
correlates with a measure of global cognitive function’.
Moreover, single-cell T cell receptor sequencing and rep-
ertoire analyses have revealed clonal expansion of cyto-
toxic pro-inflammatory CD8* TEMRA cells in the CSF
of patients with MCI or AD, which was also associated
with higher proportions of granzyme A*CD8* T cells in
AD-affected than in control hippocampi. CD8" T cells
were also observed adjacent to AP plaques and/or asso-
ciated with microtubule-associated protein 2-positive
neuronal processes’, and other studies have found a
correlation between T cell infiltration and phosphoryl-
ated tau load in the brain of patients with AD”. Levels of
extravascular CD3* T cells have been shown to correlate
with tau but not Ap pathology in the brain of patients with
AD, suggesting that T cell extravasation into the brain is
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driven by tau-related neurodegenerative changes rather
than by cerebral amyloidosis®.

Collectively, these data suggest that peripheral
homeostasis of T cells is partially altered in patients
with AD, resulting in dysregulated distribution, subsets
and functional differentiation of T cells associated with
neurodegeneration. Current data suggest that periph-
eral CD4* and CD8* T cells are more highly differen-
tiated and pro-inflammatory than normal in AD, that
T,., cell-mediated immunomodulation is altered, and
that antigen-experienced T cells that patrol the intrath-
ecal space of AD-affected brains undergo clonal expan-
sion. Additional studies are needed to further establish
the antigen specificity and functional significance of
these T cells and whether T cell infiltration from the
periphery is a feature specific to AD or common to
several neurodegenerative conditions with neuroin-
flammatory features, such as Lewy body dementia and
Parkinson disease.

Gut microbiota and peripheral-central immune cross-
talk. Differences in the composition and diversity of
gut microbiota have been observed in patients with AD
compared with asymptomatic older adults, indicating an
additional channel through which the peripheral milieu
could influence the CNS*'. Studies in humans have iden-
tified a decrease in the abundance of Firmicutes bacte-
ria and an increase in the abundance of Bacteroidetes
bacteria in the microbiome of people with AD relative
to controls, and these alterations have been associated
with high CSF levels of p-tau and a high p-tau to Ap,,
ratio™. Directly relevant to immune dysregulation, one
study showed that the abundance of a pro-inflammatory
microbiota taxon (Escherichia and Shigella) was higher
and the abundance of an anti-inflammatory microbiota
taxon (Eubacterium rectale) was lower among partici-
pants who were AP-positive and cognitively impaired
than among participants who were AB-negative®. These
alterations in gut microbiota were associated with sys-
temic inflammation in the blood — the abundance of
Escherichia and Shigella correlated positively with levels
of IL-1B, NACHT, LRR and PYD domains-containing
protein 3 (NLRP3) and C-X-C motif chemokine 2
(CXCL2)®.

Overall, accumulating data suggest that alterations
in gut microbiota are associated with AD clinical sta-
tus, AD-related biomarkers and inflammatory state.
Strikingly, emerging evidence suggests that healthy
ageing is driven by so-called microbial drift towards
person-specific microbiota composition®’. Multimodal
longitudinal studies are needed to further characterize
the intersections between peripheral immunity, central
immunity and gut microbiota changes, but compelling
data indicate that the microbiome is an important thera-
peutic target for modulating immune functions and AD
progression.

Mechanistic insight from animal studies

Collectively, clinical studies of immune regulation in AD
in humans suggest that peripheral and central immune
systems are dysregulated and dynamically change in
a non-linear manner over time, innate and adaptive
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immune processes are associated with presentation and
course of the disease, and crosstalk between the central
and peripheral systems is likely. However, how this com-
munication occurs and at what stages it is beneficial or
deleterious are unclear. Possible routes of communica-
tion between the peripheral and central compartments
include circumventricular organs, direct transport
across the blood-brain barrier (BBB) and stimulation
of vagal afferents (reviewed in detail elsewhere®-*).
Current technology limits in vivo study of the mecha-
nisms behind the clinical findings in humans, but animal
studies of immune dysregulation provide critical insight
into possible mechanisms of central-peripheral immune
crosstalk and its temporal dynamics in AD. Of note, in
the discussion of animal models, we have used the com-
mon nomenclature APP/PS1’ as an umbrella term for
several types of double-transgenic APP and PS1 strains.

Peripheral inflammatory markers, neuroinflammation
and cognition. The ways in which peripheral inflam-
matory factors affect neuroinflammation remains a key
mechanistic question, and animal studies have provided
important insights. In one study of the APP23 mouse
model of AP pathology, treatment with different reg-
imens of peripheral lipopolysaccharide injection to
alter blood levels of pro-inflammatory cytokines had
opposing effects on the development of Ap pathology.
In mice treated with regimens to increase peripheral
pro-inflammatory profiles, microglia exhibited a form
of immune memory called immune training, which
exacerbates neuroinflammatory responses, cerebral
B-amyloidosis and neuronal death. In mice treated
with regimens to induce peripheral immune tolerance,
microglia exhibited immune tolerance, which damp-
ened inflammatory responses, increased microglial Af
uptake and improved neuronal survival®. These data
suggest that microglia retain a long-lasting memory
of peripheral inflammation that can influence the pro-
gression of A pathology in mouse models. Systemic
inflammation also reduced microglial clearance of AP
in a study of the APP/PS1 mouse model®. Knockout
of the NLRP3 inflammasome blocked these microglial
changes, suggesting that inhibition of NLRP3 path-
ways is critical to minimize the pathological effects of
peripheral inflammation.

More broadly, other studies have shown that
blood-borne factors in the systemic milieu can inhibit
adult neurogenesis and cognitive function in an
age-dependent fashion in mice. For example, altera-
tions in plasma levels of selected chemokines, including
eotaxin, modulate adult neurogenesis and affect learning
and memory”. Although this study did not specifically
address AD, the findings suggest direct communication
between the periphery and CNS, and underscore the
potential for peripheral systemic factors to affect AD
pathogenesis.

Peripheral innate immune cell infiltration. Evidence
from studies of aged animals and murine models of AD-
like pathology has established that brain neuroinflam-
mation comprises not only activation of brain-resident
immune-competent cells but also infiltration of activated
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peripheral immune cells. Peripheral macrophages are
among the major innate immune cells that can infiltrate
the CNS in neuroinflammatory conditions. However, the
extent of such infiltration in AD and the role of such
infiltrating cells remain controversial. Some evidence
suggests that peripheral myeloid cells can infiltrate brain
tissue and mitigate AP deposition and cognitive impair-
ments in AD mouse models”~*. However, replacement
of brain-resident myeloid cells with peripheral mono-
cytes did not modify AP load in two mouse models of
cerebral B-amyloidosis (APP23 and APP/PS1 mice)”*.
These data raise questions about the respective roles
of peripheral monocytes and microglia in clearing AP
burden.

In addition to peripheral macrophages, natural killer
cells infiltrate the brain in the APP/PS1 mouse model of
AP pathology” and neutrophils have been observed in
the brains of patients with AD and three mouse models
of AP pathology (APP/PSI, 5xFAD and 3xTg-AD
mice)’”. Studies in the 3xTg-AD mouse model have
shown that neutrophil depletion or inhibition of neutro-
phil trafficking reduces AP neuropathology and
improves memory”. Other studies have implicated
neutrophils in the reduced cerebral blood flow observed
in AD — in APP/PS1 and 5xFAD mice, the number of
cortical capillaries with stalled blood flow was higher
than in wild-type animals, largely as a result of neutro-
phil adherence in capillary segments, which blocked
blood flow'*. Administration of antibodies against the
neutrophil marker Ly6G rapidly reduced the number of
stalled capillaries, immediately increasing cerebral blood
flow and rapidly improving performance in spatial and
working memory tasks'®. These studies suggest that
neutrophils contribute to AD pathogenesis and cogni-
tive impairment, and hence constitute a potential new
therapeutic target that originates in the periphery®.

With respect to the mechanisms by which peripheral
innate immune cells infiltrate the CNS, the BBB dys-
function that is observed in AD has been proposed as
the basis for a direct and/or indirect route. Alterations
in BBB function that could promote such infiltration
include increased permeability as a result of deterio-
ration of the molecular and cellular components of the
endothelial, pericyte and/or capillary walls, leading to
aberrant promotion of migration of activated leukocytes
from the periphery into the brain. For a detailed descrip-
tion of this process the reader is referred to a review by
Sweeney et al.”"".

Innate immune mechanisms of AD pathogenesis. In the
context of neurodegenerative diseases, several studies
have investigated the pathomechanisms by which sys-
temic inflammation could cause long-term cognitive
decline and contribute to neurodegeneration'””. Systemic
inflammation affects neuronal populations that are com-
promised in AD, such as cholinergic neurons and their
projections'”, and such damage could directly affect
memory function and cognitive performance. However,
systemic inflammation also compromises the key func-
tions of microglia, such as the phagocytosis and degra-
dation of AP deposits®**, which could fuel secondary
harmful events. In this way, the influence of peripheral

immunological processes on AD pathogenesis could be
indirect, via crosstalk with the central immune system.

In the CNS, cerebral deposition of AP peptides ini-
tiates immune cascades in microglia and astroglia and
this immune stimulation initially activates a phago-
cytic clearance response. However, as inflammation
becomes chronic, deleterious effects of chronically
activated microglia take over and contribute to disease
progression, neuronal dysfunction and damage'*. In
APP/PS] transgenic mice, blockade of the microglial
NLRP3 inflammasome, a central and upstream innate
immune pathway, prevented inflammatory polariza-
tion of microglia and the development of AD pathology
and spatial memory dysfunction'”. NLRP3-dependent
IL-1f production and peripheral induction of several
other cytokines, including TNE, impairs neuronal func-
tion and causes direct neuronal damage and synaptic
deficits'*"'”. Inflammatory signals can synergistically
interact with and potentiate further neurodegenerative
mechanisms, such as excitotoxicity'"’.

Adding further complexity, chronic inflammatory
activation of microglia can lead to pyroptosis, which
results in the release of apoptosis-associated speck-like
protein containing a CARD (ASC) complexes, also
known as ASC specks. In the periphery, release of ASC
specks ensures a rapid and efficient response of the
innate immune system'", but in the brain could serve as
a seed for AP deposition and thereby directly cause
spread of pathology and progression''”. Furthermore,
some evidence suggests that microglial immune activa-
tion also influences neuronal tau pathology. Specifically,
in tau transgenic mice, senescent microglia and astroglia
have an inflammatory senescence-associated secretory
profile, and ablation of these senescent cells prevents
neuronal tau pathology'"”. Genetic knockout of the
NLRP3 inflammasome also prevents AB-induced spread
of tau pathology''. Together, these findings suggest that
inflammatory signals contribute to, and possibly cause,
tau pathology and subsequent neuronal death.

These central inflammatory mechanisms could all be
influenced by systemic inflammation. The widespread
dissemination of newly developed protocols to study the
behaviour of microglia around Ap in vivo'" is likely to
shed light on these processes and lead to the develop-
ment of more effective mechanism-based therapies to
prevent proteinopathies.

Adaptive immune mechanisms of AD pathogenesis.
Clinical studies have indicated a role for the adaptive
immune system in AD, but animal studies have pro-
vided additional mechanistic insights into the com-
plexity of adaptive immune modulation of microglial
responses and AP pathology. For example, in one study
in Rag-5xFAD mice that were deficient in T cells, B cells
and natural killer cells, adaptive immunity seemed to
restrain AP pathology, possibly by modulating micro-
glial function''®. Conversely, results of a study in a
RAG-deficient APP/PS1 mouse model, which lack
functional T cells and B cells, suggested that adaptive
immune processes modulate and dampen microglial
responses to misfolded AP peptides in the brain, ulti-
mately worsening A pathology'"”. These contradictory
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findings suggest that the adaptive immune system has
a multifaceted and incompletely understood role in the
modification of microglial function, although the differ-
ential deficiency in natural killer cells and differences in
the mouse models could be relevant to the discordant
results.

The increased infiltration of T cells observed in the
brain parenchyma of patients with AD”*!"*-1" has led to
further exploration in mouse models of AD. Most func-
tional studies have focused on Ap pathology and also
suggest a complex picture involving detrimental and
beneficial effects of different T cell subtypes. One study
in the APP/PS1 mouse model of Ap pathology showed
that AB-specific CD8" T cells do not trigger detrimental
autoimmune neuroinflammation'?". In APP-Tg J20 mice,
ApB-reactive CD4* T cells promoted AP clearance but also
promoted meningoencephalitis'>. A study in APP/PS1
mice suggested that AP-specific, IFNy-producing
T,1 CD4' T cells increase AP deposition and micro-
glial activation and negatively affect spatial learning'®,
whereas two other studies have shown that AB-specific
CD4" T2 cells reverse cognitive decline and synaptic
loss without infiltrating the brain parenchyma'*'>.
These studies highlight the fact that AB-reactive CD4*
T cells in AD have complex functional effects, with multi-
ple outcomes that depend on the relative magnitude and
functionality of different types of T cell responses in
addition to the profile of the local neuroinflammatory
microenvironment.

Studies in mouse models of AP pathology suggest that
T, cells have a critical role in controlling the magnitude
of AP-specific CD4" T cell responses in physiological
and pathological settings'*. In line with this observation,
depletion of peripheral T, cells at early disease stages in
APP/PS1 mice accelerated the onset of cognitive deficits
and reduced plaque-associated microglia, but did not
substantially reduce AP deposition. Conversely, selec-
tive amplification of T, cells through treatment with
low-dose IL-2 restored cognitive functions and increased
plaque-associated microglia. These studies suggest that
T, cells delay progression of AB-related cognitive
deficits early in the disease course, at least partially by
modulating activated microglia'*’. By contrast, however,
peripheral T, cells can worsen established AB amyloid
pathology by reducing the parenchymal recruitment of
leukocytes through the choroid plexus'*.

Much less is known about the interplay between
T cell responses, central innate neuroinflammation and
tau pathology. A selective association of CD8" T cell
infiltration with tau deposition has been observed in the
hippocampus of the THY-tau22 mouse model of AD-like
tau pathology'®. Early, total T cell depletion prevented
cognitive deficits and reduced innate neuroinflamma-
tion in these mice, suggesting that tau pathology drives
the development of deleterious T cell responses that
promote detrimental central innate neuroinflammatory
responses’”.

An important but unanswered question is the extent
to which changes in adaptive immunity reflect normal
ageing or progression of disease. In mouse studies, sys-
tematic comparisons of AD-like mice and age-matched
healthy littermates show that any observed changes in

ROADMAP

immune function relate to disease progression rather
than normal ageing. Further investigations are needed
to address whether such immune changes are a cause
or a consequence of disease, but several studies of
T cell-targeted interventions at very early, presymp-
tomatic stages in AD-like mouse models support the
hypothesis that adaptive immunity is instrumental in
disease pathogenesis'*”'>.

The gut microbiome, amyloidosis and peripheral cell
infiltration. In support of human studies suggesting that
the gut microbiota has a modulatory role in AD clini-
cal outcomes, studies in APP/PS1 mice have revealed a
remarkable shift in the gut microbiota compared with
wild-type animals. Compared with conventionally raised
non-germ-free APP/PS1 mice, germ-free APP/PSI
mice exhibited a substantially lower level of cerebral
AP pathology, which increased on recolonization
with microbiota from non-germ-free APP/PS1 mice.
Colonization with microbiota from wild-type mice
induced a smaller increase in cerebral AP levels. These
findings support the idea that pathology-related changes
in the microbiota have an instrumental role in the
development of AP pathology'*.

Studies in 5xFAD mice also suggest a mechanistic
link between gut microbiota dysbiosis and neuroin-
flammation in AD. Gut microbiota dysbiosis resulted in
increased levels of phenylalanine and isoleucine in the
faeces and blood, which subsequently promoted the dif-
ferentiation and proliferation of peripheral T;1 cells*'.
Infiltration of these peripheral T;1 cells into the brain
contributed to increased pro-inflammatory M1-like
microglial activation and neuroinflammatory responses,
underscoring the potential for imbalances in the gut
microbiota to influence peripheral-central immune
crosstalk and AD progression'”'. Of note, gut microbial
metabolites of tryptophan have been shown to act in
concert with endogenous type I interferons in the CNS
to modulate astrocyte activity and CNS autoimmune
neuroinflammation'”. Whether similar direct modu-
lation of glial cell activity via gut microbiota-derived
metabolites occurs in AD remains to be determined.

Other studies have highlighted possible causal links
between microbiome alterations, immune cell function
and amyloid plaque deposition, with sex-specific differ-
ences in results. In a study of an APP/PS1 transgenic
model, disruption of the gut microbiome with an anti-
biotic cocktail was associated with reduced A plaques
and astrogliosis only in male mice'”. Similar effects on
AP pathology and changes in microglial morphology
were also seen in another independent APP/PS1 mouse
model, but these changes were also restricted to male
mice'.

Roadmap

Clinical roadmap

Longitudinal, multimodal appraisal. AD is characterized
by years, if not decades, of asymptomatic stages. Despite
overwhelming evidence for a temporal lag between the
initial pathogenic events and subsequent clinical man-
ifestations, our current understanding of these disease
trajectories is compromised by ascertainment biases and
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methodological limitations. The field is rapidly shifting
towards appraisal of presymptomatic states, but a large
portion of multimodal biomarker data and clinical
information is obtained at the time of symptom onset.
In addition, most immunological data are cross-sectional
and compare healthy individuals in the community with
subspecialty clinic-based, convenience samples of symp-
tomatic adults, which might not provide an accurate
reflection of the complex presentations of AD across the
disease spectrum. Disease pathogenesis and the mecha-
nisms of destruction and protection are likely to undergo
dynamic, non-linear changes over time during the pre-
symptomatic and clinical stages of disease. Therefore,
a key step towards advancing the field will be the ability
to perform comprehensive assessment of longitudinal
immunological and AD biomarker information in richly
phenotyped, demographically diverse cohorts.

Inherent to this dictum is the need for simultaneous
appraisal of immunological changes — innate and
adaptive — in peripheral and central compartments over
time, and for mapping of these changes onto predictive
models of AD pathogenesis and progression. This kind of
assessment will require the use of large-scale cohorts of
asymptomatic ageing adults in midlife through to late
life and of carriers of AD risk alleles (for example, APOE
€4) and causative gene mutations (for example, muta-
tions in PSI or PS2)'**~*7 before disease onset. This
approach will also provide an understanding of whether
peripheral immune changes occur in tandem with or
precede CNS immune alterations in the development
of AD. This knowledge is critical to determining which
aspects of peripheral and central immune dysregula-
tion have true causal roles in the development of AD
and which aspects are pathological consequences of the
disease that affect progression.

To maximize the information gained from multi-
modal longitudinal studies, capitalizing on machine
learning tools and/or other advanced computational
approaches to leverage immunological data and develop
predictive models of AD could also be beneficial, pro-
vided that these models are thoughtfully incorporated
into applied conceptual frameworks'*. Such information
is also likely to aid identification of appropriate windows
for treatments targeting immune mechanisms that are
fuelling symptom development and disease progression
at a specific time point.

Assessment of the human exposome. A full under-
standing of the immunological contribution to AD also
requires a better understanding of the influence of the
individual genetic background and the life exposome —
the non-genetic lifestyle behaviours and health-related
environmental influences that modulate the risk of
developing AD. The study of cerebrovascular disease
is a prime example of how a comprehensive under-
standing of health-related behaviours can improve our
understanding of disease pathogenesis, prevention and
treatment. The same level of rigour is required in AD.
Specifically, we need extensive appraisal of how vascu-
lar risk factors (for example, midlife obesity, smoking,
alcohol consumption and physical inactivity), asep-
tic insults (for example, surgical procedures), chronic

illnesses, mood function (for example, stress), early and
midlife environmental exposures, and diet interact with
immune-related genes to influence inflammageing pro-
cesses and the development of (or protection from) dis-
ease. The aforementioned risk factors are all known to be
independently associated with inflammatory processes,
so could create a peripheral milieu that is conducive to
or permissive of AD pathology'”.

Extending this line of reasoning further, patho-
logical ageing and AD should be viewed as a systemic
disease'*'"". Dysregulated immune homeostasis and
responses occur in the milieu of a highly complex
biological system that can be thought of as a conflu-
ence of lifespan exposures to protective factors and
pro-inflammatory insults. To better understand the
dynamic changes in innate and adaptive immune
responses associated with AD, we need to delineate how
systemic exposures across a human life affects clinical
expression of disease. Midlife, in particular, has emerged
in the past decade as a critical period of exposure to clas-
sic cardiovascular risk factors and inflammatory insults
that can lead to immune dysregulation and therefore
influence AD trajectories'*. A better understanding of
how physiological changes and environmental exposure
in midlife disproportionately affect ageing trajectories
(relative to late-life exposures) will be critical for the
development of a comprehensive biological model of
peripheral-central crosstalk in AD.

An initial step forward in this area would be to
identify the degree to which co-pathologies contribute
to immune function and regulation in ageing; exam-
ples of co-pathologies include vascular pathology and
insulin resistance, both of which occur frequently
in AD. Another step would be to explore the roles of
single and repeated peripheral events, ranging from
acute infections to sepsis and associated organ failure,
in the pathological ageing processes and elucidate how
these events prospectively relate to immune factors and
AD-related pathology™. This knowledge should provide
critical insight into whether peripheral insults exacer-
bate an already primed system or whether they further
influence early AD pathological cascades. This aspect is
particularly salient given the ongoing COVID-19 pan-
demic, which has initiated research into the short-term
and long-term neurological outcomes of SARS-CoV-2
exposure in adults with and without AD dementia.

Longer-term goals for the field would be to develop
testable models of the ways in which lifetime exposures
and inflammatory insults — including COVID-19 —
affect cognitive ageing trajectories, thereby bridging
epidemiology, bioinformatics, clinical neuroscience and
immunology perspectives to inform precision medicine
approaches. These precision medicine approaches could
ultimately aid the development of stratification frame-
works for recruitment of patients into clinical trials and
the development of personalized immunotherapies.

Expanding the methodological toolkit. A well-founded
criticism of clinical research into immune function in
AD is the disproportionate focus on circulating pro-
tein levels. This focus provides a static window into the
immune milieu of an ageing adult, which is important

696 | NOVEMBER 2021 | VOLUME 17

www.nature.com/nrneurol



but does not reveal functional changes in the innate and
adaptive immune system. To overcome this gap in the
clinical research landscape, more in-depth analysis of
the function of immune effector cells isolated from the
CSF and peripheral blood is critical. Specific functional
aspects to study include their inducibility and respon-
siveness to immune challenges, their transcriptome at
the single-cell level, and comparison of immune function
across compartments (CSF, blood and gut), and these
alterations should be mapped onto clinical trajecto-
ries and outcomes. Use of multimodal approaches that
make simultaneous use of these techniques (for exam-
ple, high-dimensional flow cytometry, mass cytometry,
RNAseq and single-cell analysis methods) will also
be critical for forming a full understanding of peripheral-
central immune dysregulation in AD. Similarly, further
deciphering of the antigen specificity and functional
differentiation profiles of adaptive immune responses
associated with the development of AD is critical for a
better understanding of their roles in disease pathogen-
esis, to enable implementation of innovative immuno-
therapy approaches and to identify new immune-related
biomarkers of prognostic interest.

Finally, advances in PET imaging of microglial acti-
vation, reactive astrocytes and BBB permeability will be
critical for developing better human models of in vivo
glial biology and immune crosstalk in ageing adults.
The most commonly used PET tracer for imaging of
microglia is TSPO, although this ligand has several dis-
advantages, including a lack of specificity for microglia'**
and a lack of sensitivity to different functional states'*.
Ligands that are specific to the immune cell type (for
example, microglia versus astrocytes) and are sensitive
to the range of activational states (beyond M1-like and
M2-like microglia or Al and A2 astrocyte phenotypes),
and can capture dynamic changes in BBB alterations'*
will strengthen our ability to appraise longitudinal com-
munication between the peripheral and central immune
systems in ageing adults, particularly when used in
tandem with traditional CSF and blood biomarkers of
inflammation.

Experimental roadmap

Solidifying the role of the peripheral compartment.
GWAS have provided clues about innate immune dys-
function in AD by identifying associated genes in brain-
resident immune cells, such as microglia, but whether
peripheral innate immune cells have important roles in
the pathogenesis of AD is unclear. Moreover, the extent
to which the dysfunction or altered homeostasis of such
innate immune effector cells translates into or syner-
gizes with dysregulation in either humoral or cellular
adaptive immunity remains unknown. The importance
of the peripheral immune compartment in AD is a key
unanswered question, particularly given that chronic,
systemic inflammation and peripheral comorbidities,
such as metabolic syndrome, type 2 diabetes mellitus
and cardiovascular conditions, are known risk factors
for AD***, Therefore, lineage-tracing, depletion and
add-back approaches should be used to further demon-
strate the necessity and sufficiency of specific peripheral
immune cell populations and their functional subsets

ROADMAP

in the pathogenesis and progression of relevant AD
pathologies.

For any new or repurposed immunomodulatory drug
that is translated into clinical settings for the treatment
of AD, it will be important to demonstrate that it affords
reproducible therapeutic benefits in an animal model of
AD-like pathology. This demonstration should include
evidence that the drug engages a target or mechanism
that is directly involved in peripheral-central neuro-
immune processes involved in AD, such as peripheral
inflammatory factors, dysregulated homeostasis of
peripheral immune effectors, or modulation of immune
cell trafficking to the brain.

Systemic inflammation and peripheral infections
have been implicated in cognitive decline and acceler-
ation of AD trajectories, but animal studies to directly
test the involvement of peripheral immune mechanisms
are insufficient and further investigation is warranted.
Compelling animal studies also suggest a role for gut
microbiota dysbiosis (and microbiome alterations more
broadly) in immune-mediated AD progression, but fur-
ther studies are needed to better understand the timing
of the effects, sex differences in outcomes, and mecha-
nisms of peripheral-central crosstalk. Once mechanisms
for these associations are found, the key will be to strate-
gically target the process or immune cell subsets that can
restore homeostatic immune function and ultimately
foster neuronal survival without compromising other
beneficial immune processes.

The role of adaptive immunity and the lymphatic-
glymphatic system. Studies have shown that adaptive
immunity has an important role in AD, but several
questions remain with respect to the antigen specificity
of T cells that invade the CNS barriers and/or infiltrate
the parenchyma. Assessment of whether such T cells are
specific for disease-related pathological proteins and/or
other self or non-self antigens is critical. These studies
should also include further evaluation of the role of the
meningeal lymphatic-glymphatic system. This pathway
is necessary for drainage of the CSF, brain interstitial
fluid and, consequently, clearance of molecules from the
brain into the cervical lymph nodes'”. Although stud-
ies have suggested that age-related dysfunction of the
meningeal lymphatic-glymphatic system can exacer-
bate brain and meningeal AP pathology, its impact
on the development of disease-related T cell responses
remains unknown.

The role of astrocytes and microglia. The involvement
of astrocytes in neurodegeneration has been vastly
under-studied. As for macrophages, the reactive phe-
notypes of astrocytes in culture have been described,
but further studies are needed to identify their com-
plete range of functional subsets and their roles in
neurodegeneration'*. Although astrocytes have fre-
quently been studied in tandem with microglia (often
from the perspective of neuroinflammatory microglia
inducing neurotoxic reactivity in astrocytes), there is
clear evidence of bidirectional communication between
the cells that suggests greater complexity of astrocyte

function in the secretion of inflammatory mediators'®.
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Whether astrocytes are bystanders in degenerative cas-
cades or provide signals to microglia that foster det-
rimental activity remains unclear. Therefore, the role
of astrocytes, both independently and in concert with
microglia, in AD pathogenesis and progression needs
to be investigated further in animal models of AD-like
pathology. The impact of systemic inflammation and
peripheral immune effectors on microglia-astrocyte
interplay is another key aspect to be addressed.

Tools are lacking for in vivo animal studies of the
kinetics of microglia and astrocyte activation in relation
both to each other and to progression of AD patho-
logy. Development of reporter mice for high-resolution
in vivo imaging of these and other immune cell types
would enable substantial advances in the field. These
and other tools are needed to study dysregulated
central-peripheral crosstalk in vivo to better translate
mechanistic animal studies into the clinic.

Translational roadmap

Reconcile differences between species. Animal studies
inform us about potential mechanisms that underlie a
disease process and enable identification of targets for
therapeutic interventions, but immunological differ-
ences between rodents and humans limit the extent to
which we can extrapolate findings from animal studies
to humans. For example, differences in metabolic rates
between mice, rats and humans means that dose-finding
studies need to be conducted in humans rather than
animals to establish safety and toxicity. In light of this
knowledge, it is critical to identify innovative ways to
translate mechanistic animal studies of central-peripheral
immune crosstalk into the clinical research space to
move the field forward.

Studies of the turnover of apolipoprotein E (ApoE)
isoforms provide a good example of how animal stud-
ies can inform and synergize with clinical studies. The
isoform and the amount of ApoE in the brain modulate
AD pathology by altering the extent of Ap peptide dep-
osition, so quantification of ApoE isoform production
and clearance rates in the brain versus the periphery
could improve our understanding of the role of ApoE in
neurological diseases. Humanized ApoE mouse models
have been seminal in establishing that turnover rates of
ApoE isoforms in the central compartment differ sub-
stantially from turnover rates in the peripheral com-
partment, consistent with differences in the pathways
that are responsible for ApoE metabolism in the two
compartments'’.

Alternative models, such as 3D in vitro models (for
example, organoids and 3D matrix cultures) could also
have potential to provide mechanistic insights into
AD-associated immune dysregulation''. Use of such
3D models is advancing rapidly, but further developments
are needed if these experimental models are to improve
our understanding of peripheral-central immune cross-
talk. These models cannot comprehensively answer ques-
tions about central-peripheral interactions in isolation
owing to the absence of tissue components that are highly
relevant to AD disease processes and related neuro-
immune interactions. For example, 3D in vitro models
lack the complex vascular systems and components of

meningeal immunity, such as meningeal lymphatics,
that are present in vivo and are critical for understanding
bidirectional interactions between the peripheral and
central immune systems. Consequently, until further
advances are made in the complexity of these models,
their use is mostly limited to studies that complement
those in animal models.

Strategic immune-based therapeutics. The potential for
therapeutic intervention in AD by targeting immune-
mediated processes has been recognized as a result
of GWAS that have implicated the immune system in
AD'"™>" and epidemiological studies that have linked the
use of non-steroidal anti-inflammatory drugs (NSAIDs)
with a reduced incidence of AD**"**. Despite these com-
pelling findings, results from randomized clinical trials
have been disappointing'*. As we plan for new clinical
trials of immune-based therapies for AD and other
neurological conditions, we must take into account the
lessons learned.

The simplest explanation for the lack of success with
immunotherapy or anti-inflammatory therapy in past
trials in AD is the inclusion of patients with advanced
dementia and fully established disease and pathology.
Treatment failure at this stage of severity could just mean
that the spread of pathology cannot be halted and/or
too many neurons have been lost to see a therapeutic
benefit*. Therefore, earlier intervention is likely to be
necessary, and the latest genomic information supports
this idea. A genome-wide meta-analysis published in
2019 identified new risk loci and pathways associated
with AD, and >60% of the hits were immune-specific,
suggesting that immunological processes are part of the
causal pathway of AD'*". On the basis of this informa-
tion, it seems imperative that we start to view neuro-
degenerative diseases in an entirely new light: not as
diseases that start with cell-autonomous neuronal dys-
function, but diseases in which immune dysfunction is
the primary cause of impaired clearance of toxic pro-
tein aggregates and debris that leads to the demise of
neurons.

If this view of neurodegenerative diseases is true,
then the use of approaches that boost or modulate innate
and/or adaptive immune functions to promote clear-
ance of toxic protein aggregates at early stages would
be warranted. Such therapeutic strategies would prob-
ably need to be modified according to the pathological
staging of the disease. Knowledge of which immuno-
modulatory therapeutics can prevent progression of
disease and which slow disease would shed light on the
long-standing debate about which aspects of immune
dysregulation are a cause of disease and which are patho-
logical consequences and/or exacerbate disease. Given
that initial deposition of abnormal proteins begins
decades before clinical symptoms of AD, clinical trials
have yet to address whether therapeutic intervention in
midlife would be more beneficial than intervention once
patients are symptomatic. Moreover, numerous ques-
tions remain as to whether targeted therapeutics that
selectively modulate key immune-mediated processes
but do not suppress the entire immune response would
yield greater success.
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Conclusions

The intersection of immune regulation and neurodegener-
ation has introduced complexity to our understanding of
AD pathogenesis and presents an exciting avenue for the
identification of new biomarkers and therapeutic targets
and the development of novel interventions. Compelling
evidence suggests that AD should be viewed as a systemic
disease that involves dynamic responses in the periph-

for the role of the periphery and the peripheral-central
interface is likely to be insufficient for a complete under-
standing of the pathophysiology of AD and the immune
processes involved. We have underscored the need to
examine, appraise and ultimately modulate the cross-
talk between peripheral and central immunity and sug-
gested a roadmap for taking the field forward to improve
treatment and, ultimately, to the prevention of AD.
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