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The past decade has seen the convergence of a series of new insights that arose from genetic and systems analyses of Alzheimer’s
disease (AD) with a wealth of epidemiological data from a variety of fields; this resulted in renewed interest in immune responses as
important, potentially causal components of AD. Here, we focus primarily on a review of human data which has recently yielded a
set of robust, reproducible results that exist in a much larger universe of conflicting reports stemming from small studies with
important limitations in their study design. Thus, we are at an important crossroads in efforts to first understand at which step of
the long, multiphasic course of AD a given immune response may play a causal role and then modulate this response to slow or
block the pathophysiology of AD. We have a wealth of new experimental tools, analysis methods, and capacity to sample human
participants at large scale longitudinally; these resources, when coupled to a foundation of reproducible results and novel study
designs, will enable us to monitor human immune function in the CNS at the level of complexity that is required while
simultaneously capturing the state of the peripheral immune system. This integration of peripheral and central perturbations in
immune responses results in pathologic responses in the central nervous system parenchyma where specialized cellular
microenvironments composed of multiple cell subtypes respond to these immune perturbations as well as to environmental
exposures, comorbidities and the impact of the advancing life course. Here, we offer an overview that seeks to illustrate the large
number of interconnecting factors that ultimately yield the neuroimmune component of AD.
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INTRODUCTION

Through the vagaries of history and the impact of major narratives
in each field, neuroimmunology and neurodegeneration in
general as well as Alzheimer's disease (AD) in particular were
modestly interconnected in the late 20th and early 21st centuries.
The rapid development of tools with which to examine the
peripheral immune system led to a focus on acute inflammation
on the one hand while neuronal dysfunction and loss dominated
on the other. A recent renaissance in the study of glial cells
coupled with the results of human genetic studies in AD has led to
the re-discovery of the role of the immune system in AD. The
immune system has a multiplicity of roles—causal and reactive—
in AD, consistent with the broad array of interconnected cell types
and molecular programs that, together, are captured under this
rubric. Further, because of its nature that includes monitoring the
organism and responding to perturbations, the immune system is
deeply integrated into every organ system and with inter-organ
communications such as those provided by the nervous and
endocrine systems to maintain homeostasis of the organism in the
face of environmental exposures. As a result, many different cell
types outside of the hematopoietic system interact with and
modulate immune cells or contribute to immune responses, as
these responses are both modulated by their microenvironment
and their molecular backbones have been repurposed in other
cellular contexts over the course of vertebrate evolution. While

model systems—particularly mammalian ones—can be useful to
assess targeted questions, the rapid evolution of the immune
system given the selective pressures of pathogens and other
factors has led to numerous differences in the molecular
composition of mammalian immune systems, limiting the direct
translatability of insights. We are thus faced with the task of
characterizing a complex, distributed and highly plastic system.
With different immune responses working at different tempo, the
lack of an acute inflammatory component that directly causes AD
long hampered attention to this area of investigation. Certain
systematic evaluations of immune responses in relation to the
course of AD have now begun; yet, many of the ongoing efforts
remain focused on a subset of immune phenomena.

One of the critical challenges that we face in this thematic area
relates to the plethora of partially correlated outcome measures
that are used in human studies: intuitively, it is likely that different
cells and immune responses are involved in different aspects and
at different times along the long trajectory of this disease. It is
even possible that the same molecular pathway may actually have
opposing effects over the course of disease, and thus it is essential
to be very precise in understanding whether an analysis is
assessing associations with a pathologic diagnosis of AD (or that
of its component proteinopathies of amyloid and tau) or a clinical
outcome such as AD dementia. All of these traits are correlated
and co-exist in individuals, particularly with advancing age, so
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great care needs to be taken in interpreting individual results and
integrating them into an overview. Further, there is a host of
aging-related comorbidities such as (1) neurovascular disease,
obesity, diabetes, among others [1, 2], (2) metabolic changes such
as altered mitochondrial function [3], and (3) other neuropatho-
logic processes (TDP-43 and a-synuclein proteinopathies) [4-6]
that coexist and interact with AD-related processes [7, 8] in the
older brain. Without accounting for such confounders, one must
be cautious in attributing molecular events to AD. Here, we
attempt to sketch a broad overview of the component parts of the
human immune system in AD, to highlight key new insights and
point to areas where further development is urgently needed.

EARLY HINTS OF NEUROIMMUNOLOGICAL CONTRIBUTIONS
TO AD

Alzheimer himself observed glial changes and clustering of glial
cells around plaques in post-mortem tissue, thereby providing the
first evidence for microglia playing a role in a neurodegenerative
disease in 1910 [9, 10]. After developing a novel method to stain the
brain in the early 1900s, Cajal described protoplasmic and fibrous
astrocytes while calling the parenchymal cells the “third element”
[11]. Only when Rio-Hortega joined Cajal’s laboratory and further
developed existing staining methods, were ramified microglia
stained for the first time and further characterized as phagocytic
cells in the brain [12]. Rio-Hortega further stated that the “nomadic”
nature of microglia is best observed during neurodegenerative
processes in which they adapt migratory and phagocytic activity
from their resting state, suggesting a role for these cells in
neurodegeneration [13]. After that time, the field of microglia
research evolved slowly for many decades and only started to gain
more attention in the 1960s and 1970s [13].

Later in the 1980s, Canadian scientists reported HLA-DR' and
reactive microglia in the gray matter of post-mortem AD patient
tissue throughout the cortex with higher concentrations around
senile plaques [13, 14]. These HLA-DR-positive microglia were further
described to phagocytose dying neurons in the AD cortex [14]. At the
time, the authors questioned whether the activation of the identified
reactive microglia was induced by a pathological process within the
central nervous system (CNS) or derived from infiltrating peripheral
monocytes in response to the emergence of pathology [14]. This
manuscript illustrates the conception that the role of immune cells in
AD was primarily reactive, following the appearance of a pathologic
insult intrinsic to the CNS parenchyma.

This observation was elaborated in 1988 with a description of
the presence of HLA-DR" T cells in AD brain tissue as well as
instances of apposition between putative microglia and T cells,
representing the first evidence for potential interaction of
microglia and T cells in AD [15]. These investigators further report
AD-specific staining of astrocytes with the Natural Killer cell
marker Leu-11, for the first time suggesting a role for astrocytes in
AD pathology [15]. Around the same time, another report
described increased Interleukin-1 (IL-1) and S100-positive astro-
cytes in AD brain tissue, further confirming a role for astrocytes in
AD and suggesting that the observed astrogliosis in AD may be
promoted by increased IL-1 expression [16]. These and other early
studies began to highlight reliable markers for the staining of glial
cells and paved the way for future investigations of the
contributions of the (neuro-) immunological responses to AD.

RECENT STUDIES RENEWING INTEREST IN THE
IMMUNOLOGICAL CONTRIBUTION TO AD

Once genome wide association studies began to identify robust
associations between susceptibility to AD and genetic variation
(primarily single nucleotide polymorphisms), the loci implicated by
the top-scoring variants clearly harbored genes that were relatively
specific to myeloid cells, such as CD33 and TREM2 [17-19]. In
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addition, statistical analyses soon returned an enrichment for
genes involved in immune responses [20], and a polarization of the
functional consequences of AD susceptibility variants towards
altered gene expression in myeloid cells [21]. Myeloid cells are a
key component of the innate immune system that includes
dendritic cells, monocytes, macrophages, and microglia. This
narrative has been consistently reinforced as additional AD loci
have been discovered, and currently, more than 1/3 of the
described susceptibility loci harbor genes that may be expressed in
myeloid cells [18, 22-24]. In addition to studies of common
variants, whole exome and genome sequencing studies have
identified multiple different rare variants that influence AD risk in
TREM?2 but also in PLCG2, ABCA7, ABI3, SORL1, ECE2, PLD3 among
others that influence AD risk [19, 25-29]. Another important locus
implicated in AD susceptibility is the Major Histocompatibility
Complex (MHC), a gene dense, genetically complex region. While
there appears to be a robust association with the MHC, the
magnitude of the effect is modest, similar to the other common AD
susceptibility variants and much smaller than nearby associations
with inflammatory diseases such as multiple sclerosis (MS) [30].
Given the extensive long-range linkage disequilibrium in the MHC,
it is difficult, at this time, to definitively know which gene may be
involved. The MHC association is centered on a group of MHC class
Il genes, but one should be cautious about jumping to the
conclusion that these Class Il genes, involved in antigen
presentation, are the target genes, as the true causal gene could
be hundreds of kilobases away, and the MHC is gene-dense.
Interestingly, while certain MHC Class Il alleles associated with
rheumatoid arthritis (RA) may have an effect on AD-related traits,
polygenic scores for RA and MS are not related to AD susceptibility
or other AD-related traits [31]. This suggests that a propensity for
inflammatory diseases centered on autoimmune dysregulation
does not appear to affect AD: the molecular immune pathways
that are vulnerable to dysregulation and contribute to AD may be
distinct from those involved in classical inflammatory diseases.

A minority of myeloid cell-related variants have been shown to
influence AD-related intermediate traits such as the accumulation
of amyloid for the CD33 risk allele [32], increased burden of
neuritic plaques and neurofibrillary tangles for a TREMT allele [33],
and activation of phospholipase C-gamma (PLCy2) downstream of
TREM2 signaling for the PLCG2 protective variant [34]. However,
for the TREM2 variant—where most of the data have been
accumulated from mouse models—the functional consequences
in humans remain unclear, limiting the community’s ability to
pursue therapeutic options. From genetic studies, it appears that
STREM2 may be most relevant in terms of AD as surface expression
of TREM2 is not related to AD susceptibility while STREM2 levels
clearly are [28, 35].

While the functional consequences of individual AD susceptibility
variants are gradually emerging, their interaction is also beginning
to be understood, with a connection between CD33 and TREM2 [36]
as well as an effect of PU.T on the expression of multiple AD genes
[37]. Further, a shared evolutionary history of a subset of these
myeloid variants suggests that they may be working together in the
same pathway [38]. Thus, we need to better understand whether
certain molecular pathways are preferentially involved in AD
susceptibility. An important limitation of these in silico analyses is
that the various types of myeloid cells share many transcriptional
programs, making it difficult to ascertain whether AD susceptibility
is due to the involvement of CNS resident microglia, meningeal
macrophages, infiltrating monocytes, or even perhaps dendritic
cells working in the periphery.

CELLULAR PLAYERS

Peripheral monocytes

Infiltration of peripheral immune cells including peripheral
monocytes is associated with neuroinflammation and blood brain
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barrier (BBB) relaxation in the context of aging or neurodegen-
erative disease, including AD [39, 40]. While brain-resident
microglia have received most of the attention in AD recently,
infiltrating monocytes are largely indistinguishable from microglia
after activation, and investigation of a role for blood-derived
peripheral monocytes in AD has found renewed interest. Both cell
types are included in Fig. 1. However, studies on the role of
peripheral monocytes in AD remain rare. In one study, pro-
inflammatory cytokine expression by peripheral monocytes was
noted throughout the course of AD, except for its earliest
prodromal stages [41]. Another study assessing human peripheral
blood mononuclear cells (PBMC) derived from donors with
different ages and including AD patients reported an age-
dependent decline in AR uptake which was more pronounced in
AD patients, suggesting that impaired AP uptake by monocytes
might be involved in AD pathogenesis [42]. The authors further
suggested the promotion of monocytic phagocytosis as a
therapeutic strategy [42]. While some single cell (sc) or single
nucleus (snuc) RNA sequencing studies using human AD tissue
were not able to identify peripheral monocytes in tissue
specimens [43, 44], our group recently identified a discrete set
of myeloid cells as monocytes in a scRNAseq study using human
cerebral cortex autopsy and surgical samples, characterized by
FCN1, VCAN, and LYZ expression [45]. Their exact source remains
unclear, although these monocytes are much more frequent in
these samples than T cells, suggesting that most of them do not
represent monocytes from blood that happened to be in a vessel
within the sample being processed, as T cells are more frequent
than myeloid cells in peripheral blood.

Data from mammalian in vivo models must be considered
carefully given the many differences between the human and
murine immune systems. There is some evidence that murine
monocytes may contribute to amyloid proteinopathy models,
although there are conflicting reports about the direction of the
effect [46-51]. There are also conflicting reports on whether
monocytes or microglia have a higher phagocytic capacity for A
engulfment [52-54]. Thus, even with the additional tools available
to murine in vivo experiments, the jury remains out as monocytes
display quite a lot of plasticity in downregulating proteins that are
used as lineage markers [55]. Once in the brain, monocytes can
actively promote neuroinflammation through the activation of
microglia as shown in APP/PS1 mice [56, 57]. These results
highlight the challenges we face as we explore a multi-phasic
process in which immune responses have different roles at
different times. Further, another important limitation of in vivo
models—beyond the differences in molecular architecture due to
millions of years of separate evolution—relates to the non-
physiologic nature of accelerated proteinopathy models that are
frequently used to model aspects of AD. The kinetics of immune
responses are finely tuned; the compressed murine life span and
accelerated time course of proteinopathies doubtlessly distort the
magnitude and nature of immune responses. Overall, both
neuroprotective and detrimental functions have been suggested
for infiltrating monocytes, but much more characterization is
needed to refine their role in the different phases of AD.

T Cells

As early as the 1980s, T cells of different types have been reported
to be present in samples of AD cortex, with HLA-DR-positive T cells
being localized in close proximity to plaques and tangles [15].
Around the same time another study reported increased numbers
of T cells in the hippocampus and cortex of AD subjects compared
to controls [58]. Another such report further suggested that these
T cells most likely represent activated memory cells rather than
fully differentiated effector cells [59]. A study assessing peripheral
blood mononuclear cells discovered an AD signature consisting of
increased CD87CD45™ memory T cells which were negatively
associated with cognition; they were further found to be clonally
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expanded in the cerebrospinal fluid (CSF) of individuals with AD
[60]. Another group, however, reported no changes in CD8"
effector memory T cells while they showed an upregulation of late
stage effector T cells in the peripheral blood of AD patients [61]. A
third, independent study, however, could not reproduce the latter
results [62].

Other studies elaborate this collection of observations, report-
ing higher numbers of extravascular CD3" T cells in human AD
post-mortem brain correlating with Tau but not amyloid plaque
pathology; the authors further suggest that T cell extravasation
might be driven by tau-related neurodegenerative changes and
speculate that T cells might play a crucial role in the amyloid-
independent phase of AD pathology [63]. A recent study further
confirmed increased CD8% T cell numbers in human AD post-
mortem hippocampus which was also shown in a murine APP/PS1
amyloid proteinopathy model [64]. Depletion of CD8" T cells in
APP/PS1 mice changed neuronal- and synapse-related gene
expression in the hippocampus, suggesting that CD8" T cells
infiltrate the AD brain and might have direct effects on synaptic
plasticity, thereby contributing to neuronal dysfunction [64].
However, these results should be interpreted carefully as the
ablation of CD8' T cells might act peripherally and therefore
indirectly affect gene expression in the hippocampus. Additional
studies reporting a slight increase in circulating CD4™" T cells and a
decrease of CD8™ T cells at the same time exist without significant
changes of the CD4"/CD8" ratio [65]. A decrease in naive CD4"
T cells along with higher numbers of late-differentiated cells as
well as activated CD47CD25™" T cells was also reported by others
[66]. An additional study examining the effect of different
oligomers of the N-terminal domain of the HypF protein from
Escherichia coli as a model system to elicit differential immune
responses since this protein fragment yields different well-
characterized oligomers (Type A and Type B). Several different
effects were noted in human PBMCs exposed to the different
oligomers, with, for example, a reduction in CD4" T cells when
exposed to HypF-N type B oligomers but not when exposed to
type A HypF-N oligomers, and CD8" T cells were unaffected [67].
This illustrates the heterogeneity in responses that can be elicited
among the varied immune cell types found in peripheral blood
with a well-characterized perturbation.

A study assessing CD4" T cells in peripheral blood found a
decrease in CD4 ™" effector T cells, but an increase in CD4" memory
cells in individuals with AD [61]. As just pointed out for CD4" and
CD8*' T cell subtypes, the occurrence of AD-related changes in
regulatory T cells (Treg) is currently under debate [66, 68, 69]. One
report recently assessed the levels of defined subtypes of
regulatory T cells (CD4"/CD25high/CD127low-neg) including
Resting (analyzed CD45RA'/CD25%™), Activated (CD45RA/
CD25P"9M), and Secreting (CD45RA/CD25%™) cells, reporting a
decrease in the total Treg population as well as the Resting
subtype of Tregs in peripheral blood samples from AD subjects
compared to healthy individuals [68]. Additionally, in the study
introduced above, exposure of human PBMCs also elicited
differential responses with type A HypF-N oligomers having a
more pronounced effect of increasing the proportion of CD4™/
CD25M9"/FoxP3" Treg cells after stimulation, although the
functional capacity of these cells was not significantly different
[67]. The direction of the association between Tregs and AD
remains unclear: are Tregs playing a protective role? One has to be
careful in the interpretation of such data when causality has not
been established using longitudinal data or perturbation studies.
One study using the APP/PST mouse model noted accelerated
cognitive impairment upon depletion of Tregs; this observation
was correlated with reduced numbers of plaque-associated
microglia. Further, amplification of regulatory T cells reversed this
effect, suggesting a role for Tregs in modulating the response of
microglia to amyloid  accumulation, although human data are
lacking to confirm this observation [70]. A more recent study
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Fig. 1 Cellular players in AD. (Neuro-) immune cells and their described subtypes relevant in AD pathology including astrocytes (blue),
microglia (green), perivascular macrophages (purple), peripheral monocytes (dark violet), endothelial cells (red) and T cells (turquoise).

investigating Treg function in AD subjects found the suppressive
function of Tregs on effector T cells to be compromised in AD
subjects when compared to individuals with mild cognitive
impairment (MCl) or controls; the authors further showed that
Treg function could be enhanced upon ex vivo expansion of Tregs,
suggesting Tregs as potential targets to modulate the inflamma-
tory status in AD [71]. However, similar to the earlier study,
causality was not established, and other studies have appeared
which report no significant changes in the regulatory T cell
compartment (CD4* CD25% FoxP3* CD127"°%) between AD sub-
jects and age-matched controls [66]. It joins other studies
assessing T cell frequency and responses which did not observe
any significant differences between individuals with AD and
healthy controls nor any correlation between antigen-specific T
cell responses and clinical parameters including age, gender and
cognitive score [62]. In another case, T cells derived from elderly
patients showed increased AB-reactivity when compared to young
individuals; however, no changes were seen between older
healthy and AD individuals [72, 73]. The HypF-N oligomers
discussed above appear to also influence effector T cell
differentiation including that of Th1 and Th17 cells as well as
cytokine secretion [67]. This suggests that AP could have effects
that are not antigen-specific on the profile of the older peripheral
immune system. An additional recent study reported increased
levels of circulating Th17 cells in AD individuals compared to age-
and sex-matched controls, which is consistent with this hypothesis
[74]. Finally, the T cell receptor gamma (TRG) repertoire was
further shown to be reduced in AD individuals, and specific AD-
associated clonotype features of TRGs derived from blood and
brain cell populations were described but the relevance of such T
cell subpopulations with responses to specific antigens remains to
be elucidated [75].

Thus, the role of T cells in AD is rather unclear at this juncture.
Many intriguing changes in T cell populations and function have
been reported, but they are difficult to assemble into a coherent
picture because—beyond technical differences among the studies
—each of these studies is small and most do not account for the
host of possible confounders that could also influence their
results. Age-related effects on T cell populations are strong and
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have probably not been well evaluated or accounted for. Overall,
the discordant results on T cells in the literature preclude clear
conclusions at this time, but they do highlight the need for large,
well-designed evaluations of the role of this lymphocyte popula-
tion. As discussed recently, further studies are needed to replicate
observed changes in a longitudinal rather than cross-sectional
fashion [76]. An overview of the described subpopulations is
included in Fig. 1.

The glymphatic system

The meningeal lymphatic system plays an important role in the
maintenance of brain homeostasis by being functionally linked to
the exchange of soluble content between the cerebrospinal fluid
and the interstitial fluid [77]. The efferent paravascular glial
lymphatic (glymphatic) system comprises a perivascular network
for the transport of lymphatic fluid and is connected to the
peripheral lymphatic system [78], ultimately draining into the
thoracic duct. Immune cells exiting the parenchyma can travel
through these vessels, although their characteristics in humans
remain poorly understood. The glymphatic system exits the CNS
through the meninges, the cranial nerves and the larger vessels
[78]. A more detailed perspective on the glymphatic system as a
new important player in neurophysiology is available elsewhere
[77]. Since the discovery of the glymphatic system as an
alternative route to the BBB for AR clearance from the interstitial
fluid about a decade ago [79, 80], its possible role in AD pathology
was elaborated by further studies showing that ablation of the
glymphatic system in young mice increases the severity of
amyloid proteinopathy, leading to AR deposition in the meninges
as well as recruitment of local macrophages [77, 81]. Since AB
deposition in human dura from AD patients has been observed
and a decline in meningeal lymphatic function with age has been
described [81], one might speculate that the glymphatic system
may aggravate or even contribute to AD pathogenesis by favoring
AR deposition if its function is impaired. Based on these findings a
recent study proposed a role for the APOE gene as favoring
premature shrinkage of meningeal lymphatic vessels, thereby
impairing meningeal lymphatic functions and eventually causing
reduced clearance of AB, inflammatory mediators or immune cell
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egress, favoring AD progression [82]. Modulation of glymphatic
vessel diameter by increased expression of vascular endothelial
growth factor C in young and old mice improved spatial learning
and memory exclusively in old mice, suggesting the meningeal
lymphatic system as an interesting novel approach to modulating
AD pathobiology [81]. However, the molecular nature and
distribution of glymphatics in the human brain remain much less
well understood and are the focus of ongoing investigations.

Perivascular macrophages

Perivascular macrophages (PVMs) constitute a highly specialized
population of myeloid cells residing in the perivascular spaces that
are limited by the glial basement and the vascular basement
membranes and serve important functions in the clearance of
interstitial fluid and metabolic waste by functioning as conduits
for the uptake of cerebrospinal fluid [83, 84]. Perivascular
macrophages are involved in BBB integrity, lymphatic drainage
as well as immune functions including phagocytosis and antigen
presentation. They have been implicated in AB clearance in mice
[85-88]. Currently, no data on PVM function in human AD
pathology are available, which might be partially explained by the
lack of distinct markers for human PVMs as well as the availability
of appropriate specimens to study these cells. Future studies are
required to define the existence of spatial or temporal subpopula-
tions of human PMVs as well as their function in AD.

Endothelial cells

Highly specialized endothelial cells connected by tight junctions
and adherens junctions, lining cerebral microvessels constitute the
BBB, the interface between the central nervous system and the
systemic circulation [89]. The BBB plays an important role in
neuroinflammation as the conduit of bone-marrow derived cells
into the CNS parenchyma, and its dysfunction is associated with
AD-related changes [89]. A recent study performing a single-
nucleus transcriptome analysis of nuclei isolated from AD or
control prefrontal cortex samples reported the presence of a
subpopulation of angiogenic endothelial cells in individuals with
AD [90]. These angiogenic endothelial cells showed increased
expression of angiogenic growth factors and their receptors—
such as ERG, FLT1, and VWF—as well as of genes involved in
antigen-presentation via MHC class | (MHC 1), suggesting the
activation of an acute inflammatory response program [90]. Such
cells could contribute to the activation and proliferation of the T
cell populations described above [60, 91]. Similarly, changes in
endothelial transporter activity also likely contribute to altered
BBB permeability, as region-specific reduced glucose utilization in
individuals with AD is a consistent finding [92]. Additionally, AB is
known to be transported actively to and from the CNS via BBB
endothelial cells through transcytosis. While low density lipopro-
tein receptor related protein 1 (LRP1) controls AP transport from
the brain to the periphery, RAGE promotes AR influx in the CNS
[93-95]. Expression changes of AP receptors might contribute to
AB levels in the CNS and indeed multiple clinical studies
demonstrated a correlation between AD pathology and low
expression of LRP1 as well as high expression of RAGE on
endothelial cells, which may promote AP accumulation in the
parenchyma [89, 96]. The development of novel models to study
endothelial cells, such as iPSC-derived brain endothelial cells [97]
as well as single cell genomics will promote further studies
deciphering phenotypes and functions of endothelial cells in AD.
Novel unpublished data from our group, derived from a single-
nucleus RNA sequencing study suggest the existence of several
endothelial subpopulations (Fig. 1) whose identity and function in
AD remain to be further determined [98].

Astrocytes

Astrocytes have been recognized as important players within the
neuroimmune axis as they have the ability to modulate both
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innate and adaptive immunity, as shown for MS and other CNS
diseases [99, 100]. Many astrocyte functions have been linked to
AD, including reactive astrogliosis characterized by functional and
morphological remodeling of astrocytes [101]. Reactive astrocytes
have been observed around amyloid plaques in post-mortem
tissue from individuals with AD and have been proposed to be
involved in sustaining the inflammatory process in AD through the
secretion of pro-inflammatory cytokines such as TNF-q, IL-18 and
COX2 expression through NFkB activation [102, 103]. Astrogliosis
is mainly associated with early to moderate stages of AD, while
later stages characterized by severe dementia have been noted to
have astroglial atrophy in humans, and a similar response is seen
in advanced stages of certain mouse models. These changes may
relate to the loss of synaptic connectivity seen in AD given the
central role of astrocytes in maintaining synaptic transmission
[104, 105].

In comparison to other cellular players in the neuroimmunology
of AD, single nucleus transcriptomic studies have already started
to characterize astrocytes in AD in greater depth and have
identified several subpopulations of astrocytes in the healthy
human brain as well as in the human AD brain (Fig. 1) [44, 90, 98].
Two of these studies report shifts in the frequency of astrocyte
subtypes, generally away from the homeostatic state, in the
context of AD [90, 98]. However, results are difficult to integrate at
this time given the small sample sizes of individual studies and
variation in cluster definitions among these studies; a clearer
picture should emerge soon and prioritize astrocytic subtypes and
specific transcriptional programs as studies become larger and a
more stable cluster structure emerges. A major challenge may be
that, like microglia, these cells are plastic and that, for many
astrocytic subtypes, there may not be a clear boundary between
subtypes: astrocytes are probably best seen as being distributed
across gradients oriented towards different poles of extreme
differentiation. Once a clearer structure of the population of
astrocyte subtypes emerges, the extent to which they contribute
to immune responses vs. other more specialized astrocytic
functions in AD will become clearer.

Microglia

As the CNS-resident phagocyte and a key element of the
parenchyma with a multiplicity of roles, microglia have been
studied extensively in AD. While the involvement of microglia in
AD-associated neuroinflammatory processes was noted very early,
genome-wide association studies provided an inflection point in
the study of this cell type as they clearly implicated myeloid cells
as playing a causal role in the onset of AD [17-20, 22-24, 38].
Around the same time, association studies using transcriptomic
and proteomic data have elaborated this role, although the
direction of these associations remains ambiguous, and further
work is needed to validate the proposed sequence of events
implicating genes such as TYROBP which encodes a protein that
interacts directly with TREM2, a genetically identified AD suscept-
ibility gene. Beyond individual genes, network approaches
showed that genes found in AD risk loci converged in glial-
related modules of co-expressed genes and proteins [106], that
these results are found in multiple different datasets [107], and
that microglia are likely to be involved, in different ways, at
different stages of AD, contributing to both amyloid and tau
proteinopathy [108]. Many of the relevant pathways remain to be
dissected mechanistically. The most studied gene to date is
probably TREM2 [106], which is primarily expressed in myeloid
cells in the CNS. Extensive work in murine models has offered a
number of proposed mechanisms, but these have yet to be
validated and translated to human subjects [109, 110]. In humans,
the function of TREM2 in AD remains unclear, with genetic studies
pointing to soluble TREM2 as the form that may be most relevant
[111]. A recent study using iPSC-derived microglia also suggests a
role for TREM2 in microglial metabolism as microglia derived from
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individuals with TREM2 AD R47H risk variant exhibited metabolic
deficits ranging from reduced mitochondrial respiratory capacity
to incapacity of performing immunometabolic switching to
glycolysis [112]. Interestingly, APOE, one of the risk genes with a
large effect on the risk of developing late-onset AD, has been
proposed as a ligand for TREM2, contributing to increased
phagocytosis of apoptotic neurons in primary mouse microglia
[113]. Understanding the underlying mechanisms of TREM2 and
APOE interaction, its impact on synaptic function and cognitive
impairment in AD pathogenesis will be important as it will
connect two well-validated genetic risk factors [114]. Microglial
APOE expression strongly increases during aging and in AD as
shown by multiple human and mouse studies [115-117].
Currently, data on the effects of APOE on microglial function
exist only from mouse studies; human datasets are, as yet, too
small to interrogate this question effectively [117]. Additional AD-
specific risk genes with enriched expression in myeloid cells
include the transmembrane receptor CD33, the glycoprotein
clusterin and the complement receptor CR1 among others
[118, 119]. PLCG2 is interesting, being expressed in microglia
and other myeloid cells (where it has been mostly studied in
relation to AD [120]), but it is also expressed in T cells.

Microglia can bind AB oligomers and A fibrils via several cell
surface receptors including Toll-like receptors (TLR2, TLR4, TLRS6,
TLR9), CD14, CD36, CD47, and a6f1 integrin among others,
resulting in  microglial activation and production of pro-
inflammatory cytokines and activation of the inflammasome
[105, 121-123]. AB-induced microglial pro-inflammatory cytokines
include IL-1B, IL-6, TNF, and IFN-y which can, in turn, induce the
expression of B-secretase, the enzyme cleaving APP to generate
pathogenic AB, thereby potentially contributing to amyloid plaque
formation [105]. Constant activation of microglia through extra-
cellular AB, neuronal debris and chronic vascular changes of older
age might prime microglia, rendering them more susceptible
towards acute inflammatory stimuli and might lead to chronic
neuroinflammation in the context of an ongoing inflammatory
process such as extracellular AB deposition [114]. Microglial
priming might also result from microglial senescence through
accelerated aging as well as systemic immune challenges from the
peripheral immune system throughout life [124]. Murine microglia
are able to adapt their phenotype depending on their history of
exposure to inflammatory stimuli to yield either a weaker
(immune tolerance) or stronger (immune training) reaction to
subsequent inflammatory stimuli, a concept termed “innate
immune memory” [125]. Microglial priming and innate immune
memory were both shown to affect the progression of proteino-
pathy in murine models [125, 126].

Compromised microglial phagocytic capacity in AD is well
described and has been associated with several processes
including downregulation of AB phagocytosis as a result of
chronic exposure to AP [127] and, in humans, the functional
consequences of certain AD susceptibility variants, such as the
CD33 allele [32]. These and many other observations point
towards an impairment of microglial phagocytosis in the
accumulation of amyloid proteinopathy; however, there is
mounting evidence that other aspects of microglial function
relate to tau proteinopathy and perhaps to other processes such
as cognitive decline following the accumulation of tau. One study
proposed that TREM2 and TYROBP may be implicated more in
microglial senescence, a distinct process not directly related to
pathology, and it identified distinct transcriptional programs of
microglia as associated with either amyloid or tau [108]. Further,
the role of microglia in tau proteinopathy seems to relate, at least
in part, to microglial “activation”, defined morphologically [128].
Activated microglia also seem to engage in the accumulation of
tau aggregates [108]; whether phagocytosed or extracellular tau
leads to the activation of microglia, however, remains unclear
[129]. Further evidence suggests that microglia might secrete

SPRINGER NATURE

seed-competent tau into the extracellular space and may there-
fore play a critical role in the spreading of tau protein [129]. An
additional analysis of mouse and human microglia examining
tauopathy reports dynamic changes of microglia in the course of
pathology, starting from proliferating microglia characterized by
increased type-1 interferon response at early stages, to a transient
phagocytic phenotype followed by a late stage characterized by
partially impaired function potentially caused by tau-induced DNA
damage and by increased type 2 interferon signaling [130]. Given
that amyloid and tau pathology (and other neuropathologies)
coexist in the aging brain, different subsets of microglia may
coexist in the same piece of tissue that could account for part of
this perceived heterogeneity in response [108, 131].

Single cell transcriptomics has started to yield a higher-
resolution map of microglial heterogeneity, which is illustrated
in Fig. 1 [45, 90, 98]. Several of these microglial subsets have been
linked to AD [45, 90]. One study using single nucleus transcrip-
tomics identified 13 microglial subpopulations and highlighted
one of them as contributing to AD; this microglial subset was
proposed to be associated with synaptic pruning and cytokine
response and to be reduced in AD, suggesting its contribution to
the disparity in complement signaling and synaptic pruning in AD
[90]. Another study deploying single cell RNA sequencing of live
microglia isolated from human cortical samples identified nine
microglial subclusters and reports one microglial cluster to be
specifically reduced in frequency in AD tissue [45]. This cluster was
defined by high expression of CD74 and enriched in AD-related
genes [45]. Whether the cluster plays a neuroprotective role in the
aged brain remains to be determined. As with astrocytes, these
single cell approaches and emerging spatial transcriptomic
technologies should provide critical new insights, but results are
difficult to integrate together and are not robust at this time given
small sample sizes.

CELLULAR COMMUNITIES IN AD

While recent studies deploying single nucleus or single cell
transcriptomic profiling (snuc or sc RNAseq) have begun to
uncover the different subsets of neuroimmune cell types in the
human brain [44, 45, 98], the interplay of these subpopulations
in the non-AD and AD brain has not yet been studied in detail.
Small scale analyses of snucRNAseq data from human prefrontal
cortex samples proposed that specific subpopulations of
excitatory neurons, astrocytes and oligodendrocytes may be
associated with features of AD pathology [44]. Another study of
this type went further, developing a model of cellular commu-
nities using snucRNAseq data and mapping the reciprocal
relationships among communities composed of specific
endothelial, astrocytic, microglial subtypes, and their relation
to neuronal subtypes. Further, it validates the proposed role of
these communities in AD by leveraging large bulk cortex
RNAseq data that have proper statistical power [98]. This
structure to single nucleus data is not surprising given that
there are clear micro-environments within the AD cortex, such as
the collection of morphologically altered cells surrounding a
neuritic plaque: microglia and dystrophic astrocytes have long
been noticed around plaques [14, 132]. Emerging technologies
such as spatial transcriptomics will be critical to (1) further
delineating this concept, assessing whether these communities
of different cellular subtypes (Fig. 2) are topologically defined
microenvironments or represent different cell types responding
to the same molecular signal and (2) relating these communities
to neuropathologic indices that are found in the aging and AD
brain. Almost certainly, measuring and ultimately perturbing the
function of these communities will be essential, conceptually, in
therapeutic development as the summary output of the
community is likely to have a greater impact on outcomes than
individual cellular programs.
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Fig. 2 Cellular communities in AD. lllustration of cellular communities comprised of different CNS and peripheral immune cells as well as
neurons in recent publications ([44, 64, 98, 275, 276]). They include both CNS-resident and mixed peripheral/CNS communities.

CROSSTALK AMONG THE DIFFERENT NEURO-
IMMUNOLOGICAL PLAYERS IN AD

These emerging communities highlight the fact that immune
responses involve the coordinated activities of multiple different
cell types that are communicating through physical interaction,
localized paracrine signaling and systemic signals that engage the
neuro-endo-immunological axis. A plethora of cytokines and other
signaling molecules have been implicated in neuroinflammatory
processes and progression in AD [105]. Whether those cytokines
are causally involved in AD pathogenesis or whether they are the
result of reactions to the deposition of amyloid plaques, tau
proteinopathy, and neurodegeneration within the course of the
disease has not been determined in humans [133]. Here, we briefly
highlight current data on two important mediators, IL-6 and CRP
which have been explored as serum biomarkers for AD, to
illustrate the state of understanding of systemic signals of
inflammation.

IL-6, a classical pro-inflammatory cytokine, is elevated in
individuals with AD [134], including within and sourrounding
amyloid plaques, and it has been studied as an AD biomarker in
human serum and CSF samples [135]. However, results are
inconsistent, reporting either decreased, unchanged, or increased
IL-6 levels in individuals with AD [135-138]. In fact, a more recent
meta-analysis did not confirm any signifcant changes in IL-6 levels
in the serum or CSF of elderly with AD when analyzing data
derived from 1645 elderly with Alzheimer's disease and 14,363
controls [139]. Thus, current data do not support its applicability as
a systemic biomarker for AD, although more refined study designs
leveraging endophenotypes that capture the different elements of
AD and other analytes relevant to IL-6 function (such as the level
of soluble IL6R) may be needed to determine the role of this
important mediator of systemic inflammation.

C-reactive protein (CRP) is an acute phase protein whose
synthesis is induced through increased IL-6 secretion by macro-
phages or T cells. Like IL-6, CRP has been discussed as a systemic
biomarker for AD; however, results are also inconsistent, suggest-
ing either an increase [140-142] or decrease [143] in plasma CRP
levels in AD. An additional study reports no differences in
circulating CRP between AD patients and healthy controls;
however, it suggests a link between CRP and APOE as APOEe4
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carriers had lower circulating CRP levels than APOE&4 non-carriers
[138]. A meta-analysis further revealed no significant differences in
peripheral CRP levels between AD and non-AD individuals [139].
Thus, a general, relatively non-specific activation of systemic
inflammation is not apparent in AD. There are certainly changes in
these two and many other biomarkers, but they will need to be
deployed in a much more targeted manner to contribute to our
understanding and monitoring of the long course of AD. These
two and other markers may be involved transiently in the
presymptomatic, minimally symptomatic, or dementia phase of
the disease.

CONTRIBUTION OF PREVIOUS (NEURO-) INFLAMMATORY
EVENTS TO AD

These association studies with systemic mediators of inflammatory
responses have spurred interest into evaluating the role of
conditions that can alter such mediators. Here, we provide an
overview of the environmental exposures and life experiences
(Fig. 3) that can modulate immune responses in the brain and
have the most evidence to date in relation to AD.

Infections
A role for microbes in the pathogenesis of AD has been postulated
since the 1950s [144] with a growing number of reports
presenting evidence for bacterial and viral pathogens contributing
to AD [145-147]. The infectious hypothesis proposes a causal role
for viral, bacterial or fungal infections in AD [148]. It can be
summarized as follows: pathogen-induced inflammation leads to
tissue damage which contributes to AP aggregation and
deposition of tangles, which may promote further inflammation
[149]. Alternatively, AR and tau may have a role in anti-
inflammatory responses and only accumulate once their aggre-
gates cannot be cleared sufficiently by microglia due to reduced
phagocytic capacity as a consequence of natural aging [150].
This putative dual protective and damaging role for AB has
been suggested by findings showing that oligomerized AP can
function as an antimicrobial peptide that protects against fungal
and bacterial infections by binding microbial cell walls and
entrapping microbes through the formation and propagation of
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B-amyloid fibrils. Further, bacterial as well as Herpesviridae
infections of the brain were associated with accelerated AP
deposition in human and mouse studies, suggesting that Ap
might play a role in innate immunity and that inflammatory
stimuli might drive AP proteinopathy [150-152]. A range of
pathogens has been suggested as potential drivers of AD with
herpesviruses being the most studied viral family in this context
[153].

A recent analysis of three independent multi-omic datasets
including genomic, transcriptomic, proteomic and histopatholo-
gical data derived from non-sterile brain autopsy samples sought
to identify pathogen-related sequences and reported increased
levels of multiple viral species, including human herpesvirus 6A
and human herpesvirus 7 across several regions in post-mortem
brain samples of individuals with AD. These viral sequences were
associated with altered expression of genes involved in APP
metabolism and associated with AD risk, suggesting a link
between certain viral species and AD [154]. However, a re-
analysis of some of these data supplemented by targeted
evaluation of HHV-6 could not confirm these associations with
AD [155]. Moreover, interferon-based responses that are seen in
brain autopsy data could be engaged by other, sterile processes
and are not, in themselves, evidence of a viral etiology.
Nonetheless, the low frequency of viral sequences and their lack
of association with AD-related traits does not mean that these
viruses did not have a role much earlier in the disease in initiating
a cascade of events that contribute to AD. Thus, more work
remains to be performed to explore the role of prevalent viruses
such as herpesviruses [156] (including the varicella zoster and
Epstein—Barr viruses) in the etiology of AD, ideally with dedicated
data generation instead of repurposing data generated for other
reasons.

Recently, periodontitis and chlamydia have also been asso-
ciated with AD suggesting a link to chronic low-grade inflamma-
tion and AD [157-159]. However, longitudinal data are lacking so
far to address possible causal relationships between these
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microbial species and AD; they could simply be coexisting or be
the manifestation of an indirect impact of low-grade systemic
inflammation on the kinetics of immune responses within the CNS
parenchyma. Specifically, chronic inflammation may contribute to
AR overproduction in AD, and increased AR deposition might be
caused by continuous stimuli in a chronic inflammatory context
and/or by impaired microglial phagocytic capacity owed to natural
aging or another process [150].

COVID-19
Based on our current knowledge of viral infections as well as
neuroinflammation representing potential risk for AD onset and
progression, the current pandemic caused by SARS-CoV-2 poses
multiple questions with regards to its influence on AD onset and
progression in individuals with COVID-19. Besides advanced age,
cardiovascular disease and metabolic disorders constitute the
biggest known risk factors for SARS-CoV-2 infection [160]. At the
same time, Type 2 Diabetes (T2D) and neurovascular comorbid-
ities lead to greater predisposition for AD development [161].
One of the characteristics of severe COVID-19 infection is the so
called “cytokine storm” associated with higher systemic levels of
pro-inflammatory cytokines such as TNF-q, IL-1, IL-6 [162], all of
which are also increased in elderly individuals. This systemic
signature has been described by the term “inflamm-aging” (for
more details on “inflamm-aging” see the dedicated section below)
[163, 164]. A recent report suggests that elevated blood glucose
levels resulting from T2D might aggravate AD and COVID-19
pathology through increased activity of Interferon regulatory
factor 5 (IRF5), a regulator of the cytokine storm [165]. Interferons
play a central role in the response to viral infection, causing the
release of pro-inflammatory cytokines that enter the central
nervous system and could contribute to the emergence of the
microglial response observed from a case series of brain autopsies
from patients with COVID-19 [166]; current evidence from PCR and
immunohistochemistry studies suggests that SARS-CoV-2 can
enter the brain but is predominantly detected in vascular and
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immune cells rather than neurons [166, 167]. In the brain, SARS-
CoV-2 as well as IRF5 and pro-inflammatory cytokines might
activate microglia leading to increased pro-inflammatory cytokine
secretion [165]. However, the severity of neuroimmune activation
did not seem to be associated with the presence of SARS-CoV-2
[166]. It is still too early to tell whether COVID-19 will have an
impact on AD risk [165], but two recent independent retrospective
cohort studies investigating neurological and psychological out-
comes each in a comprehensive cohort of COVID-19 survivors
report substantial neurological and psychiatric morbidity 6 months
after COVID-19 infection [168, 169]. Further, a “long covid”
neuropsychiatric syndrome is apparent in many individuals and
is undergoing further characterization [170].

Overall, the implications of SARS-CoV-2 in regards to predis-
position to neurodegeneration and AD development will become
clearer over time. It is probable that SARS-CoV-2 exposure might
contribute to AD development in vulnerable subpopulations,
particularly in those which are at higher risk of COVID-19 and AD
due to age, genetic predisposition or comorbidities.

Metabolic disorders

Metabolic disorders including obesity and T2D are described to
pose an increased risk for AD development [171]. For T2D for
instance, a dual role in increasing AD risk as well as in
exacerbating neurological symptoms of AD has been proposed
[172]. Insulin resistance as well as T2D have been shown to
increase the risk for mild cognitive impairment and its progression
to AD [173, 174]. Interestingly, a second substrate of insulin-
degrading enzyme, that is genetically implicated in T2D and AD, is
AB, and reduced degradation of AR has been reported in the
context of excessive insulin circulation, providing an additional
link between insulin resistance and AD [175, 176]. Moreover,
hyperinsulinemia is a known risk factor for T2D which in turn is
associated with a higher AD risk [177].

Adipose tissue of obese individuals, high fat diet as well as
hypertension and T2D have all been linked to increased levels of
pro-inflammatory cytokines including IL-6 and TNF-a [178-180]
that suggest an impact on peripheral, chronic inflammation.
Increased systemic levels of pro-inflammatory cytokines might in
turn cause blood brain barrier leakage, entry of pro-inflammatory
mediators, and microbial metabolites into the CNS, leading to
chronic neuroinflammation via microglial activation. This, in turn,
may favor neurodegeneration including AD potentially via AR
accumulation [176, 181] or through acceleration of Tau proteino-
pathy [108]. Existing data illustrate the complex relationship
between genetic risk factors, life style, comorbidities and AD
development; the direct mechanisms by which metabolic
disorders may cause changes in the immune system that favor
the development of AD remain to be elucidated [176].

THE ROLE OF THE GUT-BRAIN AXIS IN NEUROIMMUNE
CONTRIBUTIONS TO AD

In the context of metabolic diseases and environmental expo-
sures, the gut-brain axis represents another important link whose
role in health and disease has been increasingly studied in recent
years. The gut-brain axis describes the complex communication
between the enteric and the central nervous system using neural,
endocrine and immune signals [182]. In fact, the gut microbiota,
constitutes a major part of the gut-brain axis as it is a dynamic
ecosystem that can be remodeled through environmental or
lifestyle changes, through the aging process and many AD risk
factors including T2D, obesity, chronic stress as well as through
gut dysbiosis which has been associated with AD (Fig. 3)
[176, 183]. These factors are interconnected; for example, reduced
gut microbial diversity in obese people was reported to be
associated with higher pro-inflammatory cytokine levels in
peripheral blood cells [184]. Further, reduced gut biodiversity
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observed in elderly people, specifically of Bifidobacterium and
Lactobacillus—species that are actively involved in the synthesis of
aminobutyric acid (y-Aminobutyric acid, GABA)—has been pro-
posed to contribute to brain dysfunction associated with cognitive
decline [185, 186]. Changes in the microbial composition of elderly
people have been described by several studies, reporting a shift
towards proteolytic as well as pro-inflammatory bacterial species
(summarized in [185]). One of the first published studies showed
an association between brain amyloidosis, peripheral inflamma-
tion, and increased pro-inflammatory as well as reduced anti-
inflammatory gut microbiota in cognitively impaired elderly [187].
An increase in pro-inflammatory microbial species was further
described in the 5xFAD mouse model and has been linked to
increased APP levels in the brain as well as different districts of the
gut, suggesting that the gut microbiota has the potential to
modulate innate immunity, thereby affecting amyloidosis and AD
progression [188]. One study characterizing the gut microbiome
from AD patients reported reduced microbial diversity as well as
changes in its composition including a reduction in Firmicutes and
Bifidobacterium as well as an increase in Bacteroidetes when
compared to age- and sex-matched controls. The authors further
report a correlation between AD-specific CSF markers and the
relative abundance of bacterial genera [189]. Mechanistically,
information regarding the mechanisms by which the gut
microbiome can influence the human brain remains sparse;
however, it is known that the gut microbiota can synthesize and/
or mimic a range of neuroimmune active substances including
acetylcholine, melatonin, histamine, catecholamines, GABA, or
5-hydroxytryptamine (5-HT serotonin) [185, 190]. The murine
literature offers a number of hypotheses such as effects on
amyloid proteinopathy [183, 191, 192]. Moreover, intestinal
bacteria can also secrete Lipopolysaccharide (LPS) and LPS levels
in blood plasma of individuals with AD have been shown to be
increased in comparison to age-matched controls [193], poten-
tially causing inflammatory reactions in peripheral- as well as
neuroimmune cells. In addition, gut bacteria were previously
shown to regulate microglial development, homeostasis and
function via short-chain fatty acids (SCFA), and microbiota-derived
bacterial fermentation products, suggesting that a complex
microbiota is required to maintain microglial function throughout
life [194]. Interestingly, age-related changes in the human
microbiome were also characterized by a loss of genes related
to SCFA metabolism [195], which might directly impact microglia
function. Similarly, microbial metabolites derived from dietary
tryptophan have been shown to modulate the inflammatory state
of astrocytes [196]. At the same time, age-related gut dysbiosis has
been proposed to impact cognitive and behavioral changes
perhaps through changes in gut permeability and increased
peripheral inflammation, leading to neuroinflammation [197].
Given the results on reduced microbial diversity in human AD
patients as well as their role in the synthesis of immunologically
and neuroimmunologically active substances, one current hypoth-
esis on how the gut microbiota might influence AD pathophysiol-
ogy is through either directly affecting microglial function or via
indirect effects modulated by the peripheral immune system.
Along these lines, there is also evidence showing that host innate
immunity can be modulated by remodeling the gut microbiota,
leading to changes in amyloid deposition and neuronal plasticity,
suggesting an interesting role for probiotics in AD treatment [176].

SEXUAL DIMORPHISM IN NEUROINFLAMMATION AND AD
DEVELOPMENT

Women face a 1.6-3 fold higher risk of AD when compared to
men [198-201]. While men diagnosed with AD seem to progress
to death quicker, women with increased tau pathology can exhibit
greater cognitive resilience [202, 203]. The underlying causes for
sex differences in prevalence and vulnerability to AD are currently
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subject to a lively debate in the field [204], with an increasing
amount of studies trying to delineate sex-specific clinical
associations [205]. Among women, changes in hormonal expo-
sure—such as early sudden, surgical menopause—are associated
with more rapid cognitive decline and a greater burden of neuritic
amyloid plaque on autopsy [206]. Higher risk for MCl or AD has
also been associated with female carriers of the APOEe4 haplotype
[207-209], connecting sex with a gene whose importance in
microglial function has been increasingly investigated (as
discussed above), and it connects microglia to hormonal and
metabolic alterations associated with menopause [210, 211]. The
implications of sexual dimorphism of neuroimmune cells on the
development of AD as well as other neurodegenerative diseases,
however, are only beginning to being explored. Recently,
differences in microglial morphology in post-mortem parietal
cortical tissue from AD patients have been described in relation to
sex with microglia from male AD brains showing process
retraction and ameboid morphology while female microglia were
more complex, heterogenous with a morphology dominated by
rod-shaped microglia [212]. Additionally, higher CD68 immunor-
eactivity was detected in the parietal cortex of male AD individuals
when compared to female AD brain tissue, suggesting higher
phagocytic activity [212]. Data focusing on sexual dimorphism of
human astrocytes in the context of AD are currently not available.
The function of both microglia and astrocytes appears to be
influenced by sex, although most of the available data comes from
the murine literature, and its relevance is not yet clear.

Differences in microglial transcriptional patterns related to sex
have been described throughout the lifespan [213]. Microglia
express steroid hormone receptors and are responsive to
estrogen, testosterone, and other sex hormones; yet, the interplay
of age, sex, and context make for a complex picture of sex-related
altered function in mice that remains to be systematically
evaluated, particularly in the context of proteinopathy models
[214, 215]. Male or female microglia can be more “pro-
inflammatory” depending on the condition being assessed
[198, 213-220].

NEURO-IMMUNOSENESCENCE AND INFLAMM-AGING IN AD
With aging being the central risk factor for AD and many other
forms of neurodegeneration, understanding cellular senescence
might advance our understanding of the underlying causes for the
emergence and progression of neurodegenerative diseases
including AD. Immunosenescence—best illustrated by the decline
in the proportion of individuals who mount a humoral response to
vaccination with advancing age—is the gradual alteration of
immune function and changes in the proportion of certain
leukocytes, such as memory T cells, in older age [221]. It begins to
become manifest in the fifth and sixth decades of life, when the
earliest stages of AD are also appearing, and it is also influenced
by comorbidities that influence AD, such as obesity and T2D [222-
224]. However, the relation of immunosenescence to AD remains
poorly characterized in humans. Further, the interaction of the
aging peripheral leukocytes and aging resident CNS cells such as
microglia and astrocytes remains unclear in humans.

Human immunologists have begun to pursue larger studies that
will provide a robust description of those immune responses and
cell subtypes that are changing with aging [225, 226]. This will
then enable investigators to assess how these features of
peripheral immunosenescence relate to AD. Understanding the
resident CNS cells that contribute to immune responses is far
more challenging since they are difficult to access; typically, they
are only available from deceased individuals at autopsy or from
excess neurosurgical samples. So, we do not have access to young
“healthy” microglia and astrocytes, and we are left to disentangle
the effects of age on these cells from those of the multiplicity of
disease conditions and comorbidities that are found in older
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people or in individuals undergoing surgical resections for brain
tumor or epilepsy. Nonetheless, it is clear that microglia and
astrocytes change with age in humans. In one example, statistical
modeling proposed different microglial transcriptional programs
associated with aging, amyloid proteinopathy, and tau proteino-
pathy [108]. Datasets from purified microglia and microglial nuclei
will also help to address this question, but the sample sizes are, as
yet, too small and heterogeneous to clearly delineate the effect of
aging in the absence of other factors [45, 227, 228]. Aged human
microglia possess an activated morphology with some cells
showing a dystrophic phenotype, referring to several abnormal
changes in their cytoplasmic structure [229, 230]. Further, reduced
process length, reduced arborization and less branching of
microglia from human neocortex autopsy samples has been
reported with aging which was enhanced in AD microglia when
compared to age-matched control microglia [231]. In particular
phagocytosis may be affected, as it is by certain AD susceptibility
alleles, such as the one in CD33 [32, 232-234]. Interestingly,
microglia may age in a region-dependent manner, suggesting
region-specific microglial sensitivity to dysregulation and involve-
ment in neurodegeneration might exist [235]. This highlights the
need for large-scale, systematic evaluations of microglial senes-
cence in humans.

Using p16™%* as a marker for cellular senescence, a study
identified a significant population of p16™*? positive astrocytes in
the frontal cortex of AD patients when compared to age-matched
non-AD control subjects, suggesting a link between increased age
of astrocytes and risk for sporadic AD [236]. More broadly, reactive
astrocytes have been described in specific brain regions in aging
brains that are the primary targets for synaptic loss or age-related
cognitive decline, such as the hippocampus and frontal cortex.
These astrocytes are characterized by increased expression of
genes related to immune responses and synapse elimination
[237, 238]. These and other studies suggest a phenomenon of
astrosenescence as being relevant to AD, but it will require much
more extensive investigation to characterize it in humans.

MODELING OF NEUROIMMUNE CONTRIBUTIONS TO AD
With the advancement of in vitro models including iPSC-derived
CNS cell types as well as organoids, options for more complex
model systems than monocultures of human cell lines are growing
rapidly. Relevant in vitro models are aiming to recapitulate AP
accumulation, p-tau aggregation as well as neuroinflammation
[239]. We are still at the stage of identifying the individual
elements of immune responses involved in AD, but the
rudimentary human model systems provide an important early
foundation with which to iteratively improve our understanding
by testing hypotheses emerging from human association studies.
Three dimensional human neural cell culture model systems
for AD with characteristics of AP deposition and p-tau have
started to emerge [240]; however, they do not allow one to fully
model the interactions of different cell types in disease [241].
One of the first models incorporating the neuroinflammatory
component of AD consisted of a human AD triculture system
comprised of neurons and astrocytes differentiated from human
neural precursor cells (hNPCs) and an SV40- immortalized
human microglial cell line using a microfluidic platform [239].
Through the overexpression of human AP in hNPCs, pathological
AD signatures including AB deposition, p-tau as well as high
levels of IFN-y were recapitulated, and microglial migration, pro-
inflammatory cytokine secretion as well as microglia-induced
neuronal loss through IFN-y and TLR4-dependent mechanisms
were observed [239]. As suggested by the authors, instead of
using an immortalized microglial cell line for future 3D culture
models, iPSC-derived microglia including from lines bearing AD-
risk associated genotypes such as TREM2 or CD33 could further
improve current 3D AD culture models.
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Within the last few years, several different protocols for the
generation of primary human microglia to study neurodegenera-
tion in vitro were published including monocyte-derived microglia
[242-244] as well as more recently iPSC-derived microglia
[245-247]. Targeted gene-editing of iPSC-derived microglia using
CRISPR/Cas9 technology to study the effects of AD-risk genes will
further provide novel insights on the role of microglia in AD.
Moreover, human iPSC-derived microglia were also successfully
integrated into mouse brains, offering novel routes for studying
the role of human microglia in neurodegeneration in vivo
[248, 249].

STUDYING NEUROIMMUNOLOGICAL CONTRIBUTIONS TO AD
IN VIVO

The more than 200 murine “AD models"—more appropriately
referred to as accelerated proteinopathy models or mice carrying
an AD risk allele discovered in humans—will play an important
role in helping investigators dissect molecularly specific questions
in vivo, but they also have several important limitations. Since this
is not a focus of this review, we direct readers to an overview of
the current animal modeling landscape for AD, the difficulties the
field faces with the lack of standardized approaches for reliable
comparison of results obtained from different model systems as
well the question of translatability [250]. Another review comple-
ments the first one, delving into detailed information on the
technical details of existing model systems as well as on the
cognitive tests used to assess cognitive impairment in existing
models [251]. Overall, caution is recommended in interpreting
results from murine studies, particularly those that go beyond
testing very focused, mechanistic questions given the many
differences between mouse and human neuroimmune biology.

The existing possibilities to study the immune responses
involved in human AD in vivo, while still limited, are growing
rapidly and need to be harnessed at the proper scale to address
key questions such as the sequence of events along the causal
chain leading from AD risk factors to a clinical syndrome. We need
to precisely map in which step of this sequence a given immune
response plays a role. Current tools consist of either nuclear
medicine-based imaging techniques or the assessment of CSF- or
blood-derived biomarkers for diagnosis or monitoring of AD
progression.

Positron emission tomography (PET) scans using a selective
ligand for Translocator Protein, 18 kDa, a microglial marker, or
Monoamine Oxidase B, an astrocytic marker, are being performed,
and the reagents are evolving quickly, with third-generation
ligands now being used [252]. However, their properties need
better definition in large-scale studies. They will be very important
in helping to validate possible causal relationships that emerge
from autopsy studies; in one example, the relation of amyloid
proteinopathy, tau proteinopathy, microglial activation, and other
factors such as olfactory loss were assessed together to map the
interconnections of these factors in cognitive decline [253, 254].
Similarly, as reduced glucose transport constitutes a feature of AD
that might even precede neurodegeneration and brain atrophy in
AD, F-2-fluoro-2-deoxy-d-glucose-PET for functional imaging could
be another important tool to deploy [89]. However, new ligands
are definitely needed, and the rapidly enriching set of single cell/
nucleus data should help to highlight new target proteins for
ligand development.

CSF characterization is already an important component of
clinical evaluations in AD, with validated biomarkers such as
ABq_42, T-tau, and P-tau;g;, and an emerging set of immune-
related biomarkers such as sSTREM2, GFAP, YKL-40 and others are
now being tested at reasonable scale so that we can begin to
delineate exactly where, in the AD sequence of events, an
individual marker is most relevant [255]. This study also illustrates
the ongoing translation of markers from CSF to blood, which will
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allow studies to be pursued at much larger scale, although
understanding in which context to deploy serum vs. CSF
biomarkers remains a critical question [256]. Other reviews
summarize this rapidly evolving field in more detail [257]; overall,
no single immune response marker will be sufficient given the
multiplicity of ways in which the immune system may be involved
in AD. Further, the fact that multiple processes are ongoing in
parallel in the aging brain means that the development of an
optimal immune response panel will involve a multiplicity of
targets and most likely both, blood and CSF sampling.

THERAPEUTIC STRATEGIES

To date, clinical trials have failed to show prevention of the onset or
a reduction in the progression of AD. Recently, Aducanumab, a
human monoclonal antibody directed against a conformational
epitope exclusively found on toxic A oligomers has been granted
accelerated approval by the United States Food and Drug
Administration without a successful Phase Il trial. Aducanumab
was shown to reduce plaque size and plaque burden and increased
plaque clearance along with reduced cognitive decline in the AD
mouse model Tg2576 as well as in Phase | clinical trials [258],
suggesting that the observed effects of Aducanumab might be at
least partially mediated by microglia. This is of particular interest, as
it suggests that even an anti-amyloid antibody might indirectly
modulate the neuroimmune response in AD. Other data, however,
suggest that Aducanumab might act mainly through restoring
intracellular calcium homeostasis, thereby reestablishing neuronal
network function [259]. However, the failure to meet primary
endpoints in the pivotal trials highlight the fact that our current trial
designs need further refinement, that we do not fully understand
the sequence of events leading to AD, and that we need a broader
range of targets to pursue [260]. The latter message has been
heeded in the past decade, as evidenced by the Accelerating
Medicines Partnership for AD (an effort to diversify the portfolio of
AD targets funded by the National Institute of Aging and pharma
partners) and its Agora site presenting assembled data supporting a
range of different targets, with an important component of
immune-related targets https://agora.ampadportal.org/genes/
genes-router:genes-list [261]. Further, there has also been an effort
in Pharma to ground therapeutic development efforts in targets
emerging from human genetic studies given that some studies
suggest greater success in development efforts for such targets
[262, 263]. In AD, this has led to intense interest on the immune-
related AD susceptibility genes, but even in the case of TREM2,
where the target gene was evident from the beginning, or CD33,
where the pathogenic mechanism was described early, such
“validated” targets remain far from the targets typically pursued
by industry. This has led to other efforts such as the PHAGO
consortium [264] funded by Pharma and the European Union to
develop the foundation of functional characterization and robust
tools needed for target validation and, ultimately, the range of
clinical tools needed to assess target engagement, in vivo mechan-
ism, and clinical efficacy. A more detailed overview on selected
promising immune targets for manipulating AD pathology includ-
ing TREM2, CD33, CR1, CD36, CX3CR1 among others is provided
elsewhere [265].

Genetic studies highlighting immune responses as targets in AD
are further supported by epidemiological evidence reporting
associations between the chronic use of non-steroidal anti-
inflammatory drugs and a lower incidence of AD or the link with
inflammatory diseases such as rheumatoid arthritis and AD or an
intriguing reduction of AD among individuals with leprosy treated
with Dapsone [266-270]. Thus, it is likely that a diversity of target
genes and approaches will be useful and that combination of
treatments is almost certainly what will ultimately be needed to
manage AD like T2D is managed today. Some drugs may directly
interact with genetically defined targets, but others may well
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emerge from the efforts described above to modulate the gut
microbiota or modulate pathways involved in the estrogen and
related hormonal observations in AD [271-274]. For biologists, it is
important to realize that drug development is an iterative process
that goes hand-in-hand with biomarker development and an
understanding of the underlying heterogeneity of the target
population: the path forward will go through a detailed
characterization of the immune responses involved in the
trajectory of the disease and likely modulation not outright
suppression or activation of immune responses over time to slow
down or ideally stop the progression of disease.

A MOMENT OF OPPORTUNITY

The renaissance of interest in the immune component of AD has
converged with the deployment of high-dimensional data
generation and analysis at proper scale over the past decade to
establish a framework of robust, reproducible observations. This
framework based on human samples remains sparse today, but it
provides a critical foundation for the design of the next generation
of studies which will require large-scale, multi-center studies to
yield definitive results. As noted above, study designs also have to
become more precise, measuring critical endophenotypes to
enable us to understand the temporal sequence of events and to
deconstruct the multiplicity of immune responses involved in
different aspects of AD that are occurring concurrently in the
aging brain. Molecular profiles based on samples of bulk tissue
have their uses, but the accelerating pace of single cell work—
particularly in ways that capture spatial patterns—will provide the
next inflection point in our understanding of cellular communities
in the CNS parenchyma. Classical histological studies have clearly
established the existence of certain microenvironments, but our
understanding of their molecular composition remains limited
without highly multiplexed data capture from individual cells.
Understanding the composition of and inter-cellular communica-
tion within these communities is one of our key tasks in the short
term to identify those molecular signals that could be modulated
as part of a pharmacological toolkit to slow or ultimately halt the
progression of AD.

A wealth of observations has accumulated over the last three
decades in the field of AD that are related to or potentially
influence immune responses involved in the disease. In this
review, we sought to assemble a broad perspective of our current
understanding to highlight the fact that (1) immune responses in
AD involve many cell types beyond the microglia that have
garnered most of the attention, (2) that these responses are highly
plastic, evolving based on communications from nearby cells and
the broader state of the immune system of an individual, (3) that
we lack many of the tools that are needed to map and monitor
immune responses in living subjects, especially in earlier stages of
disease, (4) that many existing studies are under-powered,
yielding a confusing mass of contradictory reports, (5) that
comorbidities and life experiences such as infections are likely
to play a role, (6) that different immune responses appear to be
involved at different stages along the path to AD and (7) that
aging has a fundamental and multifactorial impact on the cells
and the kinetics of immune responses. We therefore want to
emphasize that there will not be a one-size-fits-all solution: AD will
not be amenable to a single solution where a deleterious immune
cell population is eliminated. Rather, the model for future
intervention will resemble therapeutic approaches to inflamma-
tory diseases in which a large toolkit of immunomodulatory
agents tweak an immune response by the correct amount in a
selected subset of patients who are at the appropriate stage of the
disease for a given agent. Simply put, one can think of this task as
using an “immune rheostat” that can be dialed up and down to
address a specific task, such as limiting amyloid proteinopathy,
with a series of additional rheostats to modulate other processes
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such as tau proteinopathy or synaptic loss; each rheostat can be
engaged alone or in combination depending on the state of the
patient. Further, this conceptual model highlights the need to
achieve a delicate balance with highly targeted immunomodula-
tion, as excessive correction will create adverse events and a
broadly acting agent will likely engage different off-target effects.
Finally, it also highlights the urgent need for a large toolkit of
biomarkers with which to precisely measure the state of immune
responses within and without the CNS.

Our understanding of murine neuroimmunology has expanded
dramatically and much more extensively than its human counter-
part given the lifespan of mice and the many genetic tools available
for murine studies. These insights are very valuable, but, as seen
with classical inflammatory diseases, there are many differences
between the mouse and human immune systems and probably
even more differences with how these immune systems engage
with their respective CNS given the complexity of the human brain.
Here, we elected to focus primarily on a review of human
observations, bringing in selected insights from murine studies.
Integrating the two sets of observations is a vastly important task,
but we did not pursue it here since we sought to establish a
framework for human studies. While murine studies will continue to
play an important role, they need to be much more grounded in
human biology to be relevant: the best studies today dissect
mechanistic questions that we cannot tackle in human participants
and are very constrained in their interpretation.

Overall, we are at an exciting conjecture in the study of immune
responses in AD: despite the many challenges that we face, we
have a large kit of new tools that will enable rapid progress in
coming years. And, we have the aggregate experience of
modulating the immune system for the treatment of inflammatory
diseases, management of transplantation, and, increasingly,
cancer therapy. While early evidence suggests that many of these
existing agents may not be relevant to AD, developing new
therapeutic agents will proceed quickly given this experience, and,
similarly, biomarker development for more accurate outcome
measures should proceed rapidly. Some early agents are already
in clinical trials, and this is essential to grow our understanding of
immunomodulation in AD, even if they are unsuccessful. Early
translation to human studies is essential and promises a break-
through in coming years, with new therapies that engage specific
CNS immune responses likely to emerge in the next five years.
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