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Abstract

Aging involves progressive deterioration away from homeostasis. Whereas the healthy adult

brain maintains neuroimmune cells in a surveillant and homeostatic state, aged glial cells have

a hyperreactive phenotype. These age-related pro-inflammatory biases are driven in part by cell-
intrinsic factors, including increased cell priming and pro-inflammatory cell states. In addition, the
aged inflammatory milieu is shaped by an altered environment, such as amplified danger signals
and cytokines and dysregulated glymphatic function. These cell-instrinsic and environmental
factors conspire to heighten the age-related risk for neuroimmune activation and associated
pathology. In this review, we discuss cellular and molecular neuroimmune shifts with “healthy”
aging; how these age-related changes affect physiology and behavior; and how recent research has
revealed neuroimmune pathways and targets for improving health span.

Introduction

The aged brain is a remarkably resilient organ. All body systems exhibit progressive
functional decline with age, yet the healthy aged brain is relatively buffered from
impairments. For instance, skeletal muscles in humans atrophy substantially between the
ages of 30 and 70 years old. This loss of muscle mass is reflected functionally, with fewer
and slower 70-year-old marathon runners compared with 30-year-olds. In contrast, a healthy
70-year-old has a similar cognitive function to that of a 30-year-old — in a math competition
of long division, you may not even notice a decline in function with healthy aging. So what
protects the aged central nervous system (CNS) from the earlier, accelerated deterioration
that occurs in the rest of the body? One promising candidate is the brain’s relative “immune
privilege”. Whereas the immune system has unfettered access to patrol peripheral organs,
immune surveillance and responses in the CNS are restrained. This is important, because
aberrant or reactive immune cells in the CNS can cause cascading bystander tissue damage.
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Therefore, the mammalian CNS’s immune privilege likely protects against aging-related
declines in cellular turnover and generation of new cells.

Despite displaying resilience, the aged (vs. younger) CNS does exhibit increased
vulnerability to insults. “Inflamm-aging” occurs throughout the body with age; these age-
related shifts in immunity also influence the CNS. Glial cells in the aged CNS parenchyma
and immune cells in the surrounding meninges become more reactive. Following infection,
damage, or stress, the aged CNS can exhibit exaggerated and prolonged pro-inflammatory
responses that fail to resolve. Functionally, these increases in inflammation in the brain

can underly pathologies such as delirium and cognitive decline. Indeed, in aged animals,
infection or even sterile surgery can cause prolonged increases in cytokines in the brain that
elicit cognitive deficits [1,2]. In this review, we discuss recent advances in understanding
the neuroimmune environment with healthy CNS aging and consider how neuroimmune
changes can render aged individuals vulnerable to pathology (Figure 1). Revealing immune-
related mechanisms underlying the brain’s resilience and vulnerability with age will help
identify strategies for extending physiologic health of the brain and body, with an aim to
prolong aging individuals’ health span.

CNS-immune communication in adulthood and aging

The CNS and the immune system regulate one another via bidirectional communication.
Communication between the immune system and CNS is exemplified by a typical sickness
response. Upon sensing an infection, peripheral immune cells such as macrophages,
neutrophils, and dendritic cells newly produce proinflammatory cytokines and other
mediators. Proinflammatory signaling is communicated to the CNS through three main
routes: direct neural signaling via vagal afferents; passive diffusion of cytokines and
infiltration of immune cells in the meninges and at circumventricular organs; and

tightly regulated transport of mediators and cells across the blood-brain barrier (BBB)
(reviewed in Ref. [3]). Once an inflammatory signal reaches the CNS, microglia and other
parenchymal neuroimmune cells secrete pro-inflammatory cytokines to propagate transient
neuroinflammation and to elicit sickness behaviors [3]. An effective neuroimmune response
is adaptive in promoting behavioral changes that improve survival probability and limit
sickness spread, but also resolves efficiently to reattain homeostasis and resume crucial daily
activities. Indeed, both parenchymal and meningeal immune responses in the healthy adult
are biased towards dampened or anti-inflammatory reactivity, thereby supporting efficient
immune resolution [4,5].

CNS-immune interfaces have unique anatomical and physiological features that limit excess
immune signaling while enabling crosstalk. The BBB is a unique endothelial barrier: its
endothelial cells strictly control the passage of cells and solutes via cell-linking tight
junctions, expression of transporters for key mediators, low-level expression of adhesion
molecules, and absence of fenestrations [6]. The endothelial cell barrier is reinforced

by an endothelial basement membrane, pericytes, and surrounding astrocytic endfeet [7].
This barrier is critical in preventing unrestricted access of immune cell to the CNS, yet
additional immune cells reside in surrounding CNS spaces. Immune cells in the meningeal
compartment — including macrophages, T cells, B cells, dendritic cells, and others — can
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produce immunomodulators in response to peripheral immune signals [6,8,9]. The meninges
consists of an outer layer called dura mater, which contains peripheral cells, related
molecules, and meningeal lymphatic vessels; and the more tightly-regulated meningeal
layers abutting the CNS called the arachnoid and pia mater, which contain the cerebrospinal
fluid (CSF) [7]. Meningeal immune cell populations are maintained during health and
bolstered during inflammation via the overlying skull and vertebral bodies, which contain
bone marrow [10,11].

The effectiveness of the immune and neuroimmune systems degrades with age. Importantly,
this age-related decline typically begins in middle age but progresses more rapidly at late
ages (middle age: humans ~38-47 years old, mice 10-15 months old; old age: humans
~56-69 years old; mice ~18-24 months old) (Figure 2) [12]. The aged immune system

has impaired sensing and clearance of pathogens: innate immune cells are less sensitive,
adaptive immune cells are reduced in number and less diverse, and responses are skewed
towards exaggerated pro-inflammatory reactivity [13]. The aged CNS also has shifted
immune reactivity. Microglia exhibit neuroimmune priming - this involves reduced neuron-
induced dampening of microglial reactivity and heightened expression of proinflammatory
machinery. Ultimately, microglia priming leads to pathological hyperreactivity to challenges
such as infection or injury [13] (Figure 1a). “Danger signals” and cytokines can also
accumulate in the parenchyma to higher levels with age due to impaired glymphatic
plumbing [14] (Figure 1b). Further, immune-to-CNS communication is amplified with age,
including an aging-induced pro-inflammatory bias in meningeal immune cells and increased
leakiness of the BBB [6,15] (Figure 1b,c). For example, T cells can accumulate in the

aged CNS parenchyma [16], suggesting that age-related detriments to barrier stability enable
aberrant entry of peripheral immune cells.

Aging-related shifts in neuroimmune reactivity conspire to exaggerate and extend
neuroimmune responses. In turn, overzealous pro-inflammatory reactivity with aging can
cause prolonged or even permanent detriments on physiologic and behavioral function.
Below, we discuss age-related inflammatory changes in CNS immune cells and in signaling
from CNS-adjacent compartments.

maintain homeostasis and undergo functional changes with age

Aging is associated with widespread shifts in CNS inflammatory state, including increased
oxidative stress, reduced neurogenesis, increased risk for region-specific atrophy and
neurodegeneration, and a broad increase in inflammatory tone [17]. Various cell types
contribute to heightened inflammatory tone in the aging brain. The CNS is composed of
neurons, glial cells (such as microglia, oligodendrocytes, ependymal cells, and astrocytes),
infiltrating immune cells, as well as nonglial CNS-resident cells (such as perivascular
macrophages, pericytes, and endothelial cells). In particular, glial cells shape the shifting
neuroimmune environment and undergo stereotypical neuroimmune changes with age —
e.g., neuroimmune priming and a pro-inflammatory bias [17]. With healthy aging, these
neuroimmune changes may be protective or compensatory mechanisms that are responding
to the gradual degradation of the system. Unfortunately, these aging-related neuroimmune
shifts can also increase CNS vulnerability and damage.

Curr Opin Neurobiol. Author manuscript; available in PMC 2023 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fonken and Gaudet

Page 4

Microglia: roles in the adult and aged CNS

Microglia are the primary immune patroller of the CNS and are critical for maintaining
homeostasis in the brain throughout the lifespan. Under healthy adult conditions, microglia
perform key maintenance activities including detecting shifts in inflammatory milieu,
engaging in synaptic pruning, providing trophic support to CNS cells, and contributing

to BBB function (reviewed in Ref. [13]). Microglia are maintained in a homeostatic,
surveillent, and inactivated state by constitutive baseline ligand-receptor signaling with
neurons (e.g., CD200-CD200L, CX3CL1-CX3CR1) (reviewed in Ref. [13]). Recent RNA
sequencing strategies have enabled the classification of these homeostatic microglia based
on their transcriptional profile: there is greater microglia heterogeneity in heathy murine
adult brain and microglia express higher levels of genes including 7mem119, P2ry12,

and Cx3cr1[18]. Microglia are dynamic cells that respond to their environment to

shift phenotype and function. Upon detecting CNS damage via danger signals and/or
proinflammatory cytokines, microglia migrate and proliferate in sites of damage and
upregulate inflammatory machinery (e.g., MHCII, scavenger receptors, toll-like receptors,
and components of the complement cascade). In the initial phase of an immune response,
microglia produce and secrete inflammatory cytokines and chemokines — this period of
proinflammatory activity aims to sterilize or kill pathogens. Subsequently, or in parallel,
microglia act as a cleanup crew engaging in phagocytic activity — this pro-resolution phase
acts to repair tissue and resolve inflammation [3].

With aging, microglia become progressively more proinflammatory and dysfunctional.
Aged microglia reduce the expression of homeostatic microglia effectors and increase the
expression of inflammatory genes, including Spp1, ltgax, Axl, Lgals3, Clec7a, TremZ2, and
Ca68'8. Several populations of microglia expand with age, including those that express
macrophage-specific inflammatory markers (e.g., chemokines Cc/4and Cc/3) and the
inflammatory cytokine IL-1f [17,18]. This increase in chemokine signaling may facilitate
homing of immune cell populations to the CNS. Furthermore, with aging, inflammatory
microglia have an impaired ability to shift to a pro-resolution cell state — often persisting in a
proinflammatory state for much longer than adult microglia [19,20]. For example, following
a peripheral £. coliimmune challenge, adult rats resolve the CNS inflammatory response
within 24 h; however, aged rats exhibit increases in inflammatory cytokines such as IL-1f
in the brain for more than a week [1]. This increase in pro inflammatory activity in the aged
CNS is primarily driven by microglia.

The ability of microglia to resolve an inflammatory response and engage in phagocytic
activity is critical for maintaining CNS homeostasis (for example see Ref. [21]). Therefore,
age-related impairments in pro-resolution pathways and phagocytic processing likely
exacerbate pathological inflammatory states. Healthy adult microglia engage in homeostatic
phagocytosis of excess synapses and cellular debris. During an effective inflammatory
response, microglial phagocytosis and processing of extracellular debris shift microglia
intracellular signaling towards a resolution cell state. With aging, deficient phagocytic
processing precedes microglia-induced neuroinflammation [22]. Aged rodent and human
microglia exhibit a striking buildup of lipid droplets, indicative of impaired phagocytic
processing [23]. Indeed, the percentage of microglia considered “lipid laden” increases from
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12% in young adult mice to 50% in aged mice [23]. Microglia with excess lipid burden
have defective ongoing phagocytosis [23]. In addition, lipid droplet-rich microglia have a
distinct transcriptome signature compared to microglia from the same animals with a lower
lipid content: lipid-laden cells upregulate genes related to the production of nitric oxide,
reactive oxygen species, and other pro-inflammatory pathways [23]. This pro-inflammatory,
dysfunctional phenotype that occurs in lipid-laden microglia is likely caused by deficits in
microglia sterol synthesis, and these pathologic microglial cell states are observed in other
contexts, including models of multiple sclerosis [24]. Effective phagocytosis by microglia
during aging and pathology is enabled via the immunoglobulin family cell surface receptor,
TREM2. TREM2-deficient microglia are unable to adapt to excess cholesterol exposure,
form fewer lipid droplets, and build up endoplasmic reticulum stress [21].

Changes in microglia function across the aged brain are heterogeneous. Beginning in middle
age in mice (13 months old), microglia exhibit regional variation in their age-associated
phenotype [22]. Microglia undergo region-specific expansion with age: the number of
microglia increases in the cortex, hippocampus, CNS white matter tracts, and basal ganglia
structures [22]. The transcriptional signature of microglia also varies by brain region.
Whereas microglia in aged grey matter exist predominantly in homeostatic cell states,
microglia in aged white matter develop cell states related to reactivity and phagocytic
removal of degenerating myelin [25]. Proteomic analyses further support region-specific
vulnerability. Although metabolic changes occur across the entire aging brain [26], the
magnitude of metabolic and neuroinflammatory shifts differ regionally. Aging-related
changes in microglia function are likely affected by the CNS inflammatory milieu. Indeed,
aging alters the proteome of CSF [27], which can influence microglia phenotype and
function [28].

Despite the apparent detrimental nature of these microglial-driven pro-inflammatory states,
microglia are also crucial for limiting aging-related susceptibility to insult or degeneration.
Microglial depletion in aged male mice prior to experimental stroke increased infarct size
and infiltration of hematogenous macrophages and neutrophils [29]. In a 5xfAD mouse
model of Alzheimer’s disease, microglial depletion caused cerebral amyloid angiopathy,
increased hemorrhages, and earlier death [30]. Compared to microglia-competent 5xfAD
mice, microglia-depleted 5xfAD mice lacked protective TREM2 expression and microglial-
related signaling with endothelial cells and pericytes (e.g., via TGF-p and PDGF-
pathways) [30]. Thus, microglia in the aged brain also have protective roles in maintaining
BBB integrity and limiting runaway inflammation.

Astrocytes: roles in the adult and aged CNS

Astrocytes, the most abundant glial cell, are vital for the proper function of the CNS.

In the healthy adult, astrocytes maintain CNS homeostasis by providing physical support;
reinforcing the BBB; regulating glymphatic function; modulating synaptic transmission;
taking up and metabolizing neurotransmitters; and releasing cytokines, chemokines, and
neurotrophic factors. As with microglia, astrocyte phenotype and function shift with age.
Astrocyte numbers increase with age, which may relate to a neuron-to-glia fate switch
that promotes neural stem cells to preferentially differentiate into astrocytes with age [31].
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This age-related dysregulation in neuron vs. astrocyte genesis may contribute to reduced
hippocampal neurogenesis, which may underlie cognitive deficits with aging [31].

Astrocytes also display regional differences in vulnerability to aging: astrocytes show
increased reactive cell states with age, particularly in the hippocampus, hypothalamus, and
cerebellum [32-34]. Elevated astrocyte reactivity in mice emerges around 13-14 months
old, and further increases by older ages (20 months) [35]. Aged astrocytes (>20 months

in mice) appear more similar to those observed in disease states such as Alzheimer’s
disease [35]. Aged astrocytes are enriched for immune pathways, and show reductions in
pathways related to cholesterol synthesis and synapse elimination [20,33,34]. There is likely
heterogeneity in astrocytic changes throughout the brain with age. For example, in response
to inflammatory stimuli (e.g., LPS), individual astrocytes undergo distinct inflammatory
transitions [36]. Aged astrocytes also show morphological changes, including reduced
number and length of astrocytic processes and smaller territorial domains [37] (although
this is likely regionally dependent [38]). Functionally, aged astrocytes reduce intercellular
coupling, which may reflect a decrease in intercellular connectivity through gap junctions
[37]. Further, aged astrocytes have reduced efficiency of K* clearance and glutamate uptake
[37] (although see Ref. [39]). Astrocyte atrophy and reduced activity in the aged brain are
associated with impaired synaptic plasticity [37]. Aged astrocytes can also newly secrete
toxic lipid meditators to kill nearby neurons and oligodendrocytes, although this occurs
mainly in degenerative conditions rather than with healthy aging [40].

Astrocytes and microglia also display shifting intercellular communication with age.
Microglial pro-resolution cell states are sustained by astrocyte-derived anti-inflammatory
and cholesterol biosynthesis pathways, these neuroimmune-dampening pathways are
dysregulated with age [20]. Microglia also drive more reactive phenotypes in astrocytes:
blocking microglia-secreted cytokines (e.g., IL-1%, TNFa, and C1q) with genetic or
pharmacological methods prevents the development of reactive astrocyte phenotypes [32].
Further, in inflammatory or neurodegenerative conditions, microglia release fragmented
mitochondria that induce astrocyte reactivity and propagate neuroinflammation [41].

Sex differences are apparent in the neuroimmune environment with age, with females
developing a more pro-inflammatory [42,43] and reduced phagocytic signature [44]

at baseline. These sex-specific cellular responses may underlie sex differences in
neuroinflammatory disorders. For example, aging females are predisposed to autoimmune
disorders, whereas aging males are more susceptible to infectious diseases. Sex differences
in neuroimmune aging has been discussed in more detail elsewhere [45,46] — more work is
necessary in this area.

In addition to intrinsic shifts in aged CNS cell states, factors extrinsic to CNS cells

also promote proinflammatory cell states with age. For example, baseline accumulation
of damage-associated molecular patterns, such as HMGB1, can sensitize or “prime”

the microglia phenotype in aged rats [19,47]. Similarly, microglial priming or reactivity
is driven by myriad additional age-related factors, including proinflammatory-biased
peripheral immune responses [48], increased BBB permeability [15], and impaired CNS
waste clearance mechanisms [14] (see below). The relative contribution of extrinsic
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vs. intrinsic factors driving the age-associated phenotype in microglia has recently

been addressed using microglia depletion and repopulation strategies. Repopulating CNS
microglia in aged mice can ameliorate aspects of inflammatory priming, however,
repopulated microglia retain distinct pathologic phenotypes and function from microglia
in healthy young adult mice [22,49,50]. This suggests that a combination of environmental
and cell-intrinsic factors collaborate to evoke age-related microglial priming.

Taken together, aged CNS cells — particularly microglia and astrocytes — develop primed

or reactive cell states that drive exaggerated inflammatory responses. In addition, the
parenchyma of the aged CNS accumulates excess danger signals due to impaired glymphatic
clearance, and peripheral-to-CNS immune signaling in aging has a pro-inflammatory bias.
Thus, CNS cells, extracellular mediators, and peripheral signaling collaborate during aging
to amplify immune sensitivity, proinflammatory states, and behavioral detriments. Next, we
consider how age-induced changes in communication at the brain-immune interface impact
neuroimmune signaling.

Input from surrounding CNS spaces shape the neuroimmune environment

with age

The BBB and the blood change with age

The BBB protects the brain from unregulated contact with the blood and its contents: the
BBB gates entry of peripheral immune cells and inflammatory signaling molecules into

the CNS. The BBB enforces barriers not just at the levels of the vasculature (primarily
regulated by tight junctions between endothelial cells) but also in the choroid plexus
(regulated by ependymal cells), the circumventricular organs (regulated by tanycytes), and
the meninges (primarily regulated by epithelial cells) (recently reviewed in Ref. [15]). BBB
endothelial cells prevent leakage between barrier cells through tight junctions, which are
protein complexes that bind adjacent barrier cells. Because the BBB prevents the diffusion
of blood-borne molecules into the brain, it uses influx and efflux transporters for tasks such
as importing nutrients and exporting toxins [15]. Specialized barrier features of the BBB
change or degrade with age leading to impaired barrier function. Although BBB morphology
remains mostly intact with healthy brain aging [15], the aged BBB shows increased
permeability [51,52] and region-specific vulnerability to breakdown (e.g., BBB breakdown
typically begins in aged human hippocampus) [53]. There is also a shift in active transport
across the BBB with aging. In the healthy adult, specific plasma proteins readily permeate
the parenchyma, regulated by transporters in the BBB. With aging, however, plasma protein
uptake is diminished in mice and there is a shift in transport from ligand-specific receptor-
mediated to non-specific caveolar transcytosis [54]. This shift alters the composition of
proteins entering the CNS, enabling excess entry with age of potentially toxic proteins such
as albumin, fibrinogen, and autoantibodies that lack canonical transporting receptors [54].

Cells critical to maintaining the BBB shift their cell state with age towards a more senescent
phenotype that includes functional deficits related to cellular stress, DNA damage, and
replication [55]. With aging, 50% more endothelial cells in mice had a senescent signature
(adult 3 month vs. aged 28 month-old: 5% vs. 10% senescent CNS endothelial cells,
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respectively) [56]. Endothelial cell dysfunction is driven by aging-related loss of a key
longevity and stressor response protein, sirtuin-1 [51]. Another regulator of BBB breakdown
is the APOE4 &4 allele, which increases risk for late-onset AD. APOE4 e4 causes
degeneration of capillary-adjacent pericytes and BBB breakdown in the hippocampus and
medial temporal lobe, which exacerbate cognitive impairment with aging [57]. APOE4 e4
accelerates BBB breakdown by unleashing CSF expression of the potent metalloproteinase
MMP-9 [57]. Overall, natural and progressive breakdown of the BBB in aged human brain is
associated with cognitive impairment [53].

In addition to local CNS changes, the blood contains mediators that regulate aging brain
function. For example, reconstituting hematopoietic stem cells in young mice with those
from aged mice inhibits hippocampal neurogenesis and impairs cognitive function [58].
Conversely, transferring plasma from aged or young mice that exercise to aged sedentary
mice can improve cognition [59]. This may in part be mediated by a liver-derived enzyme
called Gpld1, which cleaves glycosylphosphatidylinositol-anchored substrates to initiate
potentially CNS-protective signaling cascades [59]. Thus, identifying factors mediating
neuroimmune changes with age may aid the development of novel therapeutics.

Aging influences the repertoire of peripheral immune cells that signal to the CNS

Immune cells in spaces surrounding but outside the CNS parenchyma can strongly influence
CNS function in animals across the lifespan. Immune cells can reside outside the BBB but
within CNS spaces such as the choroid plexus and meninges. Within the parenchyma in
healthy adult animals, immune cells are typically limited to resident glia with few peripheral
immune cells and a lack of adaptive immune cells. However, the meningeal and choroid
plexus compartments contain diverse immune cell types, including monocytes, dendritic
cells, T cells, B cells, natural killer cells, and others [6]. Cells in the meningeal space

are replenished and recruited from bone marrow in the overlaying skull and vertebral

bodies [10,11]. Meningeal immune cells can initiate or propagate neuroimmune signals,

and during pathology can infiltrate CNS parenchyma. Given these key roles in regulating
neuroimmunity, it follows that peripheral immune cells in the meninges regulate complex
behaviors such as cognition and social behavior [60,61]. For example, T cells modulate
learning and memory, with depletion of CD4+ Tcells worsening memory and long-term
potentiation. T cells mediate these changes through IL-4-dependent signaling interactions
with GABAergic neurons [60]. T cell signaling from the meningeal compartment via
interferon (IFN)-y/JAK-STAT regulates neuronal GABAergic neuronal function, driving
changes in social behavior [61]. Additionally, mice lacking & Tcells or IL-17 exhibit
deficits in short-term memory, suggesting that meningeal 6 T cell-derived IL-17 is required
for plasticity and short-term memory [62].

In the aged meningeal compartment, T cell numbers increase and T cell subpopulations
shift to promote widespread pro-inflammatory bias. T cell numbers in the CNS parenchyma
increase modestly in mice from 2 to 18 months of age, and then increase steeply between

18 and 24 months [63]. T cells critically contribute to age-related CNS dysfunction: Ragz~~
mice, which lack T cells, are protected against age-related degeneration and declines in
motor and cognitive function. In addition to modulating T cell number, aging shifts the
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proportions of meningeal T cell subpopulations. RagZ~'~ hosts that receive Ca8™~ bone
marrow transplant show reduced axon degeneration (vs. WT bone marrow), suggesting that
cytotoxic CD8* T cells drive degeneration and associated behavioral changes with age [63].
Systemic inflammation also fosters CD8*-evoked degeneration in the aged CNS [63]. In
addition, the aged mouse meningeal Tcell population is enriched for regulatory T cells
(CD4+FoxP3+) [64]. This increase in regulatory T cells may be mediated by age-related
decreases in CCR7 signaling: CCR7 deficiency leads to accumulation of regulatory T cells
in the meningeal compartment, concomitant with impaired glymphatic function and deficits
in learning and memory [64]. Thus, aging causes parallel pro-inflammatory shifts in the
CNS and in the peripheral immune compartment, thereby reinforcing CNS and cognitive
detriments.

Glymphatic and lymphatic clearance of CNS metabolic waste is impaired with age

A burgeoning area of neuroscience involves the relationship between neuroinflammation
and CNS waste clearance. The glymphatic system is essential to CNS nutrient delivery and
waste clearance and consists of a network of perivascular tunnels wrapped by astrocytic
endfeet. CSF within the subarachoid and cisternal spaces flow into the brain through

a periarterial route and exchanges with interstitial fluid (ISF, in the parenchyma) via
Aguaporin-4, a water channel on astrocytic endfeet [65]. Flow from the CSF to the ISF
likely occurs from cerebral arteries, and efflux of waste and metabolites from the ISF
occurs via the cerebral veins (for reviews, see Refs. [6,7]). Effective glymphatic flow and
clearance in the adult prevent excess accumulation of macromolecules and potentially toxic
mediators, such as danger signals and cytokines. Glymphatic flow drives the collection

of ISF in perivenous spaces which then drains to meningeal lymphatic vessels [66].

These vessels exist in the dura mater and track venous sinuses in the brain and exist
between vertebrae in the spinal cord [66—69]. The close proximity between lymphatic

flow, blood, and dural sinuses support strong communication between immune cells in
these sites. T cells and B cells are enriched in dural sinuses [16,70], thereby facilitating bi-
directional communication between the CNS and adaptive immune system. Macromolecules
and immune cells are cleared via the meningeal lymphatic vessels to the deep cervical
lymph nodes [66-68]. Effective and consistent glymphatic and lymphatic draining appears
important for maintaining CNS homeostasis [64,71].

In addition to BBB breakdown with aging enabling aberrant entry of inflammatory
mediators into the CNS, aging also dysregulates clearance of factors from the CNS. Aging
impairs glymphatic system function, which allows the pathologic extracellular accumulation
of metabolites, danger signals, and neurodegenerative factors (e.g., tau) [14]. Aquaporin-4
enables elimination of extracellular tau from the brain to CSF and subsequently to deep
cervical lymph nodes. In the brains of transgenic mice predisposed to tau pathology, deletion
of Aquaporin-4 further amplified tau deposition in CSF, and exacerbated phosphorylated tau
accumulation and associated neurodegeneration [72].

Meningeal lymphatic clearance is similarly dysregulated with aging. Impairments in
meningeal lymphatic function slow the paravascular efflux of macromolecules from the
interstitial fluid in aged mice [71]. This process likely contributes to age-related impairments
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in cognition: improving meningeal lymphatic drainage of CSF macromolecules by treating
aged mice with vascular endothelial growth factor C ameliorates impairments in learning
and memory [71]. Disrupting lymphatic vessels can also exacerbate disease pathology in

a mouse model of Alzheimer’s disease by leading to access accumulation of amyloid p71.
Thus, impaired glymphatic and lymphatic clearance with age drive the accumulation of
pathological macromolecules in the CNS and increase the risk of neurodegeneration.

Targeting peripheral-to-CNS immune crosstalk to extend healthy aging

The connection between peripheral immunity and the CNS can be leveraged to modulate
neuroinflammatory outcomes with aging. For instance, the gut microbiota influences aging-
associated changes in microglia [73]. Modifying the aged gut microbiota with microbiota
transfer can improve cognitive function [74,75] and ameliorate age-related changes in the
neuroimmune environment [75]. Fetal microbiota transfer may benefit the neuroimmune
state by reversing age-associated increases in &-valerobetaine, a gut microbiota-derived
metabolite, in the blood and CNS. Interestingly, the CNS benefits of fetal microbiota
transplant can also occur independent of microglia [74]; young microbiota transplant has
been shown to ameliorate the probability of CD8* Tcell activation [75]. In addition to
modifying the endogenous microbiome, introducing commensal environmental bacteria can
alleviate changes in the neuroimmune environment with age. Bifidobacterium adolescentis
supplementation increases catalase activity and host metabolism and improves health span
and lifespan in multiple species (Chen et al. Nature aging, 2021). Furthermore, immunizing
aged rats with a commensal bacteria, Mycobacterium vaccae, can protect against age-related
increases in neuroinflammation and cognitive dysfunction in response to surgery [2,76]. M.
vaccae treatment may act through shifting T cell-CNS signaling, thereby reducing microglia
priming [2,76]. Taken together, this work demonstrates that “rescuing” peripheral immune
signals with aging can ameliorate changes in the neuroimmune environment with age.

Conclusions and implications

The aging CNS exhibits notable resilience compared to other body systems, yet it still
displays increased vulnerability over time. One cause of age-related CNS vulnerability is
its bias towards a pro-inflammatory phenotype, which occurs due to parallel physiologic
shifts. These concomitant age-related changes include neuroimmune priming of CNS cells;
increased BBB leakiness; pro-inflammatory state of peripheral signaling; and impaired
glymphatic clearance. Age-related priming and pro-inflammatory phenotype render the CNS
hypersensitive to secondary challenges, such as infection or damage. Furthermore, the aged
CNS is vulnerable to a number of neurodegenerative conditions (recently reviewed in Ref.
[17]). Age-related CNS inflammation and barrier breakdown start in crucial regions —

such as the hippocampus — so there is a need to understand the mechanisms of initial

BBB breakdown and how this can be ameliorated. Further, it is unclear whether age-
related neuroinflammation is typically ignited by a specific primary event, or if it is a
widespread progressive response to systemic degradation. Overall, revealing beneficial and
detrimental aspects of the aged neuroinflammatory milieu could inform novel approaches
for improving healthy aging. Future studies should illuminate strategies that dampen age-
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related neuroimmune pathology and CNS vulnerability, with an overall goal of improving
health span.
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Figurel.
Aging is associated with compensatory shifts in CNS physiology and function, which

collaborate to increase neuroimmune priming and pro-inflammatory bias. L eft schematic:
The neuroimmune system involves several key components: (1) parenchymal neuroimmune
cells; (2) glymphatic flow, communication, and clearance via lymphatic vessels, dural
venous sinuses, and cervical lymph nodes; and (3) bi-directional communication with the
periphery via the vagus nerve, the gut-CNS axis, and other routes (omitted for clarity).
Letters A-C highlight representative areas described in the right panel. Letters A-C highlight
representative areas described in the right panel. a. The healthy adult CNS parenchyma
contains homeostatic microglia and astrocytes, which maintain low baseline inflammatory
tone, efficiently phagocytose cells and debris, and resolve sickness and inflammatory
responses. The healthy aged CNS parenchyma includes neuroimmune cells with a “primed”
phenotype - these cells are hyperreactive to insult, show impaired phagocytic capacity

and processing, and have less effective immune resolution ability. The aged CNS also
exhibits increased accumulation of inflammatory mediators, such as cytokines and damage-
associated molecular patterns (DAMPS). Aging is also associated with aberrant parenchymal
accumulation of immune cells typically found in the periphery, such as T cells. b. The
healthy adult BBB maintains a cohesive barrier, enabling bi-directional active transport of
specific proteins. The glymphatic system clears debris and excess metabolites. In the aged
CNS, BBB integrity is reduced, enabling aberrant entry of toxins and cells, in parallel with
reduced solute-specific transport. Glymphatic flow is less efficient at clearing debris; this
amplifies accumulation of immunomodulatory mediators. c. CNS-periphery communication
in the healthy adult contributes to low inflammatory tone at baseline; with aging, increased T
cell numbers and shifted T cell proportions contribute to increased pro-inflammatory bias.
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AGING AND NEUROIMMUNITY: A TIMELINE
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Timeline of aging and neuroimmunity in humans and mice. Top: Comparison of life history
phases of humans (in years) and mice (in months) — including pre-puberty, young adult,
middle aged, and aged phases. The final age of the “aged” phase is a stage at which ~85%
of individuals (humans or mice) remain alive. Bottom: Neuroimmune activities across the
lifespan. Neuroimmunity through young adulthood is characterized by high inflammatory
resolution capacity and phagocytic efficiency, and low baseline inflammatory tone. Middle
age is a time of shifting neuroinflammatory milieu. The aged human and mouse has
amplified neuroinflammatory priming and reactivity, and impaired ability to phagocytose

and resolve

inflammation.
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