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Abstract: The brain interacts with the immune system in a highly regulated
and restricted manner. Immune signals initiate pro- and anti-inflammatory
activity in most body tissues in response to disease states and injury. An
accumulation of inflammatory insults can disrupt immune metabolic
homeostasis and give rise to pathology in sensitive areas. Here, we provide
an overview of interactions between immune metabolism and the brain,
with an emphasis on immune homeostatic regulation. We propose that an
imbalance in immune activity can have a dose and time dependent effect on
susceptible tissues. In the brain, this can contribute to neuronal injury and
subsequent decline in function. We also discuss a specific pathology
application involving the inflammation model of Alzheimer’s Disease
(AD). AD exemplifies the complexities of a disease etiology with multiple
contributing factors, which has complicated the development of effective
therapies. Patients could thus benefit from an individualized risk
assessment and prevention approach that focuses on preservation of
function and minimization of immune metabolic damage.

Introduction

In addition to the classic view of the role of the
immune system in elimination of pathogens and injury
repair, there has been a more recent focus on its
signaling role across organ systems (Tchessalova et al.,
2018). Biochemical signals from immune metabolism
can convey information about general states such as
disease, stress and energy status and trigger tissue-
specific responses. For example, systemic interleukin-6
(IL-6) levels increase after exercise, which in the short
term triggers metabolic pathways that help maintain
local energy demand and initiate tissue repair
(Hennigar et al., 2017). IL-6 levels also increase acutely
after sleep deprivation (Walsh et al., 2019), but this
response can become damaging over time. Chronic sleep
deprivation is associated with higher circulating
cytokines and thus longer systemic inflammatory states,
which negatively affect susceptible tissues in the long
term (Meerlo et al., 2009). This mechanism may be a
contributor to the observed association between sleep
deprivation and reduced hippocampal volume, as well as
increased risk for cognitive and psychiatric disorders
(Irwin et al., 2015). Overall, excessive accumulation of
inflammatory cytokines in the CNS has been associated
with memory and learning deficits. These cytokines,
often released during times of stress or pathology,
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include tumor necrosis factor o (TNF-a)) and interleukins
1B, 6, 12 (IL-1pB, IL-6, I1L-12) (Sparkman et al., 2006).
Interestingly, cytokine receptors are more concentrated
in brain areas that are involved in learning and memory,
which represents a direct impact of systemic homeostasis
on brain function through immune metabolic activity.
Excessive inflammatory immune signaling can have
detrimental effects, but the presence of activated immune
cells in the brain is not exclusive to pathology. There are
immune metabolic functions that have the capacity to
prevent excessive inflammation and maintain proper
brain function. Interleukin-4 (IL-4) is a key regulator of
the inflammatory response in the brain and it has also
been found to play a key role in learning and memory
function (Gadani et al., 2012). The absence of IL-4
producing T-cells in meningeal tissue has a negative
impact on cognitive performance, perhaps through
actions on astrocyte production of brain derived
neurotrophic factor (BDNF) (Derecki et al., 2010).
Decreased microglial responsiveness to IL-4 has also
been shown to be associated with depressive-like
behavior in a mouse model (Wachholz et al., 2017).
Therefore, IL-4 may contribute to regulation of multiple
brain functions not directly related to disease state, such
as cognition, mood and affect. Cytokines as regulators of
neuronal function is an understudied topic that has great
potential to provide us with risk assessment and potential
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treatment avenues for neurocognitive disease. It is thus
relevant to explore the regulation of passage of immune
signals into the brain through the blood-brain barrier and
the choroid plexus, as well as cellular mediators.

Blood-Brain Barrier

The Blood-Brain Barrier (BBB) encompasses the
cells that form and surround the blood vessels of the
central nervous system and that act as a filter from the
systemic circulation. The BBB maintains homeostasis in
the brain by regulating influx of nutrients and signals
from other body systems, as well as efflux of metabolic
waste. The cells that make up the BBB include
specialized vascular endothelial cells, pericytes and
astrocytes. Tight Junctions (TJ), Adherens Junctions
(AJ) and gap junctions are transmembrane and
membrane-associated cytoplasmic proteins that connect
adjacent endothelial cells and thus provide the first
physical barrier from the systemic circulation. TJs allow
or impede passage into and out of the blood vessels in
response to metabolic demand and cellular signaling
(Luissint et al., 2012). These junctional proteins also
provide an entryway for the systemic immune system
through the regulation of passage of lymphocytes during
inflammation (Stamatovic et al., 2016).

Other transport proteins in endothelial cells include
solute-specific transporters such as solute carrier-
mediated transporter and ATP-Binding Cassette (ABC)
transporters. ABC transporters use energy from ATP to
move molecules through the luminal endothelial cell
membrane and are particularly abundant in the BBB,
where they restrict the entry of drugs. Small molecules
such as oxygen and carbon dioxide can pass directly
through endothelial cells via rapid diffusion, thus
maintaining the brain metabolic demands and a stable
pH. (Zhao et al., 2015).

Endothelial cells share the same basement membrane
with pericytes. Pericytes are tightly connected to the
endothelium through N-cadherin and connexins. Just like
in the peripheral circulation, pericytes manage vascular
permeability and passage of ions and metabolites, as well
as release of growth factors that regulate angiogenesis.
Importantly for immune function, pericytes regulate
leukocyte transmigration through release of TGF-§
(Takeshita and Ransohoff, 2012). Pericytes are more
densely packed in the brain than in the periphery and thus
are essential for the integrity of the BBB. Loss of
integrity of the BBB in older adults has been associated
with neurodegenerative disease (Armulik et al., 2011). A
recent study proposed an etiology for Parkinson’s disease
that involves alterations in the gut microbiota and a
disruption of the gut- and blood-brain barrier causing
increased permeability and abnormal accumulation of
protein (Fitzgerald et al., 2019). Inappropriate immune
stimulations and metabolic waste that accumulate over
time can lead to metabolic disease etiologies that become
more apparent with increasing age.
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Another important component of the BBB are
astrocytes, which are also the most abundant macroglia in
the CNS. There are more astrocytes than neurons in the
human brain cortex. Astrocytic feet surround endothelial
cells and function to maintain the local environment
homeostasis of neurons by regulating ion concentrations
and neurotransmitter supply. In addition to these
homeostatic functions, astrocytes also participate in
information processing roles such as the formation and
elimination of neuronal synapses and establishment of
neuronal network patterns (Vasile et al., 2017). Astrocytes
can act as immune modulating cells in the CNS and can
trigger innate and adaptive immune responses.
Antiinflammatory repair pathways are activated by
astrocytes in response to an insult through secretion of
protective factors and cytokines such as TGF-B, IFN-y
and BDNF. Inflammatory factors induced by astrocytes
include IL17, NFxB and VEGF. Dysfunction or
inappropriate activation of these signaling pathways in
astrocytes can lead to inflammation, demyelination and
neuronal damage. The type of signaling pathways
activation depends on the stimuli, extracellular
environment and timing of the stimulus (Colombo and
Farina, 2016). Additionally, in the brain ventricles, the
choroid plexus functions as another filtrating barrier and
the resulting filtrate that fills ventricular space is the
Cerebrospinal Fluid (CSF), which provides cushioning
and nutrients for the CNS. A recent study associated the
age-related depletion of klotho protein in the choroid
plexus to increased microglial activation and cytokine
signaling in the hippocampus (Zhu et al., 2018). Microglia
are the classic example of the resident macrophages in the
brain and their role in immune function and
neurodevelopment is discussed next.

Microglia

Microglia can initiate innate and adaptive immune
responses. These cells are also involved in the
maintenance of neuronal networks, as well as regulation
of inflammation, phagocytosis of invaders, injury repair
and remodeling. Microglia are derived from
macrophages in the extra-embryonic yolk-sac. The role
of microglia in neurodevelopment is crucial as they
invade and seed the brain in early embryonic stages
(Ginhoux et al., 2013). They have a direct effect on
neuronal function and development, inducing neuronal
differentiation, as well as modification of synaptic
connections and pruning. Pruning is an important process
that allows formation of efficient neural networks, as well
as ongoing modification, which is the basis of learning
and memory. Neurodevelopmental disorders, such as
autism spectrum disorder and schizophrenia, have been
associated with pruning imbalances (Hughes, 2012). In the
brain, microglia exist in three forms based on immune
activity: resting (ramified), activated, or phagocytotic.
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Resting microglia patrol the brain parenchyma, actively
pruning “weak” connections and searching for invaders.
Activated microglia can become phagocytotic and they
express cytokines and MHC 1I. Microglia also express
Fc receptors and are the only cell in the brain that
express complement receptors.

Microglia activation has been described in terms of
their macrophage polarization equivalent, ie. “MIl
microglia” are associated with classically inflammatory
cytokines (IL-1B, IL-6, IL-12, TNF-o) and reactive
oxygen species; and “M2 microglia” produce anti-
inflammatory cytokines and growth factors (11-10, TGF-B,
NGF, BDNF). However, this may be an oversimplified
view of how immune responses work in the CNS in vivo
as both responses are often present at the same time in the
setting of neurodegenerative disease (Sarlus et al., 2017).
Microglia are also important factors in the control of
adaptive immune cells, such as T-cells and B-cells.

T-Cells, Monocytes, Mast Cells

Circulating leukocytes are able to infiltrate into the
brain in response to injury and play an integral role in
tissue repair. T helper 1, 2, 17 (Thl, Th2, Th17) and
regulatory T-cells (Treg) can be found in the brain’s
choroid plexus, which acts as the entryway to the CSF for
infiltrating T-cells and monocyte-derived macrophages in
the context of injury or repair mechanisms. CD4+ effector
memory Tcells regulate this entry of leukocytes through
the epithelium by means of IFN- y signaling (Kunis et al.,
2013). One common example is ischemic injury, where T-
cells are the coordinators of the immune response which
can trigger pro- and anti-inflammatory signals that have an
effect on BBB integrity and function. T-cells have also
been implicated in long-term tissue repair mechanisms
and neurogenesis (Rayasam et al., 2017). Other cells
implicated in injury repair are mast cells. Mast cells reside
in the abluminal (brain) side of the BBB and recruit
microglia when activated. As classical members of the
innate immune system, mast cells are the “first-
responders”. Their expression of mediators includes
histamine, serotonin, I1L-1 to IL-6, TNF-o and IFN-y.
(Dong et al., 2014). They are also the only hematopoietic
cells that reside in the brain and usually become activated
before microglia in the context of cerebral ischemia.

The direct impact of immune cells in the brain is the
coordination of response to injury in an attempt to
balance repair and detrimental inflammatory effects. The
indirect interactions of immune metabolism and the
brain, on the other hand, is a new area of study that can
have more long-term effects in susceptible brain cells
and their functions. T-cell auto-reactivity induced by
bacteria in the gut has been associated with behavioral
changes and may promote spatial learning and memory
function (Wekerle, 2017). However, an excess of
systemic T-cell activity has also been found to have
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detrimental effects on brain function and behavior. In a
model of PD-1 deficiency, the associated excessive T-
cell response resulted in amino acid depletion and
consequent deficiency of neurotransmitters in the brain,
which had an effect of increased anxiety and fear
responses (Miyajima et al., 2017). Another study linked
changes in social and anxiety-like behaviors in mice to
consumption of specific dietary emulsifiers through the
alteration of the intestinal microbiota, which gave rise to
chronic low-grade inflammation and metabolic
dysregulations (Holder et al., 2019). Thus, systemic
immune signals can play a key role in regulation of
proper brain function.

Alzheimer’s Disease: A Pathology Application

The exact etiology of Alzheimer’s Disease (AD)
remains elusive after decades of investigation. AD is a
progressive neurodegenerative disease that has been
associated with the accumulation of extracellular amyloid-
B (AP) plaques in the brain parenchyma and intra-neuronal
Tau-protein aggregates. It is still unclear whether this
protein pathology is a direct cause of the disease, or a
secondary marker that exacerbates disease progression.
The single most associated risk factor for non early onset
AD is increasing age. Other risk factors include genetics,
family history, heart health, head injuries and hearing
impairment. Lifestyle-related factors that increase risk
include smoking and lower social engagement, whereas
factors that decrease risk include use of statins, a
Mediterranean diet, lightto-moderate alcohol
consumption, higher educational attainment, physically
and cognitively stimulating activities (Hersi et al., 2017).

The risk factors associated with AD suggest a
variable pathogenesis that may be specific to each
affected individual and which may be the result of
biological or genetic risks that become expressed due to
lifestyle and metabolic factors. The accumulation of
these metabolic insults result in improper activation of
immune cells, leading to inflammation and
neurodegeneration. A study that used a metabolomics
approach identified peripheral metabolic changes in
patients with AD and Mild Cognitive Impairment (MCI).
They found several changes in lipid metabolism earlier
in the disease progression and suggested a
pathophysiology involving defects in cell membranes
that could lead to abnormal signaling, inflammation and
neurodegeneration (Toledo et al., 2017). Multiple markers
of inflammation and immune activation have also been
found in AD patients’ brains, such as cytokines,
complement proteins and acute phase reactants
(McCaulley et al., 2015). A Complement Receptor 1
(CR1) gene variant has been linked to an increased risk
of AD development and thus complement-mediated
microglia activation has been suggested as a contributor
to the pathogenesis of AD (Sarlus et al., 2017).
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Furthermore, the most predictive gene variant for AD
is Apolipoprotein E4 (APOE4), which is a protein
involved in cholesterol transport and was recently found
to cause higher innate immune reactivity in microglial
cells in vitro after lipopolysaccharide exposure.

In this mouse model, APOE4 expression also
resulted in higher TNF-a secretion and lower neuronal
viability in the context of tau expression (Shi et al.,
2017). Tau protein aggregation is an important
component of pathology.

A mouse model found a causal relationship between
glial senescence in cells expressing the cell cycle
inhibitory protein p16, neurofibrillary tangle accumulation
and cognitive decline. Importantly, in this study Tau
aggregation and its cognitive effects were prevented with
the action of senolytic agents (Bussian et al., 2018).

There are other proposed pathogeneses of AD, such
as the impaired clearance of AB. Improper drainage of
meningeal lymphatics may be a consequence of aging
and a factor contributing to impaired AP clearance
(Da Mesquita et al., 2018). The dysfunction of ABC
transporters, important mediators of substance passage
through the BBB, has also been associated with the
disease (Deane et al., 2009; Zhao et al., 2015). Other
proteins involved in AP clearance are low-density
lipoprotein receptor related protein-1 (LRP1) and
receptor for advanced glycation end products (RAGE).
LRP1 regulates brain homeostasis through signaling
pathways, including AP metabolism and it responds to
various ligands, such as apolipoproteins (Shinohara et al.,
2017). Even hormonal regulation can have an impact on

AP toxicity, as has been suggested by an association
between increased serum thyroid levels and incidence of
AD. Increased exposure to thyroid hormones imposes an
excessive metabolic demand, which can lead to
increased oxidative stress and thus vulnerability to
metabolic byproduct toxicity (Quinlan et al., 2019).

Alzheimer’s disease has a multifaceted
pathophysiology that includes genetic predisposition, as
well as lifestyle components that could be modifiable.
Similar to cancer, there appears to be a pattern of “hits”
that leads to an increasingly vulnerable state. These hits
can be genetic, metabolic, immune inflammatory or a
reduction in cognitive reserve. Early identification of
modifiable lifestyle and health risk factors is important for
attempts to delay or prevent disease onset, as shown in
Fig. 1. This integrated approach includes addressing
metabolic disorders that can trigger inflammatory
pathways, such as diabetes, obesity and hyperlipidemia; as
well as psychiatric mood disorders that reduce cognitive
reserve, such as anxiety, depression (Manning et al.,
2017), as well as their potential exacerbating but
modifiable factors such as hearing loss (Rutherford et al.,
2018). Risk reduction also involves maintaining adequate
brain oxygenation and neuronal health, particularly in
older adults, through regular exercise and engagement in
cognitive and socially stimulating activities, to prevent
accumulation of oxidative stress and early neuronal
atrophy. These risk factors in combination with
metabolic biomarkers may become a more active way to
individualize prevention or even treatment strategies for
cognitive decline and Alzheimer’s disease.

| Prevention | Inflammation Model
Treat
metabolic
disorders oxidati
OS);:::;IVG Genetic — i TIT"’EU
Appropriate \I predisposition TAB inclusions
sleen plaques
Healthy diet TMetabolic \ 1 7 \
demand
Treat i —s  TInflammation  —s Neuronal =~ =——s Alél;;glszf’s
cardiovascular JBrain atrophy
disease oxygenation
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exercise / Psychiatric
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~
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~
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Fig. 1: Inflammation model and prevention measures for Alzheimer’s disease
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Conclusion

Immune cells and cytokine activity in the brain
were often strictly associated with pathologic states.
However, research is shifting focus towards the
beneficial effects of immune cells and their
metabolites in the brain. The BBB is a key player in
regulation of passage of immune cells and their
signals. T-cells in the meninges and specific
cytokines, such as IL-4, have a constructive effect in
the brain by promoting learning and memory function.
Inflammatory cytokines in excess generally have the
opposite effect, but are necessary in the context of
tissue injury and repair. An imbalance at any point in
the immune activation pathway as a result of
disruption of metabolic homeostasis can impact the
normal function of brain cells. An example of how
such an imbalance in immune metabolism may
contribute to pathology is the inflammatory
component of neurodegenerative pathologies, such as
Alzheimer’s disease as depicted in the Fig. 1.

In this connection it is very much appropriate to
mention about the review article on immunometabolism
by Wang et al. (2019) in recent issue of Science. They
critically showed the reciprocal interactions between
systemic metabolism and immunity. They also showed
how (un controlled) inflammation could alter the
functional state of various organs including brain.
Eventually coordinated cross talk between whole-body

metabolism and immune metabolism is involved in
healthy and diseased states.
Advancement of medicine has significantly

increased human life expectancy. Unfortunately,
extended lifespan is associated with an increased
incidence of certain diseases, including
neurodegenerative diseases; and we have not yet done
appropriate work on public health education. Chronic
diseases linked to lifestyle factors are growing to
epidemic proportions. Modern diet, high in calories,
rich in sugars, fats, salt and food-additives, but low in
complex carbohydrates, fiber, vitamins and minerals
are the key risk factors. It is thus crucial to focus on
preventative medicine and lifestyle changes that can
reduce patient risk for immune metabolic imbalances and
that can potentially avoid the development of the disease.
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