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Abstract

Introduction: Microglia are the resident tissue macrophages of the central nervous system.
Prolonged microglial activation often occurs after traumatic brain injury, and is associated with
worsening neurocognitive outcomes. Resolution of microglial activation is associated with limited
tissue loss and improved neurocognitive outcomes. Limiting the prolonged pro-inflammatory
response and the associated secondary tissue injury provides the rationale and scientific premise
for considering microglia as a therapeutic target.

Areas Covered: In this review, we discuss markers of microglial activation, like
immunophenotype, and microglial response to injury, including cytokine/chemokine release,
free radical formation, morphology, phagocytosis, and metabolic shifts. We compare the origin
and role in neuroinflammation of microglia and monocytes/macrophages. We review potential
therapeutic targets to shift microglial polarization. Finally, we review the effect of cell therapy on
microglia.

Expert Opinion: Dysregulated microglial activation after neurologic injury, such as traumatic
brain injury, can worsen tissue damage and functional outcomes. There are potential targets in
microglia to attenuate this activation, such as proteins and molecules that regulate microglia
polarization. Cellular therapeutics that limit, but do not eliminate, the inflammatory response have
improved outcomes in animal models by reducing pro-inflammatory microglial activation via
secondary signaling. These findings have been replicated in early phase clinical trials.

1. Introduction: Microglia in the CNS And Neurologic Injury

Microglia are the resident tissue macrophages of the central nervous system. They are
embryologically distinct from the monocyte/macrophage system in that they are not
true myeloid lineage cells, rather they are derived from the primitive yolk sac during
development [1]. Nevertheless, they share similarities with the monocyte/macrophage

system, with overlapping roles and identities that make characterization of the inflammatory

response challenging. Microglia function as danger surveillance cells, and respond
via an upregulation of metabolic machinery that enables phagocytosis, release of pro-
inflammatory cytokines, and production of enzymes and reactive oxygen species. As
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with most inflammatory systems, counter-regulatory elements dampen the response and
allow transition of activated microglia into reparative cells that enhance tissue repair and
remodeling. Here, we review the potential for targeting microglia as a potential avenue

for mitigating the secondary damage due to dysregulated inflammation after an injury. The
ability to measure this response has developed into a clinically applicable tool as the use of
agents to modulate the response becomes more promising. While the literature reviewed is
relevant to many disease processes, this review is focused on traumatic injury to the CNS.

Traumatic brain injury (TBI) can be divided into two components: primary and secondary
injury. Primary injury is the direct transfer of kinetic energy that leads to tissue

disruption and organ dysfunction. Secondary injury is the subsequent development of
neuronal excitoxicity, mitochondrial dysfunction, and a hyperinflammatory response [2].
Dysregulated and persistent microglial activation amplifies and propagates the secondary
injury of traumatic brain injury. The degree and duration of pro-inflammatory microglial
activation correlates with neuronal loss and poor neurocognitive performance in animal
models and humans. Loane, et al. demonstrated long term microglial activation after TBI,
using a controlled cortical impact (CCl) injury model in mice [3]. They demonstrated

that there is an early peak in microglial activation, followed by a prolonged activation
detectable at one-year post-injury. Activated microglia co-localize to regions in which
there is progressive white matter volumetric loss; in their model, they demonstrated

a loss in corpus callosum volume and decline in myelin basic protein, indicating de-
myelination as a mechanism of decline. Numerous other investigators have demonstrated
microglial activation using simple cell surface markers, but as discussed below, there

are potential pitfalls in distinguishing infiltrating monocyte/macrophages from resident
tissue microglia. This is potentially important, as there may be discrete differences in
function when evaluating these cell types. The reason that persistent activation may be
problematic is related to correlative studies in humans. With the advent of more advanced
neuroimaging using metabolic positron emission tomography (PET), linked to magnetic
resonance imaging (MRI), the degree of microglial metabolic activity can be quantified
and repetitively measured. Persistent activation correlates with pain syndromes and many
post-TBI symptoms reported by patients after injury [4, 5]. Persistent microglial activation
localizes to the thalamus and other mid-brain structures in rodent models and humans [6].
It has been hypothesized that this represents axonal die back or Wallerian degeneration (the
degeneration of axons and myelin distal to nerve injury site [7], of cortical projections from
the mid-brain).

Activation without other phenotypic or functional assay assessment can be potentially
misleading when attempting to determine if the inflammatory response is beneficial or
injurious. In most animal and human models, it has been reasonably established that

some moderate degree of inflammation is required to initiate wound healing, manage
damaged tissues, and prevent uncontrolled infection. However, a dysregulated and persistent
or hyper-inflammatory response to injury has off-target effects on un-injured tissue and
organs, which contributes to organ failure. Some degree of microglial activity and signaling
is beneficial post-injury. Depletion studies often demonstrate amplification of the injury
relative to non-depleted controls [8]. Persistent activation is principally pro-inflammatory
and not reparative after TBI, and the use of the imaging of the translocator protein TSPO on
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activated microglia has been shown to be selective for pro-inflammatory polarized astrocytes
and microglia, and not anti-inflammatory or reparative cells [9].

Our global hypothesis has been that diminishing the pro-inflammatory response without
eliminating it entirely can mitigate consequences and severity of secondary TBI. To
effectively target microglial activation and reliably test this hypothesis, a number of other
data sets are required: (1) Robust microglial phenotyping in model systems, (2) Functional
assays of microglial activity and metabolism, (3) Translationally relevant markers of
microglial activity, (4) Distinction between resident microglia and infiltrating monocytes/
microglia, (5) Identification of druggable targets and signal transduction cascades that
influence microglial behavior.

Literature Search Methods

Articles for this review were found using Pubmed.gov through the National Institutes

of Health. The primary keywords used in initial searches were traumatic brain injury,
neuroinflammation, and microglia. Searches were narrowed to provide evidence on

the features of microglia, including activation, polarization, metabolism, and phenotype
markers. The searches were also narrowed to identify and review studies that utilized PET-
imaging to study microglial activation. Our search for PET-imaging studies also considered
those that used particular radioligands to identify microglia. For the cell therapy section, the
literature search was narrowed to include only articles showing use of cell therapy in the
setting of TBI and neuroinflammation. The studies used for the discussion in this review
include clinical studies of human patients afflicted by neuroinflammatory conditions, and
preclinical studies with in vivo animal or in vitro cell models of neurologic disease.

Immunophenotyping of Microglia

Microglia are most frequently identified and described using immunostaining techniques
coupled with either immunohistochemistry (IHC) or flow cytometry. The most frequently
used markers are generally shared with other myeloid lineage cells, including monocytes
and macrophages. For many studies, common myeloid markers like CD11b/c [10]

and ionized calcium-binding adapter molecule 1 (Ibal) [11] are generally sufficient to
distinguish rat microglia from peripheral monocytes and macrophages, which are relatively
scarce in nervous tissue.

Infiltrating monocytes and CNS-associated macrophages can confound studies, as both
contribute to neuroinflammation in injury and disease [12]. Peripheral monocytes

and macrophages cross the blood-brain barrier (BBB) and contribute to the local
neuroinflammatory response. In circumstances where both invasive myeloid cells and
microglia are present, there are a few markers that can vary between species. Mice microglia
can be identified by expression of C-X3-C motif chemokine receptor 1 (Cx3crl) [13, 14].
Other myeloid populations can also express Cx3crl [15, 16].

Transcriptome analysis for unique, highly expressed markers identified mouse and human
transmembrane protein 119 (TMEM119) and human P2Y 1, as candidate markers unique
to microglia [17, 18]. However, key limitations remain that reduce the usefulness of
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TMEM119 and P2Y 1, in the setting of injury and disease. Microglia proliferate in response
to tissue damage and TMEM119 is not expressed in immature proliferating microglia [17].
Similarly, activated microglia have reduced expression of P2Y 1, [18-20]. Recent studies
have found that sialic acid binding immunoglobulin-like lectin H (Siglec-H) may be useful
in distinguishing mouse and human microglia from other myeloid cell populations using
molecular techniques [21-23], flow cytometry [24], and IHC [25].

New tools and analysis use technological advances to identify and better understand
microglial phenotypes and biology. Single cell RNA sequencing (SCRNAseq) is now

capable of identifying and characterizing microglia based upon each cell’s individual
transcriptome [26—29]. While powerful, ScRNAseq is expensive and captures a limited
sample size (approximately 2,000 cells). Multicolor flow cytometry and mass cytometry

is used by our group and others. Flow and mass cytometry uses combinations of markers
and relative intensity of staining to identify and characterize changes in mouse, rat, and
human microglial activation and phenotypes [29-33]. Both of these techniques frequently
incorporate machine learning algorithms to assist in the analysis of the large and complex
data sets. Tools like t-distributed stochastic neighbor embedding (t-SNE) or uniform
manifold approximation and projection (UMAP) are used for dimensional reduction [30,
34-36] while unsupervised cluster identification is assisted by spanning-tree progression
analysis of density-normalized events (SPADE), FlowSOM, Phenograph and others [37-39].
The growing use of machine learning and other unsupervised algorithms has the added
benefit of substantially reducing potential bias introduced during manual data handling steps
[40].

4. Microglial Functional Assays

Microglia survey the nervous system for any inflammatory insult and respond to that

insult, acting as the resident immune cell of the CNS. In TBI for example, microglial
response occurs during the secondary injury phase, which is marked by a hyperinflammatory
response. Historically, microglia activation has been characterized in a binary system: a pro-
inflammatory state (M1; Figure 1) versus an anti-inflammatory state (M2; Figure 2). This
perspective is shifting to one of activated microglia having a mixed phenotype in response

to stimuli, and “resting” microglia actively surveying their cerebral microenvironment. Still,
there appears to be some truth to activation of microglia by an inflammatory insult inducing
changes in the functionality of microglia. For the purposes of this review, we will discuss
microglia with reference to the classic M1 and M2 phenotypes.

4.1 Cytokines

Microglia secrete cytokines in response to certain stimuli, such as injury. These cytokines
stimulate other immune cells, but also stimulate surrounding microglia. Cytokines can be
released either freely or via vesicles, which also contain other particles such as micro RNA
(miRNA) [41]. If injury induces the activation of the M1 phenotype, microglia secrete
pro-inflammatory cytokines, such as interleukin-1 (IL-1), tumor necrosis factor alpha (TNF-
a), and interferon gamma (IFN-y) (Figure 1A). Release of these cytokines can have a
multitude of effects. For example, TNF-a can induce cell death in neurons and microglia
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through its receptor complex [42]. In a rat model of paclitaxel-associated pain, microglial
release of interleukin 1 beta (IL-1p) increases astrocyte calcium and neuronal glutamate
transporter activity, altering CNS cell signaling [43]. Microglia also release other molecules
that stimulate more microglia, increasing their immune response. One example is galectin-3,
which has been recognized as a damage molecular pattern associated with multiple disease
models [41]. Through an interaction with toll-like receptor 4 (TLR4), galectin-3 from
microglia can stimulate the M1 phenotype of other microglia in vitro. Inhibition of this
interaction can decrease microglial activation [44].

Some studies have indicated that inhibiting cytokine expression and activity in microglia can
decrease the damage caused by microglia. For example, Chio et al. studied treating rodents
sustaining a TBI with etanercept, a known TNF-a inhibitor. Etanercept treatment decreased
the expression of TNF-a by microglia. They also found that rats treated with etanercept had
a decrease in the size of cerebral ischemic injury [45].

Neurologic injury can also induce the M2-phenotype. In the M2 state, microglia typically
release anti-inflammatory cytokines to promote healing (Figure 2A). For example,
interleukin-6 (IL-6) can promote microglial proliferation. Knockout of IL-6 can impair
recovery, through factors such as an increase in oxidative stress and impaired glial activation
[46]. IL-6 secretion can increase in response to activation of adenosine receptors, and this
effect is potentiated when murine microglia are subjected to a hypoxic environment in

vitro [47]. Brain derived neurotrophic factor (BDNF) is a neurotrophin that microglia can
release, which exerts a paracrine effect on neighboring neurons. BDNF can alter synaptic
development and plasticity of these neighboring neurons [48].

4.2 Free radical formation

In response to an inflammatory insult, microglia can produce reactive oxygen and nitrogen
species (RONS) that cause cell damage from oxidative stress, such as lipid membrane
peroxidation and DNA damage (Figure 1E). One of the more important enzymes for RONS
production in microglia is NADPH oxidase isoform 2 (NOX2). NOX2 is upregulated in the
CNS cell population after neurologic injury. After injury, there appears to be a biphasic
response in NOX2 activity and expression. There is an initial increase in enzyme activity and
expression hours after injury credited to neurons, and a second increase induced by activated
microglia. NOX2 appears to play some role in microglia activation; knockout of NOX2 led
to a decreased expression of M1 signature genes but an increase of M2 genes. Oxidative
stress and cell damage caused by NOX2 may be preventable. Pharmacologic enzyme
inhibition with apocynin and knockout NOX2-related genes in mice can decrease neurologic
lesion size, extent of neurodegeneration, and markers of cell damage from oxidative stress
[49-51]. The upregulation in NOX2 has implications in microglia metabolism, as discussed
below.

Peroxynitrite (PN) is a RONS produced by microglia that can lead to cell death and
apoptosis. PN is one of the by-products of NOX2 metabolism. Dohi et al. observed
elevated PN in the peri-contusion area of mice sustaining cerebral fluid-percussion injury.
On immunofluorescent staining, PN co-localized with activated mouse microglia. In this
model, knockout of a subunit of NOX2 led to decreased PN staining [51]. While in higher
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doses it can be lethal for cells, PN at sublethal doses can induce targeting of neurons for
phagocytosis. Neher et al. studied rat microglial phagocytosis, and found that PN promoted
neuronal expression of phosphatidylserine (PS). PS is a cytoplasmic membrane marker

for phagocyte targeting. Breakdown and inhibition of PN production led to decreased PS
expression, and subsequently decreased phagocytosis of neurons [52].

An imbalance in antioxidant activity of microglia can also result in oxidative stress.
Superoxide dismutase (SOD1) is a cytosolic enzyme that scavenges for RONS [53]. SOD1
activity has been implicated in the development of amyotrophic lateral sclerosis (ALS);

this link between microglial SOD1 and ALS has been replicated in a mouse model. The
over-expression of microglial SOD1 in transgenic mice can cause motor-neuron death and
increased production of RONS [54]. In another mouse model of ALS, mice expressing a
mutant human SOD1 were studied. Mouse microglia with this SOD1 mutation expressed
higher levels of enzyme; microglia with this mutation were more neurotoxic compared to the
wild [55].

4.3 Morphology and Phagocytosis

Microglia typically have two different morphological forms related to their mobility:
ramified (Figure 2) and amoeboid (Figure 1) [56]. In the ramified form, the microglia

are typically in a surveillance state. Their processes are in direct communication with
neighboring neurons and astrocytes. When surveying the CNS, the cellular processes extend
out in thin strands in multiple directions. High concentrations of filamentous actin give
microglial processes flexibility [57]. Upon encountering a certain injury or stimulus, the
microglia can move their process towards the lesion or site of stimulation. When these
processes encounter a lesion site, cell signaling then induces microglial migration. That
stimulus leads to microglial cell ruffling and a shift towards an amoeboid morphology,
allowing the previously stationary cell body to move towards the lesion site [58].

Chemotaxis of microglia to a lesion is influenced by markers of cell damage and
neurodegeneration. A common marker of cell damage is adenosine triphosphate (ATP) and
its counterpart adenosine diphosphate (ADP). The purinergic P2Y 1, receptor on microglia
can stimulate this migration in response to ADP or ATP released from damaged cells.
Purinergic signaling leads to multiple downstream effects that induce this microglial
migration, such as changes in membrane voltage, intracellular calcium concentration, and
activation of G-protein coupled receptors [58]. Activation of mouse and rat microglia can
increase the expression of the P2Y 1, receptor [59, 60]. Inhibition or knockout of the P2Y 1,
receptor in mice can inhibit microglial activation and migration [60]. Neurodegeneration
markers provide a migratory signal for microglia as well. In mouse models of Alzheimer’s
disease, activated microglia localize to sites of beta-amyloid plaque aggregates [61].

Microglia in the amoeboid morphology have a larger cell body and are typically responsible
for phagocytosis. After migration and chemotaxis towards a chemoattractant, microglia
recognize cell-surface markers on cells such as neurons that stimulate the process of
phagocytosis. Toll-like receptors (TLRs) and triggering receptor expressed on myeloid

cells 2 (TREM2) are two of the primary receptor types involved in signaling microglia

for phagocytosis [62] The effects of these receptors have been demonstrated in human
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and animal models, particularly rats and mice. In relation to neurodegenerative disease,
TREM2 receptors may be of higher importance; they recognize and stimulate a response
towards apoptotic cellular debris [62]. Takahashi et al. showed the influence TREM2

has on microglia phagocytosis in mice; TREM2 activation led to microglia chemotaxis,
cytoskeleton reorganization, and phagocytosis of apoptotic neurons. Knockdown of the
TREM2 gene led to decreased phagocytic activity [63]. Phosphatidylserine is an example of
these “eat-me” markers found on neurons. Microglia use a glycoprotein, lactadherin, to bind
to PS. This forms a bridge between their cell body and the target cell, inducing phagocytosis.
Blocking the formation of this bridge between the two cells can inhibit phagocytosis;
inhibition of phagocytosis in this manner has also been shown to decrease neuronal cell loss
[52]. Other phagocytic signals for microglia can be disease specific, such as alpha-synuclein
for Parkinson’s Disease, beta-amyloid plaques for Alzheimer’s disease, and damaged myelin
in spinal cord injury or traumatic brain injury [62]. Phagocytosis of myelin in mice appears
to be regulated in microglia activation of phosphoinositide 3-kinases (P13K) by galectin-3
[64].

Phagocytosis by activated microglia may have different functions in the pro- versus anti-
inflammatory phenotypes, but it does appear to contribute to tissue regeneration and repair
(Figure 1B). M2 anti-inflammatory microglia can use phagocytosis to inhibit the detrimental
effects of other inflammatory cells. In a rat model of ischemic stroke, Neumann et al.
demonstrated that rat microglia can phagocytose neutrophils and polymorphonuclear cells
(PMNSs) that invade the stroke area. This decreased the degree of inflammation and neuronal
cell damage. Inhibition of microglial phagocytosis led to an increase in neuronal damage and
a decrease in neuronal cell viability [65]. Phagocytosis is important for recovery as well;
clearance of degenerated myelin may contribute to accelerated myelin regeneration [62]

Immunometabolism

Recent evidence has emerged regarding the importance of the metabolic pathways and
energy production of microglia. Microglia prefer oxidative phosphorylation (OXPHQS)
through their mitochondria when acting in the M2 surveillance state (Figure 2C) [66, 67],
but will shift to primarily glycolysis in the M1 activated state (Figure 1C-E). Microglia
are a versatile cell population, with the ability to utilize different substrates for energy
production. In vitro studies have shown that availability of substrates influence how and the
rate at which energy is produced. Nagy et al used BV-2 cells, an immortalized murine cell
line of microglia, to study these metabolic changes in vitro. After a period of starvation,
administration of glucose increased microglial glycolysis. Mitochondrial respiration of
microglia decreases in this scenario as well. BV-2 microglia can use glucose, glutamine,
beta-hydroxybutyrate, pyruvate, and lactate as substrates for ATP production [68].

In order to mount a response towards injury, microglia induce changes in their metabolic
profile. In their surveillance or M2 state, microglia rely more on OXPHQOS for ATP
production. When activated into the M1 inflammatory state, microglia rely more on
anaerobic metabolism [69]. This change to anaerobic metabolism serves two purposes. First,
it provides a ready source of energy through glycolysis. Second, it allows microglia to
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utilize substrates for other pathways necessary for the inflammatory response, such as the
pentose-phosphate pathway (PPP).

When stimulated by an inflammatory insult, microglia use anaerobic metabolism, in
particular glycolysis, for rapid energy production. Gimeno-Baydn et al. performed in vitro
analysis of BV-2 microglia by inducing the M1 inflammatory state with lipopolysaccharides
(LPS) and IFN-y. After stimulation, the BV-2 cells increased glucose consumption,
hexokinase activity, and lactate production. While there was no change in the inner
membrane potential of mitochondria, the glucose:lactate ratio increased, indicating a

shift to anaerobic metabolism by BV-2 microglia [70]. Holland et al obtained similar
results in mice when stimulating microglia with IFN-y; they also demonstrated that
expression of the isozyme 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFKB3)
increased in microglia after IFN-y stimulation. PFKB3 is an important allosteric activator
of phosphofructokinase-1, the rate-limiting enzyme of glycolysis [71]. To cope with the
increased glucose demand, BV-2 microglia will increase expression of glucose-uptake
membrane transporters (GLUT), in particular GLUT1 and GLUT4 [70, 72]. Microglia
increase GLUT expression in response to increased glucose requirements in the M1

state. Inhibition of glycolysis can attenuate the pro-inflammatory response of stimulated
microglia. In vitro studies have demonstrated this with 2-deoxy-D-glucose (2-DG), a
glycolytic inhibitor. 2-DG treatment decreases microglial secretion of certain inflammatory
cytokines in mice, like TNF-a, IL-1pB, and IL-6 [73, 74]

Anaerobic metabolism of microglia allows microglia to utilize glycolytic substrates for
other anabolic reactions and pathways. For example, metabolic intermediates can be shunted
towards the pentose phosphate pathway (PPP), increasing the production of nicotinamide
adenine dinucleotide phosphate (NADPH). NADPH is a product of the PPP. It is used

for the production of RONS by NOX2. Glucose-6-phosphate dehydrogenase (G6PD) is

the rate-limiting enzyme of the PPP. In vitro and in vivo models of neuroinflammation

have shown that activated microglia increase expression and activity of G6PD in BV-2 and
mouse microglia [70, 75]. G6PD upregulation is seen primarily in the M1 pro-inflammatory
state of microglia, and not in the M2 anti-inflammatory state. Tu et al. demonstrated this
using a murine Parkinson’s model. They studied G6PD, the rate-limiting enzyme of the
PPP. The activity and expression of G6PD increased in the Parkinson’s model. Rat glial
cultures modeling Parkinson’s had an increase in the activity and expression of G6PD. This
upregulation correlated with excess production of NADPH and RONS and an increase in
dopaminergic neurodegeneration. Pharmacologic inhibition and gene knockout of G6PD
decreased dopaminergic neurodegeneration [75].

5. Translationally relevant markers of activation

Markers of microglial activation could provide useful diagnostic tools in the clinical setting
(Table 3). TSPO is a commonly studied markers of human microglial activation. TSPO

is a transmembrane domain protein found on the outer membrane of mitochondria that

was initially discovered as a benzodiazepine-receptor [76]. It is widely distributed in cells
throughout the human body. In the CNS, TSPO is primarily localized to astrocytes and
microglia [76—78]. The primary function of TSPO remains relatively unclear, but it appears
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to participate in steroidogenesis, attenuate oxidative stress, regulate apoptosis, and alter cell
metabolism [77].

In response to CNS insult or injury, microglia increase the expression of TSPO. This has
been demonstrated in multiple neurologic conditions such as ischemic stroke, Alzheimer’s
disease, Parkinson’s disease, amyotrophic lateral sclerosis, multiple sclerosis, and TBI. The
degree and localization of TSPO expression is also likely related to the specific condition.
Changes in TSPO expression have correlated with the degree of neurologic injury [78].

This increase in TSPO expression has also been demonstrated with in vitro studies of
neuroinflammation [79]. In vitro studies of mouse microglia cultures have shown that TSPO
expression is more frequently associated with M1 pro-inflammatory microglia as opposed to
the M2 anti-inflammatory phenotype [80].

TSPO expression can be observed in PET imaging with the use of specific radioligands.
PET-imaging can correlate microglial activation to symptoms of the neurologic disease and
injury. PK11195 (PK) was one of the first PET-radioligands developed that has a high
affinity for TSPO [81]. In most neurologic diseases studied, PK-binding increases in areas
of injury containing a higher density of activated microglia. The distribution of PK-binding
varies across pathology and appears to be related to the migration of microglia to the site

of injury [78]. This has been demonstrated in human studies. For example, in early-stage
Parkinson’s disease, TSPO is observed in higher levels in the striatum. In ALS patients, PK-
binding has been observed to increase in the motor cortex, pons, thalamus, and dorsolateral
prefrontal cortex, and this increase has been shown to positively correlate with upper motor
neuron symptoms [81, 82]. In multiple sclerosis patients, Nutma et al. demonstrated that
PK-binding doubled in active and tripled in chronic white matter lesions [83]. In patients
with mild cognitive impairment, a presumed precursor to Alzheimer’s disease, Okello et al.
showed in PET-imaging that there was a significant increase in PK-binding in areas with
increased amyloid-p deposition [84]. Another TSPO ligand that can be used in PET-imaging
is [11C]PBR28 (PBR). PBR may have a higher specificity towards TSPO, with up to

90% specific binding in nonhuman primates. In an LPS-induced neuroinflammation model
with nonhuman primates, PBR accumulation and distribution increases in the brain. These
increases in PBR signal correlate with microglial activation identified on IHC and with
increases in IL-1p levels after LPS administration [85, 86].

Targeting TSPO does have some limitations. For example, PK as a ligand has a poor
signal-to-noise ratio, a high level of nonspecific binding, a short half-life, and low brain
bioavailability [87]. Single gene polymorphisms of TSPO also affect the binding of PK
and other potential radioligands. Milenkovic et al. found on computational analysis that
the A147T polymorphism can affect TSPO protein structure, stability, and binding; this
variant is present in the human population at a frequency of about 30% [88]. Despite

its specific binding, PBR has different levels of binding affinities with TSPO based on a
single gene polymorphism. This has prompted classification of subjects into low-affinity,
high-affinity, and mixed-affinity binding of PBR with TSPO. This variability in affinity
creates difficulty in quantifying TSPO density with PET-imaging using PBR as a ligand [81,
89, 90]. Limitations in TSPO with PET imaging prompted the search for other markers of
microglial activation and corresponding radioligands.
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Cannabinoid receptor-2 (CB2), a G-protein couple receptor, is one potential target. In a
mouse model of Alzheimer’s disease (AD), Savonenko et al demonstrated that microglia
have increased expression of CB2, with co-localization with microglial marker CD68 in
IHC. Using a CB2-specific radiotracer, [11C]A836339, transgenic AD mice showed an
increased accumulation of radioactivity compared to controls in whole brain, cortex, and
cerebellum. However, given CB2’s presence in neurons, neuronal loss may play some role in
quantifying the signal produced. Neuronal loss was not studied in some of these experiments
[91, 92]. The only CB2 radiotracer studied in humans to date is [LLC]NE40. Favorable
uptake of the tracer was detected in healthy control patients, but was found to be decreased
in AD patients. Ahmad et al argue that this finding may be due to inherent neuronal loss

in Alzheimer’s neurodegeneration, but that uptake of [LLC]NE4O0 is likely due to increased
CB2 expression in activated microglia [93].

Cyclooxygenase (COX) isoforms, in particular COX-1 and COX-2, have been studied

as potential markers. Both isoforms have been studied in the human and rodent CNS.
COX-1 expression appears most relevant as its expression is primarily localized to microglia
based on IHC of human cell culture [94], and genetic knockout or inhibition of COX-1

may attenuate the pro-inflammatory microglia in mice [95, 96]. In a rat model of
neuroinflammation induced by nigrostriatal injections of either LPS or quinolinic acid,
Shukuri et al. showed that 11C-ketoprofen methyl ester can serve as a radioligand for
COX-1. PET imaging showed accumulation of 11C-ketoprofen methyl ester in activated
microglia after LPS or quinolinic acid induced activation. This correlated with PK-binding
of TSPO and IHC staining of activated microglia [97]. COX-2 has some relevance as well,
as it may attenuate neuroinflammation and reduce blood-brain barrier (BBB) permeability
[96, 98]. Current radioligands for COX isoforms are limited by high non-specific binding for
specific isoforms and limited uptake in the target organ [91].

Central to microglial activation are purinergic receptors, the ionotropic P2X7 and
metabotropic P2Y 1, receptors. P2X7 is upregulated in neurodegenerative conditions. Of
purinergic receptors, P2X> has the lowest affinity to ATP, making it most susceptible to
changes in extracellular ATP concentration [99]. P2X7 contributes to pro-inflammatory
activation of mouse microglia by stimulating the release of IL-1p [100]. Ory et al. showed
that the radiotracer 11C-JNJ-54173717 can cross the blood brain barrier. This radiotracer
bonded to humanized P2X5 receptors in rats and monkeys [101]. Most studies related to
P2X7 are preclinical, with limited evidence in human models. Janssen et al. found that P2X5
antagonist [11C]SMW139 showed good uptake and visualization of in vivo PET imaging in
rats, however, [11C]SMW139 binding was not found to be significant in post-mortem brain
tissue of Alzheimer’s disease patients [102]. Alternatively, P2Y 1, is present on microglia
only [84]. In mice, P2Y 1, initiates secondary signaling cascades via PI3K, Protein Kinase
A (PKA), Phospholipase C (PLC) and Extracellular signal-regulated kinases (ERKS). This
results in microglia undergoing considerable F-actin polymerization that result in eventual
chemotaxis [59, 60]. In an in vitro multiple sclerosis model with rat and human microglia,
Beaino et al. found that P2Y 1, was downregulated in activated microglia. In contrast, P2X;
in their study was upregulated in these activated microglia [103]. Although a PET marker
has not been developed for P2Y 15, it would a valuable marker to develop that is specific only
to microglia and not astrocytes or infiltrating macrophages.
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6. Microglia v. Monocytes/Macrophages

Microglia are not the only phagocytic cell involved in neuroinflammation. Peripheral
monocytes and macrophages (M/M) migrate to the site of neurologic injury. In an ischemic
stroke model using middle cerebral artery occlusion (MCAOQ), Kim et al. provided evidence
of this peripheral myeloid cell migration. Using flow cytometry, mice in the stroke group
were found to have an increase in peripheral M/M in the affected hemisphere. The spleen
was found to be the likely source for these cells. Average splenic volume decreased in the
stroke group, and splenectomy prior to MCAO led to a decrease in the accumulation of
peripheral M/M. There was a gradual increase in bone marrow M/M in the ensuing 7 days
after stroke. The authors believe that while the bone marrow may not be an immediate
reservoir of monocytes, it increases production of these cells in response to injury [104].
Recruitment of these myeloid cells is partly mediated by interaction of C-C motif chemokine
ligand 2 (CCL2) and C-C chemokine receptor type 2 (CCR2). This CCL2-CCR?2 axis is

a chemokine-receptor signaling pathway [105, 106]. A deficiency of CCR2-signaling can
impede the expansion of macrophages at a lesion site [107]. Certain by-products of the
neurologic disease may provide a stimulus for peripheral immune cell recruitment. In a
murine Parkinson’s disease model, Ramos et al. found that peripheral monocytes with
ingested a.-synuclein migrated to the brain and spinal cord [108].

While both are phagocytic cells, there are differences between microglia and macrophages.
Microglia are derived from yolk sac erythromyeloid precursors. These precursor cells
change to yolk sac pre-macrophages, which can migrate to the embryonic brain prior to

the development of the BBB. After this migration, these pre-macrophages develop into
microglia. Once the BBB has developed, yolk sac pre-macrophages that did not migrate and
fetal liver monocytes can migrate and develop into peripheral tissue resident macrophages
[1]. Monocytes originate in the bone marrow from the myeloid progenitor cell line [109].
Microglia in the resting state can be distinguished by low levels of CD45 expression,

but in the midst of neuroinflammation, CD45 expression increases [109]. Other markers
distinguish microglia from peripheral phagocytes, such as P2Y 15 and transmembrane protein
119 (TMEM119). Monocytes and macrophages express Ly-6c at varying levels, depending
on their polarization; this marker can be used to distinguish peripheral cells having migrated
to injury site [104]. Given these structural differences, it is important to be able to
distinguish microglia from peripheral monocytes and macrophages [107, 108, 110, 111].

Microglia and M/M may also differ in contributions to neuroinflammation. Zarruk et al.
found in the MCAO-stroke model that macrophages were more prominently found in

the ischemic lesion core, while microglia surrounded the core in the peri-infarct rim.
They also found that the inflammatory profiles of each cell differed as well in cytokine
and mRNA expression [112]. Russo et al. found similar results in a mild blunt TBI

model with mice. Macrophages in the peri-lesion rim were CD206+, indicating a wound-
healing or non-inflammatory phenotype, and macrophages in the lesion core were of

the pro-inflammatory phenotype. Specific depletion of the non-classical monocytes led to
impaired meningeal angiogenesis after injury. Based on their results, classical monocytes
or inflammatory macrophages clear and scavenge dead cells in the injury site. The
wound-healing macrophages likely derive from a non-classical monocyte, and contribute to
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angiogenesis. Non-classical monocytes and their derivatives, wound-healing macrophages,
contribute to angiogenesis via clearance of extravascular fibrin and an increased expression
of matrix metalloproteinase-2 for extracellular matrix remodeling [113].

However, the effects of these peripheral myeloid cells can be detrimental to the process of
neuroinflammation as well. Their depletion can attenuate the neuroinflammatory response.
Makinde et al. demonstrated that non-classical monocytes recruit neutrophils to the site

of injury. Depletion of non-classical monocytes prior to CCl-injury decreased recruitment
of neutrophils; this cell depletion reduced cerebral edema as well [114]. Conversely, our
lab has shown the consequences of the depletion of peripheral M/M in blunt TBI. Prior

to controlled-cortical impact or sham injury, rats were depleted of M/M with clodronate-
liposomes. Pre-injury M/M depletion decreased detectable brain microglia and increased
BBB damage and permeability in the CCI group [8]. Morganti et al. found that direct
antagonism of CCR2 decreased recruitment of macrophages in the hippocampus after CCl
in mice. This decrease in macrophage accumulation correlated with decreased expression
of NADPH oxidase and decreased cognitive dysfunction after CCI-injury [106]. These and
other results show that when targeting microglia to attenuate detrimental neuroinflammation,
other myeloid cells have to be considered.

7. Targets That Induce Polarization

Given their importance in most neuroinflammatory conditions, there has been considerable
focus in developing therapies that target the activation of microglia. Ideally, a treatment
would act as a M1 activation antagonist, a M2 activation agonist, or some combination of the
two. A treatment like this could alter the course of neuroinflammation, by shifting microglia
polarization from the M1 phenotype (Table 1) to the M2 phenotype (Table 2). A treatment
capable of this could promote injury resolution and prevent ongoing tissue damage from
microglia. Preclinical studies have shown promise with specific drugs and ligands that shift
the M1/M2 polarization balance [115]. In developing targeted therapies that shift microglial
polarization, one must consider the range of different targets available, such as enzymes,
cell surface markers, transcription factors, and signaling proteins. All of these affect the
signaling cascades that induce either a M1 or M2 microglia.

A potential target for therapies could be a specific enzyme involved in microglial activation
and function. As discussed, previously, NOX2 is an important enzyme in microglia; it
appears predominantly in the M1-phenotype and less so in the M2-phenotype. Kumar et
al. used gp91ds-tat, a direct inhibitor of NOX2 in a blunt TBI rat model. In mice treated
with gp91lds-tat, expression of M1-markers by microglia decreased, but of M2 markers
increased. Treatment with gp91ds-tat also led to decreased oxidative stress-induced DNA
damage [116]. Neutral Sphingomyelinase (nSMase) is another class of enzymes involved
in neuroinflammation. Through its hydrolysis of sphingomyelin, nSMases contribute to
neurodegeneration. Kumar et al. studied altenusin to inhibit nSMase. Treatment with
altenusin decreased pro-inflammatory cytokine expression by BV-2 microglia in vitro,
including TNF-a and IL-1p. The effects of altenusin were dose-dependent as well. In a
blunt TBI rodent model, altenusin treatment reduced expression of M1-activation markers,
CD68 and NOX2 [117].
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A therapy could target a certain molecule that induces microglial activation. Fibrinogen

is an acute phase reactant that can become present after a disruption of the BBB, and it

can activate microglia. In mice, fibrinogen binds to Macrophage antigen-1 integrin receptor
(Mac-1) to activate the M1 phenotype through Ras homolog family member A (RhoA) and
PI13K signaling. Blocking CD11b, the alpha-subunit of Mac-1, with an anti-CD11b antibody
decreases fibrinogen-mediated activation of microglia. Adams et al. used a fibrin-derived
peptide, y37773% as a potential inhibitor of this activation cascade in an autoimmune
encephalitis mouse model. They found that y377~395 resulted in decreased pro-inflammatory
activation and phagocytic activity in mouse microglia treated with fibrinogen [118]. High-
mobility group box 1 (HMGBL) is another molecule that induces M1 activation. HMGB1
localizes to the nucleus and stabilizes chromatin. When released by injured cells, it acts

as a pro-inflammatory molecule, and can influence microglia/macrophage polarization. Gao
et al. tested the HMGB1-inhibitor glycyrrhizin (GL) in mice using a blunt TBI model.
GL-treated injured mice had decreased expression of M1 pro-inflammatory cytokines and
MRNA,; the M2 phenotype increased in the TBI+GL group [119].

Therapies may not necessarily be limited to new drugs or ligands, but could be from
naturally occurring molecules. Cyclic AMP (CAMP) is one example, which was studied by
Ghosh et al. When administered with the anti-inflammatory cytokine interleukin-4 (IL-4),
cAMP induced a switch in LPS-stimulated microglia from the M1 to M2 phenotype. In

a mouse model of spinal cord injury, Ghosh et al. also showed that administration of

cAMP and IL-4 after injury led to enhanced production of arginase-1, a marker of the M2
phenotype. The cCAMP/IL-4 treatment also led to decreased ROS production in injured mice
[120]. Sphingosine 1 phosphate (S1P) is a sphingolipid that acts primarily through G-protein
coupled receptors (GCPRs). S1P signaling has been associated with cerebral ischemia. Gaire
et al. directly targeted the S1P signaling axis in a MCAO-model of stroke in mice. Direct
S1P-receptor (S1P-R) inhibition in mice reduced the number of amoeboid microglia in

vivo. Additionally, treatment with the S1P-R inhibitor reduced mRNA expression of M1
surface markers, primarily CD11b, CD16, CD32, and CD86. Treatment also reduced mRNA
expression of TNF-a and IL-1p [121].

DNA transcription is another a target in microglia to shift away from the M1-phenotype
and towards the M2-phenotype. Peroxisome proliferator-activated receptor gamma (PPARYy)
is a ligand-activated transcription factor that appears to contribute to microglial activation
and polarization. PPARy expression increases after M2-activation of microglia induced by
IL-4 in vitro. This is associated with a decrease in TSPO expression by microglia, a marker
of M1-activation. In M2-polarized microglia obtained from mice, Zhou et al found that
inhibition of TSPO with the inhibitor PK led to enhanced expression of PPAR~y and of
M2-markers, such as CD206 and arginase-1 (Arg-1), in M2-polarized microglia. However,
a TSPO agonist decreased PPARy expression and decreased the release of trophic factors,
such as BDNF and insulin-like growth factor 1 (IGF-1), from M2 microglia [122]. Wen

et al. used rosiglitazone, a common diabetes mellitus medication, to test activating the
PPAR+y pathway. Rosiglitazone treatment has been shown to activate the M2-phenotype

in in vitro and in vivo mouse models of blunt TBI. Pro-inflammatory cytokine expression
decreased with rosiglitazone treatment. Antagonism of the PPAR~y pathway actually led to
the opposite effect; mouse microglia exhibited the M1-phenotype with PPAR-y antagonism
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[123]. Interestingly, there is some conflicting data on the role of PPARYy in M2-activation.
Ji et al. found that direct inhibition of PPARy shifted polarization in LPS-stimulated rat
microglia to the M2-phenotype. PPARy inhibition increased mRNA levels of M2-markers
but decreased mRNA levels of M1 markers [124].

Enhancing or inhibiting a signaling pathway is another potential target for microglia
therapies. Cysteinyl leukotriene receptors (CysLTR) mediate inflammatory responses; their
expression is upregulated in cerebral ischemia in primary mouse microglia and BV-2 cell
cultures. These receptors induce the pro-inflammatory M1-phenotype, through upregulation
of the NF-kB pathway (nuclear factor kappa light chain enhancer of activated B cells).
Zhao et al. used a direct inhibitor of CysLTR, HAMI3379, in primary mouse microglia and
BV2 microglia cultures stimulated by LPS. CysLTR inhibition reduced multiple markers of
M1-activation, including NF-kB expression, phagocytic activity, pro-inflammatory cytokine
secretion, and CD86 expression [125]. Pinocembrin, a flavanoid with antioxidant and
anti-inflammatory properties, inhibits toll-like receptor 4 (TLR4) signaling in microglia

to suppress M1 activation. In an intracranial hemorrhage (ICH) mouse model, Lan et

al. found that pinocembrin treatment decreased the proportion of M1 microglia, but M2
microglia were not affected. This contributed to the resolution of neuroinflammation in
injured mice; injured mice receiving pinocembrin had a smaller lesion size and decreased
pro-inflammatory cytokine expression compared to mice receiving vehicle-treatment [126].
Minocycline is a tetracycline-class antibiotic with a similar benefit. In an ICH rat-model,
minocycline treatment induced microglia to shift to the M2-phenotype. These microglia

all had markers of the M2 anti-inflammatory phenotype, such as arginase-1 and BDNF
expression and ramified processes. Miao et al. found that minocycline induces this shift
through the tropomyosin-related kinase receptor type B (TrkB)/BDNF signaling pathway in
rat microglia [127]. Both pinocembrin and minocycline are lipophilic, which allows them to
cross the BBB.

Some medications may act on the adrenergic-signaling to alter microglial polarization.
Microglia are known to express p2-receptors, which can influence their activation and
morphology when activated or inhibited [128]. Dexmedetomidine, a sedative and anesthetic
with a2-adrenergic activity, induces M2-polarization in rat microglia in vitro. Qiu et al.
showed that it likely suppressed the pro-inflammatory extracellular signal-regulated kinase
(ERK) pathway. In a spinal cord injury rat model, Gao et al. showed that this polarization
to the M2 anti-inflammatory phenotype improved functional outcomes and reduced tissue
damage in injured rats [129, 130]. Salmeterol, the p2-agonist used in asthma treatment, can
alter microglia polarization through its effect on adrenergic pathways as well. Sharma et al.
showed that salmeterol administered to LPS-stimulated BV-2 microglia led to a decrease

in M1 cytokine and chemokine expression and ROS production. Salmeterol treatment on
LPS-stimulated cells also increased the expression of Arg-1, CXC chemokine ligand 4
(CXCL4), interleukin-10 (IL-10), and M2-activation markers [131].

8. Cell Therapy Mechanism of Action

Cell therapy is an alternative strategy that our lab has focused on for the treatment of
neuroinflammation. Cell lines considered for use in the treatment of neuroinflammatory
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conditions, like TBI, include mesenchymal stromal cells (MSCs), multipotent adult
progenitor cells (MAPCs), and bone marrow mononuclear cells (BM-MNCs). All of these
cell lines can be obtained from a bone marrow harvest [2]. A meta-analysis of preclinical
studies using MSC therapy for experimental TBI showed a significant benefit in neurologic
outcomes and a reduction in lesion volume size in injured animals [132].

Cell therapy works via loco-regional effects and through modulation of the innate immune
response. These cells do not exhibit their effects by direct engraftment into the lesion site.
Rather, they localize to the spleen. Our lab has demonstrated that injection of MAPCs into
rats sustaining CCI induced splenocyte proliferation, thus preventing the typical reduction
in spleen size. This interaction led to an increase in the production of the anti-inflammatory
cytokines, IL-4 and IL-10. The injected MAPCs could also be traced to the spleen

with immunofluorescence tracing [133]. From here, the infused cells modulate systemic
inflammation to limit further damage at the site of neurological injury [2].

Immunomaodulation by cell therapy is partly achieved by decreasing the production of
pro-inflammatory cytokines by microglia. Liu et al. showed with BV2 microglia cultures
that administration of MSCs decreased the microglial production of TNF-a and IL-1p. They
also found that this effect is likely due to an inhibition of TLR4-mediated mitogen-activated
protein kinase (MAPK) activation [134]. Galindo et al. have demonstrated similar effects

in a TBI rodent model. After injury, MSC cell therapy decreased the serum levels of
pro-inflammatory cytokines such as TNF-a and IL-1f in injured rats [135].

Cell therapy can also dictate the polarization of microglia as well. Using a controlled cortical
impact TBI rat model, rats were administered MAPC therapy, which was compared to

a control group. The MAPC group had a significantly higher M2:M1 ratio of microglia,
indicating the polarization to the anti-inflammatory phenotype. This mechanism was
determined to be due to soluble factors formed after direct contact of MAPCs with
splenocytes. These soluble factors may not only induce the M2 phenotype, but they may
also lead to increased apoptosis amongst the M1 microglia in vitro. The increase in M1-cell
apoptosis was seen with MAPC and BM-MNC treatment [136, 137]. Another key feature
seen in these studies, is the proliferation of T regulatory cells (Tregs). Tregs are an important
component of systemic inflammation, as they downregulate overactive responses. MAPC
therapy in rats sustaining CCI led to an increase in Treg cells at 24 hours post-injury [136].
This is important, as Tregs can reduce the expression of TNF-a from rat microglia [36].

By decreasing microglial activation, cell therapy could potentially improve long-term
functional outcomes in patients who have sustained a TBI. In our TBI rodent model,
behavior studies have shown that rats receiving cell therapy may have functional recovery
that correlates with decreased microglial activation. In one of our lab’s studies, rats

were treated with autologous BM-MNCs within 72 hours of CCl. BM-MNC infusion
therapy resulted in an increase in apoptosis of pro-inflammatory microglia, and cognitive
improvements [138]. In a similar study, we found that the timing of this infusion may affect
functional outcomes as well as activation of microglia. MAPC infusion within 24 hours of
injury resulted in improved spatial learning and memory; this correlated with a decrease

in activated microglia in the dentate gyrus and hippocampus [138, 139]. We have studied
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combination therapy of MSC infusion with the p-blocker propranolol. The combination of
MSC infusion and propranolol resulted in a significant improvement in spatial learning and
memory after CCI [140]. Regulatory type T cells (Tregs) should be considered as another
cell type for the treatment of TBI. Our lab has shown benefits of Treg therapy in vivo

with TBI. After CCl, rats treated with a single dose of umbilical cord-derived Tregs had
improvement in neuroinflammation, including a decrease in microglia in the ipsilateral
hemisphere 30 days after injury [36]. Given the use of Tregs in other inflammatory
conditions, it may be worthwhile to consider their use to attenuate the inflammatory cascade
resulting from TBI.

This evidence in the preclinical setting supported translation of cell therapy to human
studies. A phase I clinical trial in children with severe TBI was completed at our institution.
No adverse events occurred with infusion of autologous BM-MNCs. Phase Il clinical trials
of cell therapy for severe TBI in adults and children are currently active [141].

9. Conclusion

In this review, we discussed the impact that the microglial response can have upon
neurological injury. While they contribute to injury resolution, an overactive response from
microglia can perpetuate further tissue damage which can be detrimental to functional
outcomes. Therefore, microglia present a potential target for therapy with the intent of
resolving neuroinflammation. In order to develop therapies properly directed towards
microglia, it is important to understand multiple facets of their response to injury. Microglia
can be identified based on multiple parameters of their immunophenotype, including

surface markers and their transcriptome. This allows us to distinguish microglia from

other phagocytic cells, such as peripheral macrophages and monocytes. Functional assays
provide an assessment of the activity of microglia in expressing either a pro-inflammatory
or anti-inflammatory phenotype. These functional assays measure secretome, morphology,
phagocytic activity, RONS production, and cell metabolism. Markers of activation provide
another method of identifying microglia; these markers have clinical translation, as some are
seen on certain imaging studies, such as PET scans. This data is necessary to further develop
therapies directed towards the microglia response in neurologic injury.

10. Expert Opinion

Our current knowledge on microglial activation and response to neurologic insult, such

as TBI, has evolved substantially over the years to reflect the nuance and complexity

of neuroinflammation. Microglia exhibit a spectrum of phenotypes across the classic M1
and M2 activation states. Certain components of their response lend to resolution of
neuroinflammation. This makes it more difficult to target a single population of microglia or
utilize a simple monotherapy, such as anti-inflammatory steroids. However, some agents and
known medications have shown promise in ameliorating the pro-inflammatory response of
M1-microglia.

The temporal changes in microglial activation can be difficult to understand. However,
it is important to recognize this cell’s balance between the pro-inflammatory and anti-
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inflammatory phenotypes. It is also important to consider the various responses of microglia
to injury for therapeutic interventions not only in TBI, but in other neurologic diseases

as well. Understanding the full phenotypic spectrum of microglia allows us to understand
the cell’s response to neurologic injury and full contribution to neuroinflammation. This
information would provide insight of the true cellular components and machinery that drives
this inflammatory response. This understanding can help us develop therapeutics that affect
microglial polarization and activity more effectively.

Some therapies have been developed for certain targets already, and they have shown
promise in preclinical studies. Certain proteins like enzymes are important components

of this machinery. One example is the NOX2 enzyme. As previously discussed, NOX2
contributes to free radical production for respiratory burst, but its activity and expression can
alter microglial polarization. Altering cell signaling cascades at certain checkpoints could
change microglial phenotype by affecting DNA transcription or protein production and
expression. Potential therapeutics could either inhibit or activate certain signaling pathways.
And they could target components like transcription factors, such as PPARy or cell surface
receptors, such as TLR4 or CysLTR. By knowing the components that drive polarization
shifts in microglia, we can more effectively develop therapies that shift microglia to a
phenotype that contributes to injury resolution.

In the setting of TBI, it is important to consider peripheral and systemic influences on
microglia. TBI in the real-world is usually associated with other traumatic injuries that can
affect systemic inflammatory responses as well. Thus, when studying traumatic brain injury,
it is important to distinguish the effect of microglia on neuroinflammation from peripheral
inflammatory cells. In the setting of polytrauma, these peripheral inflammatory cells may
be responding to other organ injury, but in effect create some collateral damage further
afflicting the present neurologic injury. This may call for the need to improve the specificity
of methods for identifying microglia.

Further development of imaging markers could provide a substantial advancement in
developing therapies directed at microglial activity and the associated neuroinflammation.
There are some imaging markers currently in use, such as TSPO, but current markers
available can be limited by their specificity for microglia. Some markers have only been
used in pre-clinical animal models. Some markers, such as CB2, are present in not only
microglia, but in neurons as well. If an imaging marker specific for only human microglia
were developed, it would provide another measurement available to not only researchers
studying neuroinflammatory diseases, but also to clinicians treating patients afflicted by
neurologic injury.

Our view is that dampening the pro-inflammatory M1 response without eliminating it
entirely can reduce secondary inflammation-associated damage to neurologic tissue and
accelerate injury resolution. Some inflammation is important to resolve neurologic injury
and facilitate repair, but a completely dysregulated and persistent inflammatory state can
limit tissue repair. This persistent neuroinflammation leads to not only further tissue
injury, but poor neurocognitive outcomes in the recovery and rehabilitation stage after
neurologic injury. We believe that the microglia cell is a primary driver behind this chronic
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neuroinflammation. Coalescing the research in this review gives us a global view of the
microglia as a component of the neuroinflammatory response distinct from peripheral
myeloid populations, which is critical to developing new therapies and treatment for
neurologic conditions.

Alongside these targeted therapies, cell therapy presents another strategy for dynamically
altering the microglial response to neurologic injury. In our experience studying TBI, cell
therapies alter microglia activation and improve short-term biomarkers of injury severity
and long-term behavioral outcome measures. Given the potential of cell therapy to resolve
overactive immune responses in multiple diseases, we believe that cell therapy can attenuate
a hyperinflammatory response to neurologic injury. One of the important mechanisms by
which it attenuates this hyperinflammatory response is through the modulation of microglia.
Early clinical trials have shown cell therapy is safe in the setting of TBI, and is being
further evaluated as a potential treatment. Future studies of cell therapy may seek to
determine which specific cell provides the most benefit in the setting of TBI-induced
neuroinflammation. One example of this would be exploring the potential of other cells,
such as Tregs, or even combined cell therapy, such as MSCs or BM-MNCs with Tregs, to
attenuate an overactive cascade of neuroinflammation. Future clinical trials may compare
multiple variations of cell therapy based on dosing, cell type, and timing of administration in
relation to the initial neurologic injury.
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ARTICLE HIGHLIGHTS

Neuroinflammation secondary to traumatic brain injury can continue years
after initial injury, and it is characterized by persistent microglial activation.

Microglia have classically been described as having a phenotype that is
either pro-inflammatory (M1) or anti-inflammatory (M2). Promoting the M2
response and attenuating the M1 response may increase the likelihood of
injury resolution.

Microglial activation can be observed in positron emission tomography (PET)
imaging with radioligands specific for microglial markers.

In animal models, targeted therapy has shown some success in shifting
microglial polarization away from the M1-phenotype and towards the M2-

phenotype.

Therapeutic targets are varied, but include molecules or proteins that

affect microglial activation and signaling. Examples include enzymes like
NADPH oxidase isoform 2 (NOX2) and signal transduction proteins

like peroxisome proliferator-activated receptor gamma (PPARy). Naturally
occurring molecules like cyclic AMP (cAMP) and fibrinogen have also been
implicated as potential targets.

Cell therapy has potential in targeting microglia, and has already shown to
alleviate neuroinflammation secondary to traumatic brain injury (TBI).
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Microglia in M1 Pro-Inflammatory State

B. Amoeboid morphology
allows for more rapid
chemotaxis and phagocytosis of
dead cells/neurons and debris.

A. Cytokines released
upregulate immune response
and promote tissue healing
(e.g. TNFa, IL-1p).

—
)

C. Microglia rely on anaerobic
metabolism with glycolysis for

[ E. NADPH from metabolic shunts can
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D. Microglia can also shift metabolic substrates for anabolic reactions, such
as glucose being shunted towards the pentose phosphate pathway.

Figure 1.
Microglia in the M1 Pro-Inflammatory State. M1 Microglia release pro-inflammatory

cytokines such as TNF-a and IL-1p that propagate the pro-inflammatory response of itself
and other microglia or inflammatory cells (A). They typically conform to an amoeboid
morphology to allow for rapid chemotaxis and phagocytosis of cellular debris (B). In
utilization of glucose, M1 microglia convert glucose to ATP using anaerobic metabolism
(C), but can also shunt it (D). Shunts such as the pentose phosphate pathway can increase
production of NADPH (E) and thus reactive oxygen and nitrogen species (RONS). Created
with BioRender.com.
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Microglia in surveillance "resting" or M2
anti-inflammatory state.
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for energy/ATP production.
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Figure 2.
Microglia in the M2 anti-inflammatory state. M2 microglia release cytokines that

downregulate the inflammatory response and promote tissue repair (A). Their morphology
consists of ramified processes that reach out and survey their microenvironment for any
tissue damage or inflammatory insult (B). These arms are mobile, as they constantly
retract and extend. For energy production, anti-inflammatory and resting microglia rely on
oxidative phosphorylation for ATP production (C). Created with BioRender.com.
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Table 1.
Potential Targets that typically induce M1 microglial polarization, and potential inhibitors used in certain
studies.
Target Name Role in Neuroinflammation Inhibitors
Nitric oxide synthase isoform-2 | Production of RONS.
NOX2 Activates MI microglial phenotype. Gp9lds-tat
nSMase Neutral Sphingomyelinase Hydrolysis of sphingomyelin contributes to neurodegeneration. Altenusin
o Fibrinogen Acute phase reactant present in BBB disruption.
Fibrinogen Binds Mac-1 receptor to activate MI-phenotype. 377395
HMGB1 High-mobility group box 1 Stabilizes nuclear chromatin. Activates MI-phenotype. Glycyrrhizin
sIp Sphingosine 1-phosphate Sphingolipid that acts through GPCRs to activate MI-phenotype. SIP Receptor Direct
Inhibitor (CAY10444)
CysLTR Cysteinyl leukotriene receptor Upregulates MI-phenotype through the NF-kB pathway. HAMI3379
TLR4 Toll-like Receptor 4 Activates MI-phenotype through MAPK pathway. Pinocembrin
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Table 2.
Potential Targets that typically induce M2 microglial polarization, and potential inhibitors used in certain
studies.
Target Name Role in Neuroinflammation Activators
cAMP Cyclic Adenosine Monophosphate With IL-4, can induce M2-phenotype switch. Gp91lds-tat
PPARy feegg)&ig;)me proliferator-activated Transcription factor that potentially induces M2-phenotype Rosiglitazone
TrkB/BDNF BDNF - Brain-derived Signaling pathway that shifts induced microglia to M2- Minocycline
Pathway neurotrophic factor phenotype y
B2-receptors Beta-2 Adrenergic receptors Increases expression of M2-activation markers (arginase-1, Salmeterol

CXCL4, IL-10).

a2-receptors

Alpha-2 Adrenergic receptors

Suppresses pro-inflammatory ERK pathway.

Dexmedetomidine
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Table 3.

Activations makers of microglia used in diagnostic studies such as PET-imaging.
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receptor

Activation i . . . -
Marker Name/Description Role in Neuroinflammation Radioligands
Translocator Protein - found Increased expression in MI microglia. Possibly involved in
TSPO on outer membrane of steroidogenesis, attenuating oxidative stress, apoptosis, cell PK11195, [*'C]PBR28
mitochondria metabolism.
Cannabinoid receptor-2 Associated with neuronal loss and microglial activation. [11C]A836339
CB2 11 '
[**CINE40
COX-1. COX-2 Cyclooxygenase COX-1 - Pro-inflammatory microglia COX-2 - Anti- 11C-ketoprofen
' inflammatory microglia; may attenuate BBB permeability methylester
P2X7 lonotropic purinergic receptor Upregulated in neurodegeneration. Most responsive to ATP. 11C-INJ-54173717
PoV12 Metabotropic purinergic Present only on microglia. Initiates signaling cascades. None currently

available.
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