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Abstract

Microglia are integral mediators of innate immunity within the mammalian central nervous system. Typical microglial
responses are transient, intending to restore homeostasis by orchestrating the removal of pathogens and debris and
the regeneration of damaged neurons. However, prolonged and persistent microglial activation can drive chronic
neuroinflammation and is associated with neurodegenerative disease. Recent evidence has revealed that abnormali-
ties in microglial signaling pathways involving phosphatidylinositol 3-kinase (PI3K) and protein kinase B (AKT) may
contribute to altered microglial activity and exacerbated neuroimmune responses. In this scoping review, the known
and suspected roles of PI3K-AKT signaling in microglia, both during health and pathological states, will be examined,
and the key microglial receptors that induce PI3K-AKT signaling in microglia will be described. Since aberrant signal-
ing is correlated with neurodegenerative disease onset, the relationship between maladapted PI3K-AKT signaling and
the development of neurodegenerative disease will also be explored. Finally, studies in which microglial PI3K-AKT
signaling has been modulated will be highlighted, as this may prove to be a promising therapeutic approach for the
future treatment of a range of neuroinflammatory conditions.
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Background

Defined as an inflammatory response within the central
nervous system (CNS), “neuroinflammation” refers to
activation of the brain’s innate immune system following
a disturbance to homeostasis, such as injury, infection, or
the onset of neurodegeneration, which frequently occurs
with aging. This inflammatory response represents a
highly sophisticated biological program comprised of
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both pro- and anti-inflammatory arms. The pro-inflam-
matory response, driven by the release and subsequent
signaling of multiple soluble factors known as cytokines,
triggers cell activation, promotes vascular permeability
and induces leukocyte recruitment, accumulation, and
activation, whereas the anti-inflammatory response initi-
ates wound healing and regenerative processes for recov-
ery [1]. In the brain, the neuroinflammatory response
is controlled by various glial cells including micro-
glia, astrocytes, and oligodendrocytes [2]. Constitut-
ing around 7% of the entire glial population in humans,
microglia are recognized as key orchestrators of neuroin-
flammation, and are capable of participating in both pro-
and anti-inflammatory responses [3-5].

The purpose of the neuroinflammatory response is to
re-establish homeostasis, and it is typically self-limiting.
However, when this response is not properly inactivated,
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ongoing neuroinflammation can result in deterioration of
healthy tissue, which may severely impair physiological
functioning. Aberrant microglial responses and persis-
tent neuroinflammation have been implicated in neuro-
degenerative diseases, such as Alzheimer’s disease and
Parkinson’s disease, as well as psychological disorders [6,
7]. In addition, following severe and repeated traumatic
brain injuries (TBI), prolonged neuroinflammation is
thought to limit neuronal repair and promote secondary
neurodegeneration [8—10]. The cellular and biomolecular
cascades that induce excessive neuroinflammation are
complex and not yet fully understood; however, recent
studies have suggested that unchecked microglial acti-
vation can lead to the development of chronic neuroin-
flammation [11-13]. In fact, it is hypothesized that the
contribution of microglia in shifting the homeostatic
neurological microenvironment to an inflammatory one
likely exceeds that of other glial cells; microglia generate
rapid responses to subtle changes in the CNS, and abnor-
mal microglial responses are consistently correlated with
neurological disorders [14—16].

The PI3K-AKT cascade is a highly conserved intracel-
lular signaling pathway present in all eukaryotic cells, act-
ing as a central node for transducing extracellular stimuli
that involves phospholipid and protein phosphorylation
of various downstream substrates to induce changes in
cellular responses. This pathway orchestrates growth,
motility, survival, and metabolism, as well as coordinat-
ing defense mechanisms in the immune system [17-20].
In the brain, AKT activity is also crucial for neuronal
development and glial cell activities, with aberrant PI3K-
AKT signaling implicated in various conditions including
cancer, neurodegeneration, and neuroinflammatory dis-
eases [21].

In view of the central role of microglia in establishing
chronic neuroinflammation and neuropathology related
to disease development, this review aims to summarize
the current understanding of how PI3K-AKT signal-
ing facilitates the microglial response, and how aberrant
activity in this pathway may promote chronic neuro-
inflammation. We also consider how manipulation of
AKT signaling can induce beneficial, anti-inflammatory
responses to counteract the development of neuroinflam-
mation; and highlight knowledge gaps as well as future
directions of research.

Microglia as regulators of the neuroinflammatory
response

Microglia are an integral component of the neuroim-
mune system and act as one of the first lines of immune
defense. They are described as the “macrophages of the
brain” due to their similarity in function and biomarker
expression, to monocyte-derived macrophages [22].
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Under normal conditions, microglia are a heterogene-
ous population with differences in their functional sig-
natures, phenotype, and population density across adult
brain regions, which change with age [23-28]. Within a
homeostatic context, microglia exhibit a “resting” rami-
fied phenotype, whereby they continuously survey their
microenvironment by extending and retracting their pro-
cesses [29]. Upon detecting pathological insults or distur-
bances to homeostasis, resting microglia transition to an
“activated” phenotype by undergoing morphological and
biological changes [29, 30]. Activated microglia are char-
acterized by a swollen ameboid shape with an enlarged
cell body and truncated processes, as well as increased
surface expression of ionized calcium binding adaptor
molecule 1 [30]. More recently, single cell-based RNA
sequencing on human and mouse microglia revealed a
distinct gene signature in activated microglia within the
context of neurodegenerative diseases and head injuries
[25, 28, 31, 32]. In addition, they demonstrate a highly
malleable, reactive inflammatory response [33]. While
historically this response was classified as either pro- or
anti-inflammatory, it is increasingly evident that acti-
vated microglia can simultaneously mediate both types
of responses and can readily switch between phenotypes
based on the nature of the stimuli [34].

The concept of “M1” and “M2” polarization was ini-
tially coined to describe the ability of macrophages to
alter their phenotype in vitro in response to cytokines,
such as interferon-y or interleukin (IL)-4, becoming
classically activated or alternatively activated, respec-
tively. However, more recent in vivo analyses of both
macrophages and microglia in experimental rodents has
revealed this distinct description no longer holds up;
their responses are more heterogeneous and occur in a
continuum between pro- and anti-inflammatory states,
such as concurrent expression of both inflammatory
markers during acute responses to TBI and lipopolysac-
charide (LPS) [4, 35-37].

Typically, microglial activation occurs in a transient
manner that is intended to protect the CNS and aid
recovery, by initiating both components of the inflam-
matory response in a temporal and spatially restricted
manner. However, sustained or uncontrolled activation
can have deleterious consequences. Chronic activation of
microglia can result in robust changes to their inflamma-
tory profile, associated with the continual release of neu-
rotoxic inflammatory mediators, such as inducible nitric
oxide synthase (iNOS) and pro-inflammatory cytokines,
including, IL-1 and tumor necrosis factor (TNF)-a
[38—40]. Various experimental studies of neurodegen-
erative diseases have identified populations of activated,
pro-inflammatory microglia, whose presence is associ-
ated with poorer prognosis and worsened pathology
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[41-45]. Furthermore, clinical studies using magnetic
resonance imaging revealed persistent microglial acti-
vation in patients several years after head injuries; with
chronic microglial activation being associated with
increased neuroinflammation and exacerbated cognitive
impairments [46]. A lack of peripheral mononuclear cells
present in the diseased brain further suggests that neu-
rodegeneration is not driven by the peripheral immune
response, but rather by the presence of chronically acti-
vated, pro-inflammatory microglia that were generated
in response to neuronal dysfunction, or from changes
within their genetic make-up [44, 45].

The potential neurotoxic consequences of chronically
activated, pro-inflammatory microglia have remained a
topic of intensive research in recent years, and whether
skewed microglial responses can directly promote the
development of neurodegenerative disease is still incon-
clusive. However, considerable evidence suggests that
chronically activated microglia continually secrete neu-
rotoxic molecules to sustain neuroinflammation. This is
supported by histological and biochemical studies dem-
onstrating that numerous pro-inflammatory molecules
are increased in both the serum and cerebrospinal fluid
in the context of neurodegenerative diseases and head
injuries [47-52]. Pro-inflammatory cytokines can have
neurotoxic effects by triggering intracellular apoptotic
pathways in neurons through activation of caspase-3 and
caspase-9, promoting oxidative stress via the release of
cytochrome C, and by inducing excitotoxicity through
augmentation of Ca>" ion sensitivity and influx [53-55].

Despite the seemingly prominent role of microglia in
the onset of chronic neuroinflammation, the mechanisms
underlying the transition towards a persistent, deleteri-
ous response are still unclear. To date, multiple factors
have been speculated to induce abnormal microglial
activation, including aging, peripheral infection, sys-
temic inflammation, as well as genetic predispositions
and mutations [56, 57]. Fundamental research to iden-
tify and map the various intracellular signal transduc-
tion pathways that are involved in regulating microglial
responses and polarization is evidently required, to bet-
ter understand the role of signaling cascades, such as the
PI3K-AKT pathway. Recent studies have implicated this
pathway in both microglial responses as well as neurode-
generation in the context of Alzheimer’s disease and Par-
kinson’s disease [21, 58, 59].

PI3K-AKT signaling pathway: the basics

Phosphatidylinositol 3-kinases (PI3K) are a family of
intracellular lipid kinases that transduce signals from
cell surface receptors, such as receptor tyrosine kinases,
receptors that lack intrinsic tyrosine kinase activity, and
heterodimeric G protein-coupled receptors [60]. Upon
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ligand binding, the receptors become tyrosine phospho-
rylated on specific motifs in their intracellular domain,
either via their own intrinsic catalytic activity or through
the action of non-receptor tyrosine kinases. This induces
recruitment of PI3K to these sites, where it is then local-
ized to its substrate, the abundant membrane phospho-
lipid phosphatidylinositol 4,5 bisphosphate (PI(4,5)P,).
PI3K phosphorylates PI(4,5)P, to generate the key sec-
ond messenger phosphatidylinositol 3,4,5 trisphosphate
(PI(3,4,5)P;), which recruits the intracellular signaling
molecule AKT (also commonly known as protein kinase
B (PKB)), a serine/threonine-specific protein kinase
(Fig. 1). This leads to AKT activation, whereupon it phos-
phorylates target proteins, leading to changes in cellular
responses. This pathway is tightly regulated via phos-
phorylation and dephosphorylation of various enzymes,
adaptor proteins, and phospholipids (for review see [61,
62]). Two lipid phosphatases that negatively regulate this
pathway are phosphatase and tensin homolog (PTEN)
and SH2-domain-containing inositol 5° phosphatase-1
(SHIP-1), which convert PI(3,4,5)P; to P1(4,5)P, or P1(3,4)
P,, respectively (Fig. 1).

Abundant evidence demonstrates a central role for the
PI3K-AKT signaling pathway in health and disease. Acti-
vated AKT is able to phosphorylate and activate a range
of substrates in the cytoplasm and nucleus that mediate
numerous cellular functions critical for survival, prolif-
eration, differentiation, migration, and glucose uptake
and metabolism [63-66]. In addition, activated AKT is
vital for initiating immune responses, as evidenced by the
functional defects observed in various leukocyte subsets
when PI3K and AKT are ablated in experimental rodent
models [67, 68]. However, unchecked activation of this
pathway has detrimental effects; hyperactivity of this
pathway is a major contributor to oncogenesis, as well as
the exacerbated immunological responses and persistent
inflammation that underlie various systemic diseases (for
review see [60, 69]).

Similarly, in the brain, dysregulation of the PI3K-AKT
signaling pathway is involved in numerous pathologies,
such as neurodegenerative diseases and brain tumor
metastasis [58, 70]. However, in contrast to other biologi-
cal systems, our understanding of its function in the neu-
roimmune system is still limited. Considering the known
role of this pathway in mediating inflammatory responses
outside of the brain, dysfunctional signaling in PI3K-
AKT is also likely to contribute to the onset and perpetu-
ation of neuroinflammation [20, 62]. PI3K-AKT signaling
in the brain appears to be intimately linked with micro-
glial activity and activation, with many of the key regu-
latory receptors that activate PI3K-AKT pathway being
expressed by microglia [62]. Activation of these receptors
stimulates PI3K-AKT signaling and induces microglial
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Fig. 1 PI3K-AKT signaling pathway in microglia. PI3K is comprised of a p85 regulatory subunit that directs its location and a p110 catalytic

subunit that phosphorylates phospholipids to mediate downstream signaling. In response to activation signals, PI3Kis recruited to
phosphotyrosine-containing motifs in cell surface receptors via the SH2 domain in p85, whereupon it acts on the membrane phospholipid, PI(4,5)
P,, generating the second messenger PI(3,4,5)P5. PI(3,4,5)P; recruits protein kinase B (AKT) to the membrane resulting in its activation, where it can
phosphorylate numerous downstream substrates, leading to changes in gene transcription and biological responses. Upon receiving an inhibitory
signal, the lipid phosphatase SHIP-1 is recruited to the membrane, where it converts PI(3,4,5)P; into phosphatidylinositol 3,4 bisphosphate (PI(3,4)P,)
to downmodulate signaling. PTEN is a direct antagonist of PI3K, converting PI(3,4,5)P; to PI(4,5)P,. SFKSrc family tyrosine kinase; Lyn Lck/yes-related

activation and cytokine production, therefore, implying
that abnormalities in PI3K-AKT signaling may drive a
pro-inflammatory microglial phenotype that contributes
to a wide-range of diseases and disorders [62].

Aberrant PI3K-AKT signaling in microglia

as a driver of chronic neuroinflammation

PI3K-AKT activation shapes microglial inflammatory
responses

The role of PI3K-AKT signaling in modulating microglial
activity and inflammatory responses was first observed
in in vitro studies almost two decades ago. Stimulating
mouse BV-2 microglial cells with the anti-inflammatory
cytokine transforming growth factor-beta resulted in a
reduction of PI3K-AKT-driven nitric oxide (NO) pro-
duction and improvement in cell survival [71]. Con-
versely, neurotoxic plaques were found to stimulate
PI3K-AKT signaling in primary neonatal mouse micro-
glia and Ra2 microglial cell lines, resulting in changes

in their production of pro-inflammatory chemokines
[72]. Since then, PI3K-AKT signaling has been recog-
nized as the central regulator of microglial activity in
response to extrinsic stimuli including LPS and inflam-
matory cytokines [73, 74]. For example, in vivo systemic
challenge with LPS in rodents leads to an increase in
phosphorylation of AKT via PI3K signaling in the CNS,
which induces activation of microglial populations in the
cortex, hippocampus, and thalamus, and is associated
with exacerbated release of the pro-inflammatory factors
TNEF-a, IL-1B, iNOS, and IL-6 [75, 76]. While these find-
ings suggest that LPS stimulation of microglia promotes
a predominantly pro-inflammatory response, it is impor-
tant to note that LPS can enter the CNS across a compro-
mised blood brain barrier in states of injury or disease,
and activate other glial cells as well as the peripheral
immune response, which likely also contributes to the
neuroinflammatory phenotype exhibited by these mice
[77].
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On the contrary, PI3K-AKT signaling may also pro-
mote an anti-inflammatory response in microglia,
whereby activation of AKT may be neuroprotective. A
recent study by Bhat and colleagues found that use of an
anti-inflammatory modulator that promoted AKT activ-
ity in an experimental TBI model resulted in decreased
pro-inflammatory microglial activation and favorable
outcomes in rodents [78]. In addition, activation of AKT
in primary human fetal microglia after LPS stimulation
has been reported to enhance expression of the IL-1p
receptor, IL-10 and interferon-p while also dampening
the pro-inflammatory response [74]. Of note, some of
the opposing findings in the literature, particularly from
in vitro studies, may be attributed to distinct signaling
pathways for activation of inflammatory responses in
fetal versus adult cell types, which requires further clarifi-
cation [79, 80]. Several studies have identified age-related
changes in glial responses and neuroinflammatory pro-
files in rodents that are likely driven by changes in PI3K-
AKT signaling in the aging brain. For example, ex vivo
analysis of microglial populations collected from young
and aged rats identified an age-dependent change in their
function, such as increased pro-inflammatory cytokine
production and reduced phagocytic abilities [81]. Such
findings are supported by in vivo work in which NF-«xB
activation and TNF-a levels in the rodent hippocampus
were increased in an age-dependent manner, alongside
a reduction in AKT activation and an increase in glyco-
gen synthase kinase-3p activity [82]. While age-related
changes to microglial activity remain poorly understood,
it is plausible that PI3K-AKT signaling variations in the
aging brain skews the microglial response towards a
pathogenic state, which may underlie the development of
several neurodegenerative diseases.
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Collectively, these studies suggest that activation of
the PI3K-AKT signaling cascade in microglia within an
in-vivo setting can induce both arms of the inflamma-
tory response. However, it appears that the M1/M2-like
polarization of microglia is influenced by multiple fac-
tors, and more detailed characterization of activated
microglia is required.

Key cell surface receptors that direct microglial responses
via PI3K signaling

A number of essential microglial cell surface receptors
utilize the PIBK-AKT signaling network, with signal-
ing from these receptors directing microglial responses
both during homeostasis and neuroinflammatory disease
(Table 1) (Fig. 2) [73, 83-85]. The following section will
describe four of these key receptors in more detail and
indicate, where their aberrant expression or activity has
been implicated in various neurological disorders.

Colony-stimulating factor 1 receptor: a key regulator

of microglial development

Colony-stimulating factor 1 receptor (CSE-1R), also
known as macrophage colony-stimulating factor recep-
tor (M-CSFR) or CD115, is a type 1 membrane protein
that is critical for the development, differentiation, sur-
vival, and function of monocytes and tissue macrophages
[104]. In the brain, CSF-1R is primarily expressed by
microglia, and microglial development and maintenance
at pre- and post-natal stages is largely dependent on CSE-
1R signaling [105, 106]. The CSF-1R has two ligands,
CSEF-1 and the more recently identified IL-34, which have
overlapping but also distinct functions in macrophage
homeostasis. Induction of CSF-1R signaling with either
CSF-1 or IL-34 has a proliferative effect, and while both
similarly induce activation of Akt in human monocytes

Table 1 Key cell surface receptors on microglia that utilize PI3K-AKT signaling

Receptor Ligands Disease implication Key references
CSF-1 receptor CSF-1,1L-34 Reduced signaling: blunted brain development, [86-90]
leukoencephalopathy, olfactory deficits
Increased signaling: progressive MS, AD
CX3CR1 CX3CL1 Reduced signaling: PD, ALS [91]
Fibroblast growth factor Fibroblast growth factor Reduced signaling: MS [92]
receptor 2
IL-4 receptor -4 Reduced signaling: AD, MS [93,94]
Insulin receptor Insulin Reduced signaling: AD [95, 96]
TLR4 LPS, LTA Increased signaling: AD, PD, ALS [97-99]
TREM2 LPS, bacterial products, DNA, phospholipids, lipo- Reduced signaling: AD, Nasu-Kakola disease [100-103]

proteins, sulfatides, AR plaques

AB plagues amyloid beta plaques, AD Alzheimer’s disease, ALS amyotrophic lateral sclerosis, CSF-1 colony stimulating factor 1, CX3CL1 C-X3-C motif ligand 1, DNA
deoxyribonucleic acid, IL interleukin-, LPS lipopolysaccharide, LTA lipoteichoic acid, MS multiple sclerosis, PD Parkinson’s disease, TLR Toll-like receptor, TREM2

triggering receptors expressed on myeloid cells 2
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Fig. 2 Key cell surface receptors in microglia that utilize PI3K-AKT signaling. CSF-1 or IL-34 binds to CSF-1R on microglia, triggering its dimerization,
autophosphorylation and recruitment of PI3K. Endotoxin (LPS) binds to the TLR4 complex comprised of CD14 and MD-2, causing it to dimerize and
induce recruitment of the adaptor MyD88, leading to its phosphorylation and the promotion of PI3K signaling. Neurotoxic plagues or other agonists
bind to TREM2 and the co-associated membrane-bound adaptor protein DAP12 becomes phosphorylated on tyrosine-containing activation
motifs (ITAMs), resulting in PI3K recruitment and activation. CX3CL1 binds to CX3CR1 and triggers the activation of heterotrimeric G proteins that
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transduce an intracellular signal via PI3K

and their differentiation, they promote different mac-
rophage polarization and cytokine/chemokine responses
[107]. Nonetheless, CSE-1 has been shown to directly
promote the polarization of microglia towards a regen-
erative phenotype in mouse brain, and previous studies
in macrophages suggest that this mechanism occurs via
activation of the PI3K-AKT signaling cascade [108—112].
Recently, it was reported that engagement of the CSF-1R
receptor on microglia results in its oligomerization and
phosphorylation of a tyrosine residue necessary for PI3K
recruitment; suggesting that CSF-1R signaling in micro-
glia is indeed dependent on the PISK-AKT pathway in
this context (Fig. 2) [113, 114].

Abnormal CSFE-1R expression is thought to interfere
with microglia functioning and contribute to neurode-
velopmental disorders and neurodegenerative diseases
[115]. Indeed, hereditary loss or mutations within the
CsfIr gene ablated microglial development and prolif-
eration, resulting in congenital absence of microglia in
the developed brain, which resulted in neurological and
other developmental abnormalities [86]. Blunted brain
development was also reported in Csflr—/— mice and

in mice with a loss-of-function mutation in the gene
encoding CSE-1 (CsfI1°?"°?), with Csf1°?’°’ mice displaying
pronounced postnatal olfactory deficits [87, 88]. Surpris-
ingly, the density of microglia in the brains of mice Csf1°”’
°? mice appeared to be unchanged compared to mice har-
boring a homozygous null mutation in CsfIr [116, 117].
This finding suggested that CSF-1 was not the sole ligand
for CSF-1R, and indeed, it is now known that IL-34 is
another binding partner for CSF-1R [118].

Increased CSF-1R expression and CSF-1 levels within
the brain have recently been identified as mediators of
demyelination in progressive multiple sclerosis by per-
petuating microglial survival and proliferation to exac-
erbate neuroinflammation [89]. Inhibiting CSF-1R
signaling in an experimental rodent model of progres-
sive multiple sclerosis attenuated microglial survivabil-
ity and pro-inflammatory responses, further suggesting
that CSE-1R signaling can influence microglial pheno-
type [89]. Furthermore, deletion of CSF-1R in the APP/
PS1 mouse model of Alzheimer’s disease ameliorated
cognitive decline and plaque volume in the cortex and
hippocampus [90]. Although these studies were the first
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to identify a neuropathogenic effect associated with ele-
vated CSE-1R signaling, future investigations may reveal
pathological consequences related to increased CSF-1R
signaling in other neurodegenerative diseases. Nonethe-
less, taken together, these studies indicate that aberrant
PI3K-AKT signaling due to abnormal CSF-1R expression
is detrimental to brain development, and may promote
the onset of neurodegenerative diseases.

Toll-like receptor 4: an important mediator of microglial
activation

Toll-like receptors (TLR) are a distinct class of recep-
tors expressed on an array of innate immune cells,
where they recognize conserved molecular patterns in
microbes. Several subclasses of TLRs have been identi-
fied on microglia, including TLR2, TLR3, TLR4, TLR5,
TLR7, and TLR9 [119]. TLRs can interact with various
immunostimulants, such as endotoxins, which induce
microglial activation and subsequent inflammatory
responses [119, 120]. TLR4, which recognizes bacterial
LPS by forming a complex with co-receptor CD14 and
myeloid differentiation factor 2 (MD-2), is perhaps the
best-studied of the TLRs, with numerous analyses impli-
cating TLR4-dependent microglial activation in various
scenarios of neuroinflammation and neurodegenerative
diseases [121, 122].

Most TLRs, including TLR4, signal via the cytosolic
adaptor protein myeloid differentiation primary response
88 (MyD88). The binding of LPS to the TLR4 complex
leads to the tyrosine phosphorylation of MyD88, which
induces recruitment of PI3K via its p85 domain leading
to its subsequent activation (Fig. 2) [123, 124]. The exact
downstream signaling mechanism following MyD88
recruitment in microglia is still unclear; but in human
macrophages and myeloid cells, the coupling between
a phosphorylated YXXM motif in MyD88 and PI3K
induces PIP, conversion, in turn causing AKT phospho-
rylation at serine 473 and leading to the recruitment of
NE-kB [124].

Several studies have provided evidence that activation
of microglia through TLR4 occurs via the PI3K-AKT
pathway [85, 125]. For example, TLR4 activation follow-
ing spinal cord injury in experimental rodents induced
microglial pyroptosis through activation of the PI3K-
AKT pathway [85]. Ex vivo studies also reflected a similar
relationship: one study in chicken embryonic microglia
reported that PI3K-AKT signaling was required for
LPS-TLR4-dependent activation of microglia [73]. Fur-
thermore, this study found that inhibiting AKT phos-
phorylation can mitigate the LPS-induced responses
[73]. Similarly, a recent study found that inhibition of
TLR4 activity in BV-2 microglia prior to LPS stimula-
tion reduced phosphorylated AKT levels compared
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to untreated cells, resulting in reduced viability and
cytokine production [126]. Recently, a study by Xu et al.
noted that interactions between TLR4 and pathogenic
protein aggregates on BV-2 microglia stimulated the
PI3K-AKT signaling cascade which resulted in a pro-
inflammatory response [85]. Together, these studies
suggest that LPS-TLR4 activation in microglia induces
PI3K-AKT signaling.

Abnormal TLR4 expression has been implicated in
impaired microglial functioning and neurodegenerative
diseases, presumably via its link to PI3K activity. Endog-
enous TLR4 expression is thought to be neuroprotective
in some contexts; for example, by mediating microglial
autophagy of neurotoxic plaques in primary mouse
microglia and experimental rat models of Parkinson’s dis-
ease [127, 128]. Conversely, over-expression or chronic
activation of TLR4 on microglia may contribute to patho-
genesis and neurodegeneration. Indeed, increased TLR4
expression has been identified in the brains of patients
with Alzheimer’s disease, while persistent TLR4 stimu-
lation in rodent models of Alzheimer’s disease exacer-
bates disease burden [97]. Moreover, increased TLR4
expression has been detected in the substantia nigra of
patients with Parkinson’s disease, and in a mouse model
of amyotrophic lateral sclerosis [98, 99]. It is speculated
that increased TLR4 expression on microglia inhibits
their anti-inflammatory phenotype while simultane-
ously prolonging their pro-inflammatory response [129].
This hypothesis is further supported by the pronounced
reduction in neuroinflammation in a rodent model of
Parkinson’s disease following TLR4 ablation [130, 131].
Taken together, increased TLR4 expression or continual
TLR4 stimulation, and subsequent PI3K-AKT activation,
perpetuates neuroinflammation by stimulating microglial
activation.

TREM_2: a duplicitous receptor involved in both microglial
activation and inhibition

Triggering Receptor Expressed on Myeloid Cells 2
(TREM2) is a transmembrane receptor of the immuno-
globulin superfamily that was initially identified in mono-
cyte-derived dendritic cells and mouse macrophages
[132]. TREM2 can bind to an array of anionic ligands
including phospholipids, lipoproteins, sulfatides, bacte-
rial LPS and DNA, as well as various forms of amyloid-f,
and it interacts with the transmembrane region of the
adaptor protein DNAX-activation protein 12 (DAP12)
to facilitate signal transduction [133] (Fig. 2). In bone
marrow-derived macrophages and monocytes, TREM2
ligation results in phosphorylation of DAP12 on tyros-
ine residues in activation motifs via Src family kinases
leading to the recruitment of Syk tyrosine kinase and
the downstream activation of PI3K and AKT [134-137].
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In microglia, targeted overexpression of TREM2 in the
mouse BV-2 cell line correlated with an increase in AKT
activity and microglial phagocytosis [137]. In agree-
ment with these studies, depletion of TREM2 in mice
reduced AKT activity in microglia, resulting in arrested
cell cycling and reduced cell survival [138]. Moreover, in
an Alzheimer’s disease model, deficiency of TREM2 in
microglia was associated with reduced phosphorylation
of AKT and poor activation of the downstream tran-
scription factor mTORC]1, leading to altered metabolic
pathways, cell death, and augmented neuronal dystrophy
[135]. In contrast, a recent study has correlated TREM2
overexpression in BV-2 microglia with reduced AKT and
NF-kB phosphorylation after LPS activation, suggesting
that overexpression of TREM2 inhibits PI3K activation in
reactive microglia [136]. Collectively, the above findings
suggest that TREM2 regulates the PI3K-AKT signaling
cascade in microglia; however, conflicting results show
that TREM2 expression can both promote and suppress
AKT activity, which may reflect the context in which it is
activated.

Emerging evidence has suggested that abnormal
TREM2 expression and signaling within the brain may
promote progressive dementia, such as Alzheimer’s dis-
ease and Nasu—Hokola disease, which is a genetic disor-
der characterized by early-onset dementia [100]. Genome
sequencing of patients with Alzheimer’s disease and
Nasu—Hokola disease has correlated Trem2 mutations
with microglial disorders and disease progression [101-
103]. Interestingly, two of the common TREM?2 variants
observed in Alzheimer’s disease can bind to amyloid-$
similarly to TREM2 but fail to trigger amyloid-f inter-
nalization and exhibit reduced signaling responses [139].
Similarly, genetic analyses of Nasu—Hakola patients has
revealed that they express mutant variants of TREM2
that are non-functional, but the exact molecular mecha-
nisms underlying this disease is still inconclusive [140].
Recently, it was reported that TREM2 acts as a receptor
for neurotoxic oligomers, and interactions between the
receptor and ligand mediates microglial responses, which
in turn accelerate the elimination of these pathogenic
plaques [141, 142]. Genetic ablation of TREM2 expres-
sion on microglia in experimental rodents impaired their
phagocytic ability and inhibited their ability to release
both pro- and anti-inflammatory cytokines, result-
ing in increased susceptibility to neuron dystrophy and
plaque seeding [141, 142]. Although prolonged release
of pro-inflammatory cytokines is often considered neu-
ropathological, transient secretion of both classes of
inflammatory cytokines have previously demonstrated
neuroprotective effects against neurotoxic plaques in
Alzheimer’s disease [143]. Therefore, it is speculated
that reduced expression of TREM2 significantly impairs
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plaque clearance and pro-inflammatory responses, likely
resulting from limited AKT activation, with conse-
quences for disease progression.

CX3CR1: a mediator of crosstalk between microglia

and neurons

CX3CR1, also known as fractalkine receptor or G-pro-
tein-coupled receptor 13, is a membrane-bound
chemokine receptor expressed on most early myeloid
lineage cells, which mediates their adhesion and migra-
tion in response to CX3CL1, which is mostly expressed
by neurons [144]. In the brain, Cx3cr1 is one of the most
highly expressed genes in human and mouse microglia,
and activation of CX3CR1 on microglia induces the
PI3K-AKT signaling cascade in a dose-dependent man-
ner [145, 146]. Since CX3CR1 triggers AKT activation,
its expression is implicated in several critical responses
of microglia to injury and inflammatory stimuli, includ-
ing cell activation, cytokine production, migration, and
phagocytosis [146, 147].

Increasing evidence indicates that disruption to the
CX3CR1 signaling pathway can produce disease-specific
microglial responses that promote neuropathology in
various brain disorders. Perhaps unexpectedly, an ini-
tial study reported that ablation of CX3CR1 signaling in
microglia led to an exacerbated rather than attenuated
microglial response, significant neurotoxicity to a periph-
eral LPS challenge, as well as worsened neurodegenera-
tion in experimental models of Parkinson’s disease and
amyotrophic lateral sclerosis [91]. These effects were
largely attributed to the extended microglial activation
and prolonged release of the pro-inflammatory cytokine
IL-1B, which increases glutamate uptake on synapses and
triggers excitotoxicity [39, 91]. Moreover, CX3CR1 defi-
ciency has also been linked to elevated pro-inflammatory
microglial markers and pronounced cognitive deficits
after mild head trauma [148]. Based on these studies, one
may speculate that reduced CX3CR1 and AKT signaling
in microglia skews their responses towards a pro-inflam-
matory phenotype. In line with this, increased CX3CR1
signaling was found to be neuroprotective by reducing
microglial activation in experimental models of Par-
kinson’s disease models and proteinopathies [149, 150].
These findings highlight that abnormal PI3K-AKT sign-
aling can produce nonconventional microglial responses
that may be either pathologic or beneficial, indicating
that the regulatory role of PI3K-AKT within microglial
responses is highly dynamic and complex.

Overall, numerous studies have shown that PI3K-AKT
is a key signaling pathway utilized by microglia for reg-
ulating their response to various extracellular stimuli.
This pathway not only underpins microglial develop-
ment and activation, but is central for maintaining brain
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homeostasis. Abnormal PI3K-AKT signaling as a result
of dysregulation in specific cell surface receptor expres-
sion or functionality disrupts microglial activities thereby
promoting neurological disease.

Aberrant PI3K-AKT signaling in neurological disorders

and diseases

Based on the demonstrated role of PI3K-AKT signaling
in the regulation of microglial responses and inflamma-
tory phenotype, it is safe to hypothesize that disruption
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to this pathway promotes chronic microglia-driven
neuroinflammation and neurodegeneration (Fig. 3). As
outlined in Table 2, emerging evidence of dysregulated
PI3K-AKT signaling in various disease states provides
support for this theory.

The relationship between PI3K-AKT dysregulation and
neurodegenerative disease has been most prominently
explored in the context of Alzheimer’s disease. Several
genome-wide association studies have indicated that sin-
gle nucleotide polymorphic (SNP) variants of the SHIP-1
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Table 2 Dysregulated PI3K-AKT signaling in neurodegenerative diseases

Disease Signaling defects Study type Outcomes Key references
Alzheimer's disease  Polymorphic mutations within INPP5D, Clinical Risk factor for late-onset AD [151-154]
presumably altering negative regulation of Associated with disease-related neuropa-
PI3K-AKT signaling thology
Preclinical—mouse Reduced plaque uptake by microglia [155]
Huntington's disease  Elevated AKT proteins in lymphoblasts and  Clinical Associated with HD development [156, 1571 [158]
Akt1in monocytes Increased IL-13 and TNF-a levels
Microgliosis
Preclinical—mouse Increased IL-13 and TNF-a levels [159]
Microgliosis
Parkinson's disease  Abnormal PINKT activity, altering PI3K-AKT  Clinical Recessively inherited form of PD [160, 161]
signaling Preclinical—mouse Altered AKT activity in microglia and [162,163]

induces a pro-inflammatory response

AD Alzheimer’s disease, AKT protein kinase B, HD Huntington’s disease, IL-1 interleukin 1 beta, INPP5D inositol polyphosphate-5-phosphatase D, PD Parkinson’s
disease, PI3K phosphoinositide 3-kinase, PINKT PTEN-induced serine/threonine—-protein kinase 1, TNF-a tumor necrosis factor-alpha

encoding gene, INPP5D, are an Alzheimer’s disease risk
factor and they are associated with Alzheimer’s disease-
related neuropathology in humans [151-153, 164]. Tran-
scriptomic analyses demonstrated that these variants
are conserved between humans and mice, while ex vivo
analysis found that Alzheimer’s disease-related SNPs
increase SHIP-1 expression in myeloid cells [151, 165].
Interestingly, several studies have correlated increased
plaque deposition to increased InppSd expression in
humans and animal models, therefore, suggesting that
disease-related SNPs impair the functionality of SHIP-1
but not its expression, which may in turn enhance PI3K-
AKT signaling to exacerbate microglial responses during
the early stages of Alzheimer’s disease development [151,
154, 155]. Furthermore, SHIP-1-deficient mice have aug-
mented PI3K/AKT signaling and are prone to developing
progressive lung inflammation as a result of exacerbated
immune responses and enhanced macrophage activa-
tion in lung airspaces [166]. Therefore, abnormalities in
SHIP-1 activity within the brain may elicit pathogenic
microglia responses that drive or contribute to the devel-
opment of Alzheimer’s disease [167]. Collectively, these
findings indicate that dysregulation in AKT activity in
microglia, brought about by defective negative regulation
through changes in INPP5D, contributes to the develop-
ment of Alzheimer’s disease.

Similarly, dysregulation of PI3K-AKT signaling has
also been linked to the development of Parkinson’s dis-
ease. Abnormal expression of the PTEN-induced serine/
threonine—protein kinase 1 (PINK-1) or mutations in the
PINK1 gene are linked to the recessively inherited form
of Parkinson’s disease [160, 161]. As a downstream sub-
strate of PTEN, PINK1 is a vital regulator of inflamma-
tory responses during stress, and directly activates PI3K
in mitochondria [168]. Increased microglia and astrocyte
reactivity and cell number were observed in myelinated

brain regions of PinkI~’~ mice, likely in response to
debris from neurons undergoing mitophagy [169]. More
recently, PINK1 was found to be ubiquitously expressed
in primary rat microglia; and in experimental mouse
models of Parkinson’s disease, reduced PINK1 dimin-
ishes AKT activity in microglia [162, 170]. Interestingly,
mixed primary Pinkl ™~ mouse astrocyte and microglia
cultures exhibited elevated NO production and TNF-«
and IL-1B transcripts in response to LPS, IFN-y and
alpha-synuclein proteins, relative to primary glial cells
from wild type mice [163]. The underlying relationship
between reduced PINK]1 in microglia and the pro-inflam-
matory response is unclear, but PINK1 has been found
to accumulate within mitochondria of RAW 267.4 mac-
rophages in response to LPS and facilitate clearance of
dysfunctional mitochondria [171]. However, in the same
study, knocking down PINK1 resulted in accumulation
of dysfunctional mitochondria in macrophages follow-
ing LPS stimulation and elevated their pro-inflammatory
cytokine production [171]. Therefore, abnormal PINK1
activity in microglia appears to result in increased dys-
functional mitochondrial accumulation and apoptosis,
leading to the release of oxidized mitochondrial DNA,
which triggers the activation of inflammasomes and
cytokine release [171, 172].

The PI3K-AKT signaling pathway has also been impli-
cated in the etiology of Huntington’s disease. Activation
of this pathway in neurons via insulin growth factor 1 is
protective against huntingtin-induced toxicity in experi-
mental Huntington’s disease models; however, contrast-
ing observations were made in the peripheral immune
cell compartment of Huntington’s disease patients [173].
Post-mortem analysis of limited blood samples from
Huntington’s disease patients has found elevated AKT
protein levels in their lymphoblasts, and elevated Aktl
has been documented in monocytes generated from
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experimental disease models prior to disease develop-
ment and during neurodegeneration, therefore, cor-
relating changes in AKT activity to disease onset [156,
157]. Interestingly, analysis of lymphoblasts collected
from Huntington’s disease patients revealed that AKT
is cleaved by caspase 3, the frequently activated death
protease, during late stages of disease development
[157]. Currently, the exact role of caspase 3 in microglia
is unclear, although it has been speculated that deacti-
vation of AKT via caspase 3 is a protective mechanism
against irregular activation of microglia to prevent neu-
roinflammation. However, contrasting evidence indi-
cates that deactivation of caspase 3 and caspase 7 in BV2
microglia reduced their activation and cytokine produc-
tion in response to proinflammogens [159, 174, 175]. It
is important to note that activation of caspase 7 leads to
microglial activation, which could explain the contrasting
findings [176]. Nonetheless, increased activity of the AKT
substrate NF-«B has since been recognized as a hallmark
of Huntington’s disease. Furthermore, both elevated AKT
and NF-«kB activities have been correlated with increased
levels of pro-inflammatory cytokines, such as IL-1p and
TNEF-«, as well as marked microgliosis both in patients
and experimental rodents, therefore, suggesting that
unchecked AKT activity from abnormal caspase activ-
ity could induce pathogenic microglial responses [158].
Thus, a link has also been established between dysregu-
lated PI3K-AKT signaling in microglia and neuropathol-
ogy during the development of Huntington disease.

However, the current paradigm of PI3K-AKT signal-
ing in neurodegenerative diseases is primarily based on
in vitro and ex vivo work using both microglia and mac-
rophages, and experimental rodent models. Therefore,
further clinical studies of microglial responses in neu-
rological disease settings are required to provide greater
insight into how alterations in PI3K-AKT signaling
induces a pathogenic state in microglia.

Modulating the PI3K-AKT pathway as a therapeutic
approach

With evidence mounting in support of a central role for
PI3K-AKT signaling in neurodegenerative disease, it is
feasible that modulation of this pathway may be a means
to control disease pathogenesis. The readers are directed
to an excellent review that summarizes specific com-
pounds that have been utilized to modulate PI3K activity
in the brain [62]. To date, the primary target for modu-
lation of the PI3K-AKT signaling pathway in microglia
involves reducing or inhibiting PI3K translocation to
the cellular membrane. Inhibition of PI3K localization
with lithium following LPS stimulation of mouse BV-2
microglial cells, was shown to revert their classical pro-
inflammatory phenotype and reduce IL-6 and TNF-a
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production [177]. In addition, extrinsic inhibition of PI3K
signaling with the immunosuppressive drug, 6-mercap-
topurine, produced a neuroprotective effect by impeding
the production of TNF-« in LPS-activated BV-2 micro-
glia [178]. In another study, the application of morin, a
flavonoid extracted from certain fruits and herbs, was
found to induce anti-inflammatory responses in both
BV-2 microglia and in mice after LPS stimulation, by
downregulating PI3K-AKT signaling [179]. Finally, pre-
treating BV-2 microglia with the potent PI3K inhibitor
LY294002 prior to LPS stimulation significantly reduced
AKT activation, which subsequently reduced viability,
and switched their phenotype from pro-inflammatory to
anti-inflammatory [136]. Together, these studies empha-
size the potential for therapeutics that modulate the
PI3K-AKT pathway in microglia to dampen pathological
responses and induce neuroprotection in experimental
rodents.

Targeting PI3K in in vivo disease and injury models has
likewise revealed promising neuroprotective effects. Inhi-
bition of PI3K activity in 3—6-month-old mice in an Alz-
heimer’s disease model dampened microglial secretion
of TNF-«, and consequently increased survival and pre-
vented cognitive decline in comparison to non-treated
mice [180]. In addition, utilization of the anti-PI3K
compound ZsTK474 in animals following experimental
stroke blunted gene expression of Tuf-a, Il-1f and II-6 in
the injured brain and induced a doubling of anti-inflam-
matory factors during the first 48 h after injury, while
neuronal damage was halved compared to non-treated
stroke animals [181]. In other studies, suppression of
NEF-«kB signaling downstream of AKT reduced the pro-
inflammatory polarization of microglia in rodent models
of neurodegenerative disease while simultaneously miti-
gating neurodegeneration and behavioral anomalies [182,
183]. In line with this, endurance exercise in a Parkinson’s
disease rodent model rescued the neuroinflammatory-
dominant phenotype in microglia by suppressing intra-
cellular NF-«B signaling [184]. Together, these studies are
promising for future therapeutic targeting of PI3K-AKT
in the clinical setting. However, more research investigat-
ing the long-term effects of PI3K inhibition on chronic
disease and injury-induced inflammation is still needed,
particularly since these inhibitors may adversely impact
the normal functioning of the immune system.

While there is strong support to indicate that PI3K
inhibition may be a therapeutic approach in certain neu-
rological disease settings, there is also evidence to suggest
that induction of PI3K-AKT signaling, through the use of
anti-inflammatory factors, may be required in some dis-
ease contexts. The upregulation of PI3K-AKT signaling
following exogenous application of the anti-inflammatory
mediator fibroblast growth factor 10 in mice following
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experimental spinal cord injury, reduced IL-6 and TNF-a
production and promoted an anti-inflammatory skewed
microglial response [185]. In another study, the applica-
tion of electrical therapy in rats after ischemic stroke,
which exerts a typical anti-inflammatory effect, upregu-
lated AKT activity in the ischemic cortex and promoted
anti-inflammatory skewed microglia that favored recov-
ery [186]. However, understanding the role of PI3K-AKT
signaling—and how modulating the anti-inflammatory
response in microglia is shaped by extrinsic stimuli—still
requires more research.

Taken together, promising research demonstrates
that the PI3K-AKT pathway can be manipulated to
exert neuroprotection within various disease contexts.
More specifically, the pharmacological manipulation of
the PI3K-AKT signaling axis can yield neuroprotective
effects, further suggesting that this pathway may be a
viable target for attenuating chronic neuroinflammation.

Conclusions

The presence of chronically activated microglia within
the brain is a major contributor to sustained neuroin-
flammation, which can amplify pathology and thereby
exacerbate disease development in a range of contexts.
To date, while the signaling cascades involved in derailing
the microglial response are not fully defined, the PI3K-
AKT signaling pathway is increasingly recognized as a
key contributor to microglial activation and functioning;
and thus, maladaptation of this pathway is highly impli-
cated in this pathogenic response. Although the impor-
tance of PI3K-AKT signaling is well established in the
systemic immune system, our current understanding of
PI3BK-AKT signaling in the neuroimmunological context
remains incomplete.

This review has provided an up-to-date overview of
the role of PI3K-AKT signaling in regulating microglial
responses. The PI3BK-AKT pathway appears to regulate
both the pro- and anti-inflammatory response, with the
current paradigm indicating that it serves a prominent
role in initiating the production of pro-inflammatory
mediators in microglia after stimulation. It then follows
that, abnormal PI3K-AKT signaling in the brain can
potentially derail the microglial response, promoting
neurotoxicity and persistent neuroinflammation. Aging
has been shown to alter PI3K-AKT signaling and dys-
regulation of this pathway in the brain is considered a
risk factor for neurodegenerative diseases including Alz-
heimer’s disease and Parkinson’s disease. Whether other
biological factors, such as sex—which has previously
been shown to alter microglial maturation, activity and
responses—can influence PI3K-AKT signaling, remains
unclear [187].
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Promising pharmacological studies targeting different
components of the PI3K-AKT pathway suggest that this
highly complex signaling cascade can be manipulated to
skew the microglial response towards neuroprotection.
However, further investigation into this pathway in the
context of chronic neuroinflammation is needed to reveal
its true potential as a viable therapeutic target for allevi-
ating or preventing the onset of persistent neuroinflam-
mation in injury, aging, and disease states while leaving
the systemic immune system intact.
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