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ABSTRACT

Central nervous system (CNS) innate immunity plays essential roles in infections, neurodegenerative diseases,
and brain or spinal cord injuries. Astrocytes and microglia are the principal cells that mediate innate immunity in
the CNS. Pattern recognition receptors (PRRs), expressed by astrocytes and microglia, sense pathogen-derived or
endogenous ligands released by damaged cells and initiate the innate immune response. Toll-like receptors
(TLRs) are a well-characterized family of PRRs. The contribution of microglial TLR signaling to CNS pathology
has been extensively investigated. Even though astrocytes assume a wide variety of key functions, information
about the role of astroglial TLRs in CNS disease and injuries is limited. Because astrocytes display heterogeneity
and exhibit phenotypic plasticity depending on the effectors present in the local milieu, they can exert both
detrimental and beneficial effects. TLRs are modulators of these paradoxical astroglial properties. The goal of the
current review is to highlight the essential roles played by astroglial TLRs in CNS infections, injuries and dis-
eases. We discuss the contribution of astroglial TLRs to host defense as well as the dissemination of viral and
bacterial infections in the CNS. We examine the link between astroglial TLRs and the pathogenesis of neuro-
degenerative diseases and present evidence showing the pivotal influence of astroglial TLR signaling on sterile
inflammation in CNS injury. Finally, we define the research questions and areas that warrant further in-

vestigations in the context of astrocytes, TLRs, and CNS dysfunction.

1. Introduction

Astrocytes are the most abundant glial cells in the central nervous
system (CNS) and display high functional heterogeneity (Khakh and
Deneen, 2019; Matias et al., 2019). They contribute to many key physio-
logical and pathophysiological mechanisms in the CNS (Sofroniew and
Vinters, 2010; Valori et al., 2019). The physiology of astrocytes and their
role in essential CNS functions have been summarized in comprehensive
review articles and will not be discussed in detail in this review (Allen and
Eroglu, 2017; Farhy-Tselnicker and Allen, 2018; Kreft et al., 2012; Santello
et al., 2019; Verkhratsky and Nedergaard, 2018; Verkhratsky et al., 2019).
Astrocytes provide energy and metabolic substrates to support neuronal
activity (Brown and Ransom, 2007; Nortley and Attwell, 2017; Rouach
et al., 2008). They maintain molecular homeostasis (Marina et al., 2018;
Verkhratsky and Nedergaard, 2018), modulate neuronal excitability
(Halassa et al., 2007; Mederos and Perea, 2019; Montana et al., 2004;
Parpura et al., 1994; Verkhratsky et al., 2020) and synaptic development,
transmission, and plasticity (Allen and Eroglu, 2017). Another important
function of astrocytes is the maintenance of the blood-brain barrier (BBB).

The BBB is primarily formed by densely aligned capillary endothelial cells.
The tight junctions between the endothelial cells act as a physical barrier
that limits the entry of pathogenic agents into the CNS. Astrocytes interact
with the capillary endothelial cells through their perivascular endfeet and
support the integrity of the BBB (Abbott et al., 2006). In addition, they
produce and release vasoactive agents and regulate blood flow (ladecola
and Nedergaard, 2007).

In pathological conditions of the CNS, astrocytes undergo morpho-
logical, molecular, and functional changes in response to environmental
stimuli and become reactive. Reactive astrocytes proliferate and sig-
nificantly increase their number at the affected sites. These changes are
collectively referred to as astrogliosis (Sofroniew, 2015). Reactive as-
trocytes exert both beneficial and detrimental functions (Escartin et al.,
2019; Liddelow and Barres, 2017; Sofroniew, 2009). They contribute to
the pathogenesis of neurodegenerative diseases (Sadick and Liddelow,
2019; Yamanaka and Komine, 2018), inflammatory CNS disorders
(Ludwin et al., 2016), injuries (Yang et al., 2020b; Zhou et al., 2020),
and neuropathic pain (Ji et al., 2019). They also confer neuroprotection
(Liu et al., 2017).
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In addition to microglia, astrocytes have emerged as key con-
tributors to the innate immune response of the CNS to infections,
neurodegenerative disorders, and injuries (Farina et al., 2007; Rivest,
2009). Pattern recognition receptors (PRRs), which play an essential
role in mediating innate immune responses (Takeuchi and Akira, 2010),
are also expressed by CNS cells, including astrocytes (Bsibsi et al., 2006;
Bsibsi et al., 2002; Farina et al., 2005). Glial PRRs are key sensors of
danger and essential facilitators of local neuroinflammation in CNS
pathologies (Heneka et al., 2014). Pattern recognition receptors are
involved in the crosstalk between glia and neurons and the interactions
between infiltrating immune cells and cells intrinsic to the CNS. One of
the best-characterized families of PRRs is the toll-like receptor (TLR)
family (Akira, 2001; Kawai and Akira, 2011).

The goal of the present review is to highlight the role of TLRs in the
innate immune response mounted by astrocytes to CNS infections,
neurodegenerative diseases, and injuries.

2. Phenotypes and functions of reactive astrocytes in CNS
pathology

Reactive astrocytes display different phenotypes and have been
classified into A1l and A2 phenotypes (Liddelow and Barres, 2017;
Liddelow et al., 2017). The Al phenotype has pro-inflammatory, neu-
rotoxic properties, whereas A2 astrocytes display neuroprotective char-
acteristics. The number of Al astrocytes is dramatically increased in
neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s
disease (PD), Huntington’s disease (HD), and amyotrophic lateral
sclerosis (ALS) (Liddelow et al., 2017). Interestingly, the number of Al
astrocytes also increases in healthy brains during normal aging (Clarke
et al., 2018). However, single-cell sequencing in the cingulate cortex of
HD brains indicated that astrocytes display multiple transcriptional
phenotypes and that the expression of genes characteristic of A1, A2 and
pan-astrocytes are simultaneously upregulated in the diseased brain (Al-
Dalahmah et al., 2020). Based on the expression levels of genes which are
considered astrocyte markers, namely GFAP (glial fibrillary acidic pro-
tein), SLC1A2 (solute carrier family 1 member 2; excitatory amino acid
transporter 2) and MTs (metallothioneins) (Penkowa, 2006), astrocytes
have been classified into at least three reactive states. This report also
highlighted the presence of additional astrocyte phenotypes that did not
fit precisely these three states and could be tentatively considered as-
trocytes in a transitional reactive state. It is worth noting that astrocyte
heterogeneity is also observed in control brains. However, the proportion
of astrocytes in each reactive state is different in controls than in HD
brains. Thus, the phenotypic heterogeneity of astrocytes might extend
beyond the Al and A2 phenotypes.

Reactive astrogliosis is the fundamental cellular process that in-
itiates the formation of a glial scar around lesions in traumatic CNS
injuries (Sofroniew, 2009), AD (Wyss-Coray and Rogers, 2012), and
multiple sclerosis (MS) (Ponath et al., 2018). The glial scar acts as a
physical and chemical barrier to contain the cellular damage exerted by
toxic molecules released from necrotic tissue, and restricts the in-
filtration of inflammatory cells from the periphery to the affected sites
(Faulkner et al., 2004; Voskuhl et al., 2009). Ablation of the glial scar
by selective removal of reactive astrocytes prolongs neuroinflammation
and attenuates axonal regrowth following traumatic brain injury (TBI)
(Bush et al., 1999) and spinal cord injury (SCI) (Anderson et al., 2016).
Reactive astrocytes at the glial scar release neurotrophic and synapto-
genic factors, and extracellular matrix (ECM) proteins to support neu-
ronal survival, synapse formation, and synaptic plasticity (Sofroniew,
2009; 2015). These findings indicate that the glial scar promotes pro-
tection and recovery following CNS injury. Paradoxically, the glial scar
has also been considered as an impediment to axonal regeneration
because cells at the glial scar, including reactive astrocytes, release
effectors that inhibit axonal regrowth (Silver and Miller, 2004). Chon-
droitin sulfate proteoglycans (CSPGs) are among the inhibitors of ax-
onal regeneration (McKeon et al., 1991; Smith and Strunz, 2005).
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Despite controversy, it is likely that the glial scar exerts both helpful
and harmful effects depending on the context of CNS pathology.

The neuroprotective effects of reactive astrocytes are further sup-
ported by findings indicating that brain-derived neurotrophic factor
(BDNF) released by astrocytes promotes oligodendrogenesis and re-
myelination in response to ischemic brain injury (Miyamoto et al.,
2015). Moreover, glial cell-derived neurotrophic factor (GDNF) re-
leased by astrocytes supports dopaminergic and motor neuron survival
(Li et al., 2012).

Another beneficial effect of reactive astrocytes is phagocytosis
(Neumann et al., 2009). Even though microglia and macrophages are
considered the primary cells that clear cellular debris in the diseased
CNS, astrocyte-mediated phagocytosis also facilitates the repair and
remodeling of the CNS in diseases and injury. In AD, reactive astrocytes
take up and degrade the pathogenic amyloid B (Af) from the extra-
cellular space (Koistinaho et al., 2004; Wyss-Coray et al., 2003). In
synucleinopathies, including PD, reactive astrocytes take up and clear
a-synuclein (a-syn). In the injured and ischemic brain, degenerated
axons and apoptotic neurons are engulfed via phagocytosis by reactive
astrocytes (Cheng et al., 1994; Loov et al., 2012; Morizawa et al., 2017).

Reactive astrocytes also contribute to neuroinflammation via the
release of cytokines, chemokines and other inflammatory mediators.
The production of cytokines and chemokines is primarily initiated by
stimulation of PRRs. Pathogen-derived or endogenous signals activate
PRRs during infections, injuries, and diseases (Heiman et al., 2014;
Azam et al., 2019; Olejnik et al., 2018). Pattern recognition receptor
expression is increased in human astrocytes activated by pro-in-
flammatory signals (BsiBsi et al., 2006). In turn, stimulation of PRRs
activates astrocytes, and modulates astrocyte polarization (Esen et al.,
2004; Liu et al., 2016; Rosciszewski et al., 2018). The cytokines re-
leased by reactive astrocytes activate nearby glia, whereas the secreted
chemokines facilitate the recruitment of peripheral immune cells. The
overall outcome is the amplification of the local inflammatory reaction
(Farina et al., 2007). Reactive astrocytes also release vasoactive en-
dothelial growth factor (VEGF), which facilitates the infiltration of
leukocytes by increasing the permeability of the blood-brain barrier
(Argaw et al., 2009; Argaw et al., 2012). In addition, reactive astrocytes
release reactive oxygen species (ROS) and glutamate which contribute
to neuronal and oligodendrocyte toxicity and exacerbate neurodegen-
eration (Hamby et al., 2006; Takano et al., 2005).

In summary, it is likely that the beneficial and detrimental effects of
astrocytes are due to their heterogeneity and the different phenotypes
that they acquire depending on the triggers present at affected sites as
well as the type, stage, and progression of the pathological condition.
By modulating the innate immune and neuroinflammatory response of
astrocytes as well as their polarization into a pro-inflammatory versus
an anti-inflammatory phenotype, PRRs are likely to play a central role
in the balance between the beneficial and detrimental influences of
reactive astrocytes. This topic will be further discussed below.

3. TLRs modulate astrocyte function in vitro

The first discovered and best-characterized family of PRRs is the
TLR family (Liu et al., 2020). A total of ten TLRs, TLR1-10, have been
identified in humans whereas TLR1-13, with the exemption of TLR10
(Hasan et al., 2005), have been identified in mice (Kawai and Akira,
2006). TLR3, TLR7-9 and TLR13 are intracellular receptors expressed in
the endosomal compartments. The other TLRs are located on the cell
surface. TLRs recognize conserved molecular patterns in pathogens,
also known as pathogen-associated molecular patterns (PAMPs), or
endogenous ligands that are released by stressed, injured, or necrotic
cells, collectively called danger-associated molecular patterns (DAMPs)
(Heiman et al., 2014). The endosomal TLRs primarily recognize nucleic
acids derived from viruses and bacteria, whereas cell surface TLRs re-
cognize various bacterial components such as lipopolysaccharides (LPS;
Poltorak et al., 1998), peptidoglycans (PGN), (Takeuchi et al., 1999),
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flagellin (Hayashi et al., 2001), and lipoproteins (Brightbill et al.,
1999). In neurodegenerative diseases and CNS injuries, endogenous
ligands induce TLR signaling. Relatively limited information is avail-
able with regard to endogenous activators of various TLRs. Self-mRNA
released by necrotic cells (Kariké et al., 2004), mitochondrial DNA
(mtDNA) released by damaged mitochondria (Bao et al., 2016; Collins
et al., 2004; Gray et al., 1999; Heiman et al., 2014; Kawai and Akira,
2010; Oka et al., 2012), high mobility group box 1 (HMGB1), a nuclear
chromatin protein produced by neurons and activated glia (Sun et al.,
2017), heat shock proteins (HSPs) (Asea et al., 2002; Ohashi et al.,
2000), a-syn released by neurons (Fellner et al., 2013; Kim et al., 2013),
and A peptides derived from the amyloid precursor protein (APP) (Liu
et al, 2012) are among endogenous TLR ligands. AB-induced in-
flammatory response necessitates TLR4 (Hughes et al., 2020), and A
aggregates bind TLR4 (Yang et al., 2020a).

With the exemption of TLR3, all other TLRs utilize the myeloid
differentiation primary response 88 (MyD88)-dependent signaling
pathway. TLR3 uses a toll/interleukin-1 receptor (TIR)-domain-con-
taining adapter-inducing interferon-B (TRIF)-dependent signaling
pathway (Akira and Takeda, 2004; Kawai and Akira, 2011). TLR4 is the
only TLR that utilizes both the MyD88-dependent and the TRIF-de-
pendent signaling pathways. Activation of TLR signaling pathways
leads to the transcription of inflammatory cytokines and type 1 inter-
ferons (IFNs) (Heiman et al., 2014).

In addition to innate immune cells, human and rodent CNS cells,
including neurons and glia, express TLRs (Bowman et al., 2003; Bsibsi
et al., 2006; Bsibsi et al., 2002; Kigerl et al., 2007; Lafon et al., 2006).
Human astrocytes express TLR1-5 and TLR9, and mouse astrocytes
express TLR1-9 (Carpentier et al., 2008; Carty and Bowie, 2011). The
role of microglial TLRs in various CNS pathologies has been extensively
studied (Anttila et al., 2017; Lehnardt, 2010; Rodriguez-Gémez et al.,
2020; Sanchez-Guajardo et al., 2015; Younger et al., 2019). Despite
some advances, the roles of TLRs in other CNS cells warrant further
investigations.

A number of studies analyzed the modulation of astrocyte function
by TLRs, in vitro. The ligands used were pathogen-derived components,
endogenous TLR activators, or synthetic agonists and antagonists. The
majority of these studies focused on the expression or release of various
effectors, especially inflammatory mediators. Collectively, these in-
vestigations indicate that the profile of cytokine and chemokine ex-
pression or release by astrocytes is dependent on the TLR engaged and
the ligand that binds a specific TLR (Bsibsi et al., 2006; Bsibsi et al.,
2007; Esen et al., 2004; Farina et al., 2007; Krasowska-Zoladek et al.,
2007). Astroglial TLR2 and TLR4 are most frequently associated with
interleukin-1 (IL-1), IL-6, tumor necrosis factor-a (TNF-a), and C-C
motif or C-X-C motif chemokine expression and release, in a ligand-
dependent manner. In contrast, stimulation of TLR3 in human astrocyte
cultures induces the expression of neuroprotective factors and anti-in-
flammatory cytokines (Bsibsi et al., 2006). In addition, a synthetic TLR9
agonist, oligodeoxynucleotide 1826 (ODN 1826), or an antagonist,
ODN 2088, modulates the release of C-C motif and C-X-C motif che-
mokines by murine astrocytes, in vitro (Acioglu et al., 2016; Li et al.,
2020a). Interestingly, astroglial TLR9 antagonism increases the release
of C-C motif ligand 1 (CCL1), a major chemoattractant which promotes
chemotaxis of peripheral macrophages in astrocyte-macrophage co-
cultures (Li et al., 2020a). In addition, astroglial TLR9 antagonism
modifies astrocyte-to-macrophage signals, and by doing so, promotes
the polarization of peripheral macrophages into the beneficial M2
phenotype (Li et al., 2020a). TLR9 antagonism also alters astrocyte-to-
neuron signals and abrogates the survival promoting effects of astro-
cytes on neurons (Acioglu et al., 2016).

In contrast to the aforementioned investigations, several studies
reported that ligand binding to astroglial TLR does not induce pro-in-
flammatory cytokine release, in vitro, when contaminating microglia,
which are often present in astrocyte cultures, are depleted (Barbierato
et al., 2013; Facci et al., 2014). The studies concluded that a crosstalk
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between microglia and astrocytes is necessary to promote the TLR-in-
duced inflammatory response by astrocytes. In agreement with this
idea, transforming growth factor-f (TGF-f), which is released by mi-
croglia and macrophages in addition to astrocytes (Welser-Alves and
Milner, 2013), enhances the TLR-elicited inflammatory response of
astrocytes (Hamby et al., 2006). Alternatively, it has been proposed that
the cytokines originate from the contaminating microglia, whose cy-
tokine secretion might be increased in the presence of astrocytes (Saura,
2007; Sola et al., 2002). However, recent investigations resolved this
issue by using 99% pure astrocyte cultures and corroborated the finding
that astrocytes release pro-inflammatory cytokines in response to sti-
mulation of TLR (Li et al., 2020a; Rodgers et al., 2020). Of note, even
studies on microglia-depleted astrocyte cultures agree that astrocytes
express functional TLRs, because they respond to TLR agonists by up-
regulating TLR expression (Marinelli et al., 2015).

Proliferation and migration of astrocytes, functions associated with
cellular activation, are also modulated by TLR in vitro. Stimulation of rat
astroglial TLR2 significantly enhances the migration of astrocytes in vitro.
This was attributed to the upregulation of matrix metalloproteinase 9
(MMP-9), which degrades the ECM proteins and interacts with cell sur-
face protein CD44 to facilitate the mobility of astrocytes (Dufour et al.,
2010; Hsieh et al., 2010). Exposure of astrocyte cultures to the TLR2 and
TLR4 agonist LPS promotes astrocyte proliferation via the release of TNF-
a (Rodgers et al., 2020). In contrast, TLR3 has opposite effects on as-
trocyte proliferation. Activation of TLR3 in rat astrocyte cultures sub-
jected to oxygen-glucose deprivation and reoxygenation (OGD/R), an in
vitro model of ischemic/hypoxic injury, significantly reduces astrocyte
proliferation (Li et al., 2015). Lastly, A TLR9 antagonist inhibits spinal
cord astrocyte proliferation and migration (Li et al., 2019). These find-
ings will be further discussed in section 7 in the context of SCI.

Taken together, these findings indicate that activation of TLRs
modulates both immune and non-immune functions of astrocytes, and
induces astrocyte reactivity. It is likely that the net consequence of
astroglial TLR stimulation is context-dependent and influenced by the
pathological environment in which the cells function. In the following
sections, we will discuss the outcomes of astroglial TLR activation in
CNS infections, injuries, and diseases. Our goal is to highlight the broad
diversity of responses mounted by astrocytes in distinct pathologies and
to underline the commonalities and divergences.

4. Role of astroglial TLRs in viral infections of the CNS

Viral infections of the CNS are infrequent but can cause severe
neurological dysfunction and death (Swanson and McGavern, 2015).
Neurotropic viruses, including Zika virus (ZIKV), tick-borne en-
cephalitis virus (TBEV), West Nile virus (WNV), herpes simplex virus
(HSV), and human immunodeficiency virus (HIV) infect the CNS using
different routes and can lead to neuropathology and neural damage
(Koyuncu et al., 2013; Ludlow et al., 2016; Potokar et al., 2019). ZIKV,
a mosquito-borne RNA flavivirus, causes severe neurological compli-
cations including microcephaly and congenital brain anomalies when
pregnant women are infected and the virus is transmitted to the fetus or
the perinatal infant (Agumadu and Ramphul, 2018). HSV, an enveloped
double-stranded DNA virus, usually infects humans at childhood and
produces a life-long infection. It remains latent in neurons and can
cause severe infection of the CNS when activated (Duarte et al., 2019).
HIV is an enveloped single-stranded RNA virus which usually infects
human immune cells and causes acquired immunodeficiency syndrome
(AIDS) as a result of immune system failure. HIV infection of the brain
impairs cognitive, behavioral, and motor functions known as AIDS
dementia complex (ADC) in adults and HIV-related encephalopathy in
children (del Palacio et al., 2012). The hallmarks of HIV-1-associated
neuropathology include brain atrophy, white matter gliosis, and neu-
ronal loss (Ketzler et al., 1990).

The early interactions between viruses that enter the CNS and the
local cells determine the outcomes of infections. Astrocytes are one of
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Fig. 1. A schematic summary of mechanisms by which astroglial TLRs contribute to viral infections of the CNS. Astrocytes sense and respond to various
viruses that enter the CNS. In the early stage of viral infection, infected astrocytes mount an anti-viral response to protect the host. Exposure to viruses or viral
components upregulates the expression of astroglial TLRs located at the cell membrane or endosomal compartments. The activation of TLR signaling, especially TLR3
signaling, facilitates the anti-viral response including prevention of viral dissemination, inhibition of viral replication, and production of anti-viral mediators. The
TLR3-mTORC2 axis is among the pathways that mediate this response. TLR signaling also promotes the production and release of pro-inflammatory mediators and
induces inflammatory responses in the CNS. These inflammatory responses can help the clearance of the pathogen but also cause degeneration and dysfunction of
CNS cells. Astrocytes can also store, support the replication of viruses, and disseminate them to other CNS cells.

the first cells that sense virus entry into the CNS (Lindqvist et al., 2016;
van den Pol et al., 2017) and are also the primary target of certain
viruses (Luo et al., 2019). The initial host defense relies on the effec-
tiveness of the innate anti-viral response mounted by astrocytes and
microglia (Barrat et al., 2019). The recognition of viruses by PRRs sti-
mulates signaling pathways that lead to the coordinated activation of
transcription factors, including interferon regulatory factor 3 (IRF3),
which promote type 1 IFN transcription. Astrocytes are the main pro-
ducers of IFN-f following infection of the CNS by various neurotropic
viruses (Pfefferkorn et al., 2016). This early response limits the viral
replication and the spread of the virus. The ability of astrocytes to build
an effective anti-viral response has been attributed to the high basal
expression of IFN-stimulated genes, which facilitate the rapid viral re-
cognition and increased IFN production (Lindqvist et al., 2016). Inter-
estingly, not only productively infected astrocytes but also abortively
infected astrocytes can build innate immune responses (Pfefferkorn
et al., 2016). Signaling through PRRs also causes the translocation of
the transcription factor nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) from the cytoplasm into the nucleus and the
initiation of cytokine and chemokine transcription (Heiman et al.,
2014). The released cytokines and chemokines facilitate the recruit-
ment of innate and adaptive effector cells that enhance the defense
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against the invading pathogen and restrict viral replication. Initially,
the pro-inflammatory response contributes to the host defense. How-
ever, persistent inflammation causes CNS tissue damage (Claycomb
et al., 2013).

A number of studies have also shown that astrocytes play a key role
in viral storage, replication, and dissemination (Potokar et al., 2019).
After peripheral inoculation of neonatal mice with ZIKV, the early
targeting of astrocytes by the virus was followed by infection of neurons
at a more advanced stage. The delayed neuronal infection was attrib-
uted to ZIKV release by infected astrocytes (van den Pol et al., 2017).
Mouse and human astrocytes are also susceptible to HSV-1 infection,
support the replication of the virus, serve as a viral reservoir, and
spread the virus to other cells (Aravalli et al., 2005; Liu et al., 2013;
Lokensgard et al., 2002). Even though astrocytes are not the most
commonly targeted CNS cells by HIV-1, they can transiently support
viral reproduction at the initial viral exposure. Inflammatory cytokines,
such as TNF-a and IL-1, can reactivate the infected astrocytes and boost
further viral replication (Tornatore et al., 1991). The mechanism of HIV
entry into astrocytes remains elusive and appears to be different than
what is observed in immune cells (Kramer-Hammerle et al., 2005).

The essential role played by TLRs in mounting the innate immune
response to infections is demonstrated by studies on TLR deficient mice
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which show increased susceptibility to infections (Akira et al., 2006).
However, in some cases, TLR deficiency reduces the virus-induced
disease severity and mortality because it abrogates the excessive pro-
duction of inflammatory mediators which occurs as a result of the ac-
tivation of TLR signaling (Gowen et al., 2006).

Among all members of the TLR family, TLR3 is considered to be the
front-line defense receptor against viral infections, and the primary
mediator of the cellular responses to viruses since it recognizes double-
stranded RNA, a common by-product of viral replication (Alexopoulou
et al., 2001). The clinical importance of TLR3 in viral infections of the
CNS has been demonstrated by studies reporting that children with a
negative dominant TLR3 allele are especially susceptible to HSV-1 en-
cephalitis, whereas they do not show a general increase in vulnerability
to other pathogens (Zhang et al., 2007). In agreement with these
findings, peripheral inoculation of TLR3 deficient mice with HSV-2 and
WNV results in an increase in the susceptibility of the CNS to HSV-2 and
WNYV infections, respectively (Daffis et al., 2008; Reinert et al., 2012),
whereas enhancement of TLR3-mTORC2 (mammalian target of rapa-
mycin complex 2) axis confers protection against HSV encephalitis
(Sato et al., 2018) (Fig. 1).

TLR3 deficient astrocytes show impaired type 1 IFN response fol-
lowing HSV-2 infection, even though the global type 1 IFN response in
TLR3”" mice is not different than that observed in wild type controls
(Reinert et al., 2012). The impairment of type 1 IFN production by
TLR3”" astrocytes renders these cells more permissive to HSV-2 infec-
tion and viral replication compared to wild type astrocytes. Based on
these findings, it has been postulated that subsequent to the entry of
HSV-2 to the CNS, activation of TLR3 signaling in astrocytes controls
the spread of the virus. The TLR3-mediated astroglial anti-viral re-
sponse restricts the virus to the infected neurons and prevents the
spread of the virus to other CNS cells (Reinert et al., 2012). Studies on
primary mouse astrocyte cultures also show that HSV-1 infection in-
duces the astroglial inflammatory response via effects on TLR3 and its
downstream effector, NF-kB. (Liu et al., 2013) (Fig. 1).

Other viruses induce astroglial inflammatory responses via activa-
tion of TLR3. In primary human astrocyte cultures, ZIKV infection
significantly increases the TLR3, IRF3 and NF-kB expression in a strain-
dependent manner and promotes pro-inflammatory cytokine and che-
mokine release. Genetic silencing of TLR3 expression or pharmacolo-
gical inhibition of TLR3 signaling reduces this pro-inflammatory re-
sponse (Ojha et al., 2019). Activation of TLR3 by
polyinosinic:polycytidylic acid (poly(I:C)) in HIV-infected human fetal
astrocytes upregulates the expression of anti-viral mediators Viperin/
cig5 and Indoleamine 2,3-dioxygenase (IDO) which, in turn, reduce the
viral replication (Rivieccio et al., 2006; Suh et al., 2007). Inhibition of
endosomal TLRs, including TLR3, enhances the permissiveness and
accumulation of HIV in human fetal astrocytes (Kuznik et al., 2011) and
promotes the onset of HIV-induced neurological disorders (Vijaykumar
et al., 2008). Collectively, these studies highlight the central role played
by astroglial TLR3 in the anti-viral and inflammatory response of as-
trocytes following viral infections (Fig. 1).

Information about the potential roles played by other astroglial
TLRs in the host response to viral infections of the CNS is relatively
limited. Exposure of cultured mouse or human astrocytes to different
viruses or viral components upregulates TLR2, TLR4 and TLR5 levels
(El-Hage et al., 2011; Villalba et al., 2012; Wang et al., 2012; Salaria
et al., 2007; Serramia et al., 2016) which is paralleled by increased pro-
inflammatory cytokine and chemokine production (El-Hage et al.,
2008; Liu and Kumar, 2015; Ngwainmbi et al., 2014) (Fig. 1). However,
it is not yet known whether the increased TLR2, TLR4, and TLR5 ex-
pression is directly linked to elevated inflammatory mediator produc-
tion by infected astrocytes. TLR7 and TLR9 transcript levels sig-
nificantly increase in ZIKV infected human astrocyte cultures (Hamel
et al., 2017), but it is not yet known whether increased astroglial TLR7
and TLR9 expression contributes to the anti-viral response of astrocytes
to ZIKV infection.
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4.1. Coronaviruses, SARS-CoV-2, astrocytes and TLRs: a knowledge gap to
be filled

The highly contagious severe acute respiratory syndrome cor-
onavirus-2 (SARS-CoV-2) causes a cardiorespiratory disease identified
as COVID-19, which has resulted in a global pandemic in 2020.
Although the primary target of SARS-CoV-2 is the respiratory system,
an increasing percentage of COVID-19 patients present neurological
symptoms including anosmia, ageusia, encephalitis, seizures, and stroke
(Baig and Sanders, 2020; Efe et al., 2020; Finsterer and Stollberger,
2020; Fotuhi et al., 2020; Gilani et al., 2020; Heneka et al., 2020; Liang
et al., 2020; Liguori et al., 2020; Mahboob et al., 2020; Montalvan et al.,
2020; Morgello, 2020; Moriguchi et al., 2020; Parsons et al., 2020;
Saggese et al., 2020; Wu et al., 2020). A comprehensive understanding
of the mechanisms by which SARS-CoV-2 causes neurological symp-
toms is currently lacking. It is not yet known whether the neurological
deficits are the direct effects of SARS-CoV-2 on the CNS, the secondary
outcome of the cytokine storm that the virus induces by over-activating
the innate immune system, or due to other pathology such as excess
blood clot formation in CNS blood vessels and cerebrovascular disease.
However, reports showing the presence of viral RNA in the cere-
brospinal fluid (CSF) of COVID-19 patients raised the possibility that
SARS-CoV-2 is a neurotropic virus (Kabbani and Olds, 2020; Li et al.,
2020b). Moreover, viral particles have been detected in the post-
mortem brain of an individual affected by COVID-19, further sup-
porting the idea that SARS-CoV-2 might infect the CNS (Paniz-Mondolfi
et al., 2020). Some potential routes of entry into the CNS have been
discussed in different reports (Alam et al., 2020; Bostanciklioglu, 2020;
Chigr et al., 2020; Montalvan et al., 2020). However, there is no con-
sensus about the principal mode of entry due to the lack of information
regarding this issue. In COVID-19 patients with severe disease, the le-
vels of plasma GFAP and neurofilament light chain protein (NFL),
markers of astrocyte and axonal damage, respectively, were increased,
raising the possibility of astrocytic and neuronal injury (Kanberg et al.,
2020).

Observations on the predecessors to SARS-CoV-2, namely, SARS-
CoV and Middle East Respiratory Syndrome (MERS)-CoV, which caused
the earlier SARS and MERS pandemics, also indicate the presentation of
neurological symptoms by affected individuals (Lau et al., 2004; Saad
et al.,, 2014; Umapathi et al., 2004; Xu et al., 2005). The presence of
viral RNA in the brain and CSF of individuals with SARS further sup-
ports the notion of neurotropism (Lau et al., 2004; Xu et al., 2005).
However, there is not enough evidence showing the presence of viral
RNA in the CSF of MERS patients. SARS-CoV viral particles have been
detected in hypothalamic and cortical neurons and this was paralleled
by neurodegeneration (Gu et al., 2005). This study did not report the
occurrence of viral particles in non-neuronal cells or detection of in-
flammatory cells in the infected CNS.

The major receptor for SARS-CoV and SARS-CoV-2 is the angio-
tensin-converting enzyme 2 (ACE2). Infection of human ACE2 trans-
genic mice with SARS-CoV causes a lethal disease. The virus spreads
through trans-neuronal pathways (McCray et al., 2007), and neuronal
infection is followed by neuronal death without manifestation of in-
flammation (Netland et al., 2008). The receptor for MERS-CoV is di-
peptidyl peptidase 4 (DPP4). Infection of human DPP4 transgenic mice
with MERS-CoV causes neuronal damage paralleled by infiltration of
inflammatory cells (Li et al., 2016). Both ACE2 and DPP4 are expressed
in murine astrocytes (Gallagher et al., 2006; Mentzel et al., 1996).
However, it remains to be determined whether ACE2 or DPP4 are ex-
pressed in human astrocytes and whether SARS-CoV, SARS-CoV-2 or
MERS-CoV infect or activate astrocytes.

Even though studies on the involvement of astrocytes in neurolo-
gical symptoms and neuropathology associated with SARS-CoV, SARS-
CoV-2, or MERS are scarce, investigations on other coronaviruses have
been performed and could provide insights into potential mechanisms.
Neurotropic strains of murine hepatitis coronavirus (MHV-A59) cause
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encephalomyelitis and chronic demyelinating disease in mice (Lavi
et al., 1986; Gonzales et al., 2004). Infected astrocytes robustly upre-
gulate the expression of class I major histocompatibility complex (MHC
), which could contribute to virus-induced pathology (Gilmore et al.,
1994). Astrocytes also mount an anti-viral IFN-(} response, in vitro
(Wang et al., 1998). The extent of cytokine production by astrocytes
correlates with neurovirulence (Li et al., 2004). The response of astro-
cytes is more robust than that of microglia, and ablation of IFN-o/f3
signaling in astrocytes leads to the uncontrolled viral spread in the CNS
with fatal consequences (Hwang and Bergmann, 2018). A recent report
questioned the effects of MHV-A59 on murine astrocyte cell lines (Lavi
and Cong, 2020). The generation and classification of the astrocyte cell
lines have been described before (Alliot and Pessac, 1984). The classi-
fication was based on distinct morphological characteristics and termed
as type 1 (bearing several short processes), type 2 (bearing two pro-
cesses), and type 3 (elongated cell body and no processes). Infection of
type 1, but not type 2 or type 3 astrocytes, led to a robust production of
pro-inflammatory cytokines. Given the heterogeneity of astrocytes, the
studies suggest that different astrocyte subpopulations could respond to
a coronavirus infection in a distinct manner. Whether TLRs play a role
in the pro-inflammatory response mounted by astrocytes to MHV-A59
has not been investigated. It also remains to be determined whether the
divergent responses are due to expression of different TLRs or other
PRRs in distinct subtypes.

Nevertheless, the cytokine storm induced by SARS-CoV-2 raises the
possibility of TLR involvement both in the immune system and, con-
ceivably, in the CNS. In fact, in silico studies suggest that cell surface
TLRs, and in particular TLR4, likely recognize molecular patterns derived
from SARS-CoV-2 and initiate an inflammatory response (Choudhury and
Mukherjee, 2020). Since spike proteins of other coronaviruses, such as
SARS-CoV, are recognized by TLR2 (Dosch et al., 2009), it is plausible
that SARS-CoV-2 also engages TLR2. Moreover, bioinformatics analyses
identified single-strand RNA (ssRNA) sequences from SARS-CoV-2,
which could be recognized by the endosomal TLR7/TLR8. The SARS-
CoV-2 genome had more ssRNA fragments that could be sensed by these
TLRs compared to SARS-CoV genome (Moreno-Eutimio et al., 2020).
This could explain the high levels of pro-inflammatory cytokines found in
the serum of COVID-19 patients (Huang et al., 2020).

If SARS-CoV-2 is neuroinvasive, further studies are necessary to
determine whether astrocytes and TLRs play a role in the anti-viral
response, neuroinflammation, the dissemination of the virus, and the
damage to the CNS. However, it is possible to speculate experimentally
testable mechanisms by which astroglial TLRs could play roles in SARS-
CoV-2-infected CNS. Following the trans-neuronal entry of the virus
into the CNS, the virus could infect and activate astrocytes by inter-
acting with the ACE2 receptor. In addition, viral components such as
the spike protein could stimulate TLR2 and TLR4, whereas viral RNA
could stimulate TLR7 and TLR8. Simultaneous activation of multiple
TLRs could result in a robust increase in cytokine transcription leading
to a cytokine storm in the CNS. Some of the cytokines could induce
neuronal and oligodendrocyte death and demyelination. They could
also expand glial activation and increase TLR expression in CNS cells,
exacerbating the cytokine storm and the release of neurotoxic effectors.
Although our focus is on astrocytes, microglia could also become acti-
vated and they could play a central role in the demise of neurons and
oligodendrocytes and the phagocytosis of myelin.

In view of the extent of the SARS-CoV-2 global pandemic, the di-
versity of symptoms that COVID-19 patients present, the high pre-
ponderance, variety and gravity of neurological deficits in severely af-
fected individuals, and the lack of information regarding mechanisms
by which the virus impacts the CNS, further investigations are urgently
needed. It is necessary to determine whether SARS-CoV-2 is a neuro-
tropic virus that can infect both neurons and glia, how CNS cells react
to SARS-CoV-2 infection, in what way target cell function is altered, and
whether TLRs and other PRRs are involved in mediating the effects of
SARS-CoV-2 in the CNS.
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5. Role of astroglial TLRs in bacterial infections of the CNS

Bacterial infections of the CNS lead to severe and permanent neu-
rological deficits and life-threatening conditions (LaPenna and Roos,
2019). Evidence indicates that in addition to microglia, astrocytes
contribute to bacterial infections of the CNS, by recognizing bacteria-
derived molecules such as LPS and bacterial DNA (Geyer et al., 2019).
Among all TLRs, the best studied in the context of bacterial infections of
the CNS is TLR2. Following exposure to the gram-positive bacterium
Staphylococcus aureus, primary mouse astrocytes upregulate TLR2 ex-
pression in an autocrine/paracrine manner through the release of TNF-
a. In addition, the cells produce IL-1f3, CCL2 and nitric oxide (NO), a
potent antibacterial free radical (Phulwani et al., 2008), which activates
astrocytes (Brahmachari et al., 2006). These effects are attenuated in
TLR27" astrocytes, suggesting that they are mediated, at least partly,
through astroglial TLR2 signaling (Esen et al., 2004; Phulwani et al.,
2008). TLR2 also recognizes Streptococcus suis, a bacterium that can
cause meningitis (Graveline et al., 2007). TLR2 signaling has been
implicated in the activation of astrocytes in response to Streptococcus
suis. Although primary murine astrocytes do not internalize Strepto-
coccus suis, exposure to the bacteria upregulates astroglial TLR2 ex-
pression, in vitro. This is paralleled by astrocyte activation and induc-
tion of the pro-inflammatory response. Exposure to Streptococcus suis
also increases TLR6 transcript levels, whereas TLR1 expression is not
modulated. Both TLR1 and TLR6 form heterodimers with TLR2. Since
TLR2/TLR1 and TLR2/TLR6 signaling elicits distinct cellular responses,
the selective increase in TLR6 could shape the inflammatory reaction of
astrocytes (Zheng et al., 2011). Astroglial TLR2 also appears to be in-
volved in the infection of the CNS by Brucella, a gram-negative bac-
terium that causes neurobrucellosis with white matter lesions in peri-
ventricular and subcortical regions and neurological dysfunction
(Guven et al., 2013). In addition to endothelial cells (Ferrero et al.,
2011), Brucella infects and activates astrocytes and induces the release
of cytokines, chemokines and matrix metalloproteinases (Delpino et al.,
2012; Miraglia et al., 2013). In macaque monkeys infected with Brucella
melitensis, TLR2 immunoreactivity and the proportion of astrocytes
expressing TLR2 are increased in the white matter of subcortical areas.
This is paralleled by astrocyte hypertrophy and cell arbor complexity
(Lee et al., 2013). The significance of the changes observed in astrocytes
in response to Brucella infections remains elusive.

Activation of astroglial TLR4 by bacterial LPS significantly enhances
the secretion of inflammatory mediators in vitro (Carpentier et al., 2005;
Krasowska-Zoladek et al., 2007; Kumar, 2019). Studies have also im-
plicated astroglial TLR9 in the response to bacterial infections. In the
mouse model of bacterial meningitis induced by Streptococcus pneumo-
niae, the levels of cathelin-related antimicrobial peptide (CRAMP) were
significantly increased in the infected brains. CRAMP is primarily ex-
pressed by brain astrocytes, and stimulation of astrocyte cultures with a
TLRY agonist significantly upregulates CRAMP transcript levels
whereas this effect is significantly attenuated in TLR9”" astrocyte cul-
tures (Brandenburg et al., 2013).

The aforementioned studies provide insights into the influence of
astroglial TLR signaling in the response mounted to foreign pathogens.
However, as stated before, TLRs are also activated by endogenous li-
gands in disease and injury and are principal inducers of the sterile
inflammation frequently observed in neurodegenerative diseases and in
CNS injuries. The following sections will discuss the beneficial and
detrimental responses of astrocytes to activation of TLRs by endogenous
pathogenic molecules relevant to AD, PD, ALS, and CNS injury.

6. Contribution of astroglial TLRs to neurodegenerative diseases

Neurodegenerative diseases are characterized by progressive neu-
ronal loss. The most prevalent neurodegenerative diseases are AD and
PD. ALS is also a progressive neurodegenerative disorder characterized
by motor neuron death. The majority of AD, PD, and ALS cases are
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sporadic but a small percentage of cases exhibit familial origins due to
mutations in specific genes (Bandres-Ciga et al., 2020; Mejzini et al.,
2019; Tan et al., 2019; Van Cauwenberghe et al., 2016).

Both microglia and astrocytes play essential roles in neurodegen-
erative diseases, and interactions between these glial cells modulate
CNS function (Cragnolini et al., 2020; Gleichman and Carmichael,
2020; Joshi et al., 2019; Liddelow et al., 2020). Astrogliosis is an im-
portant feature of AD, PD, and ALS (Dickson, 2018). Formation of toxic
protein aggregates is a common feature of neurodegenerative diseases
(Soto and Pritzkow, 2018; Strohm and Behrends, 2020). Although ac-
tivated microglia are the principal glial cells that internalize and de-
grade pathogenic proteins, reactive astrocytes also contribute to the
clearance of extracellular aggregates via phagocytosis and endocytosis
(Acosta et al., 2017; Lee et al., 2015b; Nagele et al., 2003). Yet, the
persistent accumulation of pathogenic proteins during the progression
of the diseases can impair astrocyte function, and by doing so, it ex-
acerbates the pathology (di Domenico et al., 2019; Gu et al., 2010;
Piacentini et al., 2017).

Emerging evidence indicates that astroglial TLRs could play roles in
neurodegenerative disorders. The majority of the studies that in-
vestigated the potential involvement of astroglial TLRs in neurode-
generative diseases have been performed in vitro, using enriched as-
trocyte cultures, astrocyte-neuron co-cultures, or induced pluripotent
stem cell (iPSC)-derived astrocytes obtained from patients. Even though
in vivo data are limited, in vitro investigations provide insights into
cellular mechanisms, which can be tested in animal models of diseases.
In this review, we will illustrate this issue by focusing on investigations
that are relevant to AD, PD, and ALS.

6.1. Alzheimer’s disease

The most common symptom of AD is memory loss and cognitive
deficits. AD symptoms usually start slowly, progress gradually, and
worsen over time. As the disease progresses, individuals with AD may
have language, orientation, mood, motivation, and behavioral deficits
(Tarawneh and Holtzman, 2012). The etiology of AD is poorly under-
stood. However, studies indicated that excessive deposition of extra-
cellular AP, a protein derived from the proteolysis of APP, forming
neuritic plaques is among the causes of the disease (LaFerla et al., 2007).
In AD patients, reactive astrocytes are found in the peri-plaque of AP
deposition in the brain and form a dense layer that isolates the nearby
healthy tissue from the plaque (Sasaki et al., 2001; Sofroniew and Vinters,
2010). GFAP expression is increased in reactive astrocytes during AD, and
the increase is paralleled by progression of the disease (Simpson et al.,
2010). Therefore, it has been suggested that reactive astrocytes and as-
trogliosis are involved in the pathogenesis and pathophysiology of AD.

Exposure of rat astrocyte cultures to AP} aggregates induces TNF-a
production and reduces the viability of astrocytes. These effects can be
inhibited by the use of TLR4 antagonists. Moreover, in astrocyte-neuron
co-cultures, AP causes cell death, with the majority of dying cells being
neurons (Fig. 2). Addition of TLR4 antagonists to co-cultures alleviates
cell death. In these investigations, neuronal death was primarily at-
tributed to AB-induced astrocyte neurotoxicity rather than direct toxic
effects of AP on neurons, since A did not induce neuron death when
added to pure neuronal cultures. Nevertheless, the studies could not
completely rule out direct effects of A on neuronal viability as well as
neuronal toxicity evoked by a small fraction of contaminating microglia
(Hughes et al., 2020).

6.2. Parkinson’s disease

PD is characterized by the degeneration of ventral midbrain dopa-
minergic neurons leading to movement and non-motor related deficits,
including cognition, behavior, and mood alterations (Goldman et al.,
2018). Accumulation of PD-related proteins in neurons and non-neu-
ronal cells is an indicator of disease progression (Booth et al., 2017).
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a-Synuclein is a protein primarily released by neurons and im-
plicated in PD pathology (Spillantini et al., 1997). The accumulation of
a-syn-positive cytoplasmic inclusions in neurons is a hallmark of PD
(Goedert et al., 2013). However, a-syn-containing inclusions are also
observed in astrocytes, as indicated by the analysis of post-mortem
tissue (Braak et al., 2007; Wakabayashi et al., 2000). It has been pro-
posed that a-syn released by neurons is taken up by astrocytes via en-
docytosis and forms inclusions (Lee et al., 2010). Overexpression of a-
syn in mouse astrocytes induces astrogliosis and disrupts normal as-
troglial function leading to neurodegeneration (Gu et al., 2010). When
iPSC-derived astrocytes obtained from familial and sporadic PD patients
were co-cultured with ventral midbrain dopaminergic neurons, they
induced morphological changes indicative of neuronal degeneration.
This was attributed to the secretion and transfer of a-syn from astro-
cytes to neurons although release of additional toxic molecules that
affect neuronal survival could not be ruled out (di Domenico et al.,
2019). These studies indicated that astrocytes play an active role in PD
pathology and in the perpetuation of neuronal degeneration.

TLRs contribute to PD, and other a-synucleinopathies, by mediating
the associated neuroinflammation and glial activation (Dzamko et al.,
2017; Kim et al., 2018; La Vitola et al., 2018). Although the majority of
the studies focused on neuronal and microglial TLR2 and TLR4 (Kouli
et al., 2019), increasing evidence indicates that astroglial TLRs play a
key role in PD pathology through modulation of astroglial in-
flammatory responses. Aggregated a-syn is a TLR2 ligand (Béraud
et al.,, 2011; Kim et al., 2013), and exposure of primary rat astrocyte
cultures to neuron-derived a-syn, in vitro, significantly increases TLR2
transcript levels and induces an inflammatory gene expression profile in
astrocytes (Lee et al., 2010). The accumulation of a-syn in the cyto-
plasm of astrocytes is critical for the induction of the inflammatory
response. In agreement with these findings, astroglial TLR2 expression
is increased in transgenic mice overexpressing a-syn and which is
paralleled by exacerbation of a-syn-related pathology, astrogliosis,
microgliosis, and pro-inflammatory cytokine expression. These out-
comes are attenuated by a TLR2 blocking antibody, in vivo (Kim et al.,
2018). These investigations suggested that the accumulation of a-syn in
astrocytes is the consequence of TLR2-mediated transfer of a-syn from
neurons into astrocytes. In vitro studies demonstrated that activation of
TLR2 by a-syn enhances the production of pro-inflammatory cytokines
and chemokines including IL-1f3, IL-6, TNF-a, CCL5, and CX3CL1 by
astrocytes, whereas inhibition of astroglial TLR2 activation by blocking
antibodies significantly decreases the pro-inflammatory response
evoked by a-syn (Kim et al., 2018) (Fig. 2).

In addition to TLR2, TLR4 signaling has been implicated in a-syn-
induced astrocyte activation and inflammatory responses. a-syn-in-
duced release of TNF-a, CXCL1, and IL-6 is significantly reduced in
TLR4”" astrocytes compared to TLR4*/* astrocytes. However, TLR4
deficiency does not affect a-syn uptake by astrocytes (Fellner et al.,
2013). In agreement with this study, genetic deletion of astroglial TLR4
abrogates a-syn-induced activation of NF-kB and suppresses the tran-
scription of pro-inflammatory cytokines and other inflammatory effec-
tors. This study also corroborated that uptake of a-syn by TLR4”~ and
TLR4*/* astrocytes is not significantly different (Rannikko et al.,
2015). Thus, a-syn induces the astroglial inflammatory reaction by
acting through both TLR2 and TLR4 signaling (Fig. 2). However, the
internalization of a-syn is likely mediated by TLR2, but not TLR4. In
summary, astroglial TLR2 could play dual functions in PD and other
synucleinopathies; a protective role by sequestrating and clearing ex-
tracellular a-syn and a detrimental role by promoting astrocyte-medi-
ated inflammation.

6.3. Amyotrophic lateral sclerosis
ALS is an adult onset neurodegenerative disorder that selectively

causes the loss of upper and lower motor neurons in the brain and
spinal cord, leading to paralysis and death (van Es et al., 2017). The
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Fig. 2. A schematic summary of mechanisms by which astroglial TLRs contribute to neurodegenerative diseases. In neurodegenerative disorders, such as AD
and PD, the disease-associated peptides and proteins, including AB and a-syn, are significantly increased in the extracellular space, and also form inclusions within
cells. Excessive deposition of Af} in the extracellular space causes A plaque formation. AP activates astrocytes through TLR4 signaling, induces the production of
neurotoxic mediators, and causes neuronal death. a-syn is primarily released by neurons in pathological conditions. In the early stage of PD and other a-synu-
cleinopathies, astrocytes take up extracellular a-syn through endocytosis, which is mediated by TLR2, but not TLR4. However, the mechanisms underlying TLR2-
mediated internalization of a-syn are not known. Excessive a-syn upregulates the expression of astroglial TLR2 and TLR4, activates TLR2 and TLR4 signaling, and
promotes astrocyte-mediated neuroinflammation through the production of inflammatory mediators. In ALS, nuclear chromatin protein HMGB1 is released by
reactive astrocytes. It activates astroglial TLR4 signaling and fosters astrocyte-mediated neuroinflammation.

majority of ALS cases are sporadic, but approximately 10% of the cases
are familial (Kiernan et al., 2011). Mutations in a number of genes have
been identified in familial ALS, the best characterized being mutations
in Cu/Zn superoxide dismutase 1 (SOD1) (Kaur et al., 2016). Transgenic
mice expressing mutant human SOD1 (hSOD1) have been frequently
used as animal models of familial ALS and have been instrumental in
the discovery of cellular and molecular mechanisms involved in ALS
pathology (Heiman-Patterson et al., 2011). These mice develop symp-
toms when they reach late adulthood and the disease progresses over
time leading to death (Dal Canto and Gurney, 1997). Both astrocytes
and microglia have been implicated in the progression of the disease
and appear to play a fundamental role in both neurodegeneration and
neuroprotection (Pehar et al., 2017).

Analysis of post-mortem tissue obtained from sporadic ALS patients
showed a global increase in TLR2 and TLR4 transcript and protein le-
vels in the spinal cord (Casula et al., 2011). Immunocytochemical co-
localization studies indicated that TLR4, but not TLR2, is expressed in
GFAP positive astrocytes in the white and grey matter of the cervical
spinal cord obtained from ALS patients, whereas TLR2 is expressed
primarily by microglia/macrophages. Neither TLR2 nor TLR4 is ex-
pressed in glia of control tissue. HMGBI, an agonist of both TLR2 and
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TLR4 (Martinotti et al., 2015), is expressed by glia, including astro-
cytes, of both control and ALS tissue. However, HMGB1 is primarily
localized to the nucleus in control glia, and to the cytoplasm of glia of
ALS spinal cord, suggesting that reactive astrocytes are one of the major
sources of endogenous ligands for TLR2 and TLR4 in ALS (Casula et al.,
2011). Studies on human mutant SOD1 expressing mice further corro-
borated the involvement of glial TLR4 in ALS-like disease. TLR4 is ex-
pressed in motor neurons, but not in glia, of control mice. However,
TLR4 expression is observed in both reactive astrocytes and activated
microglia of mutant hSOD1 mice at later stages of the disease. Genetic
deletion of TLR4 in mutant hSOD1 mice improves neurological deficits
and extends survival (Lee et al., 2015a). These studies support the no-
tion that enhanced glial TLR4 signaling contributes to disease pa-
thology.

7. Contribution of astroglial TLRs to CNS injuries: in vivo and in
vitro studies

CNS injury includes TBI and SCI, as well as ischemic and hypoxic
damage that can result from occlusion of arteries that supply blood to
the CNS or from the damage of blood vessels following TBI or SCI. An
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Fig. 3. A schematic summary showing the mechanisms by which astroglial TLRs contribute to CNS injury. Following TBI and SCI, cells and tissue at the
affected site are progressively damaged. Stressed and necrotic cells release endogenous TLR ligands. HMGB1 activates TLR2 and TLR4, mRNA stimulates TLR3, and
mtDNA promotes TLR9 signaling, respectively. This leads to the production of pro-inflammatory mediators, which further exacerbate the tissue damage and neu-
roinflammation. In addition, the activation of astroglial TLR4 enhances the expression of AQP4 and astrocyte swelling by mechanisms that remain elusive. Moreover,

TLR9 is involved in the modulation of astrocyte proliferation in SCI.

initial tissue injury is often followed by progressive cell death, de-
myelination, and axonal degeneration, which exacerbates the damage.

TLR2, TLR4, and TLRO are the best studied TLRs in the context of CNS
injury. However, specific information regarding the contribution of as-
troglial TLR signaling to CNS injury is scarce. In the healthy brain and
spinal cord, the levels of astroglial TLR4 are very low and not readily
detectable (Feng et al., 2017; Nishimura et al., 2013). However, following
TBI (Jiang et al., 2018; Zan et al., 2018; Zhang et al., 2012), SCI
(Nishimura et al., 2013), ischemic brain injury (Caso et al., 2007; Famakin
et al., 2020), and spinal cord ischemia-reperfusion injury (Jing et al.,
2020), the levels of astroglial TLR4 are dramatically upregulated. TLR4
positive astrocytes are found especially in the vicinity of the injury epi-
center or in the penumbra following cerebral ischemia, but not at distant
locations or in the unaffected contralateral side, indicating that the in-
crease in TLR4 expression occurs in reactive astrocytes (Famakin et al.,
2020; Jiang et al., 2018; Zhang et al., 2012). The rapid upregulation of
astroglial TLR4 in response to injury suggests that it plays a role in local
pathophysiological changes. Studies on intact rodents raise the possibility
that HMGBI is a trigger that upregulates TLR4 expression. Injection of
recombinant HMGBI into the uninjured cortex increases TLR4 expression
in astrocytes surrounding the injection site, and exposure of cultured as-
trocytes to HMGB1 increases the expression of TLR4 (Famakin et al.,
2020). However, it is worth noting that HMGB1 also acts through re-
ceptors other than TLR4 (Zhong et al., 2020), and some of its effects could
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be mediated, at least partly, through engagement of such receptors. In
astrocyte cultures subjected to OGD/R, HMGB1 induces astrocyte swelling
which is paralleled by an upregulation of Aquaporin-4 (AQP4) expression
(Sun et al., 2017). This is an important effect because astrocyte swelling
through AQP4 is a principal mechanism underlying CNS edema following
injury. These effects of HMGB1 are partly mediated by TLR4/NF-kB sig-
naling (Sun et al., 2017). Moreover, TLR4 modulates the viability of as-
trocytes following SCI. Pro-inflammatory M1 microglia/macrophages re-
lease cytotoxic molecules in response to injury which upregulate the
expression of TLR4 and the necroptotic markers, receptor-interacting
protein 3 (RIP3) and mixed lineage kinase domain-like protein (MLKL) in
astrocytes, followed by astroglial necroptosis around the lesion. This effect
is likely mediated through astroglial TLR4/MyD88 signaling, since astro-
glial MyD88 antagonism alleviates M1 microglia/macrophage-induced
death of astrocytes (Fan et al., 2016) (Fig. 3).

TLR9 also plays a role in the modulation of astrocyte proliferation
following SCI (Fig. 3). Astrocyte proliferation at the glial scar is sig-
nificantly suppressed by intrathecal administration of a TLR9 antagonist to
mice sustaining a SCI. As mentioned in Section 3, the TLR9 antagonist
reduces the proliferation and migration of astrocytes in vitro, potentially
through inhibition of the mitogen-activated protein kinase (MAPK) sig-
naling pathway. These findings suggest that the effects of the TLR9 an-
tagonist on astrocyte proliferation at the glial scar, could partly be due to
the direct actions of the TLR9 antagonist on astrocytes (Li et al., 2019).
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Table 1
Functions of astroglial TLRs.
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Experimental paradigm and related pathological
condition

Functions mediated by astroglial TLRs

References

Infectious Diseases
Viral infection of rodents, in vivo and astrocyte
cultures exposed to viruses or viral components

Bacterial infection of rodents, in vivo and astrocyte
cultures exposed to bacterial components or
bacteria, in vitro

Alzheimer’s Disease
Exposure of astrocyte cultures to AP
Exposure of astrocyte-neuron co-cultures to AR

Parkinson’s Disease
Exposure of astrocyte cultures to a-syn

ALS
Mouse model of fALS

Traumatic CNS injury
Animal model of SCI
Astrocyte cultures
Astrocyte cultures
Astrocyte-neuron co-culture
In vitro model of ischemia

Reduction of viral permissiveness and replication,
and promotion of the anti-viral and inflammatory
response.

Production of inflammatory mediators, cytokines,
chemokines and growth factors

TNF-a production and reduced viability
Neuronal death

Astrogliosis and neuroinflammation
Internalization of a-syn

Development of neurological deficits and survival

Proliferation

Proliferation and migration

Modulation of cytokine and chemokine release
Reduction of astrocyte-mediated neuronal survival
Astrocyte swelling/edema, Aquaporin modulation

Rivieccio et al., 2006; Suh et al., 2007; Vijaykumar et al., 2008; El-
Hage et al., 2008; El-Hage et al., 2011; Kuznik et al., 2011; Reinert
etal., 2012; Liu et al., 2013; Ngwainmbi et al., 2014; Liu and Kumar,
2015; Pfefferkorn et al., 2016

Esen et al., 2004; Phulwani et al., 2008; Zheng et al., 2011; Delpino
et al., 2012; Miraglia et al., 2013; Carpentier et al., 2005; Krasowska-
Zoladek et al., 2007; Kumar, 2019; Brandenburg et al., 2013

Hughes et al., 2020
Hughes et al., 2020

Lee et al., 2010; Kim et al., 2018; Fellner et al., 2013
Kim et al., 2018

Lee et al., 2015a

Li et al., 2019

Li et al., 2019

Acioglu et al., 2016; Li et al., 2019
Acioglu et al., 2016

Sun et al., 2017

Animal model of SCI and astrocyte cultures Astrocyte viability

Fan et al., 2016

8. Conclusions and future directions

Astrocytes play both beneficial and detrimental roles in CNS pa-
thology. Modulation of TLR signaling impacts various astrocyte functions,
including proliferation, activation, and innate immune and inflammatory
responses (Table 1). During infectious diseases, the major contribution of
astroglial TLR signaling is the defense of the host, and the elimination of
pathogens by mounting an anti-microbial and pro-inflammatory response.
When persistent, the inflammatory reaction may cause neural damage. It
is important to take into consideration the important fact that activation of
TLR signaling could also promote the release of neuroprotective agents by
astrocytes, under specific circumstances, and depending on the ligands and
triggers present in the milieu. Thus, astrocytes could play paradoxical roles
in CNS infections via involvement of TLRs and other PRRs. Understanding
this dual role is critical since it could facilitate the design of therapeutic
approaches that enhance the beneficial effects and attenuate the harmful
ones. In addition, cooperation among different TLRs (Liu and Ding, 2016;
Trinchieri and Sher, 2007) and the crosstalk between TLRs and other PRRs
(Gasiorowski et al., 2018; Oviedo-Boyso et al., 2014) are likely to be es-
sential determinants of the overall astroglial response in CNS pathology.
Future studies are needed in order to differentiate between the unique and
complex influence of astroglial TLRs and the impact of other cells such as
microglia and infiltrating macrophages or neutrophils, which also express
functional TLRs (Sabroe et al., 2003). Such investigations could shed light
into the cell type-specific mechanisms influencing the outcomes of CNS
infections, and especially SARS-CoV-2, given the current pandemic. In-
terestingly, coronavirus RNA and antigen have previously been detected in
active demyelinating plaques in MS (Murray et al., 1992). Therefore, it is
important to investigate, not only the acute, but also the chronic effects of
SARS-CoV-2 on CNS cells and determine the possible involvement of TLRs
and other PRRs in this process.

In neurodegenerative diseases, pathogenic proteins that form ag-
gregates induce astrocyte activation. Some of these proteins have been
identified as endogenous TLR ligands and promote the pro-inflammatory
response of astrocytes. The released chemokines and cytokines, in turn,
influence the function of other cells in the CNS. Activation of glial TLR
signaling can also protect neurons against toxicity elicited by protein
aggregates since TLRs facilitate their internalization and clearance by
astrocytes. In CNS injury, the specific contribution of astroglial TLRs to
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the functional and histopathological outcomes has not been adequately
studied and necessitates further investigations.

In summary, despite the important role played by astrocytes in sy-
naptic function, neuronal survival, and other neural mechanisms, and
in spite of major advances in the understanding of innate immunity in
the CNS, the specific contribution of astroglial TLRs to CNS pathology
has received limited attention. Astroglial TLRs might be involved, not
only in the modulation of inflammation associated with disease and
injury, but in other key processes such as astrogliosis, astrocyte polar-
ization and the crosstalk between astrocytes and other CNS cells. Future
studies are needed to address these topics and to elucidate the under-
lying molecular mechanisms. It is necessary to investigate the role of
astroglial TLRs by taking into account astrocyte heterogeneity and
phenotypic plasticity in CNS disease and injury. Such investigations
could identify astroglial TLRs as potential therapeutic targets.
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