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A B S T R A C T

In December 2019, a pneumonia outbreak was reported in Wuhan, Hubei province, China. Since then, the World
Health Organization declared a public health emergency of international concern due to a growing number of
deaths around the globe, as well as unparalleled economic and sociodemographic consequences. The disease
called coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), a novel form of human coronavirus. Although coronavirus infections have been associated with neuro-
logical manifestations such as febrile seizures, convulsions, change in mental status, and encephalitis, less is
known about the impact of SARS-CoV-2 in the brain. Recently, emerging evidence suggests that SARS-CoV-2 is
associated with neurological alterations in COVID-19 patients with severe clinical manifestations. The molecular
and cellular mechanisms involved in this process, as well as the neurotropic and neuroinvasive properties of
SARS-CoV-2, are still poorly understood. Glial cells, such as astrocytes and microglia, play pivotal roles in the
brain response to neuroinflammatory insults and neurodegenerative diseases. Further, accumulating evidence has
shown that those cells are targets of several neurotropic viruses that severely impact their function. Glial cell
dysfunctions have been associated with several neuroinflammatory diseases, suggesting that SARS-CoV-2 likely
has a primary effect on these cells in addition to a secondary effect from neuronal damage. Here, we provide an
overview of these data and discuss the possible implications of glial cells as targets of SARS-CoV-2. Considering
the roles of microglia and astrocytes in brain inflammatory responses, we shed light on glial cells as possible
drivers and potential targets of therapeutic strategies against neurological manifestations in patients with COVID-
19. The main goal of this review is to highlight the need to consider glial involvement in the progression of
COVID-19 and potentially include astrocytes and microglia as mediators of SARS-CoV-2-induced neurological
damage.
1. Coronaviruses, SARS-CoV-2 and the central nervous system

Coronaviruses (CoV) belong to the Coronaviridae family, which is
responsible for causing a broad spectrum of illnesses such as respiratory,
enteric, and neurological diseases in animals and human. The human
coronaviruses (HCoV) are known to cause common cold in immuno-
competent individuals and, rarely, pneumonia. Meanwhile, SARS (severe
acute respiratory syndrome) and MERS (Middle East respiratory syn-
drome) – CoV (SARS-CoV and MERS-CoV, respectively) were causes of
epidemics in 2002 and 2012, respectively. The new virus, SARS-CoV-2, is
the etiologic agent of the current coronavirus disease 2019 (COVID-19)
Alcantara Gomes).

August 2020; Accepted 7 Augus

vier Inc. This is an open access ar
pandemic, which originated in December 2019 in Wuhan, Hubei Prov-
ince, China (Ciotti et al., 2020).

The coronaviruses are enveloped, pleomorphic viruses, with di-
ameters ranging from 80 to 120 nm. The genome consists of a positive
single-stranded RNA, the largest known RNA genome, with a length of
up to 30 kb. At least four structural proteins are encoded by this
genome, such as: S (spike), which gives the virus its crown aspect and
allows binding to the host cells; E (envelope), a small membrane and
hydrophobic protein; M (membrane), which plays a crucial role in the
assembly and budding of virus particles together with E protein; and N
(nucleocapsid), strongly associated with RNA (Weiss and Leibowitz,
2011).
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Abbreviations

ACE2 angiotensin converting enzyme 2
ADEM disseminated encephalomyelitis
AIDS acquired immunodeficiency syndrome
APCs antigen presenting cells
BBB blood-brain-barrier
BCSFB blood-cerebrospinal fluid barrier
CNS central nervous system
CoV coronaviruses
COVID-19 coronavirus disease 2019
CSFs colony-stimulating factors
DENV dengue virus
ECs endothelial cells
GFAP glial fibrillary acidic protein
HCoV human coronavirus
ICU intense care unit
IFN family interferon family
IFN-γ interferon gamma
IL-10 interleukin 10
IL-12 interleukin 12
IL-13 interleukin 13
IL-15 interleukin 15
IL-15 interleukin 15

IL-17 interleukin 17
IL-6 interleukin 6
IL1-α interleukin 1 alpha
IL1-β interleukin 1 beta
iNOs type 2 nitric oxide synthase
MCP-1 monocyte chemoattractant protein-1
MERS-CoV Middle East respiratory syndrome coronavirus
MERS Middle East respiratory syndrome
MHC main histocompatibility complex
MHV mouse hepatitis virus
MIF macrophage migration inhibitory factor
NfL neurofilament light chain protein
OPN osteopontin
RABV rabies virus
RANTES chemokine (C–C motif) ligand 5 (also CCL5)
SARS-CoV-2 severe acute respiratory syndrome coronavirus 2
SARS severe acute respiratory syndrome
SASP senescence-associated secretory phenotype
TGF-β1 transforming growth factor beta 1
TLR4 toll-like receptor 4
TNF-α tumor necrosis factor alpha
VEGF vascular endothelial growth factor
WNV West Nile Virus
ZIKV zika virus
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Initially, SARS-CoV-2 was only considered as a zoonotic virus; how-
ever, the virus has crossed species to infect humans, and human-to-
human transmission also occurs, mainly through direct contact and
droplet spread (Li et al., 2020b). These features are facilitators for the
rapid spread of the virus worldwide. As of July 31, 2020, regarding the
COVID-19 situation, there were 17,106,007 confirmed cases and 668,
910 deaths globally ((OPAS) 2020). The total number of reported
COVID-19 infections is probably underestimated since there are mild or
asymptomatic cases and considering the impossibility of performing
population-wide laboratory diagnoses, especially in low- and
middle-income countries.

At first, this virus was shown to cause only an acute lower tract res-
piratory infection, which could lead to pneumonia; however, multiple
organ distress syndrome may occur, which may affect several organs,
including the brain, provoking neurological manifestations (Dos Santos
et al., 2020; Fotuhi et al., 2020). Although the mechanisms of brain
damage in COVID-19 are poorly understood, other members of the
coronavirus family have already been associated with neurological dis-
ease (Wu et al., 2020), which may give support to the neurotropic
behavior of this virus.

In previous epidemics, SARS-CoV was detected in the brain and in the
cerebrospinal fluid of patients who presented neurological manifesta-
tions (Xu et al., 2005). Some authors related CoV infections to acute
disseminated encephalomyelitis (ADEM) (Algahtani et al., 2016). Four of
twenty three patients with MERS-CoV reported neurological symptoms
and were diagnosed with Bickerstaff’s encephalitis overlapping with
Guillain-Barr�e syndrome, without any respiratory symptoms (Kim et al.,
2017).

Increasing reports of COVID-19 patient cohorts, although still sparse,
have shown a prevalence of neurologic signs and symptoms (Helms et al.,
2020; Mao et al., 2020). The clear and predominant neurological
symptom of COVID-19 patients is headache, in up to a third of all patients
(Helms et al., 2020; Jin et al., 2020; Mao et al., 2020). Following head-
ache, anosmia and ageusia were quickly described as early symptoms of
SARS-CoV-2 infection, although the prevalence of these symptoms in
studies is too variable to drawn any final conclusions (Giacomelli et al.,
2020; Lechien et al., 2020; Mao et al., 2020; Vaira et al., 2020). Never-
theless, the presence of anosmia in COVID-19 patients led to the first
2

hypothesis about the neurotrophic capacity of SARS-CoV-2, as it was
already reported for other coronaviruses (as HCoV-OC43, SARS-CoV-1
and MERS-CoV) (Arbour et al., 2000; Jacomy and Talbot, 2003; Xu et al.,
2005; Su et al., 2016; Dube et al., 2018).

A study suggested patients with more severe systemic presentations
are more likely to have neurological impairment than those with milder
forms of the infection, since 36.4% of 214 patients with COVID-19 pre-
sented neurological symptoms (Mao et al., 2020). Similarly, COVID-19
patients with central nervous system (CNS) symptoms exhibited lower
lymphocyte levels and platelet counts (Mao et al., 2020; Yan et al., 2020).
Given this information, it is very likely SARS-CoV-2 is associated with
neurological alterations in COVID-19 patients with severe clinical man-
ifestations; however, further studies are necessary to confirm this.

Among the neurological manifestations reported, delirium is sug-
gested to be the most common psychiatric manifestation in the acute
phase of SARS-CoV-2 infection, occurring in almost 30% of the patients
(Rogers et al., 2020). Although delirium is considered to be an early
clinical expression of acute brain dysfunction, it is important to note that
in the context of infectious diseases, it can be caused by an exacerbated
peripheral inflammatory response and/or by direct action of the path-
ogen in the brain (Tsuruta and Oda, 2016). Intensive production of in-
flammatory mediators (as IL-6, IL-10, TNFs, IL-1β) and changes in brain
perfusion can lead to blood brain barrier (BBB) breakdown, microglial
and astrocytic activation, thus leading to an imbalance of neurotrans-
mitters and delirium (reviewed in (Tsuruta and Oda, 2016). Considering
this, many factors can contribute to the delirium observed in COVID-19
patients, especially the ones from ICU (intense care unit), such as the
prolonged sedation and choice of sedative strategies, immobilization,
socio-environmental factors, the most advanced age of the patients pre-
senting more severe forms of the disease and, finally, direct viral CNS
infection and induction of neuroinflammation (Kotfis et al., 2020a,
2020b).

As will be discussed in the next sections, considering previous evi-
dence of the neuroinvasive potential of coronaviruses and their ability to
infect glial cells, this could be a major mechanism driving the develop-
ment of delirium in COVID-19 patients. Microglial and astrocytic acti-
vation, either by direct infection or systemic inflammation, can lead to a
neurotoxic response which translates into neuronal damage and is
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clinically manifested as delirium (van Gool et al., 2010; Khan et al.,
2020). Furthermore, previous evidence suggests that glial cells in the
aged brain are more prone to generate this neurotoxic response to
external pathogens, which would explain the increased prevalence of
delirium in the elder patients with SARS-CoV-2 infection.

There are strong pieces of evidence of the neurotropism of corona-
viruses, most of them based on the clinical manifestations, although it has
not been completely elucidated how SARS-CoV-2 accesses the human
CNS (for further review on this topic see (Alam et al., 2020; Dos Santos
et al., 2020; Fotuhi et al., 2020). Two hypotheses to explain SARS-CoV-2
neuroinvasion have been proposed so far (Fig. 1): (i) via hematogenous
Fig. 1. Overview of the roles of glial cells, astrocytes and microglia in the brain resp
COVID-19. Two hypotheses have been proposed to explain SARS-CoV-2 neuroinvasio
both cases, astrocyte involvement is suggested. In the first one, SARS-CoV-2 seems
transsynaptic contact between mitral cells and neurons (1.1) and then between neuro
infect endothelial cells (ECs) and/or astrocytes from the blood-brain-barrier (BBB)
infection of other cells around the neurovascular region (2). Both options lead to viral
although astrocytes have been suggested as a reservoir of coronavirus and thus contr
cell and APC activation (4.1) and recruitment/activation of innate immune cells (mo
cytokines, chemokines and colony-stimulating factors (CSFs) by astrocytes and micro
loss (6) and consequently may contribute to short- and long-term brain damage in CO
endothelial cells; ACE2, angiotensin converting enzyme 2.
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access or (ii) via retrograde neuronal routes. In the first one (i), the virus
seems to infect endothelial cells (ECs) from the blood-brain-barrier
(BBB), epithelial cells of the blood-cerebrospinal fluid barrier (BCSFB)
or leukocytes that would promote viral dissemination through the CNS.
In (ii), because they are respiratory viruses, they seem to use the olfactory
nerve and then the olfactory bulb to reach the brain (Li et al., 2020a).

The early appearance of anosmia supports the hypothesis that coro-
navirus could reach the CNS via retrograde axonal transport from the
cribriform plate (McCray et al., 2007; Li et al., 2016; Dube et al., 2018).

However, it remains unclear if transcribriform infection of neurons
would be the actual mechanism of CNS entry or if the anosmia is caused
onse to SARS-CoV-2-triggered neuroinflammation and possible implications for
n: via retrograde neuronal routes (1.1 and 1.2) or via hematogenic access (2). In
to use the olfactory nerve and then the olfactory bulb to reach the brain by
ns and astrocyte’s endfeet on the synaptic cleft (1.2). Second, SARS-CoV-2 may
, leading to increased permeability and/or rupture of the BBB (2) and further
dissemination through the CNS. SARS-CoV-2 replication by glial cells is unclear,
ibute to virus spread (3). In response to virus infection, microglial cells trigger T
nocytes, macrophages and APC) (4.2). This scenario leads to release of several
glia (5), known as a “cytokine storm,” which leads to neurotoxicity and synapse
VID-19 patients. OB, olfactory bub; OR, olfactory receptor; MC,mitral cells; ECs,
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by SARS-CoV-2 infection of the nasal neuroepithelium, especially after
recent reports suggesting that unlike neuroepithelial cells, olfactory
sensory neurons do not express angiotensin converting enzyme 2, ACE2,
the main coronavirus receptor, and other coreceptors necessary for SARS-
CoV-2 infection (Brann et al., 2020; Fodoulian et al., 2020).

Another possible mechanism of CNS infection by SARS-CoV-2 is
through infection of vascular ECs, which have already been reported to
be infected by SARS-CoV-2 (Varga et al., 2020). In addition, other neu-
rovirulent viruses, such as some strains of Dengue Fever virus, are also
capable of reaching the CNS by infecting ECs to cross the BBB (Calder-
on-Pelaez et al., 2019). Apart from direct EC infection, the important
systemic inflammation observed in COVID-19 patients can also induce
BBB disruption (Sankowski et al., 2015), allowing potential entry of
infected leukocytes into the CNS. Previous studies with SARS-CoV-1
showed that the virus was capable of infecting several different types
of ACE2-expressing immune cells (Spiegel et al., 2006; Wang et al.,
2020). Rupture of the BBB, followed by the spread of SARS-CoV-2 by the
capillary endothelium and access to the brain, is also suggested (Mon-
talvan et al., 2020). This hematogenous route pathway for SARS-CoV-2 to
the brain is further supported by findings of viral-like particles in brain
capillary endothelium in the frontal lobe tissue of postmortem brain of
COVID-19 patients (Chigr et al., 2020).

An additional route to be considered is through the lymphatic system.
Mouse hepatitis virus (MHV) was reported to disseminate in the brain via
cervical and mesenteric lymph nodes in addition to viremia (Barthold
and Smith, 1992). The recently described glymphatic system (Plog and
Nedergaard, 2018), where glial cells play an important role in the
communication between blood and nervous system, suggests that infec-
tion of glial cells by SARS-CoV-2 might contribute to virus access to brain
parenchyma. It is important to highlight that ACE2 binding affinity of the
SARS-CoV-2 spike protein ectodomain is much higher than the
SARS-CoV-1 spike protein, about 10-20-fold higher (Wrapp et al., 2020).
These findings may be a possible explanation to the rapid spread of
SARS-CoV-2 from human to human (Chan et al., 2020).

Thus, despite similarities of SARS-CoV-2 and other members of
coronavirus family, further studies are required to investigate whether
SARS-CoV-2 can access the brain through this pathway. Since it is a fairly
new virus, this review is aimed at exposing some information about the
neuropathogenesis of coronaviruses, with focus on glial cells, which may
help in future studies in the field of SARS-CoV-2 and COVID-19
infections.

2. Glial cells, CoVs and other neurotropic viruses

Glial cells, such as astrocytes and microglia, have key functions in
maintaining brain homeostasis and in the CNS response to insults,
whether physical, infectious or neuropsychiatric and neurodegenerative
disease-related. Commonly, the hallmark of these conditions is a general
neuroinflammation scenario, characterized by activation of glial cells,
production and release of pro- and/or anti-inflammatory cytokines and
chemokines, antioxidants, free radicals, and neurotrophic factors.
Whether this response collaborates in the development or delay of the
disease is still a matter of discussion and is highly dependent on the
insult, stage of the disease and brain region. Emerging evidence from our
group and others supports the concept that reactive glial cells, astrocytes
and microglia have a duality in their phenotype, neurotoxic or neuro-
protective properties, depending on the age, infectious stimuli, and
physiological/pathological condition (Moraes et al., 2015; Diniz et al.,
2017; Diniz et al., 2019; Matias et al., 2019; do Amaral et al., 2020). The
underlying mechanisms of their activation, cellular interplays and the
impact of regional astrocytic and microglial heterogeneity are still a
matter of discussion. Given the large number of functions performed by
astrocytes and microglia in the neuroinflammatory response, it is to be
expected that activation of these cells has a major impact on brain
function in virus infection, such as the SARS-CoV-2 infection found in
COVID-19 patients.
4

The rabies virus (RABV) is transmitted to humans through biting,
scratching and/or licking of infected animals, which can lead to neuro-
logical signs, such as confusion, agitation, hallucinations and delirium
(Consales and Bolzan, 2007). Despite neurons being primarily infected,
RABV is able to infect microglia and astrocytes, possibly contributing to
viral spread and persistence of the virus. In addition, they seem to affect
neurons via the release of cytokines or neurotoxins (Ray et al., 1997).

In the arboviruses group, some members of the Flaviviridae family are
known for their neurotropic activity, such as dengue virus (DENV), zika
virus (ZIKV), and West Nile virus (WNV).

In 2009, the World Health Organization updated the dengue classi-
fications. The categories are dengue without warning signs, dengue with
warning signs and severe dengue. In the latter, CNS impairment was
included, due to the increased number of cases reporting neurological
manifestations. In this context, our group has studied the involvement of
glial cells in DENV infection. Microglia cells are speculated to be the
major target cells of the virus in the brain. In experimental mice and
human fatal cases, they exhibit phenotypic changes suggestive of acti-
vation (Ramos et al., 1998). Although it is not fully understood, some
authors defend the idea that microglia have pro-inflammatory and
pathogenic roles leading to neurotoxicity, and consequently, to neuro-
logical complications. DENV NS3 antigen was detected in microglial cells
of a fetus who died together with the mother, who presented severe
complications due to a DENV infection. These cells were responsible for
producing RANTES, IFN-γ, MCP-1, and VEGF (Nunes et al., 2019). In
contrast, microglia were already reported as having an antiviral role,
inducing CD8-positive cytotoxic T lymphocyte responses (Tsai et al.,
2016). Meanwhile, astrocytes were not infected by DENV in vitro and in
vivo, although they were altered in number, size and shape in murine
models (Velandia-Romero et al., 2016), as well as in dengue fatal cases
(Salom~ao et al., 2020), which could cause alterations in brain
homeostasis.

Beyond that, ZIKV became known due to reports of newborns with
microcephaly born of infected pregnant women in Brazil. The virus in-
fects fetal microglia and induces high levels of pro-inflammatory medi-
ators, which could be harmful to the fetus, evolving to congenital Zika
syndrome (Rabelo et al., 2018). In addition, our group previously
demonstrated that ZIKV viral antigen was detected in astrocytes, neu-
rons, pyramidal neurons and microglia cells in the cortical region in se-
vere syndrome outcome (Alves-Leon et al., 2019).

Fetal brain autopsy showed histopathological alterations related to
microglia activation, leading to neuroinflammation and viral dissemi-
nation to the brain parenchyma (Mlakar et al., 2016). In in vitro experi-
ments, microglia are highly susceptible to ZIKV infection. In contrast to
what is seen in DENV infection, ZIKV is able to infect astrocytes, leading
to morphologic changes (Stefanik et al., 2018), which may alter the
maintenance and permeability of the BBB. Recently, Ledur and collabo-
rators demonstrated that ZIKV infection leads to ROS imbalance, mito-
chondrial defects and DNA breakage in iPSC-derived human astrocytes.
They also detected glial reactivity in mice and in post-mortem brains
from infected neonates from the northeast of Brazil, indicating that as-
trocytes are targets and responsive to ZIKV (Ledur et al., 2020).

Astrocytes were also reported to be infected by WNV in some fatal
cases, inducing neuroinflammatory genes (van Marle et al., 2007).
Together with microglial cells, they were activated, which was evidenced
by glial hypertrophy and increased number of activated glia, provided by
immunohistochemical analyses (van Marle et al., 2007). Astrocytes,
however, were suggested to play an important role in controlling WNV
dissemination (Hussmann et al., 2013).

Out of the arboviruses group, the human immunodeficiency virus
(HIV), the etiological agent of acquired immunodeficiency syndrome
(AIDS), is also able to infect the brain. The encephalopathy caused by HIV
is characterized by the formation of multinucleated giant cells and
microglial nodules, which provoke neurological symptoms in more than
50% of patients not receiving antiretroviral therapy. The neuro-
degeneration seems to occur mainly due to microglial cell infection and
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activation, leading to production of cytokines and neurotoxic substances
(Alirezaei et al., 2008) that stimulate astrocytes, contributing to neuronal
injury. Otherwise, microglia also have some neuroprotective roles in the
early stages of the disease (Gras et al., 2003). The astrocytes infected by
HIV are particularly found in perivascular regions and are associated
with macrophages, contributing to neuropathogenesis (Churchill et al.,
2009).

Concerning the Coronaviridae family, several lines of evidence show
that members of this family are able to infect the brain, including SARS-
CoV, the human coronavirus (HCoV), MERS-CoV, and the mouse hepa-
titis virus (MHV). SARS-CoV-1 has been found in eight brain autopsies of
patients by electron microscopy, immunohistochemistry, and real-time
reverse transcription (Xu et al., 2005; Netland et al., 2008).

The human coronavirus (HCoV) OC43 strain seems to be able to infect
primary cultures of human astrocytes and microglia. In some astrocytic
cell lines, the infection is persistent (Arbour and Talbot, 1998). In
MERS-CoV infections, the cerebrospinal fluid presented high levels of
MIF (macrophage migration inhibitory factor) and OPN (osteopontin),
two pro-inflammatory cytokines produced by activated microglia
(Ichiyama et al., 2009).

The mouse hepatitis virus (MHV) is extensively used as an experi-
mental model for the study of CNS viral infection. MHV causes different
types of diseases, such as hepatitis, enteritis, and encephalomyelitis. In
encephalomyelitis, the strain JHMV extensively infects brain cells,
including astrocytes andmicroglia (Sun and Perlman, 1995), as discussed
in subsequent sections.

Although several lines of evidence support infection of the CNS by
coronaviruses, there is less data concerning the impact of these viruses,
especially the newly identified SARS-Cov-2, on glial cells. In the next
5

sections, we will present new results on the effects of SARS-CoV-2,
mainly on microglia and astrocytes, and we will discuss the role of
glial cells as modulators of the COVID-19 neuropathology.
2.1. Microglia and the cytokine storm in COVID-19

Microglial cells are the resident macrophages from the CNS. They are
derived from embryonic erythro-myeloid yolk sac progenitors, which
colonize the CNS at early stages of development and are maintained by
prolonged cellular longevity and local proliferation rather than periph-
eral hematopoiesis (Ginhoux et al., 2010). As microglia are the key
components of the innate immune response in the CNS, it is clear that any
viral infection of the CNS will drive direct and indirect responses of these
cells, which are essential for clearance of viral particles and dying neu-
rons and can be responsible for the neurological manifestations of the
infection (Klein et al., 2019).

Previous research with mouse models and neurovirulent strains of
virus from the coronavirus family have shown that microglial cells are
infected by these viruses and, given their central position in the neuro-
vascular niche and the possible routes of CNS entry of the viral particles,
are important for spreading the infection to other cells in the CNS
(Nakagaki et al., 2005; Lannes et al., 2017).

Nevertheless, studies with different viruses sometimes show antago-
nistic responses of microglial cells (Fig. 2). On one hand, microglial cells
act in the innate immune response in the CNS and are essential for
restricting viral replication and activating proper systemic anti-viral re-
sponses (Wheeler et al., 2018; Klein et al., 2019; Mangale et al., 2020).
On the other hand, these cells can also have detrimental effects, indi-
rectly by activating astrocyte-mediated neurotoxicity (Tremblay et al.,
Fig. 2. Microglia and SARS-CoV-2 infection.
In less severe cases of COVID-19, microglial
cells act as the innate immune response in
the CNS and are essential for proper viral
clearance and activation of proper systemic
anti-viral response. This event involves
recruitment and activation of peripheral
monocytes/macrophages, enhancement of
innate immunity response, increased pro-
duction of cytokines and activation of both
APCs in the periphery and viral-specific T
cells, which untimely leads to control of viral
spread. On the other hand, in more severe
COVID-19 cases, overactivation of microglial
cells can promote detrimental effects, indi-
rectly, by activating astrocytes or T lympho-
cyte -mediated neurotoxicity and/or,
directly, by inducing synapse loss, further
contributing to neuronal degeneration in
response to viral infection. In addition, the
cytokine storm, largely produced by micro-
glia, leads to increased BBB permeability and
may be responsible for several of the neuro-
logical symptoms of COVID-19.
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2011) and directly by inducing synapse loss (Klein et al., 2019; Trzeciak
et al., 2019) (Fig. 1).

For example, in an in vivo murine model of infection with the
neurotropic JHM strain of mouse hepatitis virus (JHMV), microglial cells
are necessary for effective restriction of viral replication in the CNS.
Furthermore, microglial depletion disturbs the host systemic T cell anti-
viral response and leads to increased neurological manifestations
(demyelination), morbidity and mortality (Wheeler et al., 2018; Mangale
et al., 2020).

As shown by these studies, microglial cells are important not only for
the intrinsic anti-viral response in the CNS tissue but also as powerful
activators of the systemic anti-viral immunity in the case of neurotrophic
coronavirus (Wheeler et al., 2018; Mangale et al., 2020). In this sense, in
vivo microglial cell interactions with the immune system and with the
microbiota have proven to be important in an effective anti-viral
response, both on the systemic level and at the CNS (Brown et al.,
2019). Both the presence of microglial cells, their intrinsic TLR4
signaling through the microbiota, and the crosstalk between microglia
and T lymphocytes are important for the assembly of an effective
response to neurotrophic coronavirus (Brown et al., 2019). Importantly,
this study showed that isolate depletion of either microglial cells or the
host microbiota was sufficient to impact both the local (CNS) or systemic
response to coronavirus infection (Brown et al., 2019).

Furthermore, the crosstalk between microglial cells and the immune
system outside of the CNS involves several steps, from the recruitment
and activation of peripheral monocytes/macrophages to enhancement of
the innate immune response (Templeton et al., 2008; Fekete et al., 2018)
and to the activity of antigen presenting cells (APCs) and cytokine pro-
ducers activating both APCs in the periphery and viral-specific T cells and
controlling viral spread (Suzumura et al., 1988; Malone et al., 2006;
Zimmermann et al., 2017; Wheeler et al., 2018; Brown et al., 2019;
Mangale et al., 2020). Also, systemic responses are important to clear
infected APC-like microglial cells (Herz et al., 2015).

However, activation of microglial cells following viral infection in the
CNS can also have deleterious effects as we previously showed (Amorim
et al., 2019; Salom~ao et al., 2020). Although both in physiological and
pathological contexts, microglial cells are supposed to support neuronal
development and survival and clear debris and dysfunctional synapses
(Tremblay et al., 2011; Yanuck, 2019), when overactivated during viral
or bacterial infection, those cells can directly induce neuronal damage
(Chen et al., 2010; Klein et al., 2019; Mukherjee et al., 2019; Trzeciak
et al., 2019). Also, microglial overactivation can lead to indirect neuronal
death by activating astrocytes (Tremblay et al., 2011) or T lymphocytes
(Zimmermann et al., 2017; Garber et al., 2019), further contributing to
neuronal degeneration after viral infection (Fig. 2).

Finally, a key life-threatening clinical presentation of patients with
severe COVID-19 is the cytokine storm (Coperchini et al., 2020; Huang
et al., 2020; Mehta et al., 2020). This term was first employed to describe
the life-threatening exaggerated and uncontrolled general activation of
the immune system observed in severe forms of graft-versus-host disease
(Tisoncik et al., 2012) and can be observed in several infectious diseases
(Tisoncik et al., 2012). This phenomenon is characterized by the pro-
duction of high levels of several inflammatory mediators (such as in-
terferons, TNFα, interleukins (particularly IL-1β, IL-6 and IL-10),
chemokines and colony-stimulating factors (CSFs) (Tisoncik et al., 2012;
Coperchini et al., 2020), which are increased in patients with severe
forms of COVID-19, and is capable of predicting prognosis (Henry et al.,
2020; Huang et al., 2020; McGonagle et al., 2020). In this context,
inhibiting IL-6 signaling using neutralizing monoclonal anti-IL-6 anti-
bodies (Tocilizumab) is a strategy currently being tested in several clin-
ical trials with severe COVID-19 patients and showing promising
preliminary results (Xu et al., 2020).

In this sense, the cytokine storm could also be responsible for some of
the neurological symptoms of COVID-19, generating BBB permeability
and neuronal damage independent of direct viral infection. At this stage
of the disease, viral replication is thought to be low or nonexistent, and
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the deleterious effects observed in several organs result from the high
levels of cytokines and not from direct viral action.

Previous studies with animal models of CNS infection by coronavirus
have shown that both astrocytes and microglial cells produce important
levels of cytokines after infection (Savarin and Bergmann, 2018; Lavi and
Cong, 2020). Nevertheless, the most important source of the cytokines
involved in the cytokine storm in the CNS (as IL-6, interferons and IL-10)
is microglial cells (Savarin and Bergmann, 2018; Lavi and Cong, 2020),
and these cytokines produced by microglial cells are an important source
of direct neuronal damage (Zimmermann et al., 2017) (Fig. 2). This also
leads us to believe that microglial activation during cytokine storm could
be involved in the neurological manifestations of SARS-CoV-2 infection,
independent of the neurotropism of the virus itself.

Taken together, clinical evidence from COVID-19 patient cohorts and
previous studies on other coronaviruses suggests a potential neuro-
tropism of SARS-CoV-2. Also, based on the expression of ACE2 and other
coreceptors necessary for viral infection, glial cells could be potential
targets of SARS-CoV-2 and could help the spread of the virus in the CNS
after transcribiform or hematogenic entry in the CNS. Furthermore,
microglial cells could be especially relevant in several phases of the
neuropathogenesis of SARS-CoV-2. In the less severe cases, they would be
important for proper viral clearance and activation of systemic anti-viral
responses. In the more severe cases, with important neurological signs
and symptoms, microglial cells could be responsible for either direct
neurological damage or for astrocyte- or T lymphocyte-mediated
neurotoxicity (Fig. 1). In this sense, strategies aiming at those cells,
especially for patients experiencing cytokine storm, could be a valuable
tool for treating the neurological manifestations of COVID-19. Finally,
further studies in preclinical models and long-term follow-up of SARS-
CoV-2 infected patients will be important for understanding the
possible deleterious long-term effects of excessive microglial activation
after viral infection in the CNS.

2.2. Astrocytes as mediators of SARS-CoV-2 effects in the brain

Astrocytes, one of the largest glial cell populations in the brain, are
responsible for controlling several steps of brain development and
function in the formation and maturation of synapses (Diniz et al., 2012;
Diniz et al., 2014a; Diniz et al., 2014b) and maintenance, pruning and
remodeling of synapses in development, aging and diseases (Matias et al.,
2016, 2019). Further, they control neurotransmitter release and uptake
and production of trophic factors essential for neuronal differentiation
and survival. In addition, astrocytes maintain intimate contact along with
the vasculature, thus contributing to the formation and function of the
BBB (da Silva et al., 2019) and the recently described glymphatic system,
through which compounds such as glucose and amino acids are distrib-
uted, and the excess of toxic waste products is removed (Plog and
Nedergaard, 2018).

Further, astrocytes play a key role in brain injury by triggering a
response known as astrocyte reactivity. This is characterized by changes
in the profile of astrocytes’ gene expression, leading to both morpho-
logical and functional changes that lead to the production of several pro-
and anti-inflammatory signals. The extension of the astrocytic reaction
may vary depending on the nature of the insult, such as stroke, neuro-
degenerative disorders, tumors, trauma, infection, ischemia and aging;
size of the affected area; the intensity of BBB disruption; and the in-
flammatory response (Sofroniew, 2009; Matias et al., 2019).

Given the large number of functions performed by astrocytes in the
healthy and injured brain, it is to be expected that these cells have a
major impact on brain damage caused by SARS-CoV-2, either as direct
targets of the virus or by controlling the inflammatory response to the
virus and BBB rupture.

Recently, a biochemical analysis of the plasma from severe and
moderate cases of COVID-19 patients demonstrated enhancement of
biomarkers of CNS injury, such as GFAP (glial fibrillary acidic protein)
and NfL (neurofilament light chain protein), suggesting astrocyte
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activation and neuronal injury in these patients (Kanberg et al., 2020). In
the following paragraphs, we will discuss evidence that suggests how
astrocytes can contribute to different aspects of SARS-CoV-2 damage:
access and spread to the brain, persistence in the organism and inflam-
matory response.

In order to address SARS-CoV-2 effects on the brain, several studies
have taken advantage of experimental models that use other members of
the coronavirus family, such as the human respiratory coronavirus (HCV)
(Lachance et al., 1998) and mouse hepatitis virus (MHV) (Savarin and
Bergmann, 2018). Infection with these viruses triggers encephalitis and
anosmia associated with IL-6 exacerbation in vivo, features also observed
in SARS-CoV-2 infection (Lavi and Cong, 2020).

Although neurotropism has been shown for other coronavirus, so far,
infection of glial cells by SARS-CoV-2 still awaits strong evidence, espe-
cially in vivo.

As previously discussed, entrance of SARS-CoV-2 into human cells is
dependent on ACE2, which triggers the start of the infectious process
(Butowt and Bilinska, 2020; Galougahi et al., 2020; Ou et al., 2020; Zhou
et al., 2020). Recently, Chen and collaborators, using transcriptome da-
tabases, showed that most ACE2 was found in neuron and non-neuron
cells in the human middle temporal gyrus and posterior cingulate cor-
tex (Chen et al., 2020). From non-neuron cells, glial cells, mostly astro-
cytes and oligodendrocytes, were positive for ACE2 in the human brain,
while microglia were positive only in the human middle temporal gyrus
(Chen et al., 2020). The authors also found high expression of ACE2 in
the olfactory bulb and ECs, supporting the hypothesis of access of
SARS-CoV-2 into the brain by the olfactory bulb or BBB.

Astrocytes are described as the major CNS cell for coronavirus MHV
(Cai et al., 2003, 2006) and human respiratory coronavirus (HCoV)
(Pearson and Mims, 1985) persistence. Recently, however, by using
SARS-CoV-2 infected iPSC-derived human brain organoids, Mesci and
collaborators described that astrocytes were infected and showed a 4-fold
increase in death, but no viral accumulation was observed. This suggests
that although astrocytes might be targets of SARS-CoV-2, these cells may
not replicate the virus (Mesci et al., 2020) as suggested for other coro-
navirus family members (Cai et al., 2003, 2006). Further, the authors also
observed that excitatory synaptogenesis was highly impaired in
SARS-CoV-2 infected organoids. Since astrocytes have key roles in syn-
aptogenesis by secreting several synaptogenic molecules (Diniz et al.,
2012; Diniz et al., 2014a), it is likely that SARS-CoV-2 may affect
astrocyte synaptogenic properties (Fig. 1). However, this remains to be
investigated.

Together, these results suggest that, according to cell-type distribu-
tion analysis of ACE2 in the human and mouse brain and glial response to
murine and human coronavirus, SARS-CoV-2might be capable of directly
infecting several neural cells, including astrocytes, thus contributing to
the neurological manifestations in COVID-19 patients (Fig. 1). Confir-
mation of glial infection by SARS-CoV-2 in patients, though, awaits
further evidence, including in vivo demonstration.

As previously discussed, two pathways are suggested to allow access
of SARS-CoV-2 to the CNS: from the nasal cavity or by crossing BBB.

Astrocyte endfeet form the glial surface as part of the BBB. In MHV
infections, intracellular distribution of connexin 43 (Cx43) leads to loss
of glial-pial gap junction communication and indicates a possible
contribution to disruption of the BBB integrity, thus contributing to viral
entrance (Basu et al., 2015; Bose et al., 2018). Furthermore, it is sug-
gested that astrocytes may act as a conduit for the spread of MHV virus
between neurons through their synapses (Sun and Perlman, 1995). Taken
together, those observations suggest that through their role in BBB
structure and function, astrocytes may contribute to coronavirus brain
access and infection spread (Fig. 1).

Besides astrocyte contributions to SARS-CoV-2 infection and/or
persistence, the main involvement of astrocytes in COVID-19 is certainly
controlling brain inflammation (Fig. 1). Although astrocytes can present
protective roles by producing anti-inflammatory and survival factors,
these cells can also acquire a toxic reactive phenotype, thus producing
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cytokines that exacerbate injuries or presenting impaired/loss of func-
tions, as we will discuss shortly (Diniz et al., 2017).

By using a sepsis model, our group previously demonstrated that LPS-
stimulated microglia induced synaptic elimination, whereas activated
astrocytes increased synapse numbers. Both cell types showed increased
production of TNF-α and IL-6, and while astrocytes had increased pro-
duction of TGF-β1, an anti-inflammatory and synaptogenic cytokine,
microglia showed elevated secretion of interleukin-1β (IL-1β), a pro-
inflammatory cytokine (Moraes et al., 2015).

Further, the profile of cytokines secreted by astrocytes also varies
within different contexts of neurodegenerative diseases. We previously
demonstrated that astrocyte functions are impaired in an Alzheimer’s
disease model mainly due to decreased production of the anti-
inflammatory and synaptogenic molecule, TGF- β1 (Diniz et al., 2017).
Conversely, increased production of this cytokine by astrocytes is
observed in a Parkinson’s disease experimental model (Diniz et al.,
2019). These data shed light on the heterogeneity of glial responses to
different insults.

In this context, production of cytokines by astrocytes seems to be a
determinant of coronavirus neurovirulence and disease behavior. Highly
neurovirulent MHV strains induce astrocyte release of pro-inflammatory
cytokines, such as interleukin 12 (IL-12), p40, tumor necrosis factor
alpha (TNF-α), interleukin 6 (IL-6), interleukin-15 (IL-15), and inter-
leukin one beta (IL-1β) (Li et al., 2004). Further, spinal cord astrocytes
also express those major cytokines, TNF-α, IL-6 and IL-1β, as well type 2
nitric oxide synthase (iNOs) and major histocompatibility complex
(MHC) class I and II, due to the chronic demyelinating process in
virus-infected mice (Sun et al., 1995). Also, HCV-OC43 induces upregu-
lation of IL-6, TNF-α, and monocyte chemoattractant protein-1 (MCP-1)
mRNA expression in an in vitro model with an astrocytic cell line,
U-373MG (Edwards et al., 2000). Together, these findings suggest that
coronavirus neurovirulence may depend on the inflammatory profile
triggered by astrocyte activation in response to virus infection in the CNS
(Fig. 1).

Recently, by using tissue cultures of microglia and clonal populations
of astrocytes, Lavi and Cong found that microglia and type I astrocytes
produced pro-inflammatory cytokines in response to MHV-A59 infection,
including IL- α and β, IL-2, IL-15, IL-13, IL-17, IFN family, IL-6, and TNF-α
(Lavi and Cong, 2020).

Notably, IL-6-related cytokine storm described in the COVID-19 pa-
thology is highly associated with severity, criticality, viral load, and
prognosis of patients (Magro, 2020). Severe inflammation based on
release of IL-6 was associated with higher mortality in mice infected with
SARS-CoV-1 and also with SARS-CoV-2 in COVID-19 patients (Magro,
2020). Based on this data, the use of a monoclonal antibody against IL-6
(Tocilizumab) has been proposed as a therapeutic alternative to
COVID-19.

Taken together, data from MHV models and in vitro assays suggest
that astrocytes may be a target and respond to SARS-CoV-2. It is likely
that cross talk between astrocytes, microglia and ECs plays a key role in
the control of the cytokine microenvironment and brain function in
COVID-19. Whether astrocytic activation is beneficial or harmful to
COVID-19 pathology is still a matter of investigation. Further, it remains
to be determined if SARS-CoV-2 infection impairs astrocyte functions,
such as synaptogenesis and neuronal trophic support. Lastly, it is essen-
tial to investigate if astrocyte infection is observed in COVID-19 patients
and, if so, what are the consequences of the brain inflammatory response
elicited by SARS-CoV-2 infection in the long term.

3. Concluding remarks and perspectives

Astrocytes and microglia play key roles in several events of brain
function and in response to injury. As extensively discussed in this re-
view, due to the broad participation of these cells in brain homeostasis
and viral infections, it is likely that impaired functions of glial cells may
directly or indirectly impact COVID-19 development.
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Aging is considered a main risk factor for higher mortality in COVID-
19 patients, although the correlation between SARS-CoV-2 and aging is
still unclear (Hascup and Hascup, 2020). Age-dependent remodeling is
observed in glial cells, which ultimately leads to impairment/loss of
functional properties and may contribute in certain cases to the devel-
opment of neurodegenerative diseases. Some of these alterations include
the appearance of A1, a toxic astrocyte phenotype (Clarke et al., 2018);
upregulation of genes that eliminate synapses and partially resemble
reactive astrocytes (Boisvert et al., 2018); exacerbation of neuro-
inflammation; loss of proteostasis and reduction of stress response
mechanisms and several other senescent markers (Verkhratsky and
Nedergaard, 2018; Steardo et al., 2020).

Similarly, microglial cells also present several morphological and
functional disabilities in the aged brain such as reduced phagocytic ca-
pacity; increased ROS and pro-inflammatory cytokine production
(Koellhoffer et al., 2017); loss of dendritic branching and reduced
motility (Damani et al., 2011) and senescence-related changes such as
increased DNA and mitochondrial damage and telomere shortening (von
Bernhardi et al., 2015; Angelova and Brown, 2019).

Further, as consequence of the aging process, inflammaging, a process
characterized by an increase of systemic cytokine levels, namely IL-1β, IL-
6, and TNF-α, and the senescence-associated secretory phenotype (SASP)
is started (Akbar and Gilroy, 2020; Mauvais-Jarvis, 2020). All these
changes result in a phenotype of aged astrocytes and microglial cells
which not only lose their ‘normal’ neuroprotective role, but they are also
more prone to induce neurodegeneration and neurotoxicity (Dilger and
Johnson, 2008; Norden and Godbout, 2013; Lana et al., 2016). Although
this event has not been clearly demonstrated in elderly COVID-19 pa-
tients, it is well known that exaggerated release of proinflammatory cy-
tokines causes an amplified neuroinflammation and constitutes the main
trigger of systemic symptoms and neurological impairment in COVID-19
patients (Hascup and Hascup, 2020; Mao et al., 2020; Montalvan et al.,
2020).

Since glial cells present a molecular signature during aging, it would
be of interest to investigate if this signature contributes to the higher
vulnerability of the elderly in COVID-19. Interestingly, a database anal-
ysis revealed that SARS-CoV-2 proteins interact with human proteins
associated with several aging-related processes such as vesicle
Table 1
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trafficking, lipid modifications, RNA processing and regulation, ubiquitin
ligases, and mitochondrial activity (Gordon et al., 2020). Several of these
pathways are also associated with neurodegenerative diseases such as
Alzheimer’s and Parkinson’s (Lippi et al., 2020). Thus, this data together
with the fact that glial cell dysfunctions are highly associated with aging
and neurodegenerative diseases (Diniz et al., 2017, 2019) highlight the
need to consider the long-term consequences of glial activation and
neuroinflammation triggered by SARS-CoV-2. Interestingly, recently,
Viel and colleagues showed that low-dose of lithium suppresses IL-6 and
reduces SASP (senescence-associated secretory phenotype) in senescent
human astrocytes, suggesting that is a potential therapeutic strategy to
COVID-19 in elderly patients (Viel et al., 2020).

Further, several recent studies showed that astrocytes and microglia
are very heterogeneous populations of cells both in the healthy brain as
well as in response to different insults and upon aging (Soreq et al., 2017;
Boisvert et al., 2018; Buosi et al., 2018; Masuda et al., 2020). The un-
derlying mechanisms of their activation, cellular interplays and the
impact of regional glial heterogeneity are still a matter of discussion.
Emerging data have correlated glial diversity to brain region-specific
susceptibility to aging and neurodegenerative diseases (Soreq et al.,
2017; Angelova and Brown, 2019). Whether glial heterogeneity and di-
versity in the CNS contribute to the distinct vulnerability of different
brain regions to SARS-CoV-2 remains to be established.

Whether the involvement of glial cells in COVID-19 is directly due to
their infection by SARS-CoV-2, thus impairing their regular biological
functions, or indirectly, by controlling neuroinflammation, BBB integrity,
and virus spread, remains to be investigated. Based on other neurotropic
viruses and neurodegenerative diseases where glial involvement is rele-
vant, SARS-CoV-2 likely has direct and indirect effects on glia that play a
role in COVID-19. Whether glial activation is beneficial or harmful to the
brain in COVID-19 pathology is still a matter of investigation. Thus, there
are still many uncertainties and open questions to be addressed, listed in
Box 1. Addressing these questions will certainly not only provide a better
understanding of glial involvement in SARS-CoV-2 infection but ulti-
mately may contribute to developing glia-based therapeutic strategies for
the treatment of COVD-19.

The main goal of this review is to highlight the need to consider glial
involvement in the progression of COVID-19 and potentially include
astrocytes and microglia as mediators of the neurological damage trig-
gered by SARS-CoV-2. We would like to shed light on the possibility of
glial cells as targets for drug development to treat the neurological
manifestations of COVID-19.
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