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INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) brought a new health challenge to the world. One of the
main clinical concerns associated with this pathology is the heterogeneity of symptoms. Although
the respiratory tract is themain target, central nervous system (CNS) involvement has raised special
interest since neurological symptoms have been reported in over 30% of hospitalized patients and
∼85% of patients with acute respiratory distress syndrome (Iadecola et al., 2020; Balcom et al.,
2021). Acute neurological signs include anosmia, ageusia, headache, altered mental status, seizures,
and stroke (Iadecola et al., 2020; Balcom et al., 2021). Interestingly, headache, fatigue, dysgeusia,
and anosmia are common in both mild and severe cases (Kanberg et al., 2021). However, it is
yet to be established whether altered mental health is a result from an encephalopathy caused
by a systemic inflammatory condition or an encephalitis caused by SARS-CoV-2 neuroinvasion
(Iadecola et al., 2020; Balcom et al., 2021). Noteworthy, viral infections may cause neurologic
impairment through direct infection of different cells, including neurons, glia or endothelial cells,
resulting in acute cell death (Iadecola et al., 2020).

Despite the evidence reporting various neurological manifestations in COVID-19, it is still
uncertain whether SARS-CoV-2 is neurotropic or elicits its effects through the excessive immune
response since cytokines can directly pass the blood-brain barrier (BBB) (Iadecola et al., 2020;
Balcom et al., 2021). Consistent with the neurotropism hypothesis, previous findings demonstrated
that angiotensin-converting enzyme 2 (ACE2) receptor, the protein by which SARS-CoV-2 infects
cells, is expressed at relatively high levels in neurons and glial cells of several brain areas as well as
in vascular wall cells (Iadecola et al., 2020; Chen et al., 2021). It should be also noted that SARS-
CoV-2 may use alternative docking receptors, such as neuropillin-1 and basigin, that are found at
high levels in the brain (Balcom et al., 2021).

The observations above also highlight that BBB vascular endothelium is one of the main
candidates to mediate SARS-CoV-2 neuroinvasion (Balcom et al., 2021; Jha et al., 2021). The
BBB is a complex formed by specialized cerebral microvascular endothelial cells, perivascular cells
(pericytes) and astrocyte end-feet responsible for separating the peripheral blood supply and the
CNS and regulating the bidirectional flow of molecules between these compartments (Liebner et al.,
2018). Of note, interneurons and perivascular microglia also make contacts with BBB forming the
so-called neurovascular unit (Liebner et al., 2018). It has been proposed that the neuroinvasion
of SARS-CoV-2 through the BBB may occur via interaction of the viral spike protein with ACE2
expressed in the capillary endothelium, subsequently infecting CNS cells, including glia (Jha et al.,
2021). Consistent with this, the receptors involved in SARS-CoV-2 infection including ACE2 were
seen to be expressed in the cells of the neurovascular unit, especially in astrocytes and microglial
cells (Torices et al., 2021). Recent studies also showed that human pericyte-like cells from brain
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organoids and endothelial cells frommouse cerebral microvessels
can be infected by SARS-CoV-2 (Wang et al., 2021; Wenzel et al.,
2021). Interestingly, it was verified that ACE2 was predominantly
localized in the pericytes from the mouse microvessels (Wenzel
et al., 2021). Further studies showed that SARS-CoV-2 is able to
directly infect neural stem cell-derived astrocytes (Crunfli et al.,
2020) and hamster astrocytes (de Oliveira et al., 2021), and that
SARS-CoV-2 spike protein was present in different cells from
brain of patients, the majority of these cells being astrocytes
(Crunfli et al., 2020).

Alternatively, pro-inflammatory cytokines can disrupt BBB
and enter the CNS, inducing astrocyte and microglia activation,
which can further disrupt BBB and facilitate SARS-CoV-2
neuroinvasion (Iadecola et al., 2020; Balcom et al., 2021).
Consistent with this, the integrity of the BBB is compromised
in multiple conditions associated with mortality in COVID-
19, including hypertension, diabetes, smoking, and stroke (Yang
and Rosenberg, 2011; Iadecola et al., 2020; Balcom et al., 2021).
Furthermore, areas of increased vascular permeability or lack
of BBB, such as the pituitary and median eminence of the
hypothalamus, are rich in ACE2 (Doobay et al., 2007).

GLIAL CELLS IN THE PATHOPHYSIOLOGY
OF COVID-19

Although the pathophysiological mechanisms underlying the
neurological signs in COVID-19 are still unknown, mounting
evidence suggests that glial cells might have a crucial role.
Specifically, astrocytic injury was observed in the acute phase
of COVID-19, as shown by high plasma levels of glial fibrillary
acidic protein (GFAP), with more pronounced findings in
hospitalized patients (Kanberg et al., 2020). A recent study
further verified that, while astrocytic injury or activation occurs
early in the acute phase of COVID-19, neuronal damage
continued to progress for a longer period (Kanberg et al.,
2021). It was also found that, in the presence of pericyte-
like cells in cortical organoids, astrocytes showed vulnerability
to SARS-CoV-2 infection, undergoing apoptosis or activating
inflammatory signaling (Wang et al., 2021). Importantly, it
was demonstrated that SARS-CoV-2-infected neural stem cell-
derived astrocytes had alterations in bioenergetics and changes in
key proteins andmetabolites that are crucial for neurotransmitter
synthesis, which secondarily impacted neurons (Crunfli et al.,
2020). Changes in energy metabolism, as well as in carbon
metabolism were also revealed in hamster astrocytes with SARS-
CoV-2 (de Oliveira et al., 2021).

In addition, autopsy findings also revealed astroglial and
microglial activation throughout the brain, accompanied by
infiltration of cytotoxic T cells (Matschke et al., 2020; Pröbstel
and Schirmer, 2021), indicating that cytokine storm might have
a crucial role in the neuroinflammatory process. Moreover,
inflammatory CNS syndromes that may be caused by direct
infection of glial cells, including encephalitis, acute disseminated
encephalomyelitis and myelitis, were further observed in
COVID-19 patients (Balcom et al., 2021). Thus, it is reasonable

to hypothesize that glial cells might be an early target of SARS-
CoV-2 infection.

IS TOM70 BLOCKAGE IN GLIA
IMPLICATED IN THE NEUROLOGICAL
MANIFESTATIONS?

TOM70 is a multifunctional protein of the translocase of the
outer membrane (TOM) complex that recognizes and cooperates
with the molecular chaperone heat shock protein (Hsp) 90
to transfer preproteins from cytosol to mitochondria (Neupert
and Herrmann, 2007). In addition to this important function,
TOM70 also plays an important role in activating innate immune
response to viral infections. It acts as a key adapter that relays
antiviral signaling from the mitochondrial antiviral signaling
protein (MAVS) to TANK-binding kinase 1 (TBK1)/interferon
regulatory factor 3 (IRF3) (Liu et al., 2010). The importance of
this mechanism is not only associated with the inflammatory
process, but may be also involved in the pathology of COVID-19
itself. Interestingly, other viruses have been shown to modulate
TOM70, such as the hepatitis C virus (Kasama et al., 2012).
Regarding SARS-CoV-2, it was observed that the Alpha variant
hosts genomic mutations responsible for increasing up to 16-
fold the expression of an open reading frame encoding a small
accessory protein called Orf9b (Parker et al., 2021), which binds
to TOM70 (Gordon et al., 2020) and leads to the suppression of
the innate immune response (Thorne et al., 2021). Structurally,
Orf9b undergoes modifications from dimeric state in cytoplasm
to monomeric state interacting with TOM70 (Gao et al., 2021).
It is speculated that Orf9b initially interacts with the site for
the recruitment of chaperone-associate preproteins, at the N-
terminal TRP domain of TOM70, where it induces the transition
of TOM70 from “close” to the “open” state (Gao et al., 2021).
Next, Orf9b performs a translocation to the binding site within
TOM70 C-terminal, where a serine in the position 53 of Orf9b
interacts with a glutamate at position 477 of TOM70 to lock
the receptor in the “open” state (Brandherm et al., 2021). It
seems that, although the increasing Orf9b expression is unlikely
to impact transmission rate, it could impair the innate immune
response by blocking TOM70.

Although expression levels of TOM70 in astrocytes are not
known, interferon (IFN) responses have been widely reported
to be produced in these cells (Owens et al., 2014). In viral
encephalitis, for example, IFNI acts directly on the microglial
activation profile via astrocytic signaling (Chhatbar et al., 2018).
Another example of this communication is related to the Zika
virus, which, through signaling processes, prevents the activation
of the glial inflammatory process via the STAT pathway (Kumar
et al., 2016), initiated by the influence of IFNI released by
mitochondrial processes associated with glia (Owens et al., 2014).
In fact, in both examples, there is an intrinsic relationship
between the inflammatory process, glia and TOM70. Therefore,
it is conceivable that immune evasion by targeting glial TOM70
may have a crucial role in the onset and development of the
neurological dysfunction verified in many COVID-19 patients.
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FIGURE 1 | Proposed steps for interaction of SARS-CoV-2 with mitochondrial TOM70 in glia and consequent viral immune evasion. (1) Infection of blood-brain barrier

endothelial cells by SARS-CoV-2. (2) Entry of SARS-CoV-2 into the structures of the central nervous system. (3) Recognition of angiotensin-converting enzyme 2

(ACE2) receptors in neural cells, including glia. (4) Insertion of genetic material into cell cytoplasm. (5) Translation of Orf9b and subsequent interaction with TOM70

(mitochondrial membrane protein). (6) Impaired mitochondrial innate immune response via interferon (IFN) signaling.

CONCLUDING REMARKS

Since mounting evidence shows that COVID-19 causes
neurological dysfunction andmay lead to long-term neurological
sequelae, there is an urgent need to find novel targets that offer
the perspective for the development of effective therapeutic
strategies. Here, we want to shed light on the potential role of
TOM70 protein, especially from glial cells, in the neuropathology
of COVID-19 (Figure 1). Although the neurotropism of SARS-
CoV-2 is still under debate, SARS-CoV-2 viral genomes were
detected in the brain and cerebrospinal fluid (CSF) of patients,
supporting the hypothesis that SARS-CoV-2 is neuroinvasive.
Nevertheless, even if SARS-CoV-2 is not neurotropic, we
cannot rule out that systemic pro-inflammatory cytokines may
also impair TOM70-mediated immune response in glial cells.
Finally, it is expected that the elucidation of the consequences

of the interaction of SARS-CoV-2 Orf9b with mitochondrial
TOM70 in glial cells may provide important insights on the
pathomechanisms of COVID-19, as well as potential treatments
for this disease.
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