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SARS-CoV-2 infection is associated with a spectrum of acute neurological syndromes.
A subset of these syndromes promotes higher in-hospital mortality than is predicted
by traditional parameters defining critical care illness. This suggests that deregulation of
components of the central and peripheral nervous systems compromises the interplay
with systemic cellular, tissue and organ interfaces to mediate numerous atypical
manifestations of COVID-19 through impairments in organismal homeostasis. This
unique dyshomeostasis syndrome involves components of the ACE-2/1 lifecycles, renin-
angiotensin system regulatory axes, integrated nervous system functional interactions
and brain regions differentially sculpted by accelerated evolutionary processes and more
primordial homeostatic functions. These biological contingencies suggest a mechanistic
blueprint to define long-term neurological sequelae and systemic manifestations such as
premature aging phenotypes, including organ fibrosis, tissue degeneration and cancer.
Therapeutic initiatives must therefore encompass innovative combinatorial agents,
including repurposing FDA-approved drugs targeting components of the autonomic
nervous system and recently identified products of SARS-CoV-2-host interactions.

Keywords: autonomic nervous system, COVID-19 sequelae, evolutionary processes, premature aging,
combinatorial therapeutics

INTRODUCTION

Coronavirus Disease 2019 (COVID-19) is a systemic disease that impacts multiple organ systems
and is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus (Zhu
et al., 2020). Like some other coronaviruses, SARS-CoV-2 is a zoonotic virus that has likely
jumped from animal species to humans. The potential rapid viral evolution that occurs by
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transitioning between poorly defined intermediate hosts may
engender novel forms of pathogen-host interactions (Zhang and
Holmes, 2020). Moreover, the human central nervous system
has also undergone accelerated evolutionary innovations in the
hominid-to-human lineage (Mattick and Mehler, 2008; Qureshi
and Mehler, 2012, 2014). While these evolutionary mechanisms
have facilitated rapid change in the human neocortex, other
areas of the brain involved in more caudal midline homeostatic
functions, which are often also preferential viral targets, represent
more primordial evolutionary centers. The interplay between
the potential rapid evolution of SARS-CoV-2 and regions of
the human brain that have experienced rapid and differential
evolution like the neocortex may be a mechanism underlying the
unique profiles of damage caused by SARS-CoV-2.

It is increasingly evident that SARS-CoV-2 is not
only neurotropic, but is associated with a much broader
spectrum of acute and atypical neurological syndromes and
manifestations than prior infections, particularly those involving
B-coronaviruses (Bohmwald et al, 2018; Desforges et al,
2019; Ellul et al., 2020; Iadecola et al., 2020; Koralnik and
Tyler, 2020; Paterson et al., 2020). Severe acute neurological
events observed in COVID-19 have included ischemic
stroke, intracranial hemorrhage, diffuse encephalopathy,
encephalitis and neuromuscular disorders (Alquisiras-Burgos
et al,, 2020; Lee et al, 2020; MacLean et al., 2020; Conklin
et al,, 2021). Neurocognitive symptoms and dysfunction of
various severities have also become increasingly recognized
as potential consequences of SARS-CoV-2 infection (Levine
et al, 2020; Graham et al, 2021; Taquet et al, 2021). The
occurrence of severe neurologic dysfunction suggests that less
obvious neuropathologic processes are likely present among
patients who do not exhibit overt neurologic disease but may
exhibit differential degrees of systemic involvement. This
raises the important question of the potential mechanistic
interrelationships between nervous system and systemic
homeostasis in mediating the pathogenesis and progression
of COVID-19.

In recent large acute retrospective incidence studies, higher
in-hospital mortality has been associated with the early presence
of a subset of neurological syndromes seen with COVID-
19 (Eskandar et al, 2020; Chou et al., 2021). The most
commonly observed central nervous system manifestations
included stroke, encephalopathy, seizures and neuro-COVID-19
complex (Chou et al,, 2021). These neurological complications
were observed in 82% of hospitalized patients (Chou et al,
2021). Among these manifestations, altered arousal, orientation,
attention, concentration (encephalopathy) and stroke conferred
a significantly higher risk of mortality, independent of overall
disease severity measures as assessed by a novel integrative
COVID-19 severity rating scale (Altschul et al., 2020). These
observations suggest that the nervous system writ large plays
a preeminent role in the course and outcomes of SARS-CoV-
2 infection.

In this review, we provide emerging evidence that SARS-
CoV-2 targets widely distributed components of the central and
peripheral nervous systems (CNS and PNS, respectively). We
propose that disruption of cardinal homeostatic mechanisms

mediated by the CNS and PNS give rise to the spectrum
of unanticipated, novel, and multifactorial somatic organ,
tissue and cellular damage observed in COVID-19. These
include often severe and frequently broad-based end-organ
dysfunction, and biologically complex forms of vasculopathy,
coagulopathy, hypoxemia and immune deregulation and
systemic inflammation amongst other systemic and life-
threatening complications (Perico et al., 2020; Nie et al., 2021).
We postulate that SARS-CoV-2-induced deregulation of the
central and peripheral nervous systems subvert cardinal systemic
homeostatic functions through interference amongst dynamic
neural and systemic organ, tissue and cellular interfaces and
SARS-CoV-2-mediated cellular signaling pathways, modulatory
interactions and associated multidimensional effector networks
(Qureshi and Mehler, 2013; Figure 1). Characterizing such
intricate nervous system-systemic crosstalk and associated
viral-host evolutionary adaptations is therefore essential for
identifying novel measures to address the morbidity and
mortality of the acute and critical care illness as well as the
long-term sequelae of SARS-CoV-2 infection.

EVOLUTIONARY ADAPTATIONS

Several mechanisms by which the human neocortex has
undergone accelerated evolution have been elucidated (Figure 2).
These innovations in regional nervous system form and function
may promote higher-order cognitive and behavioral repertoires
while simultaneously enhancing the vulnerability for age-related
human brain disorders such as degenerative dementias and
accelerated aging phenotypes (Mattick and Mehler, 2008). For
example, numerous transcription factors interact with cis-acting
genomic elements such as enhancers and super-enhancers to
control the gene expression of the human forebrain (Nord
et al, 2015). Degrees of adenosine to inosine RNA editing
(Mehler and Mattick, 2007) of transcripts and proximal promoter
associated regions with higher levels of chromatin interactivity
are also enriched for human-specific genes (Song et al., 2020).
Additionally, the emergence of individual human-specific genes
such as NOTCH2NL, SRGAP2, TBCID3, and ARHGAPIIB
may be central to increased gyrification and to the preferential
activation of basal progenitors, which are thought to give rise to
an expansion of the population of human neocortical neurons
and to contribute to a greater sophistication of neural network
connections and functional properties (Florio et al., 2015; Ju et al.,
2016; Rincic et al.,, 2016; Fiddes et al., 2018). The expansion of the
human neocortex has also been linked to evolutionary changes in
neural stem cells forming the outer subventricular zone (Lui et al.,
2011) and to a delay in the neuroepithelial cell differentiation
process (Benito-Kwiecinski et al., 2021).

Current studies generally agree that SARS-CoV-2 likely
emerged via zoonotic spillover first from bats (Lei and Zhang,
2020; Hedman et al., 2021). Other mammals have been proposed
as intermediate hosts; for example, minks are susceptible to
natural SARS-CoV-2 infection and can transmit the virus to
humans (Hedman et al., 2021), and mutational analysis of the
SARS-CoV-2 receptor-binding domains suggests that increased
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FIGURE 1 | Dynamic neural-systemic interactions mediating SARS-CoV-2 infection. CSF, cerebrospinal fluid; ISF, interstitial fluid; HSCs, hematopoietic stem cells;
SFO, subfornical organ; PVN, paraventricular nucleus; PBN, parabrachial nucleus; DMV, dorsal motor nucleus of the vagus; NTS, nucleus tractus solitarius; RVLM,
rostral ventrolateral medulla; OVLT, organum vasculosum of the lamina terminalis; MPO, myeloperoxidase; AVP, arginine vasopressin; HPA,
hypothalamic—pituitary—adrenal; CRH, corticotrophin-releasing hormone; ACTH, adrenocorticotropic hormone.
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human susceptibility may emerge in pangolins (Lei and Zhang,
2020; Li et al., 2020a). These contingencies suggest that SARS-
CoV-2 exhibits novel evolutionary trajectories, responds to
selective pressures, generates genomic innovations and gives
rise to innate immune dysregulation, thereby promoting greater
transmissibility and more complex and interrelated clinical
syndromes (Zeberg and Paabo, 2020; Zhang and Holmes,
2020). Modifications in SARS-CoV-2 cellular tropism elicit
deregulated and more severe and atypical nervous system and
systemic pathologies in the acute phase of illness and the
contextual alterations to give rise to long-term neural and
systemic sequelae (Jacob et al., 2020; Pellegrini et al.,, 2020).
SARS-CoV-2 therefore dramatically modifies the host-mediated
transcriptome and epitranscriptome, long-distance molecular
signaling pathways, profiles of multi-organ cellular involvement,
activation of premature aging pathways, and regenerative
responses that define acute COVID-19 infection (Kim et al,
2020; Shen et al, 2020; Delorey et al., 2021). Such systemic
consequences and pathogenic mechanisms give rise to a plethora
of imbalanced immunological and inflammatory reactions that
sculpt disease progression, severity and the trajectory of clinical

inflection points (Blanco-Melo et al., 2020; Lucas et al., 2020;
Meckiff et al., 2020; Su et al., 2020; Liu et al., 2021; Rodda et al.,
2021). Moreover, the exceptional versatility of the lifecycle of
the ACE2 receptor, SARS-CoV-2 molecular constituents, entry
factors, functional adaptations and downstream signaling axes
help to ensure rapid and eflicient environmental innovations
including linking targeted co-morbidities to cardinal viral-host
mediated signaling pathways, age- and gender-dependent disease
phenotypes and seminal evolutionary mechanisms, including
formation of novel ACE2 isoforms through co-option of intronic
retroelements as promoters and alternative exons (Anand et al.,
2020; Konno et al., 2020; Maremanda et al., 2020; Shang et al.,
2020; Singh et al., 2020; Wang et al., 2020b).

SARS-CoV-2 NEUROTROPISM

CNS and PNS Interrelationships

SARS-CoV-2 infects the nervous system (NS) through multiple
points of entry, leading to the severity and unique characteristics
of systemic involvement of the virus in mediating cumulative
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disease burden and excessive morbidity and frequently mortality.
The nervous system is composed of the CNS and the PNS. The
PNS is further divided into the somatic and autonomic nervous
systems. The autonomic nervous system is then segregated
into the parasympathetic, sympathetic, and enteric divisions.
These PNS pathways provide important communication routes
to systemic organs, tissues and cell types and their molecular
effectors for also defining NS viral tropism (Qureshi and Mehler,
2013; Shahriari et al., 2020; Zahalka and Frenette, 2020).

Other coronaviruses have been known to directly invade the
brainstem (Porzionato et al., 2020), where the presence of the
major receptor for SARS-CoV-2, angiotensin converting enzyme
2 (ACE2), has been documented. Previous studies have suggested
that SARS-CoV-2 may spread to the CNS directly, by invasion
through the cribriform plate into the olfactory epithelium and
olfactory tract (Baig et al., 2020). The olfactory bulb has direct
neuronal connections to the amygdala, entorhinal area, and
hippocampus (Serrano et al., 2021). Additionally, a recent neuro-
anatomical study of patients who died with COVID-19 found
that 20% of patients studied had SARS-CoV-2 RNA in one or
more regions of the CNS, including the olfactory bulb, amygdala,
entorhinal area, temporal and frontal neocortex, and dorsal
medulla (Serrano et al., 2021). In this study, the olfactory bulb
was the only brain region with viral RNA in more than one
subject and had the strongest PCR signal of brain regions studied
(Serrano et al., 2021), suggesting that the CNS may be accessed
through this route.

In addition to modulating basal homeostatic functions, the
sympathetic nervous system (SNS) is responsible for “fight or
flight” reactions. In such situations where the body is under
stress, the SNS acts to mitigate this through global release of
adrenaline and cortisol (Hanoun et al., 2015). The hypothalamus
and pituitary gland, which express the ACE2 receptor, largely
mediate the hormonal stress regulatory activity of the SNS via
the hypothalamic-pituitary-adrenal (HPA) axis and may thus
represent cardinal central viral targets (Pal, 2020). The nucleus
tractus solitarius (NTS) of the brainstem, which acts as a sensory
integrative center for several autonomic functions, projects
onto the hypothalamus and also expresses the ACE2 receptor
(Porzionato et al., 2020). Additionally, ACE2 is expressed in the
carotid body, which can mediate local sympathetic activation
to modulate optimal blood oxygenation and blood pressure
regulation (Porzionato et al., 2020).

The enteric nervous system (ENS), a branch of the PNS,
is located in the walls of the gastrointestinal (GI) tract, where
it plays a key role in gut homeostasis, systemic metabolism
and immunity. The parasympathetic NS closely interacts with
this branch to control the basal state and digestive functions.
Esposito et al. argue that SARS-CoV-2 can directly invade the
ENS or the parasympathetic NS, and the virus can spread
along the vagus nerve and its innervations of visceral organs,
which can potentially provide another route of viral tropism
(Esposito et al., 2020; Tassorelli et al., 2020). The parasympathetic
pathway can then facilitate entry into the brainstem through
vagus nerve synapses onto the NTS in the medulla oblongata (Li
et al., 2020c¢). In rat studies of MERS-CoV, enteric involvement
was shown to cause neurological symptoms and to precede

respiratory infection (Zhou et al., 2017). Infection via GI
inoculation led to higher viral loads in the CNS through feedback
regulation via vagal efferents in these studies (Zhou et al,
2017). Moreover, recent work using murine models has identified
a novel taxonomy involving twelve enteric neuron classes,
distinguished by unique transcription factors, communication
features, and functionality (Morarach et al., 2021). The enteric
neuron classes develop a distinct diversification pattern through
post-mitotic differentiation assisted by spatiotemporal defined
landmarks (Morarach et al, 2021). These observations help
distinguish the ENS from other branches of the NS and suggest
potential new profiles of viral neurotropism embedded within the
three-dimensional body axes. The relatively high concentration
of ACE2 receptor and viral replication potential within the GI
tract, along with frequently noted GI symptoms of COVID-19,
emphasize the significance of ENS neurotropism (Esposito et al.,
2020). In totality, the PNS will likely prove to be a key and under-
appreciated feature of SARS-CoV-2 neurotropism, inclusive
of all three autonomic branches and via direct and indirect
target interactions.

Cell Autonomous and Non-cell

Autonomous Interplay

The ACE2 receptor is found in neurons, glial cells, astrocytes,
endothelial cells, and those of the lung parenchyma alike (Doobay
et al, 2007; Miller and Arnold, 2019). This route is likely
cell autonomous in nature, with direct target infection via a
requisite entry factor (e.g., the ACE2 receptor). While there is no
consensus on which cells are directly infected, there is evidence
for direct neurotropism of several of these cell types through the
presence of contiguous active virions and intracellular viral RNA.
For example, a human induced pluripotent stem cell-derived
BrainSphere model has been employed to demonstrate SARS-
CoV-2 infectivity of neuronal cells (Bullen et al., 2020). Similarly,
Wang et al. have shown that human induced pluripotent stem
cell-derived ApoE4 neurons and astrocytes are susceptible to
SARS-CoV-2 infection (Wang et al, 2021). Moreover, post-
mortem brain tissue analysis of a COVID-19 patient revealed the
presence of viral particles in brain endothelial cells, indicating
possible direct neurotropism (Bullen et al., 2020; Paniz-Mondolfi
et al,, 2020). Alternatively, SARS-CoV-2 neurotropism can exert
its actions non-cell autonomously through the use of soluble
mediators; extracellular vesicles; inflammatory and immune cell
signaling; non-traditional neurotransmitter, neuropeptide and
ion channel signaling; via the lymphatics; and by microvascular
damage (Hanoun et al., 2015; Solomos and Rall, 2016; Benveniste
et al., 2017; Maryanovich et al., 2018; Merad and Martin, 2020;
Rhea et al,, 2021). Because a relatively low rate of SARS-CoV-2
RNA is detected in the brain tissue of patients who died from
COVID-19, there is a developing consensus that neurological
manifestations associated with COVID-19 are due, in large
part, to non-cell autonomous effects (Serrano et al., 2021). For
example, of twenty COVID-19 patients studied in one neuro-
anatomical survey, only two had unequivocal neuropathological
findings, and only one of those two had detectable SARS-CoV-2
RNA in the brain (Serrano et al., 2021).

Frontiers in Neuroscience | www.frontiersin.org

August 2021 | Volume 15 | Article 727060


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Anand et al.

COVID-19: A Unique Dyshomeostasis Syndrome

Neurotropism can be the result of blood-borne viruses
subverting the blood-brain barrier (BBB) (Iadecola et al., 2020).
SARS-CoV-2 has been shown to cross the BBB in a murine model
(Rhea et al., 2021). Using the S1 subunit of the SARS-CoV-2
spike protein as a proxy for uptake, viral entry was observed
throughout the mouse brain parenchyma and in endothelial
cells (Rhea et al., 2021). These results implicate direct viral
invasion of the BBB in SARS-CoV-2 mediated neurological
dysregulation. ACE2 and other viral proteases are expressed on
endothelial cells of the vasculature (Xiao et al., 2020). Because
lung tissue infected with SARS-CoV-2 shows patterns of damage
characteristic of pulmonary fibrosis, viral blood-borne tropism
may be facilitated in COVID-19 through upregulated ACE2 in
these arterial vascular cells (Guo et al., 2020). Immune cells
reaching the CNS may also promote neurotropism, particularly
via macrophages and monocytes (Merad and Martin, 2020).
Although several autopsy studies have not revealed widespread
immune cell infiltration, the potential contributions of infected
innate and acquired immune cells to neurotropism may be
consequential (Tadecola et al., 2020).

Once in the circulation, the virus may easily avoid the BBB
by targeting circumventricular organs in the brain. These CNS
sites have areas of fenestrated capillaries where the endothelial
border does not represent a fixed boundary to molecular entry
(Tadecola et al., 2020). The presence of ACE2 receptors in such
delimited CNS locations support this potential route of entry
(Chigr et al., 2020). Furthermore, inflammation resulting from
reactive oxygen species and free radicals produced by SARS-
CoV-2 infection can damage the BBB, facilitating neurotropism
via the circulation in other locations lacking fenestrations
(Li et al., 2020c). Similarly, cytokines, which are elevated
during COVID-19 infection, are known to cross the BBB and
contribute to neuroinflammation observed in SARS-CoV-2 brain
neuropathological studies (Azizi and Azizi, 2020; Iba et al., 2020;
Rhea et al.,, 2021).

Although the BBB largely segregates the brain from the
systemic circulation, toxic wastes and metabolites must still
be removed from the brain. A waste removal system, termed
“glymphatics” for its dependence on glial cells, is facilitated
by a CSF and interstitial fluid transport system (Benveniste
et al, 2017). In this system, CSF is transported within a
peri-vascular network that helps drain waste from the brain
parenchyma (Benveniste et al., 2017). In addition to glymphatics,
a true lymphatic vasculature that drains interstitial fluid has
been described in the brain’s meningeal layer (Solomos and
Rall, 2016). Furthermore, the brain dural sinuses are another
location of potential neuro-immune interactions. At the dural
sinus, accumulated CNS-derived antigens in the CSF are
taken up by dural antigen-presenting cells that introduce
the antigens to patrolling T cells (Rustenhoven et al., 2021).
Circulating lymphocytes and viral proteins in these systems
might be potential routes of both neuroinvasion and subsequent
transport back to the periphery (Solomos and Rall, 2016).
Other coronaviruses have previously been documented to
be present in the CSF (Nath, 2020), and now SARS-CoV-
2 has been observed in the CSF of COVID-19 patients
with rare neurological presentations like acute necrotizing

encephalopathy and demyelination (Domingues et al., 2020;
Virhammar et al., 2020).

MOLECULAR AND CELLULAR
MECHANISMS OF VIRAL ENTRY AND
SIGNAL TRANSDUCTION

Angiotensin Converting Enzyme 2/1
(ACE2/1)

The ACE2 receptor plays a pivotal role as the initiator of
SARS-CoV-2 cellular entry in multiple organs (Xiao et al,
2020). When the viral spike glycoprotein interacts with ACE2,
SARS-CoV-2 is endocytosed (Liu et al., 2020a). ACE2 is a key
protein for the renin-angiotensin system (RAS), which plays
a central role in the homeostatic regulation of electrolyte and
fluid balance, blood pressure, arterial oxygenation, and end
organ function, particularly those mediated by the renal and
cardiovascular systems (Li et al., 2017; Miller and Arnold, 2019).
The RAS is divided into vasopressor and vasoprotective axes
(Li et al, 2017). The multiple arms of this complex pathway
ultimately result in the dynamic interplay of two main enzymes:
Angiotensin Converting Enzyme 1 (ACE1) and ACE2. ACE1
converts angiotensin I (Ang I) to angiotensin II (Ang II), while
ACE2 converts Ang I and Ang II to angiotensin (1-7) (Ang
(1-7)) and angiotensin (1-9) (Ang (1-9), respectively (Miller
and Arnold, 2019). The vasopressor axes are comprised of
the classic angiotensinogen/renin/ACE1/Ang II axis and the
prorenin/renin axis (Li et al., 2017). The vasoprotective axes,
which are dependent on ACE2/ Ang (1-7)/Ang (1-9)/Mas
receptors, counteract detrimental effects of the vasopressor axes
(Li et al., 2017). When SARS-CoV-2 is endocytosed, the ACE2
enzyme is endocytosed with it, shifting the balance of the
RAS toward the pro-inflammatory vasopressor axes (Li et al.,
2017; Gheblawi et al., 2020). Such disruption of RAS balance,
which has previously been implicated in the development of
cardiovascular disease, renal disease, and hypertension, amongst
other systemic derangements, may be a driver of COVID-19
systemic dyshomeostasis (Li et al., 2017).

Protease Cofactors and Alternative
Pathways

Proteases help to orchestrate neurotropism by assisting the ACE2
receptor interaction with SARS-CoV-2. For epithelial cells, these
proteases may even assist viral invasion through non-ACE2-
mediated routes, via CD147-spike protein and CD26 expressed
ubiquitously (Radzikowska et al., 2020; Wang et al., 2020a). ACE2
receptors are further modulated by being endocytosed following
binding to SARS-COV-2 (Gheblawi et al., 2020; Hirano and
Murakami, 2020). Transmembrane protease serine 2 (TMPRSS2)
is a serine protease on the plasma membrane that mediates spike
protein activation and promotes SARS-CoV-2 entry via direct
fusion, thereby subverting endocytic entry (Bailey and Diamond,
2021). ACE2 can exist as a transmembrane bound protein in
vascular endothelial cells, or as a circulating form, once cleaved
by TMPRSS2 or transmembrane protease serine 4 (TMPRSS4)
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(Xiao et al., 2020). ACE2 is subsequently shed, giving rise to the
circulating form, while TMPRSS2 and TMPRSS4 simultaneously
facilitate the endocytosis of SARS-CoV-2 (Xiao et al., 2020).

The SARS-CoV-2 spike protein has been shown to interact
with the soluble form of ACE2 or a soluble ACE2-vasopressin
complex extracellularly, and then may enter cells via endocytosis
mediated by the angiotensin II type I receptor (AT;R) or
arginine-vasopressin receptor 1B (AVPR1B), respectively (Yeung
et al., 2021). Additionally, the soluble form of ACE2 preserves
the viral binding site and may therefore facilitate viral tropism of
cells where the tissue-bound form of ACE2 is poorly expressed
(Yeung et al., 2021).

Furin is a pro-protein convertase found in many tissues,
including the brain, neuroendocrine organs, the GI tract and
liver, with few differences in expression levels (Wu et al., 2020).
The SARS-CoV-2 spike protein contains a unique furin cleavage
site not found in other B-coronaviruses (Wu et al., 2020). Furin
cleavage facilitates stronger viral receptor binding and membrane
fusion. These may contribute to the high infectivity profiles and
the multi-organ involvement, especially where ACE2 is present at
lower levels of expression (Wu et al., 2020). For example, furin
produced in intestinal cells could provide an avenue for viral
entry into the CNS via the myenteric nerve plexus. Moreover,
loss of furin is an effective measure to prevent viral infection
(Johnson et al., 2021). Other proteases like cathepsin L, cathepsin
B, trypsin, factor X, elastase, and Coronavirus 3CL protease
have also been implicated in SARS-CoV2 binding (Gheblawi
etal., 2020; Macchiagodena et al., 2020). CRISPR-Cas-9 screening
has also identified several genes necessary for the synthesis of
glycosaminoglycans, which are negatively charged polymers that
likely increase infectivity by attracting exposed positive charges
on viruses (Bailey and Diamond, 2021).

Interferon modulation of ACE2 receptors can lead to
increased degrees of neurotropism (Merad and Martin, 2020;
Ziegler et al., 2020). Interferons are downstream inflammatory
products of IL-1, IL-6, and tumor necrosis factor (TNF), key
inflammatory molecules released by immune cells in multiple
tissues affected by COVID-19 (Ziegler et al, 2020). Severe
COVID-19 infection and death following infection have been
associated with elevated inflammatory markers and chemokines
(Merad and Martin, 2020). The resulting interferons enhance
viral invasion as Ziegler et al. demonstrated that ACE2 receptors
represent the translation product of interferon-stimulated genes
in human barrier tissue epithelial cells (Ziegler et al., 2020).
Smoking and chronic obstructive pulmonary disease (COPD)
are associated with the increased presence of endocytic vacuoles
implicated in SARS-CoV-2 endocytosis (Eapen et al, 2021).
Patients with this pathogenic profile may be more susceptible
to viral entry and associated profiles of neurotropism. With
endocytosis and downregulation of surface ACE2 proteins, the
pro-inflammatory axes of the RAS can prevail, namely through
Ang II and the AT R (Gheblawi et al, 2020). Interferon-
stimulated ACE2 and ACE2 endocytosis both can modulate viral
entry. However, a novel truncated isoform of the ACE2, termed
deltaACE2 or MIRb-ACE2, has recently been discovered (Ng
et al., 2020; Onabajo et al., 2020). This truncated ACE2 isoform
has been observed to be induced by interferons and viruses,

including SARS-CoV-2 (Ng et al., 2020; Onabajo et al., 2020).
The novel truncated ACE2 isoform does not appear to bind the
SARS-CoV-2 spike protein or act as a peptidase, suggesting that
interferon-stimulated induction may not play a role in promoting
SARS-CoV-2 cellular entry (Ng et al., 2020; Onabajo et al., 2020).

NERVOUS SYSTEM CONTRIBUTIONS
TO SYSTEMIC DYSHOMEOSTASIS

Several key molecular factors are closely involved in stress-
mediated dysregulation, including catecholamines: adrenaline,
noradrenaline, dopamine (DA); peptide hormones and associated
factors: arginine vasopressin (AVP), Ang I, and steroid
hormones, including cortisol (Goldstein, 2020). This broad-
based stress-mediated bioactive factor deregulation leads to
activation of the sympathetic nervous system which, in turn,
increases Ang II, depletes ACE2 and subsequently decreases the
protective action of Ang (1-7) (Xiao et al., 2011; Porzionato et al.,
2020). These mechanisms are associated with typically observed
laboratory values and manifestations observed in COVID-
19 infection: hyperglycemia, hyponatremia, electrocardiogram
abnormalities, cytokine storm, heart failure, acute kidney injury,
acute respiratory distress syndrome (ARDS), clotting disorders,
and emotional stress (Porzionato et al., 2020).

Distributed Renin-Angiotensin System
The Ang II peptide of the RAS can act on a few receptor
types, the most notable being AT;R to effect change, including
increased sympathetic tone (Xia and Lazartigues, 2010; Miller
and Arnold, 2019). ATiR is a major mediator of RAS in
raising blood pressure through several homeostatic mechanisms
(Miller and Arnold, 2019). AT R is localized at circumventricular
organ sites and other cardinal integrative regulatory centers
of the brain like the hypothalamus and medulla (Doobay
et al., 2007). Circulating Ang II can mediate activation of the
SNS by acting on circumventricular organs and the carotid
body (Porzionato et al., 2020). This system is triggered during
times of blood loss, hyponatremia, renal hypotension, general
SNS activation and infection. Notably, an overactive SNS is
implicated in many comorbidities associated with mortality
in COVID-19 (Porzionato et al.,, 2020). Ang II interacts with
the pro-inflammatory AT;R, and downstream products of
these processes activate STAT3 and NF-«B transcription factors
(Hirano and Murakami, 2020). This promotes IL-6 production,
which upregulates NF-kB and STAT3 with production of other
pro-inflammatory cytokines (Hirano and Murakami, 2020).
ACE2 allows Ang (1-7) to act on Mas receptors to countervail
AT R actions (Miller and Arnold, 2019), since the Mas
receptor mediates vasodilation and anti-proliferative effects
(Xia and Lazartigues, 2010). ACE2 overexpression promotes
a protective phenotype in cardiovascular disease states in
transgenic mouse models (Alenina and Bader, 2019). ACE2 in the
hypothalamus has powerful antihypertensive and sympathetic
nervous system dampening effects, with ACE2 overexpression
increasing Ang (1-7) relative to Ang II, thereby providing
beneficial effects in mouse models displaying brain injury
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and stroke (Alenina and Bader, 2019). ACE1/ACE 2 receptor
interactions work to effectively mediate the effects of Ang II and
Ang (1-7). Unfortunately, with SARS-COV-2 infection, AT;R
activity frequently prevails.

ACE2-Mediated Cellular Tropism and

Organ System Damage

As mentioned, the SARS-CoV-2 spike protein interacts with the
ACE2 receptor in epithelial cells, which line a variety of tissues
including the lung, heart, and kidney. SARS-CoV-2 infection
thus potentially contributes to intricate profiles of end organ
damage via interacting neural and ACE2-RAS deregulation of
cardinal homeostatic processes. The involvement of and damage
to the CNS affects different systemic organ systems which
then exert feedback regulation to the CNS to exacerbate the
neurological and overall clinical patterns of COVID-19 infection
(Robinson et al., 2016; Batlle et al., 2020; Garvin et al., 2020;
Hundt et al., 2020; Lei et al., 2020). Recent autopsy results of
COVID-19 patients reflect dysregulation of key molecular factors
involved in hypoxia, coagulation, and fibrosis in multiple organs,
highlighting the extent of aberrant local regulatory processes and
systemic homeostasis (Nie et al., 2021).

Lung Injury

Pulmonary edema as a result of SARS-CoV-2 infection may
occur as a result of the activation of the bradykinin 1 and 2
receptors (BIR and B2R, respectively) in lung epithelial cells.
Normally, ACE2 plays a protective role by preventing fluid
accumulation through inactivation of the BIR ligand known as
bradykinin (BK). Bradykinin lowers blood pressure and promotes
capillary leakage. Furthermore, elevated D-dimer levels in these
patients are most likely reflective of the leakage of plasma
contents. A similar mechanism leading to pulmonary edema
has been suggested to play an important role in ARDS and
COVID-19 due to increased hydrostatic pressures as a result
of increased Ang II. Increased Ang II has been experimentally
shown to not alter hydrostatic pressure; however, increased
bradykinin has been proposed to increase hydrostatic pressure.
ACE1 inactivates bradykinin, which is an activating ligand of
B2R, while ACE2 inactivates nine-arginine bradykinin (Arg9-
BK) and bradykinin without nine-arginine (des-Arg9-BK) which
are activating ligands of BIR (van de Veerdonk et al., 2020).
In bronchoalveolar samples of COVID-19 patients, the BK
precursor, kininogen, was expressed while remaining undetected
in control specimens. Furthermore, BK degradative enzymes
were downregulated compared to those present in control
patients (Garvin et al., 2020). There is significant upregulation
of the genes encoding the enzymes responsible for production of
different forms of hyaluronic acid. The corresponding enzymes
responsible for its degradation, hyaluronidases, are conversely
downregulated. Hyaluronic acid promotes avid water absorption
leading to the formation of a hydrogel within the lungs. The
combination of increased vascular permeability due to increased
bradykinin levels as well as increased hyaluronic acid production
leads to hydrogel formation impairing the diffusion of oxygen
and carbon dioxide within the lungs of patients with COVID-
19. Interestingly, the alveolar type I cells in the lung may act

as homeostatic regulators of alveolar organization and function
following injury, since they have been described to remodel the
postnatal mice alveolus via distinct intracellular signaling factors
(Zepp et al., 2021).

Liver Injury

Although the exact mechanisms of liver damage in COVID-
19 remain to be elucidated, direct tropism via the ACE2
receptor expressed in hepatocytes, secondary hepatic damage
as a result of systemic inflammation, and the hepatotoxicity of
COVID-19 therapies contribute to organ dysfunction (Han et al.,
2021a). Because the liver plays an important role in regulating
inflammation by producing acute phase proteins, complement
proteins, and several cytokines, liver damage in COVID-19 could
potentially contribute to central homeostatic dysregulation of
immune function (Robinson et al., 2016).

Kidney Injury

The kidney regulates blood pressure and blood volume through
the RAS. Acute kidney injury (AKI) is frequently observed in
hospitalized COVID-19 patients (Batlle et al., 2020; Benedetti
et al., 2020; Farouk et al., 2020; Sharma et al., 2020). As
with COVID-19-associated liver injury, the mechanisms of AKI
are likely multifactorial. ACE2 is strongly expressed in the
kidney, suggesting direct SARS-CoV-2 renal tropism (Batlle et al.,
2020; Benedetti et al.,, 2020; Farouk et al., 2020). However,
the presence of SARS-CoV-2 RNA and viral particles in the
kidney has not been consistently reported in the literature
(Farouk et al, 2020; Sharma et al, 2020). The non-cell
autonomous influences of hyperinflammation, hypoxemia, and
hypercoagulability may contribute to the development of AKI
(Batlle et al., 2020; Benedetti et al., 2020; Farouk et al., 2020).
Moreover, ACE2 expression has been found to be downregulated
in AKI (Batlle et al, 2020). This may lead to higher ACEI
expression and lower levels of Ang (1-7), which could promote
a hyperinflammatory and hypercoagulable state in the kidney
(Batlle et al., 2020). Because the causes of COVID-19 AKI are
likely multifaceted, the disruption of RAS homeostasis in the
kidney may create a vicious cycle that exacerbates renal and
systemic damage.

Cardiorespiratory Failure and Hypoxemia
SARS-CoV-2 has been hypothesized to infect the CNS through
the cribriform plate, travel in a retrograde fashion through
peripheral olfactory nerves to the brain stem (inclusive of
the medulla) and to target and destroy the medullary centers
responsible for cardiorespiratory control, such as the Pre-
Botzinger complex. This has been thought to result in the
compromise of the respiratory centers (Gandhi et al., 2020).
Similar neurotropic viruses, like the avian coronavirus, have been
reported to track to nuclei of the medulla: the NTS and the
nucleus ambiguus (NA), sites that receive information from the
chemoreceptors of the respiratory tract and lungs and innervate
local resident smooth muscle, glands, and vessels (Costa et al.,
2014; Li et al., 2020b).

In SARS-CoV-2 infection, there is a proposed loss of
homeostatic control by the medulla resulting in cardiorespiratory
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compromise: inadequate blood flow, respiration and
oxygenation, leading to a multifaceted impairment of alveolar
gas exchange. In healthy individuals, peripheral chemoreceptors,
present at highest concentrations in the carotid body and aortic
arch, monitor the flux of arterial oxygen levels. When there
is arterial oxygen desaturation, an excitatory signal is sent
from the glomeruli here, most directly to the NTS, integrating
at the rostral ventrolateral medulla (Costa et al.,, 2014). In a
hypoxic state with low oxygen reserves, the body will aggressively
work to increase blood flow to high impact organs, promote
vasoconstriction in other peripheral locations, and increase
respiratory rate as well as inspiratory/expiratory force, in an
attempt to efficiently deploy oxygen (Costa et al., 2014; Tassorelli
et al., 2020). There is likely an inability to adequately detect
and respond to changes in oxygenation when SARS-CoV-2
infection compromises medullary and carotid body oxygen
sensing and set-point regulation as well as sensory nerve-related
respiratory muscle function. The often profound hypoxemia,
frequently without premonitory symptoms, is characteristic of
COVID-19 patients facing imminent respiratory compromise
and is indicative of homeostatic deregulation.

Interestingly, increases in peripheral hypoxic chemosensitivity
have been ascribed to overstimulation of the sympathetic nervous
system (Porzionato et al, 2020). A hyperactive sympathetic
nervous system due to higher hypoxic chemosensitivity has
been implicated in chronic obstructive pulmonary disorder and
metabolic syndrome, comorbidities that enhance the severity of
COVID-19 (Porzionato et al., 2020).

Gastrointestinal Dysfunction

Acute GI symptoms of COVID-19 include nausea, vomiting,
and diarrhea (Esposito et al., 2020; Li et al, 2020c). Viral
neurotropism of the area postrema and in the NTS of the
medulla oblongata of the brainstem may disrupt their normal
homeostatic roles. The NTS is particularly known to be
targeted by other coronaviruses, emphasizing its potential role
in the acute GI symptoms frequently seen in COVID-19
(Porzionato et al., 2020).

The ENS regulates gut homeostasis through interactions
between enteric glial cells, gut epithelium, and gut-associated
lymphoid tissue (GALT) (Esposito et al., 2020). Enteric glial cells
serve as antigen-presenting cells to the GALT, and their activation
is characterized by IL-6 release, contributing to inflammation in
COVID-19 (Esposito et al., 2020). Furthermore, their activation
by viruses has been implicated as a key step in neurological
immune priming that leads to later neurological impairments
(Esposito et al., 2020). Deregulation of these components of
the nervous system may therefore be responsible for the
observed GI dysfunction.

COVID-19 Associated Coagulopathy

Specific forms of neurological dysfunction in COVID-19 may
be related, among other pathological processes, to characteristic
features of the newly-defined COVID-19 associated coagulopathy
(CAC). Disruption of interactions between the coagulation
cascade and inflammation has been observed in SARS-CoV-
2 infected patients; CAC is unique in that it presents with

elevated fibrinogen, D-dimer levels, Von Willebrand factor
(VWE), factor VIII and inflammatory cytokines that can induce
a generalized thrombotic disorder (Iba et al., 2020). SARS-CoV-
2 infected macrophages express tissue factor on their cell surface
promoting coagulation. Factor VIII and VWF released by SARS-
CoV-2 infected endothelial cells also contribute to increased
coagulation. Thrombosis may occur due to these multifaceted
prothrombotic modifications in cell signaling (Iba et al., 2020).
However, unlike other coagulopathies, CAC is not marked
by thrombocytopenia and does not show increased partial
thromboplastin time, distinguishing it from similar disorders of
sepsis-induced coagulopathy (Iba et al., 2020).

CAC is notable for endothelial damage as SARS-CoV-2
directly infects vascular endothelial cells via ACE2 receptors
with the help of TMPRSS2 cleavage. Damaged endothelial cells
then fail to produce nitric oxide, thus allowing adhesion of
leukocytes and platelets and migration of inflammatory cells
into the vessel wall (Iba et al., 2020). In the event of infection,
endothelial cell damage results in tissue factor release, especially
in the brain, activating thrombin, the final serine protease in
the coagulation cascade (Festoff and Citron, 2019). Because
thrombin exerts pro-inflammatory effects in addition to its role
in coagulation, it plays a key role in the interactions mediating
the coagulation-inflammatory nexus (Festoff and Citron, 2019).
Thrombin cleaves the protease-activated receptor on endothelial
cells to gain access through the BBB to the CNS, where it can then
lead to neuroinflammation (Festoff and Citron, 2019).

The result of this robust coagulation, inflammation, and
endothelial damage, including active viral-mediated endotheliitis,
is profound degrees of vasculitis, thrombosis, and stroke affecting
large arterial and venous vessels as well as the entire brain
and body microvasculature, including arterioles, venules and
capillary beds. This results in complex impairments in oxygen
exchange and unique microinfarctions and mechanosensitive
microbleeds with dramatic CNS microglial activation, active
innate immune sensing and neuroinflammation (Azizi and
Azizi, 2020; Iba et al., 2020; Thakur et al., 2021). Microscopic
examination of the brains of patients who have died from
COVID-19 has indicated multifocal microvascular ischemic
and hemorrhagic parenchymal injury, neuroinflammation and
microglial activation without cell autonomous viral effects
targeting neurons, astrocytes or oligodendrocytes (Lee et al.,
2020; Thakur et al., 2021).

Neural-Immune, System Inflammatory
and Hematopoietic-Mediated

Dysfunction

An unusual inflammatory syndrome characterized by fever,
inflammation, and multisystem organ injury has been associated
with a subset of COVID-19 patients, including children
(Whittaker et al., 2020). Elevated fractions of mononuclear
phagocytes, particularly inflammatory monocyte-derived
macrophages, have also been observed in COVID-19 patients
(Liao et al.,, 2020; Merad and Martin, 2020). Overactivation of
these mononuclear phagocytes may contribute to the cytokine
storm that is characteristic of COVID-19, and the cytokine profile
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of COVID-19 hyperinflammation resembles that of macrophage
activation syndrome (Merad and Martin, 2020). Elevated
cytokines, namely IL-6 and tumor necrosis factor (TNEF),
released by macrophages in severe SARS-CoV-2 infection, not
only promote an inflammatory milieu, but may also stimulate
upregulation of the ACE2 receptor, further driving SARS-CoV-2
regional cellular tropism (Merad and Martin, 2020).

Hyperinflammation and activation of mononuclear
phagocytes may also contribute to the process of
hypercoagulation observed in COVID-19. In the absence
of direct vascular damage, the initiation of coagulation is
dependent on increased expression of the pro-thrombotic
molecule, coagulation factor III, on mononuclear cells via
pro-inflammatory cytokines (Merad and Martin, 2020). An
inflammatory state inhibits anticoagulant pathways, further
promoting a severe systemic hypercoagulable state. For example,
antiphospholipid antibodies, which are characteristically present
in several autoimmune conditions, activate the complement and
coagulation cascades to contribute to thrombosis and to mediate
proinflammatory signaling in innate immune and vascular
endothelial cells (Muller-Calleja et al., 2021). Miiller-Calleja et al.
recently described a process by which endothelial protein C
receptors act in complex with the lipid lysobisphosphatidic acid
to activate pathogenic antiphospholipid antibodies, representing
a mechanistic link between coagulation and innate immune
signaling (Muller-Calleja et al., 2021).

The autonomic nervous system plays a crucial homeostatic
role through its pro-inflammatory and anti-inflammatory effects
on immune cells. An innate immune response activates sensory
neurons that release neuropeptides such as calcitonin-gene-
related peptide and substance P, the downstream products of
which promote inflammation (Hanoun et al, 2015). When
the HPA axis detects inflammation via afferent nerves or
inflammatory markers, it exerts an anti-inflammatory effect
by stimulating glucocorticoids and dopamine release from the
adrenal glands (Hanoun et al., 2015; Maryanovich et al., 2018).

Both major branches of the autonomic nervous system
contribute to neural regulation of the immune response.
The SNS releases noradrenaline that exerts distinct actions
through specific subtypes of adrenergic receptors. Noradrenaline
has pro-inflammatory effects at low concentrations and anti-
inflammatory effects at high concentrations (Hanoun et al,
2015). Chronic inflammation alters the expression pattern of
adrenergic receptor subtypes and shifts local innervation toward
pro-inflammatory sensory nerves (Hanoun et al, 2015); it
is possible that COVID-19 causes this type of shift as well
(Porzionato et al., 2020). Furthermore, in murine models,
increased sympathetic stimulation led to noradrenaline-mediated
vascular inflammation and increased output of neutrophils and
inflammatory monocytes (Porzionato et al., 2020). While there
is no definitive evidence for direct parasympathetic innervation
of the immune system, inflammatory cytokines activate afferent
branches of the parasympathetic NS to send signals to the
NTS and activate efferent branches of the parasympathetic
NS (Hanoun et al, 2015; Maryanovich et al, 2018). The
parasympathetic NS can then counteract an inflammatory
state via acetylcholine release (Hanoun et al., 2015). For

example, activation of the parasympathetic NS has been shown
to mediate an anti-inflammatory immune cell response via
inhibition of tumor necrosis factor release by macrophages
(Porzionato et al., 2020).

The circadian control of the immune system represents
an additional axis that may be disrupted by COVID-19. The
“master clock” of the circadian system is the suprachiasmatic
nucleus of the hypothalamus (Scheiermann et al., 2013). The
HPA axis and SNS modulate local circadian rhythms in body
tissues through hormonal and autonomic neural regulation
of peripheral clock components (Scheiermann et al., 2013).
The SNS can act as a local regulator of the body clocks
because the SNS directly innervates tissues and drives cyclical
noradrenaline release from nerve varicosities (Scheiermann
et al., 2013). A large complement of circulating hematopoietic
cells, lymphocytes, hormones, and cytokines have been shown
to exhibit circadian oscillations (Scheiermann et al., 2013).
In murine models, the acute inflammatory response exhibits
circadian rhythms, likely due to circadian-influenced leukocyte
migration and phagocytic activity (Scheiermann et al., 2013).
Furthermore, several diseases in humans display circadian
dysregulation as part of their presentation. Myocardial infarction
and ischemic stroke, documented consequences of COVID-
19, are examples of such diseases, where a surge in SNS
activity during the morning hours is thought to contribute
to cardiovascular complications (Scheiermann et al, 2013;
Choudry et al,, 2020). It is conceivable that SARS-CoV-2
neurotropism, both in the central and peripheral nervous
systems, could therefore be adversely impacting the modulation
of the circadian system over the immune system, thereby
contributing to some of the observed COVID-19-related acute
phase complications.

Furthermore, the peripheral nervous system also dynamically
regulates bone remodeling and bone marrow effector functions.
Hematopoietic stem cells (HSCs) in the bone marrow are
activated in response to infection to maintain homeostasis
(Maryanovich et al, 2018). The SNS has been documented
to regulate the microenvironment in the bone marrow, where
sympathetic nerve fibers help to create niches essential for
normal HSC egress and differentiation of individual blood
elements as well as behavioral effects during stress (Maryanovich
et al, 2018). Sensory nerves also reach the bone marrow,
and sensory neuropeptides have been suggested to directly
contribute to regulating HSC activity (Maryanovich et al,
2018). Many of the unique systemic manifestations of COVID-
19 affect the derivatives of HSCs like platelets, red blood
cells, and immune cells, potentially suggesting that HSCs
represent another end organ effector system at the cellular level
whose components are differentially regulated and impaired
by SARS-CoV-2.

Bidirectional communications involving
the lymph nodes represent another axis where the function
of sensory neurons may be disrupted. Recent work by Huang
et al. further elucidates previously described communications
between the PNS and the immune system (Huang et al., 2021).
They find that lymph nodes are innervated by heterogeneous
populations of sensory and sympathetic neurons which

neuro-immune
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demonstrate inflammation-induced plasticity (Huang et al.,
2021). These sensory neurons are largely skewed toward
peripheral lymph nodes, suggesting that these neurons can
act to monitor the homeostatic status of the lymphatic system
(Huang et al, 2021). When activated, these neurons can
modulate activity-dependent gene transcription in immune
cells (Huang et al., 2021). SARS-CoV-2 neurotropism could be
differentially targeting sensory neurons in this heterogeneous
population, thereby contributing to the maladaptive immune
response. Dysregulation of the interactions of the PNS with
the immune system may therefore be contributing to the
hyperinflammatory state of COVID-19 and its concomitant and
protean systemic manifestations.

LONG-TERM NEUROLOGICAL
SEQUELAE

There is increasing evidence of a “Long COVID” syndrome,
in which some COVID-19 patients, regardless of initial disease
severity, experience manifestations of the illness beyond acute
COVID-19 infection (Al-Aly et al., 2021; Boldrini et al., 2021).
A profile of patients with “Long COVID” reveals fatigue,
post-exertional malaise, and cognitive dysfunction as the most
common symptoms of this syndrome reported up to 6 months
from the acute period of illness (Davis et al., 2020). Many of
these patients experience prolonged multisystem involvement
and significant disability (Davis et al., 2020). This is analogous to
a prolonged post-concussive syndrome associated with elements
of traumatic brain injury. Such a clinical course is compatible
with the lack of regenerative responses described in COVID-19
(Delorey et al., 2021).

Given the unprecedented range and severity of acute
neurological COVID-19 syndromes already described in the
literature, the consequences of prolonged aberrant, viral-
mediated neural regulation of systemic processes are likely to be
profound. Many of the observed long-term sequelae are likely
due to a disruption of the bi-directional interactions of the
nervous system and the immune system detailed above, which
promotes a pro-inflammatory, hypoxemic, hypercoagulable state.
This sustained detrimental environment is known to promote
long-term neurological syndromes including demyelinating
disorders, degenerative dementias, movement disorders, delayed
immune-mediated encephalopathies, neuromuscular disorders,
neuropsychiatric conditions and unusual cognitive disorders
frequently seen with prior delayed effects of head and spinal
cord injuries, rare focal neurovascular syndromes, and more
remote effects of viral encephalitides (Tavassoly et al., 2020).
These post-acute sequelae may be associated with alterations in
cortical circuit hyperconnectivity, impaired excitation-inhibition
coupling, excitotoxicity, and immune memory dysfunction (Brun
et al.,, 2020; Domingues et al., 2020; Zanin et al., 2020).

The resulting pathological substrate, including COVID-19
coagulopathy, vasculopathy, neuroinflammation, and immune
dysregulation, increases the risk of COVID-19 related strokes,
including atypical presentations indicative of multiple large
vessel involvement or diffuse microvascular ischemia and

hemorrhage, the latter frequently presenting as a persistent
encephalopathy without additional lateralizing neurological signs
representing the potential progression of a classical delirium
into a syndrome of mild to moderate protracted cognitive
disability (Hess et al., 2020). Additionally, demyelinating lesions
of the CNS have been described as a sequela as a result of
inflammation-induced glial cell activation (Brun et al., 2020;
Zanin et al, 2020). Similarly, neuronophagia and microglial
nodules have been found in the cerebellar dentate nuclei of
a COVID-19 patient (Al-Dalahmah et al, 2020). These may
be the result of microglial cell activation by cytokines, which
drives phagocytosis of hypoxic neurons (Al-Dalahmah et al,
2020). ApoE4, a genetic risk factor for neural injury responses
in Alzheimer’s disease and other degenerative dementias and
chronic traumatic encephalopathy, has been shown in glial cells
to exacerbate neurodegeneration and is associated with more
severe COVID-19 (Wang et al.,, 2021). SARS-CoV-2 has been
shown to preferentially target and induce death of human
induced pluripotent stem cell-derived ApoE4 astrocytes (Wang
et al., 2021). These results may help explain why a subset of
COVID-19 patients have neurodegenerative manifestations and
accelerated aging phenotypes (Wang et al., 2021).

SYSTEMIC VIRAL SEQUELAE

The inability to return to normal homeostasis after acute
infection may result in an unprecedented level of stress and
injury, which has profound implications for the long-term
sequelae of COVID-19. In this section, we explore how this
unique pathology may lead to organ fibrosis, tissue degeneration,
and systemic cancer.

Multiple cellular responses must be coordinated to restore
homeostasis (You et al, 2021). Severe stress conditions
adversely impact the differentiation and tissue regenerative
functions of HSCs (Cho et al.,, 2013). In human stress and
disease environments, transcriptional and post-transcriptional
mechanisms disrupt tissue-specific stem and progenitor cell
homeostasis (Puisieux et al., 2018). For example, dysregulation
of the mitochondrial unfolded protein stress response impairs
HSC proliferation, and additional degrees of extreme stress
via the endoplasmic reticulum (ER) stress response induces
HSC apoptosis and associated regenerative responses (Puisieux
et al., 2018). Moreover, sympathetic hyperactivation, a feature
of COVID-19, has been observed to deregulate HSC niches
(Maryanovich et al., 2018).

Stress and injury also have influences at the level of inter-
organelle communications, where, for example, stress to the
ER has been identified as a hallmark of hyperinflammation,
protein misfolding, and cell death (You et al, 2021). The
unfolded protein response is central to the resolution of ER stress
programs because it modulates newly-described transcriptional
regulators like QRICH1 that dictates cell fate responses (You
et al., 2021). In situations of unresolved, sustained stress, a
dysregulated unfolded protein response can ultimately induce
cell dysfunction and death (You et al, 2021). In C. elegans
models, dopaminergic and serotonergic neurons have been
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found to be necessary and sufficient for activating the non-
cell autonomous ER-mediated unfolded protein response in
peripheral tissues to promote lipid homeostasis, including
lipophagy, and proteostasis that extend lifespan (Daniele et al.,
2020; Higuchi-Sanabria et al., 2020). These results emphasize the
dynamic interplay between the nervous system and peripheral
homeostatic mechanisms in responding to stress to regulate the
continuum between premature aging phenotypes and longevity
responses. Nuclear histones are another cellular component
whose role in suppressing immunogenicity has been highlighted
(Uggenti et al, 2020). Stress and injury may interfere with
the ability of specific components of the immune system
to distinguish between self- and non-self-nucleic acids, as
emphasized by autoinflammatory disorders associated with
deregulated type I interferon responses (Uggenti et al., 2020).
Chromatin without linker histones stimulates the DNA sensor,
cGAMP, activating the interferon response which ultimately
leads to self-DNA-induced immunogenicity and inflammation
(Uggenti et al., 2020).

Epithelial cells in multiple organs participate in tissue
regenerative capabilities that may be compromised in COVID-
19 (Delorey et al, 2021). In the liver, both hepatocytes and
biliary tract cells demonstrate regenerative plasticity, suggesting
that these cells can act as facultative stem cells to replenish
liver parenchymal cells following injury. A unique population
of airway basal stem cells that can sense hypoxia has recently
been identified (Shivaraju et al., 2021). Hypoxic conditions cause
these stem cells to differentiate into solitary neuroendocrine cells,
which can then mitigate the effects of hypoxic injury (Shivaraju
et al., 2021). Solitary neuroendocrine cells secrete calcitonin
gene-related peptide which acts as a paracrine signal to repair
epithelial cell damage (Shivaraju et al,, 2021). Damage to this
protective cell type may lead to long-term airway epithelial cell
damage. Epithelial cells in the lung in particular are important
in recovery from pulmonary fibrosis (Basil et al., 2020). Alveolar
epithelial type 2 (AT2) cells can act as a self-renewing stem
cell-like population and regenerate alveolar epithelial type 1
cells, which constitute the majority of the alveolar surface (Basil
et al., 2020). In pulmonary fibrosis, it has been hypothesized
that stress and injury disrupt AT2 cell homeostasis and causes
them to lose their regenerative capacity (Basil et al., 2020).
If such a mechanism occurs with lung fibrosis observed in
COVID-19, then the ability of the lungs to recover may be
chronically compromised.

Potential damage to endothelial cells in the lymphatic
system may play a role in the recovery from COVID-19
vasculopathy. Lymphatic endothelial cells have recently been
found to secrete a lymphoangiocrine signal, the extracellular
protein reelin (RELN) (Liu et al., 2020b). RELN mediates the
proliferation of cardiomyocytes during mouse heart development
and improves cardiac regeneration in neonatal mice (Liu et al,,
2020b). In murine models, RELN has been shown to be essential
for efficient heart repair and function following myocardial
infarction (Liu et al., 2020b). RELN mediates the proliferation of
cardiomyocytes. While it is unknown whether COVID-19 targets
lymphatic endothelial cells, damage to this axis may present
with disruption of putative tissue regeneration in the context

of ongoing and possibly latent viral-mediated injury responses.
Additionally, disruption of the glymphatic system has recently
been suggested as a contributory factor to the progression
of neurodegeneration that is likely operative in COVID-19
(Nedergaard and Goldman, 2020). The glymphatic system serves
to clear protein aggregates during sleep; since age is associated
with increased protein aggregation, decreased sleep quality, and
risk for neurodegenerative disease (Nedergaard and Goldman,
2020); disruption of the glymphatic system may be a link between
these deregulated homeostatic processes in COVID-19.

Organ fibrosis is a deregulated tissue regenerative response
that can occur as a result of sustained or severe injury or
chronic inflammation that is seen in COVID-19 (Henderson
et al, 2020). During normal tissue repair following injury,
local tissue fibroblasts are activated to synthesize components
of the extracellular matrix and to secrete inflammatory
mediators (Henderson et al., 2020). Deregulation of this cardinal
homeostatic process, which may occur as a plausible consequence
of COVID-19, can result in the excessive deposition and
accumulation of a disorganized extracellular matrix within
end organs (Henderson et al, 2020). These fibrotic changes
fundamentally alter tissue structure, disrupt organ function,
and can lead to organ and subsequent organismal dysfunction
and death (Henderson et al., 2020). A persistent low level of
stress due to COVID-19 may lead to a unique form of pan-
organ fibrosis in which the organs do not actually undergo
acute injury or death, but rather experience chronic dysfunction
and novel forms of delayed brain and body malfunction
(Henderson et al., 2020). There is increasing evidence that
if the underlying cause of injury is removed, human organ
fibrosis can resolve via the elimination of fibroblasts and the
degradation of the extracellular matrix (Jun and Lau, 2018). In
this way, the affected tissue does not progress to organ failure,
but rather retains a degree of dysfunction and plasticity that
would normally be observed in the initial or plateau phase of
fibrosis. Moreover, recent analysis of single-cell atlases of multiple
COVID-19 affected tissues has uncovered several failed tissue
regenerative pathways in response to SARS-CoV-2, including
the proliferation of fibroblasts and impaired AT2 differentiation
(Delorey et al., 2021). This analysis also linked related cell types
and genes implicated in disease severity to heritable risk using
genome-wide association studies (GWAS) (Delorey et al., 2021),
further underscoring how COVID-19 may act as an accelerated
aging phenotype.

Stress and injury can also increase the susceptibility of
cells to undergo malignant transformation (Puisieux et al,
2018). Environmental contexts such as pro-inflammatory signals
have been suggested to affect cellular differentiation processes
that protect against tumorigenesis (Puisieux et al., 2018). In
inappropriate contexts like severe stress, differentiated adult
epithelial cells undergo reprogramming, which may lead to the
generation of cell states prone to malignancy (Puisieux et al.,
2018). Central to this mechanism is the inactivation of p53,
the loss of which promotes evasion of cell-cycle checkpoints
and apoptosis (Puisieux et al, 2018). These processes also
lead to enduring lineage infidelities and the commissioning of
tumor related super-enhancers (Ge et al.,, 2017). Furthermore,
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Li et al. show that pancreatic inflammation is linked to
a transient metaplastic progenitor cell population harboring
a proto-oncogene mediated enhancer network that is co-
opted by mutant Kras to subsequently drive tumorigenesis,
suggesting that inflammation can also promote oncogenesis
by gene enhancer network remodeling (Li et al, 2021).
Moreover, innate immune priming and associated immune
modulatory states can occur as a result of deregulation of
specific immune molecular effector stress response pathways
and result in a spectrum of context-specific outcomes including
multiple forms of programmed cell death such as apoptosis,
necroptosis, pyroptosis, inflammatory states, autoimmunity as
well as immune deficiency with profound implications for
intermediate and more long-term COVID-19 sequelae (Li et al.,
2019; Lalaoui et al., 2020; Malireddi et al., 2020). Additionally,
tumor cells can promote a hypercoagulable state by producing
and secreting prothrombotic factors and inflammatory cytokines
(Caine et al., 2002). Malignant transformation may therefore
exacerbate CAC and lead to long-term coagulopathy. Taken
together, the multiple modes and degrees of disruption in
COVID-19 will likely subvert the body’s ability to maintain or
reestablish homeostasis.

TREATMENT OPTIONS

Repurposing drugs that can act on the autonomic and central
nervous systems, including those targeting neurotransmitter and
neuropeptide receptors and ligands that modulate immune cell
subsets involved in COVID-19 immune dysregulation, may be
an important direction for therapy. This would provide a route
of symptom management and for halting disease progression
through the application of already tested, manufactured, and
inexpensive drugs. For example, hyperactivation of the SNS can
be addressed using therapeutic agents for the adrenergic system.
Further highlighting the opportunities for drug repurposing,
imatinib, mycophenolic acid, and quinacrine dihydrochloride,
which are already approved by the US Food and Drug
Administration (FDA), have been shown to inhibit SARS-CoV-
2 entry into relevant lung and intestinal cell types derived
from human pluripotent stem cell-derived model systems (Han
et al, 2021b). Moreover, recent analysis of the structural
elements of the SARS-CoV-2 genome has identified specific
host cellular proteins that bind to viral RNA and therefore
may be targeted employing antisense oligonucleotides and
existing FDA-approved drugs to reduce SARS-CoV-2 infection
(Sun et al., 2021).

Addressing the long-term systemic sequelae will likely require
sophisticated combination therapies. Depending on the temporal
characteristics of a patient's COVID-19 disease progression,
immune agents that dampen or activate the immune system
may be used, including advanced forms of checkpoint therapy
for better optimization of cancer immunotherapy. Recently, N°-
methyladenosine, an epigenetic modification of RNA involved
in immune responses and tumorigenesis, has been found
to activate the adenosine A3 receptor (Ogawa et al, 2021).
The adenosine A3 receptor is a regulator of seminal tissue

functions found to be overexpressed in inflammatory and
cancer cells (Borea et al., 2015). This suggests that RNA
modifications could be leveraged as a potential therapy for
COVID-19 sequelae. Because COVID-19 potentially deregulates
HSC niches, drugs affecting blood components may be
potentially repurposed. For example, erythropoietin could be
used to stimulate red blood cells and to mitigate hypoxemia
(Soliz et al., 2020). The inflammatory environment created by
neutrophils and neutrophil extracellular traps (NETs) have been
implicated in tumorigenesis (Xiao et al., 2021). Xiao et al.
have shown that targeting the tumor-secreted protease cathepsin
C inhibits metastasis by limiting neutrophil recruitment and
NET formation (Xiao et al., 2021), suggesting neutrophils are
another blood component that can be regulated to mitigate the
development of malignancy as a long-term sequela. Moreover,
because remodeling of bone marrow niches can facilitate
immune evasion and survival of malignant hematopoietic cells
(Méndez-Ferrer et al., 2020), the microenvironment of these
niches can also be targeted (Ho et al, 2019). Additionally,
retrograde signals, including neurotransmitters, neuropeptides,
hormones, and non-coding RNAs, by which the nervous
system separately modulates lipid homeostasis, proteostasis and
mitochondrial integrity in peripheral tissues through multiple
mechanisms, including the integrated stress response and the
mitochondrial unfolded protein response (Daniele et al., 2020;
Higuchi-Sanabria et al., 2020), may therefore be repurposed to
prevent premature aging phenotypes. This may also promote
homeostatic responses underlying longevity to protect against a
plethora of age-associated diseases likely to be seen as sequelae
of COVID-19.

CONCLUSION

There are many unaddressed questions that will impact the
direction and manifestations of long-term COVID-19 sequelae.
These include: How do the selective pressures driving SARS-
CoV-2 mutational variants impact the interactions between
the nervous system and systemic organs, tissues, and cell
types? Does the spectrum of atypical systemic presentations
and the prevalence of acute neuropsychiatric manifestations
indicate the occurrence of rapid evolutionary forces influencing
viral-mediated systemic and nervous system associated cross-
regulation and dyshomeostasis? Are the long-term sequelae a
consequence of ongoing effects of the acute disease state and/or
distinct effects of injury responses, immunological memory, or
latent reservoirs of SARS-CoV-2? Will the selective pressures
that give rise to viral variants affect the long-term course of the
COVID-19 disease process? Are SARS-CoV-2 variants inherently
circumscribed by the evolutionary biology or rather are they
infinitely adaptable?

AUTHOR CONTRIBUTIONS

HA and MFM conceptualized the proposed pathogenic
mechanism, identified appropriate reference citations

Frontiers in Neuroscience | www.frontiersin.org

August 2021 | Volume 15 | Article 727060


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Anand et al.

COVID-19: A Unique Dyshomeostasis Syndrome

and participated in drafting and revising the manuscript.
VE and GS identified appropriate reference citations
and contributed to drafting the manuscript. IQ and
TD provided important intellectual insights. All authors
contributed to the article and approved the submitted
version.

REFERENCES

Al-Aly, Z., Xie, Y., and Bowe, B. (2021). High-dimensional characterization of post-
acute sequalae of COVID-19. Nature 594, 259-264. doi: 10.1038/s41586-021-
03553-9

Al-Dalahmah, O., Thakur, K. T., Nordvig, A. S., Prust, M. L., Roth, W., Lignelli,
A., et al. (2020). Neuronophagia and microglial nodules in a SARS-CoV-2
patient with cerebellar hemorrhage. Acta Neuropathol. Commun. 8:147. doi:
10.1186/s40478-020-01024-2

Alenina, N., and Bader, M. (2019). ACE2 in brain physiology and pathophysiology:
evidence from transgenic animal models. Neurochem. Res. 44, 1323-1329. doi:
10.1007/s11064-018-2679-4

Alquisiras-Burgos, I, Peralta-Arrieta, I, Alonso-Palomares, L. A., Zacapala-
Gomez, A. E., Salmeron-Barcenas, E. G., and Aguilera, P. (2020). Neurological
complications associated with the blood-brain barrier damage induced by
the inflammatory response during SARS-CoV-2 infection. Mol. Neurobiol. 58,
520-535. doi: 10.1007/s12035-020-02134-7

Altschul, D. J., Unda, S. R, Benton, J., de la Garza Ramos, R., Cezayirli, P.,
Mehler, M., et al. (2020). A novel severity score to predict inpatient mortality
in COVID-19 patients. Sci. Rep. 10:16726. doi: 10.1038/s41598-020-73962-9

Anand, P., Puranik, A., Aravamudan, M., Venkatakrishnan, A. J., and
Soundararajan, V. (2020). SARS-CoV-2 strategically mimics proteolytic
activation of human ENaC. Elife 9:e58603. doi: 10.7554/eLife.58603

Azizi, S. A., and Azizi, S. A. (2020). Neurological injuries in COVID-19
patients: direct viral invasion or a bystander injury after infection of
epithelial/endothelial cells. . Neurovirol. 26, 631-641. doi: 10.1007/s13365-020-
00903-7

Baig, A. M., Khaleeq, A., Ali, U., and Syeda, H. (2020). Evidence of the COVID-
19 virus targeting the cns: tissue distribution, Host-Virus Interaction, and
proposed neurotropic mechanisms. ACS Chem. Neurosci. 11, 995-998. doi:
10.1021/acschemneuro.0c00122

Bailey, A. L., and Diamond, M. S. (2021). A Crisp(r) new perspective on SARS-
CoV-2 Biology. Cell 184, 15-17. doi: 10.1016/j.cell.2020.12.003

Basil, M. C,, Katzen, J., Engler, A. E., Guo, M., Herriges, M. J., Kathiriya, J. J., et al.
(2020). The cellular and physiological basis for lung repair and regeneration:
past, present, and future. Cell Stem Cell 26, 482-502. doi: 10.1016/j.stem.2020.
03.009

Batlle, D., Soler, M. J., Sparks, M. A., Hiremath, S., South, A. M., Welling, P. A,
et al. (2020). Acute kidney injury in COVID-19: emerging evidence of a
distinct pathophysiology. . Am. Soc. Nephrol. 31, 1380-1383. doi: 10.1681/ASN.
2020040419

Benedetti, C., Waldman, M., Zaza, G., Riella, L. V., and Cravedi, P. (2020). COVID-
19 and the Kidneys: An update. Front. Med. 7:423. doi: 10.3389/fmed.2020.
00423

Benito-Kwiecinski, S., Giandomenico, S. L., Sutcliffe, M., Riis, E. S., Freire-
Pritchett, P., Kelava, I, et al. (2021). An early cell shape transition drives
evolutionary expansion of the human forebrain. Cell 184, 2084-2102. doi: 10.
1016/j.cell.2021.02.050

Benveniste, H., Lee, H., and Volkow, N. D. (2017). The glymphatic pathway: waste
removal from the CNS via cerebrospinal fluid transport. Neuroscientist 23,
454-465. doi: 10.1177/1073858417691030

Blanco-Melo, D., Nilsson-Payant, B. E., Liu, W. C., Uhl, S., Hoagland, D., Moller,
R., et al. (2020). Imbalanced host response to SARS-CoV-2 drives development
of COVID-19. Cell 181, 1036-1045. doi: 10.1016/j.cell.2020.04.026

Bohmwald, K., Galvez, N. M. S., Rios, M., and Kalergis, A. M. (2018). Neurologic
alterations due to respiratory virus infections. Front. Cell Neurosci. 12:386.
doi: 10.3389/fncel.2018.00386

Boldrini, M., Canoll, P. D., and Klein, R. S. (2021). How COVID-19 affects the
brain. JAMA Psychiatry 78, 682-683. doi: 10.1001/jamapsychiatry.2021.0500

FUNDING

Supported by NIH (ROINS071571, 0ODO025320, and
ROINS096144) and by the F.M. Kirby, Alpern Family, Harold
and Isabel Feld, and Roslyn and Leslie Goldstein foundations
to MFM.

Borea, P. A., Varani, K., Vincenzi, F., Baraldi, P. G., Tabrizi, M. A., Merighi, S., et al.
(2015). The A3 adenosine receptor: history and perspectives. Pharmacol. Rev.
67, 74-102.

Brun, G., Hak, J. F., Coze, S., Kaphan, E., Carvelli, J., Girard, N, et al. (2020).
COVID-19-White matter and globus pallidum lesions: Demyelination or small-
vessel vasculitis? Neurol. Neuroimmunol. Neuroinflamm. 7:¢777. doi: 10.1212/
NXI.0000000000000777

Bullen, C. K., Hogberg, H. T., Bahadirli-Talbott, A., Bishai, W. R., Hartung,
T., Keuthan, C,, et al. (2020). Infectability of human brainsphere neurons
suggests neurotropism of SARS-CoV-2. ALTEX 37, 665-671. doi: 10.14573/
altex.2006111

Caine, G. J., Stonelake, P. S., Lip, G. Y., and Kehoe, S. T. (2002). The
hypercoagulable state of malignancy: pathogenesis and current debate.
Neoplasia 4:465.

Chigr, F., Merzouki, M., and Najimi, M. (2020). Autonomic brain centers and
pathophysiology of COVID-19. ACS Chem. Neurosci. 11, 1520-1522. doi: 10.
1021/acschemneuro.0c00265

Cho, J. S., Kook, S. H., Robinson, A. R., Niedernhofer, L. J., and Lee, B. C. (2013).
Cell autonomous and nonautonomous mechanisms drive hematopoietic
stem/progenitor cell loss in the absence of DNA repair. Stem Cells 31, 511-525.
doi: 10.1002/stem.1261

Chou, S. H., Beghi, E., Helbok, R, Moro, E., Sampson, J., Altamirano,
V., et al. (2021). Global incidence of neurological manifestations among
patients hospitalized With COVID-19-A Report for the GCS-NeuroCOVID
Consortium and the ENERGY Consortium. JAMA Netw. Open 4:e2112131.
doi: 10.1001/jamanetworkopen.2021.12131

Choudry, F. A., Hamshere, S. M., Rathod, K. S., Akhtar, M. M., Archbold, R. A.,
Guttmann, O. P, et al. (2020). High thrombus burden in patients with COVID-
19 presenting with ST-segment elevation myocardial infarction. J. Am. Coll.
Cardiol. 76, 1168-1176. doi: 10.1016/j.jacc.2020.07.022

Conklin, J., Frosch, M. P., Mukerji, S. S., Rapalino, O., Maher, M. D.,
Schaefer, P. W, et al. (2021). Susceptibility-weighted imaging reveals cerebral
microvascular injury in severe COVID-19. J. Neurol. Sci. 421:117308. doi: 10.
1016/j.jns.2021.117308

Costa, K. M., Accorsi-Mendonca, D., Moraes, D. J., and Machado, B. H. (2014).
Evolution and physiology of neural oxygen sensing. Front. Physiol. 5:302. doi:
10.3389/fphys.2014.00302

Daniele, J. R., Higuchi-Sanabria, R., Durieux, J., Monshietehadi, S., Ramachandran,
V., Tronnes, S. U,, et al. (2020). UPRER promotes lipophagy independent of
chaperones to extend life span. Sci. Adv. 6:eaaz1441.

Davis, H. E., Assaf, G. S., McCorkell, L., Wei, H., Low, R. J., Re'em, Y., et al. (2020).
Characterizing Long COVID in an International Cohort: 7 Months of Symptoms
and Their Impact. Harbor, NY: Cold Spring.

Delorey, T. M., Ziegler, C. G. K., Heimberg, G., Normand, R., Yang, Y,
Segerstolpe, A, et al. (2021). COVID-19 tissue atlases reveal SARS-CoV-2
pathology and cellular targets. Nature 595, 107-113. doi: 10.1038/541586-021-
03570-8

Desforges, M., Le Coupanec, A., Dubeau, P., Bourgouin, A., Lajoie, L., Dube,
M., et al. (2019). Human coronaviruses and other respiratory viruses:
underestimated opportunistic pathogens of the central nervous system? Viruses
12:14. doi: 10.3390/v12010014

Domingues, R. B., Mendes-Correa, M. C., de Moura Leite, F. B. V., Sabino, E. C,,
Salarini, D. Z., Claro, I, et al. (2020). First case of SARS-COV-2 sequencing in
cerebrospinal fluid of a patient with suspected demyelinating disease. J. Neurol.
267, 3154-3156. doi: 10.1007/s00415-020-09996-w

Doobay, M. F., Talman, L. S., Obr, T. D., Tian, X., Davisson, R. L., and Lazartigues,
E. (2007). Differential expression of neuronal ACE2 in transgenic mice with
overexpression of the brain renin-angiotensin system. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 292, R373-R381. doi: 10.1152/ajpregu.00292.2006

Frontiers in Neuroscience | www.frontiersin.org

August 2021 | Volume 15 | Article 727060


https://doi.org/10.1038/s41586-021-03553-9
https://doi.org/10.1038/s41586-021-03553-9
https://doi.org/10.1186/s40478-020-01024-2
https://doi.org/10.1186/s40478-020-01024-2
https://doi.org/10.1007/s11064-018-2679-4
https://doi.org/10.1007/s11064-018-2679-4
https://doi.org/10.1007/s12035-020-02134-7
https://doi.org/10.1038/s41598-020-73962-9
https://doi.org/10.7554/eLife.58603
https://doi.org/10.1007/s13365-020-00903-7
https://doi.org/10.1007/s13365-020-00903-7
https://doi.org/10.1021/acschemneuro.0c00122
https://doi.org/10.1021/acschemneuro.0c00122
https://doi.org/10.1016/j.cell.2020.12.003
https://doi.org/10.1016/j.stem.2020.03.009
https://doi.org/10.1016/j.stem.2020.03.009
https://doi.org/10.1681/ASN.2020040419
https://doi.org/10.1681/ASN.2020040419
https://doi.org/10.3389/fmed.2020.00423
https://doi.org/10.3389/fmed.2020.00423
https://doi.org/10.1016/j.cell.2021.02.050
https://doi.org/10.1016/j.cell.2021.02.050
https://doi.org/10.1177/1073858417691030
https://doi.org/10.1016/j.cell.2020.04.026
https://doi.org/10.3389/fncel.2018.00386
https://doi.org/10.1001/jamapsychiatry.2021.0500
https://doi.org/10.1212/NXI.0000000000000777
https://doi.org/10.1212/NXI.0000000000000777
https://doi.org/10.14573/altex.2006111
https://doi.org/10.14573/altex.2006111
https://doi.org/10.1021/acschemneuro.0c00265
https://doi.org/10.1021/acschemneuro.0c00265
https://doi.org/10.1002/stem.1261
https://doi.org/10.1001/jamanetworkopen.2021.12131
https://doi.org/10.1016/j.jacc.2020.07.022
https://doi.org/10.1016/j.jns.2021.117308
https://doi.org/10.1016/j.jns.2021.117308
https://doi.org/10.3389/fphys.2014.00302
https://doi.org/10.3389/fphys.2014.00302
https://doi.org/10.1038/s41586-021-03570-8
https://doi.org/10.1038/s41586-021-03570-8
https://doi.org/10.3390/v12010014
https://doi.org/10.1007/s00415-020-09996-w
https://doi.org/10.1152/ajpregu.00292.2006
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Anand et al.

COVID-19: A Unique Dyshomeostasis Syndrome

Eapen, M. S., Lu, W., Hackett, T. L., Singhera, G. K., Thompson, L. E., McAlinden,
K. D, et al. (2021). Dysregulation of endocytic machinery and ACE2 in small
airways of smokers and COPD patients can augment their susceptibility to
SARS-CoV-2 (COVID-19) infections. Am. J. Physiol. Lung Cell. Mol. Physiol.
320, L158-L163. doi: 10.1152/ajplung.00437.2020

Ellul, M. A., Benjamin, L., Singh, B., Lant, S., Michael, B. D., Easton, A, et al.
(2020). Neurological associations of COVID-19. Lancet Neurol. 19, 767-783.
doi: 10.1016/S1474-4422(20)30221-0

Eskandar, E. N., Altschul, D. J., de La Garza Ramos, R., Cezayirli, P., Unda,
S. R, Benton, J., et al. (2020). Neurologic syndromes predict higher in-
hospital mortality in COVID-19. Neurology 96, e1527-e1538. doi: 10.1212/
'WNL.0000000000011356

Esposito, G., Pesce, M., Seguella, L., Sanseverino, W., Lu, J., and Sarnelli, G. (2020).
Can the enteric nervous system be an alternative entrance door in SARS-CoV2
neuroinvasion? Brain Behav. Immun. 87, 93-94. doi: 10.1016/j.bbi.2020.04.060

Farouk, S. S., Fiaccadori, E., Cravedi, P., and Campbell, K. N. (2020). COVID-19
and the kidney: what we think we know so far and what we don’t. J. Nephrol. 33,
1213-1218. doi: 10.1007/540620-020-00789-y

Festoff, B. W., and Citron, B. A. (2019). Thrombin and the coag-inflammatory
nexus in neurotrauma, ALS, and other neurodegenerative disorders. Front.
Neurol. 10:59. doi: 10.3389/fneur.2019.00059

Fiddes, I. T., Lodewijk, G. A., Mooring, M., Bosworth, C. M., Ewing, A. D,
Mantalas, G. L., et al. (2018). Human-specific NOTCH2NL genes affect notch
signaling and cortical neurogenesis. Cell 173, 1356-1369. doi: 10.1016/j.cell.
2018.03.051

Florio, M., Albert, M., Taverna, E., Namba, T., Brandl, H., Lewitus, E., et al. (2015).
Human-specific gene ARHGAP11B promotes basal progenitor amplification
and neocortex expansion. Science 347, 1465-1470. doi: 10.1126/science.
2aal975

Gandhi, S., Srivastava, A. K., Ray, U., and Tripathi, P. P. (2020). Is the collapse
of the respiratory center in the brain responsible for respiratory breakdown
in COVID-19 Patients? ACS Chem. Neurosci. 11, 1379-1381. doi: 10.1021/
acschemneuro.0c00217

Garvin, M. R,, Alvarez, C., Miller, J. 1., Prates, E. T., Walker, A. M., Amos, B. K.,
et al. (2020). A mechanistic model and therapeutic interventions for COVID-
19 involving a RAS-mediated bradykinin storm. Elife 9:¢59177. doi: 10.7554/
eLife.59177

Ge, Y., Gomez, N. C,, Adam, R. C,, Nikolova, M., Yang, H., Verma, A., et al. (2017).
Stem cell lineage infidelity drives wound repair and cancer. Cell 169, 636-650.

Gheblawi, M., Wang, K., Viveiros, A., Nguyen, Q., Zhong, J. C., Turner, A. ],
et al. (2020). Angiotensin-converting enzyme 2: SARS-CoV-2 receptor and
regulator of the renin-angiotensin system: celebrating the 20th anniversary of
the discovery of ACE2. Circ Res 126, 1456-1474. doi: 10.1161/CIRCRESAHA.
120.317015

Goldstein, D. S. (2020). The extended autonomic system, dyshomeostasis, and
COVID-19. Clin. Auton. Res. 30, 299-315. doi: 10.1007/s10286-020-00714-0

Graham, E. L., Clark, J. R,, Orban, Z. S., Lim, P. H., Szymanski, A. L., Taylor,
C., et al. (2021). Persistent neurologic symptoms and cognitive dysfunction
in non-hospitalized Covid-19 “long haulers”. Ann. Clin. Transl. Neurol. 8,
1073-1085.

Guo, J., Wei, X,, Li, Q,, Li, L., Yang, Z., Shi, Y., et al. (2020). Single-cell RNA
analysis on ACE2 expression provides insights into SARS-CoV-2 potential
entry into the bloodstream and heart injury. J. Cell. Physiol. 235, 9884-9894.
doi: 10.1002/jcp.29802

Han, M.-W., Wang, M., Xu, M.-Y., Qi, W.-P., Wang, P., and Xi, D. (2021a). Clinical
features and potential mechanism of coronavirus disease 2019-associated liver
injury. World J. Clin. Cases 9:528.

Han, Y., Duan, X,, Yang, L., Nilsson-Payant, B. E., Wang, P., Duan, F., et al. (2021b).
Identification of SARS-CoV-2 inhibitors using lung and colonic organoids.
Nature 589, 270-275.

Hanoun, M., Maryanovich, M., Arnal-Estape, A., and Frenette, P. S. (2015). Neural
regulation of hematopoiesis, inflammation, and cancer. Neuron 86, 360-373.
doi: 10.1016/j.neuron.2015.01.026

Hedman, H. D., Krawczyk, E., Helmy, Y. A, Zhang, L., and Varga, C. (2021).
Host diversity and potential transmission pathways of SARS-CoV-2 at the
human-animal interface. Pathogens 10:180. doi: 10.3390/pathogens10020180

Henderson, N. C., Rieder, F., and Wynn, T. A. (2020). Fibrosis: from mechanisms
to medicines. Nature 587, 555-566. doi: 10.1038/s41586-020-2938-9

Hess, D. C., Eldahshan, W., and Rutkowski, E. (2020). COVID-19-
related stroke. Transl Stroke Res. 11, 322-325. doi: 10.1007/s12975-020-
00818-9

Higuchi-Sanabria, R., Durieux, J., Kelet, N., Homentcovschi, S., de los Rios Rogers,
M., Monshietehadi, S., et al. (2020). Divergent nodes of non-autonomous
UPRER signaling through serotonergic and dopaminergic neurons. Cell Rep.
33:108489.

Hirano, T., and Murakami, M. (2020). COVID-19: A new virus, but a familiar
receptor and cytokine release syndrome. Immunity 52, 731-733. doi: 10.1016/j.
immuni.2020.04.003

Ho, Y.-H., Del Toro, R., Rivera-Torres, J., Rak, J., Korn, C., Garcia-Garcia, A., et al.
(2019). Remodeling of bone marrow hematopoietic stem cell niches promotes
myeloid cell expansion during premature or physiological aging. Cell Stem Cell
25, 407-418.

Huang, S., Ziegler, C. G. K., Austin, J., Mannoun, N., Vukovic, M., Ordovas-
Montanes, J., et al. (2021). Lymph nodes are innervated by a unique population
of sensory neurons with immunomodulatory potential. Cell 184, 441-459. doi:
10.1016/j.cell.2020.11.028

Hundt, M. A, Deng, Y., Ciarleglio, M. M., Nathanson, M. H., and Lim, J. K. (2020).
Abnormal liver tests in COVID-19: A retrospective observational cohort study
of 1,827 patients in a major U.S. Hospital Network. Hepatology 72, 1169-1176.
doi: 10.1002/hep.31487

Tadecola, C., Anrather, J., and Kamel, H. (2020). Effects of COVID-19 on the
nervous system. Cell 183, 16-27. doi: 10.1016/j.cell.2020.08.028

Iba, T., Connors, J. M., and Levy, J. H. (2020). The coagulopathy, endotheliopathy,
and vasculitis of COVID-19. Inflamm. Res. 69, 1181-1189. doi: 10.1007/s00011-
020-01401-6

Jacob, F., Pather, S. R., Huang, W. K., Zhang, F., Wong, S. Z. H., Zhou, H,, et al.
(2020). Human pluripotent stem cell-derived neural cells and brain organoids
reveal SARS-CoV-2 neurotropism predominates in choroid plexus epithelium.
Cell Stem Cell 27, 937-950. doi: 10.1016/j.stem.2020.09.016

Johnson, B. A, Xie, X., Bailey, A. L., Kalveram, B., Lokugamage, K. G., Muruato,
A, etal. (2021). Loss of furin cleavage site attenuates SARS-CoV-2 pathogenesis.
Nature 591, 293-299. doi: 10.1038/s41586-021-03237-4

Ju, X. C,, Hou, Q. Q., Sheng, A. L, Wy, K. Y., Zhou, Y., Jin, Y, et al. (2016).
The hominoid-specific gene TBC1D3 promotes generation of basal neural
progenitors and induces cortical folding in mice. Elife 5:e18197. doi: 10.7554/
eLife.18197

Jun, J.-I, and Lau, L. F. (2018). Resolution of organ fibrosis. J. Clin. Investig. 128,
97-107.

Kim, D., Lee, J. Y., Yang, J. S., Kim, J. W., Kim, V. N., and Chang, H. (2020). The
architecture of SARS-CoV-2 transcriptome. Cell 181, 914-921. doi: 10.1016/j.
cell.2020.04.011

Konno, Y., Kimura, I, Uriu, K., Fukushi, M., Irie, T., Koyanagi, Y., et al
(2020). SARS-CoV-2 ORF3b is a potent interferon antagonist whose activity
is increased by a naturally occurring elongation variant. Cell Rep. 32:108185.
doi: 10.1016/j.celrep.2020.108185

Koralnik, I. J., and Tyler, K. L. (2020). COVID-19: A global threat to the nervous
system. Ann. Neurol. 88, 1-11. doi: 10.1002/ana.25807

Lalaoui, N., Boyden, S. E., Oda, H., Wood, G. M., Stone, D. L., Chau, D.,
et al. (2020). Mutations that prevent caspase cleavage of RIPKI cause
autoinflammatory disease. Nature 577, 103-108. doi: 10.1038/s41586-019-
1828-5

Lee, M. H.,, Perl, D. P, Nair, G., Li, W., Maric, D., Murray, H., et al. (2020).
Microvascular injury in the brains of patients with Covid-19. N. Engl. ]. Med.
384, 481-483. doi: 10.1056/NEJMc2033369

Lei, F., Liu, Y. M., Zhou, F.,, Qin, . J., Zhang, P., Zhu, L., et al. (2020). Longitudinal
association between markers of liver injury and mortality in COVID-19 in
China. Hepatology 72, 389-398.

Lei, K. C., and Zhang, X. D. (2020). Conservation analysis of SARS-CoV-2 spike
suggests complicated viral adaptation history from bat to human. Evol. Med.
Public Health 2020, 290-303. doi: 10.1093/emph/e0aa041

Levine, A., Sacktor, N., and Becker, J. T. (2020). Studying the neuropsychological
sequelae of SARS-CoV-2: lessons learned from 35 years of neuroHIV research.
J. Neurovirol. 26, 809-823.

Li, X., Zai, J., Zhao, Q., Nie, Q,, Li, Y., Foley, B. T, et al. (2020a). Evolutionary
history, potential intermediate animal host, and cross-species analyses of SARS-
CoV-2.]. Med. Virol. 92, 602-611. doi: 10.1002/jmv.25731

Frontiers in Neuroscience | www.frontiersin.org

August 2021 | Volume 15 | Article 727060


https://doi.org/10.1152/ajplung.00437.2020
https://doi.org/10.1016/S1474-4422(20)30221-0
https://doi.org/10.1212/WNL.0000000000011356
https://doi.org/10.1212/WNL.0000000000011356
https://doi.org/10.1016/j.bbi.2020.04.060
https://doi.org/10.1007/s40620-020-00789-y
https://doi.org/10.3389/fneur.2019.00059
https://doi.org/10.1016/j.cell.2018.03.051
https://doi.org/10.1016/j.cell.2018.03.051
https://doi.org/10.1126/science.aaa1975
https://doi.org/10.1126/science.aaa1975
https://doi.org/10.1021/acschemneuro.0c00217
https://doi.org/10.1021/acschemneuro.0c00217
https://doi.org/10.7554/eLife.59177
https://doi.org/10.7554/eLife.59177
https://doi.org/10.1161/CIRCRESAHA.120.317015
https://doi.org/10.1161/CIRCRESAHA.120.317015
https://doi.org/10.1007/s10286-020-00714-0
https://doi.org/10.1002/jcp.29802
https://doi.org/10.1016/j.neuron.2015.01.026
https://doi.org/10.3390/pathogens10020180
https://doi.org/10.1038/s41586-020-2938-9
https://doi.org/10.1007/s12975-020-00818-9
https://doi.org/10.1007/s12975-020-00818-9
https://doi.org/10.1016/j.immuni.2020.04.003
https://doi.org/10.1016/j.immuni.2020.04.003
https://doi.org/10.1016/j.cell.2020.11.028
https://doi.org/10.1016/j.cell.2020.11.028
https://doi.org/10.1002/hep.31487
https://doi.org/10.1016/j.cell.2020.08.028
https://doi.org/10.1007/s00011-020-01401-6
https://doi.org/10.1007/s00011-020-01401-6
https://doi.org/10.1016/j.stem.2020.09.016
https://doi.org/10.1038/s41586-021-03237-4
https://doi.org/10.7554/eLife.18197
https://doi.org/10.7554/eLife.18197
https://doi.org/10.1016/j.cell.2020.04.011
https://doi.org/10.1016/j.cell.2020.04.011
https://doi.org/10.1016/j.celrep.2020.108185
https://doi.org/10.1002/ana.25807
https://doi.org/10.1038/s41586-019-1828-5
https://doi.org/10.1038/s41586-019-1828-5
https://doi.org/10.1056/NEJMc2033369
https://doi.org/10.1093/emph/eoaa041
https://doi.org/10.1002/jmv.25731
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Anand et al.

COVID-19: A Unique Dyshomeostasis Syndrome

Li, Y. C,, Bai, W. Z,, and Hashikawa, T. (2020b). The neuroinvasive potential of
SARS-CoV2 may play a role in the respiratory failure of COVID-19 patients.
J. Med. Virol. 92, 552-555. doi: 10.1002/jmv.25728

Li, Z., Liu, T., Yang, N., Han, D., Mi, X,, Li, Y., et al. (2020c). Neurological
manifestations of patients with COVID-19: potential routes of SARS-CoV-
2 neuroinvasion from the periphery to the brain. Front. Med. 14, 533-541.
doi: 10.1007/s11684-020-0786-5

Li, X. C,, Zhang, J., and Zhuo, J. L. (2017). The vasoprotective axes of the renin-
angiotensin system: Physiological relevance and therapeutic implications in
cardiovascular, hypertensive and kidney diseases. Pharmacol. Res. 125, 21-38.
doi: 10.1016/j.phrs.2017.06.005

Li, Y., Fihrer, M., Bahrami, E., Socha, P., Klaudel-Dreszler, M., Bouzidi, A., et al.
(2019). Human RIPK1 deficiency causes combined immunodeficiency and
inflammatory bowel diseases. Proc. Natl. Acad. Sci. 116, 970-975.

Li, Y., He, Y., Peng, J., Su, Z,, Li, Z., Zhang, B., et al. (2021). Mutant Kras co-
opts a proto-oncogenic enhancer network in inflammation-induced metaplastic
progenitor cells to initiate pancreatic cancer. Nat. Cancer 2, 49-65.

Liao, M., Liu, Y., Yuan, J., Wen, Y., Xu, G., Zhao, J., et al. (2020). Single-cell
landscape of bronchoalveolar immune cells in patients with COVID-19. Nat.
Med. 26, 842-844. doi: 10.1038/s41591-020-0901-9

Liu, C., Martins, A. J., Lau, W. W., Rachmaninoff, N., Chen, J., Imberti, L., et al.
(2021). Time-resolved systems immunology reveals a late juncture linked to
fatal COVID-19. Cell 184, 1836-1857. doi: 10.1016/j.cell.2021.02.018

Liu, M. Y., Zheng, B., Zhang, Y., and Li, J. P. (2020a). Role and mechanism of
angiotensin-converting enzyme 2 in acute lung injury in coronavirus disease
2019. Chronic Dis. Transl. Med. 6, 98-105. doi: 10.1016/j.cdtm.2020.05.003

Liu, X,, De la Cruz, E., Gu, X., Balint, L., Oxendine-Burns, M., Terrones, T., et al.
(2020b). Lymphoangiocrine signals promote cardiac growth and repair. Nature
588, 705-711. doi: 10.1038/s41586-020-2998-x

Lucas, C., Wong, P., Klein, J., Castro, T. B. R,, Silva, J., Sundaram, M., et al. (2020).
Longitudinal analyses reveal immunological misfiring in severe COVID-19.
Nature 584, 463-469. doi: 10.1038/s41586-020-2588-y

Lui, J. H., Hansen, D. V., and Kriegstein, A. R. (2011). Development and
evolution of the human neocortex. Cell 146, 18-36. doi: 10.1016/j.cell.2011.
06.030

Macchiagodena, M., Pagliai, M., and Procacci, P. (2020). Identification of potential
binders of the main protease 3CL(pro) of the COVID-19 via structure-based
ligand design and molecular modeling. Chem. Phys. Lett. 750:137489. doi: 10.
1016/j.cplett.2020.137489

MacLean, M. A., Kamintsky, L., Leck, E. D., and Friedman, A. (2020). The
potential role of microvascular pathology in the neurological manifestations
of coronavirus infection. Fluids Barriers CNS 17:55. doi: 10.1186/s12987-020-
00216-1

Malireddi, R., Gurung, P., Kesavardhana, S., Samir, P., Burton, A., Mummareddy,
H., et al. (2020). Innate immune priming in the absence of TAK1 drives
RIPK1 kinase activity-independent pyroptosis, apoptosis, necroptosis, and
inflammatory disease. J. Exper. Med. 217:jem.20191644.

Maremanda, K. P., Sundar, I. K, Li, D, and Rahman, I (2020). Age-
dependent assessment of genes involved in cellular senescence, telomere,
and mitochondrial pathways in human lung tissue of smokers, COPD, and
IPE: Associations with SARS-CoV-2 COVID-19 ACE2-TMPRSS2-Furin-DPP4
Axis. Front. Pharmacol. 11:584637. doi: 10.3389/fphar.2020.584637

Maryanovich, M., Takeishi, S., and Frenette, P. S. (2018). Neural regulation of bone
and bone marrow. Cold Spring Harb. Perspect. Med. 8:a031344. doi: 10.1101/
cshperspect.a031344

Mattick, J. S., and Mehler, M. F. (2008). RNA editing, DNA recoding and the
evolution of human cognition. Trends Neurosci. 31,227-233. doi: 10.1016/j.tins.
2008.02.003

Meckiff, B. J., Ramirez-Suastegui, C., Fajardo, V., Chee, S. J., Kusnadi, A., Simon,
H., et al. (2020). Imbalance of regulatory and cytotoxic SARS-CoV-2-reactive
CD4(+) T Cells in COVID-19. Cell 183, 1340-1353. doi: 10.1016/j.cell.2020.
10.001

Mebhler, M. F., and Mattick, J. S. (2007). Noncoding RNAs and RNA editing in brain
development, functional diversification, and neurological disease. Physiol. Rev.
87, 799-823. doi: 10.1152/physrev.00036.2006

Méndez-Ferrer, S., Bonnet, D., Steensma, D. P., Hasserjian, R. P., Ghobrial,
I. M., Gribben, J. G., et al. (2020). Bone marrow niches in haematological
malignancies. Nat. Rev. Cancer 20, 285-298.

Merad, M., and Martin, J. C. (2020). Pathological inflammation in patients with
COVID-19: a key role for monocytes and macrophages. Nat. Rev. Immunol. 20,
355-362. doi: 10.1038/s41577-020-0331-4

Miller, A. J., and Arnold, A. C. (2019). The renin-angiotensin system
in cardiovascular autonomic control: recent developments and clinical
implications. Clin. Auton Res. 29, 231-243. doi: 10.1007/s10286-018-
0572-5

Morarach, K., Mikhailova, A., Knoflach, V., Memic, F., Kumar, R., Li, W,,
et al. (2021). Diversification of molecularly defined myenteric neuron classes
revealed by single-cell RNA sequencing. Nat. Neurosci. 24, 34-46. doi: 10.1038/
541593-020-00736-x

Muller-Calleja, N., Hollerbach, A., Royce, J., Ritter, S., Pedrosa, D., Madhusudhan,
T., et al. (2021). Lipid presentation by the protein C receptor links coagulation
with autoimmunity. Science 371:abc0956. doi: 10.1126/science.abc0956

Nath, A. (2020). Neurologic complications of coronavirus infections. Neurology 94,
809-810. doi: 10.1212/wnl.0000000000009455

Nedergaard, M., and Goldman, S. A. (2020). Glymphatic failure as a final
common pathway to dementia. Science 370, 50-56. doi: 10.1126/science.
abb8739

Ng, K. W, Attig, J., Bolland, W., Young, G. R, Major, J., Wrobel, A. G, et al.
(2020). Tissue-specific and interferon-inducible expression of nonfunctional
ACE2 through endogenous retroelement co-option. Nat. Genet. 52, 1294-1302.
doi: 10.1038/541588-020-00732-8

Nie, X., Qian, L., Sun, R,, Huang, B., Dong, X., Xiao, Q., et al. (2021). Multi-
organ proteomic landscape of COVID-19 autopsies. Cell 184, 775-791. doi:
10.1016/j.cell.2021.01.004

Nord, A. S., Pattabiraman, K., Visel, A., and Rubenstein, J. L. R. (2015). Genomic
perspectives of transcriptional regulation in forebrain development. Neuron 85,
27-47. doi: 10.1016/j.neuron.2014.11.011

Ogawa, A., Nagiri, C., Shihoya, W., Inoue, A., Kawakami, K., Hiratsuka, S., et al.
(2021). N6-methyladenosine (m6A) is an endogenous A3 adenosine receptor
ligand. Mol. Cell 81, 659-674.

Onabajo, O. O., Banday, A. R,, Stanifer, M. L., Yan, W., Obajemu, A., Santer, D. M.,
et al. (2020). Interferons and viruses induce a novel truncated ACE2 isoform
and not the full-length SARS-CoV-2 receptor. Nat. Genet. 52, 1283-1293. doi:
10.1038/s41588-020-00731-9

Pal, R. (2020). COVID-19, hypothalamo-pituitary-adrenal axis and
clinical implications. Endocrine 68, 251-252. doi: 10.1007/s12020-020-
02325-1

Paniz-Mondolfi, A., Bryce, C., Grimes, Z., Gordon, R. E., Reidy, J., Lednicky, J.,
et al. (2020). Central nervous system involvement by severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2). J. Med. Virol. 92, 699-702. doi: 10.
1002/jmv.25915

Paterson, R. W., Brown, R. L., Benjamin, L., Nortley, R., Wiethoff, S., Bharucha,
T., et al. (2020). The emerging spectrum of COVID-19 neurology: clinical,
radiological and laboratory findings. Brain 143, 3104-3120.

Pellegrini, L., Albecka, A., Mallery, D. L., Kellner, M. J., Paul, D., Carter, A. P.,
et al. (2020). SARS-CoV-2 infects the brain choroid plexus and disrupts the
blood-CSF barrier in human brain organoids. Cell Stem Cell 27, 951-961. doi:
10.1016/j.stem.2020.10.001

Perico, L., Benigni, A., Casiraghi, F., Ng, L. F,, Renia, L., and Remuzzi, G.
(2020). Immunity, endothelial injury and complement-induced coagulopathy
in COVID-19. Nat. Rev. Nephrol. 17, 46-64.

Porzionato, A., Emmi, A., Barbon, S., Boscolo-Berto, R., Stecco, C., Stocco, E.,
etal. (2020). Sympathetic activation: a potential link between comorbidities and
COVID-19. FEBS J. 287, 3681-3688. doi: 10.1111/febs.15481

Puisieux, A., Pommier, R. M., Morel, A. P., and Lavial, F. (2018). Cellular pliancy
and the multistep process of tumorigenesis. Cancer Cell 33, 164-172. doi: 10.
1016/j.ccell.2018.01.007

Qureshi, I. A, and Mehler, M. F. (2012). Emerging roles of non-coding RNAs in
brain evolution, development, plasticity and disease. Nat. Rev. Neurosci. 13,
528-541. doi: 10.1038/nrn3234

Qureshi, I. A., and Mehler, M. F. (2013). Towards a ‘systems’-level understanding
of the nervous system and its disorders. Trends Neurosci. 36, 674-684. doi:
10.1016/j.tins.2013.07.003

Qureshi, I. A., and Mehler, M. F. (2014). An evolving view of epigenetic complexity
in the brain. Philos. Trans. R. Soc. Lond. B Biol. Sci. 369:506. doi: 10.1098/rstb.
2013.0506

Frontiers in Neuroscience | www.frontiersin.org

August 2021 | Volume 15 | Article 727060


https://doi.org/10.1002/jmv.25728
https://doi.org/10.1007/s11684-020-0786-5
https://doi.org/10.1016/j.phrs.2017.06.005
https://doi.org/10.1038/s41591-020-0901-9
https://doi.org/10.1016/j.cell.2021.02.018
https://doi.org/10.1016/j.cdtm.2020.05.003
https://doi.org/10.1038/s41586-020-2998-x
https://doi.org/10.1038/s41586-020-2588-y
https://doi.org/10.1016/j.cell.2011.06.030
https://doi.org/10.1016/j.cell.2011.06.030
https://doi.org/10.1016/j.cplett.2020.137489
https://doi.org/10.1016/j.cplett.2020.137489
https://doi.org/10.1186/s12987-020-00216-1
https://doi.org/10.1186/s12987-020-00216-1
https://doi.org/10.3389/fphar.2020.584637
https://doi.org/10.1101/cshperspect.a031344
https://doi.org/10.1101/cshperspect.a031344
https://doi.org/10.1016/j.tins.2008.02.003
https://doi.org/10.1016/j.tins.2008.02.003
https://doi.org/10.1016/j.cell.2020.10.001
https://doi.org/10.1016/j.cell.2020.10.001
https://doi.org/10.1152/physrev.00036.2006
https://doi.org/10.1038/s41577-020-0331-4
https://doi.org/10.1007/s10286-018-0572-5
https://doi.org/10.1007/s10286-018-0572-5
https://doi.org/10.1038/s41593-020-00736-x
https://doi.org/10.1038/s41593-020-00736-x
https://doi.org/10.1126/science.abc0956
https://doi.org/10.1212/wnl.0000000000009455
https://doi.org/10.1126/science.abb8739
https://doi.org/10.1126/science.abb8739
https://doi.org/10.1038/s41588-020-00732-8
https://doi.org/10.1016/j.cell.2021.01.004
https://doi.org/10.1016/j.cell.2021.01.004
https://doi.org/10.1016/j.neuron.2014.11.011
https://doi.org/10.1038/s41588-020-00731-9
https://doi.org/10.1038/s41588-020-00731-9
https://doi.org/10.1007/s12020-020-02325-1
https://doi.org/10.1007/s12020-020-02325-1
https://doi.org/10.1002/jmv.25915
https://doi.org/10.1002/jmv.25915
https://doi.org/10.1016/j.stem.2020.10.001
https://doi.org/10.1016/j.stem.2020.10.001
https://doi.org/10.1111/febs.15481
https://doi.org/10.1016/j.ccell.2018.01.007
https://doi.org/10.1016/j.ccell.2018.01.007
https://doi.org/10.1038/nrn3234
https://doi.org/10.1016/j.tins.2013.07.003
https://doi.org/10.1016/j.tins.2013.07.003
https://doi.org/10.1098/rstb.2013.0506
https://doi.org/10.1098/rstb.2013.0506
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Anand et al.

COVID-19: A Unique Dyshomeostasis Syndrome

Radzikowska, U., Ding, M., Tan, G., Zhakparov, D., Peng, Y., Wawrzyniak, P., et al.
(2020). Distribution of ACE2, CD147, CD26, and other SARS-CoV-2 associated
molecules in tissues and immune cells in health and in asthma, COPD, obesity,
hypertension, and COVID-19 risk factors. Allergy 75, 2829-2845. doi: 10.1111/
all.14429

Rhea, E. M., Logsdon, A. F., Hansen, K. M., Williams, L. M., Reed, M. J,,
Baumann, K. K,, et al. (2021). The S1 protein of SARS-CoV-2 crosses the blood-
brain barrier in mice. Nat. Neurosci. 24, 368-378. doi: 10.1038/s41593-020-
00771-8

Rincic, M., Rados, M., Krsnik, Z., Gotovac, K., Borovecki, F., Liehr, T., et al.
(2016). Complex intrachromosomal rearrangement in 1q leading to 1g32.2
microdeletion: a potential role of SRGAP2 in the gyrification of cerebral cortex.
Mol. Cytogenet. 9:19. doi: 10.1186/513039-016-0221-4

Robinson, M. W., Harmon, C., and O’Farrelly, C. (2016). Liver immunology and
its role in inflammation and homeostasis. Cell. Mol. Immunol. 13, 267-276.
doi: 10.1038/cmi.2016.3

Rodda, L. B, Netland, J., Shehata, L., Pruner, K. B., Morawski, P. A., Thouvenel,
C. D, etal. (2021). Functional SARS-CoV-2-specific immune memory persists
after mild COVID-19. Cell 184, 169-183. doi: 10.1016/j.cell.2020.11.029

Rustenhoven, J., Drieu, A., Mamuladze, T., de Lima, K. A., Dykstra, T., Wall, M.,
etal. (2021). Functional characterization of the dural sinuses as a neuroimmune
interface. Cell 184, 1000-1016. doi: 10.1016/j.cell.2020.12.040

Scheiermann, C., Kunisaki, Y., and Frenette, P. S. (2013). Circadian control of the
immune system. Nat. Rev. Immunol. 13, 190-198. doi: 10.1038/nri3386

Serrano, G. E., Walker, J. E,, Arce, R,, Glass, M. J., Vargas, D., Sue, L. L, et al. (2021).
Mapping of SARS-CoV-2 brain invasion and histopathology in COVID-19
disease. medRxiv 2021:21251511. doi: 10.1101/2021.02.15.21251511

Shahriari, D., Rosenfeld, D., and Anikeeva, P. (2020). Emerging frontier of
peripheral nerve and organ interfaces. Neuron 108, 270-285. doi: 10.1016/j.
neuron.2020.09.025

Shang, J., Wan, Y., Luo, C, Ye, G., Geng, Q., Auerbach, A., et al. (2020). Cell entry
mechanisms of SARS-CoV-2. Proc. Natl. Acad. Sci. U S A. 117, 11727-11734.
doi: 10.1073/pnas.2003138117

Sharma, P., Uppal, N. N., Wanchoo, R., Shah, H. H., Yang, Y., Parikh, R,
et al. (2020). COVID-19-associated kidney injury: a case series of kidney
biopsy findings. J. Am. Soc. Nephrol. 31, 1948-1958. doi: 10.1681/ASN.20200
50699

Shen, B., Yi, X, Sun, Y., Bi, X,, Du, J., Zhang, C,, et al. (2020). Proteomic and
metabolomic characterization of COVID-19 patient sera. Cell 182, 59-72. doi:
10.1016/j.cell.2020.05.032

Shivaraju, M., Chitta, U. K., Grange, R. M. H., Jain, I. H., Capen, D, Liao, L., et al.
(2021). Airway stem cells sense hypoxia and differentiate into protective solitary
neuroendocrine cells. Science 371, 52-57. doi: 10.1126/science.aba0629

Singh, M., Bansal, V., and Feschotte, C. (2020). A single-cell RNA expression map
of human coronavirus entry factors. Cell. Rep. 32:108175. doi: 10.1016/j.celrep.
2020.108175

Soliz, J., Schneider-Gasser, E. M., Arias-Reyes, C., Aliaga-Raduan, F., Poma-
Machicao, L., Zubieta-Calleja, G., et al. (2020). Coping with hypoxemia: Could
erythropoietin (EPO) be an adjuvant treatment of COVID-19? Respir. Physiol.
Neurobiol. 279:103476.

Solomos, A. C., and Rall, G. F. (2016). Get It through your thick head: emerging
principles in neuroimmunology and neurovirology redefine central nervous
system “Immune Privilege”. ACS Chem. Neurosci. 7, 435-441. doi: 10.1021/
acschemneuro.5b00336

Song, M., Pebworth, M. P., Yang, X., Abnousi, A., Fan, C., Wen, J., et al. (2020).
Cell-type-specific 3D epigenomes in the developing human cortex. Nature 587,
644-649. doi: 10.1038/s41586-020-2825-4

Su, Y., Chen, D., Yuan, D., Lausted, C., Choi, J., Dai, C. L., et al. (2020). Multi-omics
resolves a sharp disease-state shift between mild and moderate COVID-19. Cell
183, 1479-1495. doi: 10.1016/j.cell.2020.10.037

Sun, L., Li, P., Ju, X,, Rao, J., Huang, W., Ren, L., et al. (2021). In vivo structural
characterization of the SARS-CoV-2 RNA genome identifies host proteins
vulnerable to repurposed drugs. Cell 184, 1865-1883. doi: 10.1016/j.cell.2021.
02.008

Taquet, M., Geddes, J. R., Husain, M., Luciano, S., and Harrison, P. J. (2021).
6-month neurological and psychiatric outcomes in 236 379 survivors of
COVID-19: a retrospective cohort study using electronic health records. Lancet
Psychiatry 8, 416-427.

Tassorelli, C., Mojoli, F., Baldanti, F., Bruno, R., and Benazzo, M. (2020). COVID-
19: what if the brain had a role in causing the deaths? Eur. J. Neurol. 27, e41-e42.
doi: 10.1111/ene.14275

Tavassoly, O., Safavi, F., and Tavassoly, I. (2020). Seeding brain protein
aggregation by SARS-CoV-2 as a possible long-term complication of COVID-
19 infection. ACS Chem. Neurosci. 11, 3704-3706. doi: 10.1021/acschemneuro.
0c00676

Thakur, K. T., Miller, E. H., Glendinning, M. D., Al-Dalahmah, O., Banu,
M. A, Boehme, A. K,, et al. (2021). COVID-19 neuropathology at Columbia
University Irving Medical Center/New York Presbyterian Hospital. Brain
2021:awab148.

Uggenti, C., Lepelley, A., Depp, M., Badrock, A. P., Rodero, M. P., El-Daher,
M. T, et al. (2020). cGAS-mediated induction of type I interferon due to
inborn errors of histone pre-mRNA processing. Nat. Genet. 52, 1364-1372.
doi: 10.1038/s41588-020-00737-3

van de Veerdonk, F. L., Netea, M. G., van Deuren, M., van der Meer, J. W., de
Mast, Q., Bruggemann, R. ], et al. (2020). Kallikrein-kinin blockade in patients
with COVID-19 to prevent acute respiratory distress syndrome. Elife 9:¢57555.
doi: 10.7554/eLife.57555

Virhammar, J., Kumlien, E., Fallmar, D., Frithiof, R., Jackmann, S., Skold, M. K.,
et al. (2020). Acute necrotizing encephalopathy with SARS-CoV-2 RNA
confirmed in cerebrospinal fluid. Neurology 95, 445-449. doi: 10.1212/WNL.
0000000000010250

Wang, C., Zhang, M., Garcia, G. Jr., Tian, E., Cui, Q., Chen, X, et al. (2021). ApoE-
isoform-dependent SARS-CoV-2 neurotropism and cellular response. Cell Stem
Cell 28, 331-342. doi: 10.1016/j.stem.2020.12.018

Wang, K., Chen, W., Zhang, Z., Deng, Y., Lian, J. Q., Du, P, et al. (2020a). CD147-
spike protein is a novel route for SARS-CoV-2 infection to host cells. Signal
Transduct Target Ther. 5:283. doi: 10.1038/s41392-020-00426-x

Wang, Q., Zhang, Y., Wu, L., Niu, S., Song, C., Zhang, Z., et al. (2020b). Structural
and functional basis of SARS-CoV-2 entry by using human ACE2. Cell 181,
894-904. doi: 10.1016/j.cell.2020.03.045

Whittaker, E., Bamford, A., Kenny, J., Kaforou, M., Jones, C. E., Shah, P., et al.
(2020). Clinical characteristics of 58 children with a pediatric inflammatory
multisystem syndrome temporally associated With SARS-CoV-2. JAMA 324,
259-269. doi: 10.1001/jama.2020.10369

Wu, C., Zheng, M., Yang, Y., Gu, X., Yang, K., Li, M., et al. (2020). Furin: A potential
therapeutic target for COVID-19. iScience 23:101642. doi: 10.1016/j.is¢i.2020.
101642

Xia, H., and Lazartigues, E. (2010). Angiotensin-converting enzyme 2: central
regulator for cardiovascular function. Curr. Hypertens Rep. 12, 170-175. doi:
10.1007/s11906-010-0105-7

Xiao, L., Gao, L., Lazartigues, E., and Zucker, I. H. (2011). Brain-selective
overexpression of angiotensin-converting enzyme 2 attenuates sympathetic
nerve activity and enhances baroreflex function in chronic heart failure.
Hypertension 58, 1057-1065. doi: 10.1161/HYPERTENSIONAHA.111.
176636

Xiao, L., Sakagami, H., and Miwa, N. (2020). ACE2: The key molecule for
understanding the pathophysiology of severe and critical conditions of COVID-
19: Demon or Angel? Viruses 12:491. doi: 10.3390/v12050491

Xiao, Y., Cong, M., Li, J., He, D., Wu, Q,, Tian, P., et al. (2021). Cathepsin C
promotes breast cancer lung metastasis by modulating neutrophil infiltration
and neutrophil extracellular trap formation. Cancer Cell 39, 423-437.

Yeung, M. L, Teng, J. L. L,, Jia, L., Zhang, C., Huang, C., Cai, J. P, et al. (2021).
Soluble ACE2-mediated cell entry of SARS-CoV-2 via interaction with proteins
related to the renin-angiotensin system. Cell 184, 2212-2228. doi: 10.1016/j.cell.
2021.02.053

You, K., Wang, L., Chou, C. H,, Liu, K., Nakata, T., Jaiswal, A., et al. (2021).
QRICHLI dictates the outcome of ER stress through transcriptional control of
proteostasis. Science 371:eabb6896. doi: 10.1126/science.abb6896

Zahalka, A. H., and Frenette, P. S. (2020). Nerves in cancer. Nat. Rev. Cancer 20,
143-157. doi: 10.1038/541568-019-0237-2

Zanin, L., Saraceno, G., Panciani, P. P., Renisi, G., Signorini, L., Migliorati, K., et al.
(2020). SARS-CoV-2 can induce brain and spine demyelinating lesions. Acta
Neurochirurgica 162, 1491-1494.

Zeberg, H., and Paabo, S. (2020). The major genetic risk factor for severe COVID-
19 is inherited from Neanderthals. Nature 587, 610-612. doi: 10.1038/s41586-
020-2818-3

Frontiers in Neuroscience | www.frontiersin.org

August 2021 | Volume 15 | Article 727060


https://doi.org/10.1111/all.14429
https://doi.org/10.1111/all.14429
https://doi.org/10.1038/s41593-020-00771-8
https://doi.org/10.1038/s41593-020-00771-8
https://doi.org/10.1186/s13039-016-0221-4
https://doi.org/10.1038/cmi.2016.3
https://doi.org/10.1016/j.cell.2020.11.029
https://doi.org/10.1016/j.cell.2020.12.040
https://doi.org/10.1038/nri3386
https://doi.org/10.1101/2021.02.15.21251511
https://doi.org/10.1016/j.neuron.2020.09.025
https://doi.org/10.1016/j.neuron.2020.09.025
https://doi.org/10.1073/pnas.2003138117
https://doi.org/10.1681/ASN.2020050699
https://doi.org/10.1681/ASN.2020050699
https://doi.org/10.1016/j.cell.2020.05.032
https://doi.org/10.1016/j.cell.2020.05.032
https://doi.org/10.1126/science.aba0629
https://doi.org/10.1016/j.celrep.2020.108175
https://doi.org/10.1016/j.celrep.2020.108175
https://doi.org/10.1021/acschemneuro.5b00336
https://doi.org/10.1021/acschemneuro.5b00336
https://doi.org/10.1038/s41586-020-2825-4
https://doi.org/10.1016/j.cell.2020.10.037
https://doi.org/10.1016/j.cell.2021.02.008
https://doi.org/10.1016/j.cell.2021.02.008
https://doi.org/10.1111/ene.14275
https://doi.org/10.1021/acschemneuro.0c00676
https://doi.org/10.1021/acschemneuro.0c00676
https://doi.org/10.1038/s41588-020-00737-3
https://doi.org/10.7554/eLife.57555
https://doi.org/10.1212/WNL.0000000000010250
https://doi.org/10.1212/WNL.0000000000010250
https://doi.org/10.1016/j.stem.2020.12.018
https://doi.org/10.1038/s41392-020-00426-x
https://doi.org/10.1016/j.cell.2020.03.045
https://doi.org/10.1001/jama.2020.10369
https://doi.org/10.1016/j.isci.2020.101642
https://doi.org/10.1016/j.isci.2020.101642
https://doi.org/10.1007/s11906-010-0105-7
https://doi.org/10.1007/s11906-010-0105-7
https://doi.org/10.1161/HYPERTENSIONAHA.111.176636
https://doi.org/10.1161/HYPERTENSIONAHA.111.176636
https://doi.org/10.3390/v12050491
https://doi.org/10.1016/j.cell.2021.02.053
https://doi.org/10.1016/j.cell.2021.02.053
https://doi.org/10.1126/science.abb6896
https://doi.org/10.1038/s41568-019-0237-2
https://doi.org/10.1038/s41586-020-2818-3
https://doi.org/10.1038/s41586-020-2818-3
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Anand et al.

COVID-19: A Unique Dyshomeostasis Syndrome

Zepp, J. A., Morley, M. P, Loebel, C., Kremp, M. M., Chaudhry, F. N., Basil,
M. C, et al. (2021). Genomic, epigenomic, and biophysical cues controlling
the emergence of the lung alveolus. Science 371:eabc3172. doi: 10.1126/science.
abc3172

Zhang, Y.-Z., and Holmes, E. C. (2020). A genomic perspective on the origin and
emergence of SARS-CoV-2. Cell 181, 223-227.

Zhou, J., Li, C.,, Zhao, G.,, Chu, H., Wang, D., Yan, H. H,, et al. (2017).
Human intestinal tract serves as an alternative infection route for Middle East
respiratory syndrome coronavirus. Sci. Adv. 3:eaa04966. doi: 10.1126/sciadv.
2204966

Zhu, N., Zhang, D., Wang, W., Li, X,, Yang, B., Song, J., et al. (2020).

A novel coronavirus from patients with pneumonia in China,
2019. N. Engl. J. Med. 382, 727-733. doi: 10.1056/NEJMo0a2001
017

Ziegler, C. G. K., Allon, S. J., Nyquist, S. K, Mbano, I. M., Miao, V. N.,
Tzouanas, C. N,, et al. (2020). SARS-CoV-2 Receptor ACE2 is an interferon-
stimulated gene in human airway epithelial cells and is detected in specific
cell subsets across tissues. Cell 181, 1016-1035. doi: 10.1016/j.cell.2020.04.
035

Conflict of Interest: IQ was employed by the company Biohaven Pharmaceuticals.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Anand, Ende, Singh, Qureshi, Duong and Mehler. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Neuroscience | www.frontiersin.org

18

August 2021 | Volume 15 | Article 727060


https://doi.org/10.1126/science.abc3172
https://doi.org/10.1126/science.abc3172
https://doi.org/10.1126/sciadv.aao4966
https://doi.org/10.1126/sciadv.aao4966
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1016/j.cell.2020.04.035
https://doi.org/10.1016/j.cell.2020.04.035
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Nervous System-Systemic Crosstalk in SARS-CoV-2/COVID-19: A Unique Dyshomeostasis Syndrome
	Introduction
	Evolutionary Adaptations
	Sars-CoV-2 Neurotropism
	CNS and PNS Interrelationships
	Cell Autonomous and Non-cell Autonomous Interplay

	Molecular and Cellular Mechanisms of Viral Entry and Signal Transduction
	Angiotensin Converting Enzyme 2/1 (ACE2/1)
	Protease Cofactors and Alternative Pathways

	Nervous System Contributions to Systemic Dyshomeostasis
	Distributed Renin-Angiotensin System
	ACE2-Mediated Cellular Tropism and Organ System Damage
	Lung Injury
	Liver Injury
	Kidney Injury

	Cardiorespiratory Failure and Hypoxemia
	Gastrointestinal Dysfunction
	COVID-19 Associated Coagulopathy
	Neural-Immune, System Inflammatory and Hematopoietic-Mediated Dysfunction

	Long-Term Neurological Sequelae
	Systemic Viral Sequelae
	Treatment Options
	Conclusion
	Author Contributions
	Funding
	References


