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Lung innervation in the eye of a
cytokine storm: neuroimmune
interactions and COVID-19

Francesco De Virgiliis and Simone Di Giovanni

Abstract| COVID-19 is an infectious disease caused by the coronavirus SARS-CoV-2,
which was first reported in Wuhan, China, in December 2019 and has caused a
global pandemic. Acute respiratory distress syndrome (ARDS) is a common feature
of severe forms of COVID-19 and can lead to respiratory failure, especially in older
individuals. The increasing recognition of the neurotropic potential of SARS-CoV-2
has sparked interest in the role of the nervous system in respiratory failure in
people with COVID-19. However, the neuroimmune interactions in the lung in the
context of ARDS are poorly understood. In this Perspectives article, we propose
the concept of the neuroimmune unit as a critical determinant of lung function
in the context of COVID-19, inflammatory conditions and ageing, focusing
particularly on the involvement of the vagus nerve. We discuss approaches such as
neurostimulation and pharmacological neuromodulation to reduce tissue
inflammation with the aim of preventing respiratory failure.

Coronaviruses are important pathogens
for humans and animals and are
usually associated with respiratory and
gastrointestinal infections. Most human
coronaviruses, such as hCoV-229E, OC43,
NL63 and HKU1, cause mild respiratory
diseases. However, the worldwide spread
of two previously unrecognized viruses,
the severe acute respiratory syndrome
coronavirus (SARS-CoV) and Middle
East respiratory syndrome coronavirus
(MERS-CoV), revealed to the world the lethal
potential of human coronaviruses'. Another
highly pathogenic coronavirus, which has
been named SARS-CoV-2 and causes a
disease known as COVID-19, was reported
in December 2019 in Wuhan, China®. This
novel virus caused a national outbreak of
severe pneumonia in China and has rapidly
spread around the world owing to its high
infectivity, causing a global pandemic.
SARS-CoV-2 can cause acute, highly
lethal pneumonia with clinical symptoms
similar to those reported for SARS-CoV
and MERS-CoV'. A substantial proportion
of patients who are admitted to intensive
care units worsen in a short period of
time and die from respiratory failure'.

Importantly, coronavirus infections are not
always confined to the respiratory tract,
and clinical studies have revealed a degree of
symptomatic heterogeneity in people with
COVID-19, with anosmia being a frequent
occurrence’ and severe neurological
symptoms being reported in some cases'”.
These observations suggest that a range of
different tissues and cell types, including the
nervous system®’, are affected by the virus.
The entry of SARS-CoV-2 into
human host cells is mediated mainly
by the transmembrane proteins
angiotensin-converting enzyme 2 (ACE2)
and transmembrane protease serine 2
(TMPRSS2), which are highly expressed in
the airway epithelium, lung parenchyma,
vascular endothelium, heart, kidney and
small intestine in humans’"'. Most notably,
both ACE2 and TMPRSS2 are expressed
in the olfactory epithelium and lower
respiratory tract, which are densely
innervated'>". These barrier tissues are
postulated to be key invasion sites for
SARS-CoV-2 and might be involved
in nervous system infection. ACE2 is
widely expressed throughout the nervous
system'*"'%, making neural cells susceptible
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to infection. Interestingly, ACE2 is expressed
in nuclei involved in the central regulation
of cardiovascular and respiratory functions,
such as the paraventricular nucleus, the
nucleus of the tractus solitarius (NTS) and
the rostral ventrolateral medulla, as well as
in the motor cortex and raphe'’.

In this Perspective, we briefly summarize
our current knowledge regarding the
immune response to SARS-CoV-2. We then
consider how lung afferent and efferent
innervation might crosstalk with the
immune system to modulate lung function,
thereby critically affecting clinical outcomes
following SARS-CoV-2 infection.

The antiviral immune response
The respiratory tract is a major barrier tissue
and is often the first point of contact and
entry for harmful substances and pathogens,
including viruses. Alveolar epithelial cells are
important cellular targets for SARS-CoVs
and the avian H5N1 virus'®", which elicit a
prompt immune response. While attempting
to eliminate the virus, this response can
compromise respiratory function owing
to excessive tissue inflammation, leading to
acute respiratory distress syndrome (ARDS).
The first immune cell types to encounter
viral antigens in the respiratory tract are the
alveolar and interstitial macrophages, which
are capable of eliminating many different
pathogens from the lungs by phagocytosis.
In addition, interstitial macrophages seem
to be involved in dampening the immune
response in loco after influenza virus
infection’**'. Dendritic cells are the primary
antigen-presenting cells (APCs), and
resident mature MHCII"CD11ch respiratory
dendritic cells are crucial for the induction
of adaptive immune responses. Plasmacytoid
dendritic cells are also recognized as major
producers of type I interferons during
infection and can transport antigens from
the infected lung to the draining lymph
nodes, where they serve as potent APCs for
the induction of virus-specific T cells***.
Following exposure to APCs in the
draining lymph nodes, virus-specific
naive T cells undergo a stepwise process of
activation, proliferation and differentiation
to become effector T cells, which can
migrate to the site of infection and mediate
antiviral immune responses. Virus-specific
memory T cells are antigen-experienced
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cells that have acquired the capacity to
rapidly implement effector functions

and exert antiviral activity. Three main
antiviral effector mechanisms have been
identified: lysis of infected cells following
exocytosis of granules containing

perforin and granzyme from cytotoxic

T cells, possibly with the cooperation of

B cells; tumour necrosis factor (TNF)
receptor family-dependent apoptosis of
infected cells and phagocytosis following
recognition of these cells by antibodies; and
production of pro-inflammatory mediators
by T cells in response to encountering
virus-infected cells.

Immune responses to SARS-CoV-2
Clinically, the immune responses induced
by SARS-CoV-2 infection consist of two
phases. During the initial incubation and

in non-severe stages, a specific adaptive
immune response is produced to eliminate
the virus and abort disease progression.

If the protective immune response is
impaired, the virus is allowed to replicate
and can cause widespread tissue damage.
The lungs seem to be the main target,
although other organs with high ACE2
expression, such as the intestine, heart, brain
and kidney, might also be vulnerable'-*.
The second phase is usually associated

with increased severity of the disease and is
characterized by potentially life-threatening
lung inflammation® and the appearance of
systemic symptoms such as high fever and
severe muscle pain.

The damaged cells in the lungs elicit a
strong innate immune response, which seems
to be largely mediated by pro-inflammatory
macrophages and granulocytes®>”. This
response is thought to be responsible for
the cytokine release syndrome or ‘cytokine
storm’ that is believed to contribute to
ARDS?. The idea that the cytokine storm
is mediated by leukocytes other than T or
B cells is supported by observations of
lymphocytopenia and sometimes atrophy
of the lymphatic tissues, such as lymph
nodes and spleen, in patients with severe
COVID-19 (REFS*#?*?%-3%) Tn line with
observations in lethal cases of SARS* and
MERS?, patients infected with SARS-CoV-2
show increased numbers of neutrophils and
macrophages in their airways and blood**.

Levels of inflammatory cytokines
such as IL-1, TNF and IL-6 can be high
in the lungs of patients with COVID-19
(REFS"*); therefore, blocking one or more
of these cytokines could potentially
benefit these individuals by reducing the
severity of the cytokine storm and ARDS.
Initial attempts to improve COVID-19

outcomes by blocking IL-6 have shown
some promise™”, although the complexity
of the immune response to SARS-CoV-2
might limit the efficacy of this approach.

A recent study found that in individuals
with severe COVID-19, plasma levels

of IL-6 were generally above the normal
range but lower than the median values
typically reported in ARDS, suggesting
that the inflammatory and cytokine profiles
induced by SARS-CoV-2 infection are more
complex than previously thought, and that
the role of cytokine dysregulation following
SARS-CoV-2 infection requires further
clarification. Elevated levels of cytokines
might have an impact on lung function even
when below the cytokine storm threshold
because of the unique inflammatory profile
associated with COVID-19. In addition,
levels of specific cytokines might be
elevated predominantly in the lung alveolar
microenvironment, contributing to
respiratory distress.

Interestingly, with age, macrophage
activity declines and pro-inflammatory
cytokine levels increase’’; moreover, naive
T cell production and effector memory T cell
competency decline’**. Together, these
phenomena could contribute to worsening
of the severity and outcomes of SARS-CoV-2
infection in older individuals, as discussed in
more detail below.

Lung innervation and immunity

The possible role of lung innervation

in the regulation of the immune response
to SARS-CoV-2 is an important area

of investigation. The lungs are highly
innervated, receiving sensory, sympathetic
and parasympathetic fibres (FIC. 1).
Sympathetic innervation of the lungs
originates from sympathetic ganglia that
arise from the upper thoracic segments of
the spinal cord and provide noradrenergic
innervation to bronchial blood vessels and
submucosal glands. The tenth cranial nerve,
or vagus nerve, supplies all parasympathetic
and most of the sensory nerve fibres to

the airways, although some more minor
sensory innervation originates from the
T1-T6 dorsal root ganglia.

The vagus nerve divides into the
superior laryngeal and recurrent laryngeal
nerves, which carry sensory fibres
originating in the jugular and nodose
ganglia and parasympathetic cholinergic
fibres originating in the petrosal ganglion
to the trachea and main bronchi. Smaller
branches of the vagus nerve innervate the
rest of the lower respiratory tract'™"".

Stimulation of parasympathetic pathways
induces bronchoconstriction, mucus

secretion and bronchial vasodilation,
mediated by muscarinic M3 receptors
Muscarinic M2 receptors are present on
presynaptic cholinergic nerve terminals*,
and activation of these receptors inhibits
acetylcholine release and might serve to
limit cholinergic bronchoconstriction.
Interestingly, parainfluenza virus has

been shown to decrease M2 muscarinic
receptor function on parasympathetic
nerves®, and loss of M2 receptor-dependent
negative feedback increases acetylcholine
release onto airway smooth muscle®.
Expression of M2 and M3 receptors by

lung macrophages has been described?,
suggesting that acetylcholine could directly
influence lung macrophage activity

and, thus, inflammation. In addition,
cytokines such as IFNy, TNF and IL-1f
seem to influence both the expression and
the activity of M2 receptors*-*. These
cytokines are released in response to viral
infection and their levels are increased in the
lungs of patients infected with SARS-CoV
or SARS-CoV-2 (REFS“"?), In line with
these findings, virus-induced airway
hyperresponsiveness in humans seems to be
mediated by the vagus nerve™, raising the
possibility that the dyspnoea and respiratory
failure observed in patients with severe
COVID-19 is exacerbated by neuroimmune
crosstalk in the lungs.

Most of the afferent sensory fibres
arising from the airways run along the
vagus nerve and project to the NTS in
the medulla. A small population of sensory
fibres that innervate the lungs, known
as the chemosensitive C-fibres, contain
neuropeptides, including calcitonin
gene-related peptide (CGRP) and the
tachykinins substance P and neurokinin A.
Substance P and neurokinin A are potent
inducers of airway smooth muscle
contraction, vasodilation, bronchial
oedema and mucus hypersecretion, which
are all typical symptoms of inflammatory
airway diseases.

A recently discovered class of vagal
throat-innervating P2RY1* neurons has
been shown to be involved in protective
reflexes elicited by various airway irritants™.
Although their precise mechanism of action
remains elusive, these sensory neurons
seem to detect cell mechanical responses
mediated by airway stretch receptors such
as Piezo2 and initiate defensive reflexes that
ensure airway integrity”. Dysfunction of
laryngeal neurons, which is life-threatening
and can cause pulmonary aspiration,
dysphagia and choking, might contribute
to the respiratory distress observed in
patients with COVID-19. Interestingly,

42,43
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Fig. 1| Innervation of the respiratory tract. The vagus nerve originates
in the brainstem and provides most of the sensory and all of the parasym-
pathetic nerve fibres that innervate the airways, via the jugular and nodose
ganglia (sensory) and petrosal ganglion (parasympathetic). A minority

of sensory fibres in the lungs originate in the T1-T6 dorsal root ganglia
and run in spinal nerves along with sympathetic fibres originating in the
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thoracic ganglia. The insets show the principal neurotransmitters originat-
ing from the fibres that innervate the airways and the target receptors
of these neurotransmitters. 5-HT, 5-hydroxytryptamine; ACh, acetylcho-
line; CGRP, calcitonin gene-related peptide; mAChR, muscarinic ACh
receptor; nAChR, nicotinic ACh receptor; NO, nitric oxide; SK, substance K;
SP, substance P

altered activation of vagal fibres can lead to
many of the symptoms of allergic diseases,
such as asthma and rhinitis, and of chronic
obstructive pulmonary disease (COPD),
including sneezing, coughing, mucus
hypersecretion and bronchoconstriction
Another class of sensors that are
present in the respiratory tract are the
neuroepithelial cell bodies (NEBs).
NEBs contain several bioactive
mediators, including bombesin, CGRP,
5-hydroxytryptamine and ATP". They
form compact structures located within
the airway mucosa with their apical surface
exposed to the airway lumen and are
innervated mostly by vagal afferent fibres™.
NEBs are multimodal sensors that respond
to a range of stimuli in the airway lumen,

42,56

including hypoxia, hypercapnia, mechanical

stretch, nicotine and nociceptive irritants®.

Hyperplasia of NEBs has been reported
in a number of paediatric and adult lung
diseases, including viral infections, many of
which are associated with symptoms
of dyspnoea on presentation®”'. The
effects of NEB-derived CGRP include
bronchoconstriction, vasodilation and
modulation of inflammatory responses in
the lung®. Bombesin, the principal peptide
in human NEBs, might also be involved in
modulating respiratory function and
immune responses in the lungs either by
directly inducing bronchoconstriction or
by signalling to inflammatory cells®>*.
Importantly, in a number of studies
the vagus nerve has been found to have

an immunomodulatory (but mainly
anti-inflammatory) function®-%. The
immunomodulatory effects seem to be
mediated by three different pathways.

The first pathway is the neuroendocrine
immune axis that connects the CNS with

the intestinal immune system, where
pro-inflammatory cytokines (IL-1f, IL-6
and TNF) released from the intestinal
mucosa activate vagal afferents that
terminate in the NTS®. The second pathway
is the splenic sympathetic anti-inflammatory
pathway, in which the vagus nerve stimulates
the splenic sympathetic nerve. In this
pathway, noradrenaline released at the

distal end of the splenic nerve activates 2
adrenergic receptors of splenic lymphocytes,
which release acetylcholine. In turn,
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Fig. 2 | The neuroimmune unit. The diagram depicts the proposed constit-
uents of the neuroimmune unit (NIU) and its age-dependent dysfunctional
activation. Vagal fibres innervating the airways are in close contact with nerve-
and airway-associated macrophages (NAMs) and communicate with resident
macrophages through the release of neurotransmitters, such as acetylcho-
line (ACh), and neuropeptides. The macrophages, in turn, modulate the
innate immune response and dampen inflammation following events such as
SARS-CoV-2 infection. Ageing induces a decline in vagal activity and immune
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surveillance as well as an increase in the production of pro-inflammatory
cytokines. Following viral infection, these cytokines are further produced
locally by immune cells, but their levels are potentially reduced by vagus
nerve activity, leading to resolution of inflammation. With ageing, decreases
in vagalimmunomodulatory function and the immune cell response to path-
ogens, combined with increased levels of pro-inflammatory cytokines, could
contribute to the induction of a cytokine storm, leading to respiratory failure
and death. mAChR, muscarinic ACh receptor; TNF, tumour necrosis factor.

acetylcholine inhibits the release of TNF by
spleen macrophages through a7 nicotinic
acetylcholine receptors (a7nAChRs).

The third pathway is the cholinergic
anti-inflammatory pathway mediated
through vagal efferent fibres that synapse
onto enteric neurons, which in turn release
acetylcholine at the synaptic junction with
macrophages®®. As lung macrophages
have been shown to express M2 and

M3 receptors”, acetylcholine release in the
airways is likely to contribute to immune
modulation and cytokine release in the lung
microenvironment.

Nerve- and airway-associated
macrophages (NAMs) are a newly
discovered interstitial tissue-resident
macrophage subset found in close
association with neuronal projections in
the airways”'. These cells show distinct
transcriptional signatures, including
CD169*CD11c” and MHCII", as well
as high expression of genes involved in
communication with nerve cells, such as
Clq and CX3CRI. Ural et al. showed that

NAMs proliferated robustly following
infection with influenza virus in wild-type
mice. However, in mice genetically depleted
of NAMs, infection induced an exaggerated
immune response with excessive production
of inflammatory cytokines and immune
cell infiltration into tissues®'. Alveolar
macrophages are responsible for direct
clearance of viruses, whereas NAMs seem
to be involved in moderating inflammation
in the lungs during viral infection, in part
by functioning as APCs, in addition to
playing a possible role in neuroimmune
communication. A plausible hypothesis

is that these NAMs act in concert with
neuronal cells to control inflammation, and
that malfunctioning of this system in older
or immunocompromised people could
contribute to the cytokine storm and ARDS
in patients with severe COVID-19 or other
respiratory virus infections.

Taken together, the findings described
in this section indicate that vagus nerve
activity could modulate systemic and
local inflammation, probably by acting on

tissue-resident immune cells, such as NAMs
in the lungs. We have termed this functional
association between immune and nerve
cells the neuroimmune unit (NIU), which is
schematically summarized in FIC. 2.

Ageing and neuroimmunity

The morbidity due to infectious diseases
such as respiratory syncytial virus infection,
viral influenza and pneumococcal
pneumonia is higher in older individuals
than in the younger population, suggesting
that the ability to resist infectious diseases
and mount protective immune responses
declines with age™. In addition, ageing

is associated with enhanced homeostatic
activation of the innate immune system,
marked by elevated levels of tissue and
circulating pro-inflammatory cytokines
such as IFNy, IL-1p, IL-6 and TNF", in the
absence of an immunological stimulus —

a phenomenon termed ‘inflammageing’
Autophagy, which plays a crucial role in the
maintenance of macrophage homeostasis
and function, diminishes with ageing,

648 | NOVEMBER 2020 | VOLUME 16

www.nature.com/nrneurol



resulting in macrophages with reduced
phagocytosis and nitrite burst activity

in the presence of a markedly increased
inflammatory cytokine response’.
Modulation of autophagy might preserve
macrophage function during ageing,
therefore reducing the morbidity and
mortality associated with inflammageing”.

The term ‘immunosenescence’ refers
to the functional decay of immunity with
age, with thymic involution being an early
sign. The hallmarks of immunosenescence
include an inverted CD4 to CD8 ratio,
loss of naive T cells, increased numbers
of terminally differentiated T cells and
oligoclonal expansion of virus-specific
T cells*”". The activation of natural killer
(NK) cells is substantially enhanced
in older individuals’, and latent
cytomegalovirus infection has been shown
to contribute to the immunosenescence
of T and NK cells’>”. Importantly,
senescent CD8*CD28" effector T cells
lack perforin, rendering them inefficient
as antigen-specific killers during viral
infection’®””. However, in certain diseases
such as COPD and rheumatoid arthritis,
CD8*CD28" cells have been reported to
express increased levels of the cytotoxic
mediators perforin and granzyme B and the
pro-inflammatory cytokines IFNy and TNE,
and can cause substantial tissue damage in
an antigen non-specific manner®.

Ageing is also associated with changes
in autonomic nervous system function,
characterized by increases in sympathetic
and decreases in parasympathetic
nervous activity*"*. A study of heart
physiology showed that vagal control of
heart rate and the response of the vagus
nerve to stimulation decrease with age®.
Furthermore, the responsiveness of
muscarinic receptors in the heart, but not
in the peripheral vasculature, was shown
to decline with age®. In line with these
findings, vagus nerve stimulation (VNS)
can ameliorate age-related alterations in the
cardiac baroreflex, heart rate and autonomic
responses, and is associated with improved
cardiopulmonary outcomes®-.

Ageing is associated with alterations
in neuronal activity in multiple systems,
and changes in neuropeptide release in
the lung mucosa could lead to aberrant
pulmonary function and immunological
modulation. Age-related disruption of the
crosstalk between the nervous and immune
systems might lead to impaired immunity,
clearance and contractility of the airways
and could potentially contribute to the
cytokine storm and ARDS in people with
severe COVID-19.

Implications for COVID-19

The high infectivity of SARS-CoV-2

and the severe morbidity associated with
SARS-CoV-2 infection, along with our
limited understanding of the biology of

the virus and a lack of effective treatments
or vaccines for COVID-19, has made the
COVID-19 outbreak a global emergency.
The principal lethal threats for patients

with COVID-19 are ARDS and respiratory
failure. These complications of SARS-CoV-2
infection are predominantly observed in
older* and immunocompromised people®
and are mainly due to hyperreactivity and
maladaptive responses of the immune
system, which is unable to mount a
balanced inflammatory response and
instead produces a sustained, ineffective

and often detrimental reaction known as

a cytokine storm. Age-related increases

in pro-inflammatory cytokine levels and
decreases in the efficiency of immune
effector cells, such as macrophages or T cells,
could make older and immunocompromised
people particularly vulnerable to the virus.

Treatments that target immune cells
or pro-inflammatory cytokines have been
tested with some degree of success, but
the role of neuroimmune crosstalk in the
context of infectious and inflammatory
diseases, including SARS-CoV-2 infection,
has been largely overlooked. Nevertheless,
strong evidence exists of a mutual
association between nerve and immune
cells, with aberrant activity of one cell
type affecting the other. In the context of
SARS-CoV-2 infection, specific tissue-
resident macrophages that are involved
in modulating inflammation following
viral infection are in close contact with
vagal fibres innervating the lungs, and this
‘neuroimmune synapse’ could be one of the
keys to controlling aberrant inflammation in
patients with severe COVID-19. In addition,
in several studies neurological symptoms
have been observed in patients with
COVID-19 (REFS*>'*¥), suggesting a
possible role for the nervous system in
disease progression.

A feasible clinical approach to
COVID-19 could involve the modulation
of the pulmonary NIU by VNS, using
stimulators that are currently available to
treat certain forms of pharmacoresistant
epilepsy. VNS has been shown to reduce
lipopolysaccharide-induced expression of
pro-inflammatory cytokines such as IL-1,
IL-6 and TNF in the brain and spleen®.

As the vagus nerve extensively innervates
the lungs, VNS could potentially exert
anti-inflammatory actions on the respiratory
tract. Vagal activity has a crucial role in
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lung physiology by controlling airway
smooth muscle tone, vasodilation, mucus
secretion and mucociliary clearance,
mainly through muscarinic receptor
activity®. In healthy individuals, muscarinic
acetylcholine receptor (mAChR) physiology
is in homeostasis; however, following
SARS-CoV-2 infection, physiological
responses may be disrupted, leading to
a maladaptive inflammatory response.
This disruption could be especially marked
in older and immunocompromised
individuals, in whom the vagal tone is
typically altered and the ageing-dependent
inflammatory response to viral infection is
poorly controlled.

The exploration of VNS as a
possible treatment for COVID-19 is
currently limited by the complexity
of vagus nerve anatomy and a lack of
knowledge of the optimum stimulation
parameters. Development of a tailored
neuromodulatory approach would
require a detailed investigation of vagus
nerve anatomy and activity during lung
inflammation (FIG. 3). It is known that
the release of acetylcholine by vagal
terminations in the airways could be
important not only for smooth muscle
contraction®, mucus secretion’”' and
vasodilation in pulmonary vessels’ but
also to modulate lung macrophage activity
and inflammatory responses. A functional
role for mAChRs in immune responses
has been demonstrated in lung mast
cells and alveolar macrophages. For
instance, histamine release from mast
cells is blocked by acetylcholine and other
mAChR agonists in human bronchi®*.
In support of a macrophage-dependent
mechanism, M3 receptor antagonists
prevent acetylcholine-induced release of
chemotactic cytokines from macrophages”.

In addition to muscarinic-dependent
inflammation, nAChRs have been suggested
to serve as co-receptors for SARS-CoV-2
(REF”9). The nAChR pathways that respond
to VNS can modulate inflammation
via a7nAChR®, which is expressed by
macrophages. Agonists of a7nAChR,
including nicotine, have been proven to
reduce macrophage-dependent cytokine
production and inflammation in animal
models of pancreatitis” and peritonitis®™.
Thus, nAChR modulation by SARS-CoV-2
might account for the hyperinflammatory
features that are observed in a subgroup
of patients with COVID-19. Together,
these observations suggest that the use of
clinically suitable acetylcholine receptor
agonists or antagonists could help dampen
the inflammatory response in the lung

NATURE REVIEWS | NEUROLOGY

VOLUME 16 | NOVEMBER 2020 | 649



PERSPECTIVES

Current therapeutic
options

Research strategy

0 Untargeted and from the lungs
vagus nerve

modulation 3

neuroimmune unit

1 Experimental anatomical 2 Chemogenetics and/or
tracing of vagal fibres to

Identification of key cell 4
types involved in the

optogenetics to target
specific nerve fibres

signals that modulate
the neuroimmune unit

5 Targeted modulation
of the neuroimmune
Identification of key unit

Future therapeutic options

Targeted modulation of
vagal fibres

Pharmacological targeting
of acetylcholine receptors

Delivery of neuropeptides,
such as CGRP, neurokinin A
or bombesin

Fig. 3 | Studying the neuroimmune unit: a roadmap. The diagram depicts a stepwise roadmap to increase our understanding of the neuroimmune unit and
the potential discovery of pharmacological, genetic and physiological treatments that could be used in the clinic. CGRP, calcitonin gene-related peptide.

microenvironment in the context of
SARS-CoV-2 infection.

Further studies are needed to clarify
the role and importance of neuroimmune
crosstalk both in patients with COVID-19 and
in animal models of COVID-19 (FIG. 3). The
use of animal models could help uncover
the cellular and molecular mechanisms that
underlie the mutual relationships between
specific nerve fibres and selected immune
cell subsets. In experimental models,
chemogenetic and optogenetic techniques
can be used to manipulate neuronal activity
by targeting specific nerve fibres to test how
they modulate immunity. Selective immune
cell depletion or immunomodulation
could provide further insights into
neuroimmune communication. In the
clinic, the neuroimmune synapses could
be visualized by electron microscopy and
further analysed by immunohistochemistry
in human biopsy or post-mortem tissues.
Human sputum or blood samples, as well as
lung parenchyma obtained by biopsy, could
also be tested for the presence of specific
cytokines and cell types.

The presence of ACE2 on neurons
makes them susceptible to SARS-CoV-2
infection, which could lead to neuronal
damage and aberrant signalling. Afferent
and efferent vagal fibres are functionally and
molecularly distinct as they convey
information in opposite directions, release
specific neurotransmitters and express
unique combinations of receptors that
could communicate with different immune
cell subtypes. These fibres comprise a
sensory—motor feedback loop that regulates
physiological respiratory functions,
the disruption of which by viral infection
could cause respiratory dysfunction.

The vagus nerve could also provide an
entry point for the virus to the CNS,
including areas of the brain that control
respiration, such us the NTS. The NTS is
involved in the control of several critical
functions besides respiration that might

be affected following infection, including
cardiac rhythm and food intake regulation.
Therefore, vagal infection may result not
only in respiratory distress but also in other
symptoms such as cardiac dysfunction or
loss of appetite. These hypotheses could be
tested experimentally using chemogenetic
and optogenetic techniques to selectively
activate or inhibit afferent or efferent

vagal tracts and examine whether this
modulation affects immune-dependent
and immune-independent respiratory,
cardiac and other autonomic functions in
health and disease.

In line with our NIU model, therapeutic
targeting of transient receptor potential
cation channel subfamily V member 1
(TRPV1)-expressing nerve fibres in
the lungs, using the TRPV 1 agonist
resiniferatoxin, has been suggested to
modulate inflammatory and immune
signalling activity, leading to reduced
mortality and better overall outcomes in
people with COVID-19 (REF”). Although
this approach seems promising, several
potential downsides need to be considered.
TRPV1 is expressed only by a small subset
of chemoreceptor fibres (the C-fibres), but
the majority of afferent fibres innervating
pulmonary structures are carried by vagal
or dorsal root ganglion fibres from the
upper thoracic segments. In addition,
resiniferatoxin is an ultra-potent agonist
that binds to and forces the opening of the
TRPV1 channel, leading to a sustained
increase in intracellular calcium levels'”.
This, in turns, disrupts mitochondrial
metabolism and results in permanent
neurolysis, making this drug potentially
toxic for nerve cells and pulmonary
neuroimmune homeostasis.

Another potentially interesting
unexplored target is the neuropeptide
CGRP. CGRP antagonism could limit
bronchoconstriction and vasodilation and
limit the inflammatory response®, and the
recent development and commercialization

of anti-CGRP and anti-CGRP receptor
monoclonal antibodies for the treatment

of migraine might enable fast repurposing
for ARDS. Similarly, neurokinin A receptor
antagonists, which antagonize the binding
of both neurokinin A and the closely
related substance P, have been developed
for clinical use against nausea and vomiting
following surgery and chemotherapy'*"'%?,
and could be repurposed to counteract lung
inflammation and bronchoconstriction

in people with COVID-19. Nausea and
vomiting, which are controlled by the area
postrema, NTS and dorsal motor nucleus
of the vagus, have also been reported

in patients with COVID-19 and could
potentially be treated with neurokinin

A receptor antagonists.

Additional drugs that specifically
modulate the NIU, such as bombesin
antagonists, might be developed to
improve clinical outcomes in patients with
COVID-19 and could also be tested in a
broader range of neuroimmune diseases.

Conclusions

In conclusion, the integrated NIU model
that we have proposed suggests novel
strategies for the development of targeted
and effective treatments that could
ameliorate the symptoms and mitigate

the life-threatening consequences of
SARS-CoV-2 infection. A strategic roadmap
for further research and therapeutic
development is provided in FIG. 3. In the long
term, this model might also provide a new
perspective for the discovery of effective
therapies for a broad range of inflammatory
and infectious diseases and the discovery of
potentially novel biological phenomena.
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