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Immunodeficiency and hyperinflammation are responsible for the most frequent and
life-threatening forms of coronavirus disease 2019 (COVID-19). Therefore, cytokine-
based treatments targeting immuno-inflammatory mechanisms are currently under-
going clinical scrutiny in COVID-19-affected patients. In addition, COVID-19 patients
also exhibit a wide range of neurological manifestations (neuro-COVID), which may
also benefit from cytokine-based treatments. In fact, such drugs have shown some
clinical efficacy also in neuroinflammatory diseases. On the other hand, anti-cytokine
drugs are endowed with significant neurological risks, mainly attributable to their
immunodepressant effects. Therefore, the aim of the present manuscript is to briefly
describe the role of specific cytokines in neuroinflammation, to summarize the effi-
cacy in preclinical models of neuroinflammatory diseases of drugs targeting these
cytokines and to review the clinical data regarding the neurological effects of these
drugs currently being investigated against COVID-19, in order to raise awareness
about their potentially beneficial and/or detrimental neurological consequences.
LINKED ARTICLES: This article is part of a themed issue on The second wave: are
we any closer to efficacious pharmacotherapy for COVID 19? (BJP 75th Anniver-
sary). To view the other articles in this section visit http://onlinelibrary.wiley.com/
doi/10.1111/bph.v179.10/issuetoc
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1 | INTRODUCTION

Although most coronaviruses (CoVs) mainly cause animal diseases,
few have been known for decades as responsible for self-limiting
respiratory infections in humans (van der Hoek, 2007). This view of
CoVs as a relatively un-hostile viruses has dramatically changed in the

last 20 years, when three outbreaks of human severe respiratory
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infections caused by highly pathogenic CoVs have occurred. They are

severe acute respiratory syndrome (SARS) by the SARS-CoV, the
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Middle East respiratory syndrome (MERS) by the MERS-CoV and the
currently ongoing coronavirus disease 2019 (COVID-19) pandemic by
the SARS-CoV-2.

In COVID-19 patients, the most frequent and life-threatening
symptoms affect the respiratory system. However, reports of neuro-
logical signs and symptoms due to central and peripheral nervous sys-
tem involvement (neuro-COVID) are growing exponentially (Paterson
et al,, 2020) and it has been suggested that damage to the bulbar
respiratory centres could contribute to respiratory failure and death
of COVID-19 patients (Li et al., 2020). Neurological manifestations
range from relatively mild symptoms such as anosmia and dysgeusia,
often accompanied by dizziness and headache (Mao et al., 2020), to
more severe neurological conditions. In a recent retrospective study,
performed in PCR-confirmed COVID-19 patients (Paterson
et al., 2020), these more severe neurological disorders have been clas-
sified as (i) encephalopathy, with delirium/psychosis and seizures and
no distinct MRI or CSF abnormalities; (ii) meningoencephalitis, most
commonly referred to as acute disseminated encephalomyelitis;
(iii) ischaemic stroke, associated with a prothrombotic state and pul-
monary thromboembolism; (iv) acute haemorrhagic necrotizing
encephalopathy, a rare encephalopathy representing one of the
remote complications of influenza and other viral infections and
(v) peripheral neurological disorders, most often represented by the
Guillain-Barré syndrome, a paralytic demyelinating disorder or by the
Miller-Fisher syndrome, a Guillain-Barré syndrome variant character-
ized by the triad of ataxia, areflexia and ophthalmoplegia.

Current evidence supports the notion that, in COVID-19, most of
the tissue damage, including that of the CNS, is likely due to the
immune and inflammatory response triggered by SARS-CoV-2 rather
than being a direct consequence of the cytopathic effect of the virus.
This suggests that drugs used against rheumatic diseases, which target
cytokine-mediated inflammation and are currently being explored as
potential therapeutic means in COVID-19, could also positively affect
neuro-COVID manifestations. As a matter of fact, over the last two
decades some of these drugs have already been investigated for the
treatment of specific neuroinflammatory diseases and in some cases
leading to an extension of their indications. On the other hand, the
impairment of relevant physiological activities exerted by cytokines in
the CNS caused by these drugs may pose a significant neurological
risk in distinct patient categories. Therefore, the aim of the present
review is to briefly describe the role of specific cytokines in neu-
roinflammation, to summarize the efficacy in preclinical models of
neuroinflammatory diseases of drugs targeting these cytokines and to
review the clinical data regarding the neurological effects of these
drugs being investigated against COVID-19, in order to raise aware-
ness about their potentially beneficial and/or detrimental neurological
consequences.

To this aim, we researched the PubMed citation database of the
National Library of Medicine (PubMed; https://pubmed.ncbi.nim.nih.
gov/) for studies published in English in peer-reviewed international
journals using the following keywords:- SARS-CoV-2, COVID-19, neu-
roinflammation, cytokines, cytokine inhibitors, anti-cytokine drugs,

neurological diseases and immune-mediated neurological damage.

The screening of titles and abstracts was performed by all authors and
those titles considered relevant for the purpose of the present review
were retrieved and analysed, and their main findings were reported in
the present manuscript. In addition, we searched the NIH database of
clinical trials (https://ClinicalTrials.gov/) for ongoing clinical trials in
COVID-19 patients with the terms coronavirus/SARS-CoV-2/COVID
and one of the following:- IL-1p, IL-6, IL-7, TNF-a, INF-y, Janus
kinase/signal transducer and activator of transcription (JAK/STAT,
granulocyte-macrophage colony stimulating factor (GM-CSF) and the

complement system.

2 | RATIONAL BASIS FOR TARGETING
NEUROINFLAMMATORY MECHANISMS IN
CoVID-19

Neurological symptoms associated to SARS-CoV-2 infection may be
triggered either by direct viral CNS invasion or by indirect attack on
the CNS mediated by the cytokine storm induced by systemic SARS-
CoV-2 infection (Cataldi et al., 2020). In fact, although evidence is
scant for SARS-CoV-2, it has been demonstrated that several neuro-
tropic CoVs may enter the brain through the fibres of olfactory and
vagus nerves (neurogenic invasion) or through the systemic circula-
tion, crossing the blood-brain barrier (BBB) directly or being carried
by peripherally infected leukocytes (haematogenous invasion).
Although in vitro data suggest that neurotropic CoVs may infect neu-
ronal, glial and brain microvascular endothelial cells (Yamashita
et al., 2005), evidence for CoV-induced cytopathic effect on neuronal
or glial cells in vivo is limited and direct virus-induced cell loss may
only have a role in acute or hyperacute forms of CoV-induced CNS
damage, which occur with limited tissue inflammation. Instead, the
CNS might be damaged by the unique association of immune defi-
ciency and hyperinflammation, the latter being manifested mainly by a
cytokine storm, characterizing COVID-19 pathogenesis (Jamilloux
et al,, 2020), with high levels of circulating TNF-a, IL-1p, IL-1 receptor
antagonist (IL-1ra), IL-6, IL-10, IL-17, IFN-y and GM-CSF, among
other soluble immune mediators (Huang et al., 2020). The triggering
factor for this hyperinflammatory condition is probably the activation
of the innate immune system, which occurs upon the interaction of
viral RNA and structural proteins with cytosolic pattern recognition
receptors (PRRs) (Jensen & Thomsen, 2012). PRR activation triggers
the expression of both type | and type lll IFNs and pro-inflammatory
cytokines such as TNF-a, IL-1p, IL-6 and CXCL-8. In addition, hyper-
activated chemotaxis driven by the enhanced expression of CXCL- or
CCL-type chemokines and their receptors may also participate in tis-
sue recruitment of neutrophils, monocytes and macrophages
(Jamilloux et al., 2020). Resident cells of the CNS including glia, neu-
rons and neuro-endothelial cells all synthesize and release these mole-
cules. Mononuclear cells entering the brain parenchyma, in addition to
acting as Trojan horses carrying more virus particles in the brain, also
facilitate the progression of CNS damage as they release mediators of
inflammation. Strong activation of innate immunity can cause CNS

damage either through direct cytopathic effects of cytokines or
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indirectly through the activation of inflammatory cells and the further
release of free radicals. Therefore, it will be the fine adjustment of the
immune response triggered by neuroinfection to determine whether
the tissue will be cleared from the viruses and healing will occur or,
instead, significant tissue damage will overcome the repairing capacity
of the CNS.

On average, 7-10 days after CoV infection, adaptive immune
responses are activated and virus-specific cluster of differentiation 4"
(CD4") and cluster of differentiation 8* (CD8") lymphocytes are rec-
ruited in the CNS by the chemoattractant activity of chemokines
released by innate immunity effector cells. Recruitment of virus-
specific T lymphocytes during the adaptive immune response results
in a dramatic decrease in virus replication and inflammation but not
always the complete clearance of CoVs, which may persist for a very
long time in infected cells and trigger a chronic inflammatory status,
as demonstrated in experimental animals (Libbey & Fujinami, 2014).

Neuropathological studies may allow the identification of
whether CNS damage during SARS-CoV-2 infection is due to direct
viral invasion or to immune system overreaction, thereby providing
important clues on the molecular pathogenesis of neuro-COVID.
However, few exhaustive reports of the neuropathological findings in
the brains from patients with COVID-19 are available. In a recent
post-mortem case series, including 43 patients (Matschke
et al., 2020), neuropathological changes seem to be mild, with pro-
nounced neuroinflammatory changes in the brainstem being the most
common finding (86% of the brains examined). Microglia activation
and infiltration by cytotoxic T lymphocytes was often found in the

meninges and in brainstem and cerebellum (79%). Ischaemic lesions of
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presumed thromboembolic origin were also found in 16% of the
deceased patients. SARS-CoV-2 was detected by qRT-PCR or immu-
nostaining in 53% of the examined brains, with SARS-CoV-2 viral pro-
teins found in cranial nerves originating from the lower brainstem and
in isolated cells of the brainstem. Noteworthy, the presence of SARS-
CoV-2 in the CNS was not associated with the severity of neuropath-
ological changes. The neuropathological finding of a predominant mild
to moderate non-specific inflammation, with frequent acute hypoxic
injury and focal microhaemorrhages or haemorrhagic suffusions, has
been also confirmed in a recent review of 24 studies summarizing
autoptic data from 149 COVID-19 individuals (Mukerji &
Solomon, 2021).

The immuno-inflammatory mechanisms triggered during SARS-
COV-2 infection pose the theoretical basis for pharmacological strate-
gies interfering with specific immune soluble mediators at different
levels (e.g. cytokines, their receptors or transduction mechanisms) in
COVID-19 patients (Figure 1). Noteworthy, these same mechanisms,
besides being critical determinant of peripheral tissue damage in
COVID-19, also play a relevant role in the pathogenesis of a wide
spectrum of neurological disorders, such as epilepsy and stroke,
whose neuroinflammatory basis has long been hypothesized and
whose manifestations resemble those of neuro-COVID. In these con-
ditions, immunomodulatory approaches with cytokine-based treat-
ments have already been investigated, leading to clinical improvement
and in some cases to established uses, but also raising safety con-
cerns. Therefore, immunomodulatory pharmacological strategies cur-
rently under investigation, which target critical components of the

immune system, will be reviewed in the following paragraphs in order

SARS-CoV-2 l

. i - Infliximab
|Canak|numab| | Siltuximab | Adalimumab
@D D

Tocilizumab
Sarilumab

Gimsilumab
Mavrilimumab

Emapalumab

Tofacitinib
Baracitinib
Ruxolitinib

FIGURE 1 Schematic representation of cytokine-based drugs and their targets
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to highlight and discuss their potentially beneficial or detrimental neu-
rological impact, an issue of critical relevance when these drugs are
used in COVID-19-affected patients.

3 | NEUROINFLAMMATION AND
CYTOKINE-TARGETED INTERVENTIONS
3.1 | Targeting IL-1p: anakinra and canakinumab
IL-1B is a key mediator of innate immune response that also partici-
pates in triggering adaptive immunity (Cavalli & Dinarello, 2015). IL-1p
activity can be pharmacologically blocked with anakinra, a recombi-
nant form of the natural occurring antagonist IL-1ra, which has been
approved for the treatment of rheumatoid arthritis and cryopyrin-
associated periodic syndrome or with canakinumab, a high-affinity
human monoclonal antibody against IL-1B, also approved for
cryopyrin-associated periodic syndrome. IL-1p is generated by a
caspase-1-mediated proteolytic cleavage of pro-IL-1f whose expres-
sion is induced by the activation of PRRs. These receptors are acti-
vated not only by pathogen-associated molecular patterns (PAMPs),
which include signals related to viral diseases, but also by danger-
associated molecular patterns (DAMPs), which instead are released
upon tissue damage caused by infectious and non-infectious origins
(Roh & Sohn, 2018). Therefore IL-1p, together with other cytokines
may trigger the so-called “sterile” inflammation that accompanies
non-infective neuroinflammatory diseases.

IL-1B has both physiological and pathological roles in the CNS
where it can be released by microglial cells and by neurons (Wang
et al., 2015). In physiological conditions, IL-1p potentiates the gluta-
matergic neurotransmission and is required for LTP, an elementary
form of memory (Hewett et al., 2012). An excessive IL-1B-dependent
activation of the glutamatergic neurotransmission may explain the
detrimental role exerted by this cytokine in several animal models of
neurodegenerative conditions including stroke, brain haemorrhage,
spinal cord injury, experimental allergic encephalomyelis (a model of
multiple sclerosis) and epilepsy (Hewett et al., 2012). In all these
models, IL-1p antagonism with anakinra exerts protective effects
(Cavalli & Dinarello, 2015).

Remarkably, single case reports have shown good clinical
responses with IL-1p blockers in severe treatment-resistant forms of
epilepsy (DeSena et al., 2018), also when secondary to febrile infec-
tions (Dilena et al., 2019; Kenney-Jung et al., 2016). Moreover, in a
single-centre, double-blind, randomized, placebo-controlled Phase
2 trial in patients presenting within 5 h of ischaemic stroke onset, sub-
cutaneous IL-1ra reduced plasma inflammatory markers and improved
clinical outcome by reducing inflammation (Smith et al., 2018). In addi-
tion, treatment with canakinumab reduced the rates of serious cardio-
vascular events (including stroke) in patients with prior myocardial
infarction and residual inflammatory risk (Everett et al., 2020). Finally,
anti-IL-1p treatment was shown effective in three patients who devel-
oped neuromyelitis optica, a demyelinating disease of the optic nerve,

as a complication of colchicine-resistant familial Mediterranean fever,

a rare disease related to inflammosome hyperactivation (Ozdogan
et al., 2020).

As for other cytokines, the neurodetrimental effects of IL-1p are
partially counterbalanced by the positive consequences of activating
innate and adaptive immunity (Cavalli & Dinarello, 2015). Viral CNS
diseases well exemplify this principle, since IL-1p may limit viral multi-
plication and CNS damage in the case of highly cytopathic viruses
such as the herpes simplex 1 (Sergerie et al., 2007), whereas it mainly
promotes neuroinflammation and tissue damage for less severely
cytopathic and long persistent viruses such as HIV (Brabers &
Nottet, 2006). Studies performed with Theiler's murine encephalomy-
elitis virus, which remains latent in the CNS and induces a chronic
demyelinating disease with similarities to human multiple sclerosis,
showed that both an excessive and an insufficient release of IL-1p
may be detrimental since the first directly damages the CNS, whereas
the second promotes virus persistence and the reactivation of viral
infection (Kim et al., 2012). Given the current knowledge of CoVs
neurobiology (Cataldi et al., 2020), it may be speculated that CoV-
induced CNS damage is mostly a consequence of neuroinflammation
and therefore, that IL-1f8 antagonism could be beneficial. In COVID-
19, lung and multi-organ injury depends on systemic inflammation and
high levels of IL-1p have been detected in the peripheral blood and
broncho-alveolar fluid of patients with COVID-19 (Huang et al., 2020;
Yang et al., 2020). Therefore several clinical studies are ongoing to
evaluate the effect of anakinra and canakinumab on the course of this
disease (Table 1A). Though these investigations were not specifically
designed in patients with neuro-COVID and no neurological safety or
efficacy objectives are listed among primary or secondary endpoints,
it will be of interest to evaluate whether IL-1f blockade will induce
neurological improvement in COVID-19 patients showing evidence of
CNS involvement.

3.2 | Targeting IL-6: tocilizumab, sarilumab and
siltuximab

IL-6 is a pleiotropic Class | cytokine released by multiple cell types
including macrophages, T and B cells, fibroblasts, and endothelial cells
during the innate immunity response. As for IL-1, IL-6 synthesis is
induced by the activation of PRRs. In addition, IL-1 also promotes IL-6
synthesis and therefore some of the biological consequences of the
activation of IL-1 may be mediated by IL-6. IL-6 exerts both pro- and
anti-inflammatory effects and has a crucial role in the activation of
adaptive immunity. IL-6 biological effects occur via the binding of this
cytokine to specific IL-6 receptors whose activation ultimately leads
to the recruitment of JAK proteins and to STAT-dependent gene
expression (Uciechowski & Dempke, 2020).

In physiological conditions, IL-6 is released at low concentrations
in the CNS, being produced not only by infiltrating lymphocytes and
macrophages but also by resident neurons, endothelial and microglial
cells. IL-6 has a role in neuroendocrine regulation and in the control of
body temperature, food intake and energy metabolism, and pain sen-

sitivity. It is also involved in cognitive and emotional functions (Erta
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A IL-1p
Drug Main indications CT number, title, study protocol Potential neurological implications
Anakinra Rheumatoid arthritis NCT04341584 Good clinical responses have been

Anti-IL-1f receptor
antibody

Cryopyrin-associated periodic
syndrome

CORIMUNO-ANA: Trial Evaluating
Efficacy Of Anakinra In Patients
With Covid-19 Infection
(CORIMUNO-ANA)

Interventional Phase 2

NCT04366232

Efficacy of Intravenous Anakinra and

Ruxolitinib During COVID-19
Inflammation (JAKINCOV)
Interventional Phase 2

NCT04443881

Clinical Trial of the Use of Anakinra
in Cytokine Storm Syndrome
Secondary to Covid-19 (ANA-
COVID-GEAS)

Interventional Phase 2/3

NCT04462757

SCIL-1Ra in COVID-19 Feasibility &
PK/PD

Interventional Phase 2

NCT04412291

A Study in Patients With COVID-19
and Respiratory Distress Not
Requiring Mechanical Ventilation,
to Compare Standard-of-care
With Anakinra and Tocilizumab
Treatment The
Immunomodulation-CoV
Assessment (ImmCoVA) Study

Interventional Phase 2

NCT04424056

A Trial Using ANAKINRA,
TOCILIZUMARB Alone or in

Association With RUXOLITINIB in

Severe Stage 2b and 3 of

COVID19-associated Disease

(INFLAMMACOV)
Interventional Phase 3

NCT04364009

Anakinra for COVID-19 Respiratory
Symptoms (ANACONDA)

Interventional Phase 3

NCT04357366

suPAR-guided Anakinra Treatment
for Validation of the Risk and
Management of Respiratory
Failure by COVID-19 (SAVE)

Interventional Phase 2

NCT04339712

Personalised Immunotherapy for
SARS-CoV-2 (COVID-19)
Associated With Organ
Dysfunction (ESCAPE)

Interventional Phase 2

NCT04324021

described in single cases of severe,
drug-resistant epilepsies treated
with IL-18 blockers (DeSena
et al., 2018; Dilena et al., 2019;
Kenney-Jung et al., 2016).

In a single-centre, double-blind,
randomized, placebo-controlled
Phase 2 trial in patients presenting

within 5 h of ischaemic stroke onset,
subcutaneous IL-1ra reduced plasma

inflammatory markers and improved
clinical outcome by reducing
inflammation (Smith et al., 2018).

Moreover, anti-IL-1p treatment was
shown effective in three patients
who developed neuromyelitis optica
as a complication of colchicine-
resistant familial Mediterranean
fever, a rare disease related to
inflammosome hyperactivation
(Ozdogan et al., 2020).

Potential risks may include facilitation
of viral replication by highly
cytopathic viruses such as the
herpes simplex 1 (Sergerie
et al., 2007).

(Continues)
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TABLE 1 (Continued)
A. IL-1p
Drug Main indications CT number, title, study protocol Potential neurological implications

Canakinumab
Anti-IL-1b antibody

Cryopyrin-associated periodic
syndrome (CAPS)

Efficacy and Safety of Emapalumab
and Anakinra in Reducing
Hyperinflammation and
Respiratory Distress in Patients
With COVID-19 Infection

Interventional Phase 2/3

NCT04362111

Early Identification and Treatment of

Cytokine Storm Syndrome in
Covid-19
Interventional Phase 3

NCT04408326

Efficacy and Safety of Angiotensin Il

Use in Coronavirus

Disease(COVID)-19 Patients With

Acute Respiratory Distress
Syndrome (ACES)
Observational

NCT04330638
Treatment of COVID-19 Patients

With Antiinterleukin Drugs (COV-

AID)
Interventional Phase 2/3

NCT04362813

Study of Efficacy and Safety of
Canakinumab Treatment for CRS in
Participants With COVID-
19-induced Pneumonia (CAN-

Beneficial effects have been observed
in patients affected by drug-
resistant epilepsy (DeSena
et al., 2018), familial Mediterranean
fever, and multiple sclerosis

COVID) (Ozdogan et al., 2020). Its use has
Interventional Phase 3 been explored as prophylactic agent
NCT04365153 in stroke patients (Everett
Canakinumab in Covid-19 Cardiac etal., 2020).
Injury (The Three C Study)
Interventional Phase 2
B.IL-6
Drug Main indications CT number, title, study protocol Neurological implications
Tocilizumab Rheumatoid arthritis NCT04377659 It has been explored as a treatment in

Anti-IL-6 receptor
monoclonal antibody

Giant cell arteritis
Cytokine release syndrome (CRS)

Tocilizumab for Prevention of
Respiratory Failure in Patients With
Severe COVID-19 Infection

Interventional Phase 2

NCT04322773

Anti-il6 Treatment of Serious
COVID-19 Disease With
Threatening Respiratory Failure
(TOCIVID)

Interventional Phase 2

NCT04445272

Clinical Trial to Evaluate the
Effectiveness and Safety of
Tocilizumab for Treating Patients
With COVID-19 Pneumonia

Interventional Phase 2

NCT04479358
Low-dose Tocilizumab Versus
Standard of Care in Hospitalized

several neurological diseases,
including neuromyelitis optica
refractory to immunotherapy,
immunosuppressants, and/or
corticosteroids (Araki, 2019);
multiple sclerosis (Hoshino

et al., 2020); autoimmune
encephalitis (Lee et al., 2016); new-
onset refractory status epilepticus

(Jun et al., 2018); Takayasu's arteritis

with associated stroke (Osman

et al., 2015); and amyotrophic lateral

sclerosis (ALS) (Fiala et al., 2013).

Favourable clinical response observed
in severe acute necrotizing
encephalopathy of childhood (Koh
etal., 2019).

Potential risks associated with IL-6
blockade include the occurrence of
recurrent meningitis (Richebé
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TABLE 1 (Continued)

B.IL-6
Drug Main indications CT number, title, study protocol Neurological implications
Patients With COVID-19 et al., 2018), HTLV1-associated
(COVIDOSE-2) conditions (Terada et al., 2017), and
Interventional Phase 2 multifocal and limbic encephalitis
NCT04331795 (Yamaguchi et al., 2014).

Tocilizumab to Prevent Clinical
Decompensation in Hospitalized,
Noncritically lll Patients With
COVID-19 Pneumonitis
(COVIDOSE)

Interventional Phase 2

NCT04370834

Tocilizumab for Patients With
Cancer and COVID-19 Disease

Interventional Phase 2

NCT04335071

Tocilizumab in the Treatment of
Coronavirus Induced Disease
(COVID-19) (CORON-ACT)

Interventional Phase 2

NCT04423042

Tocilizumab in Coronavirus-19
Positive Patients

Interventional Phase 2

NCT04320615

A Study to Evaluate the Safety and
Efficacy of Tocilizumab in Patients
With Severe COVID-19
Pneumonia (COVACTA)

Interventional Phase 3

NCT04315480

Tocilizumab for SARS-CoV2
(COVID-19) Severe Pneumonitis

Interventional Phase 2

NCT04476979

Comparison of Tocilizumab Plus
Dexamethasone vs.
Dexamethasone for Patients With
Covid-19 (TOCIDEX)

Interventional Phase 2

NCT04435717

Efficacy of Tocilizumab in Modifying
the Inflammatory Parameters of
Patients With COVID-19
(COVITOZ-01)

Interventional Phase 2

NCT04346355

Efficacy of Early Administration of
Tocilizumab in COVID-19 Patients

Interventional Phase 2

NCT04320615

A Study to Evaluate the Safety and
Efficacy of Tocilizumab in Patients
With Severe COVID-19
Pneumonia (COVACTA)

Interventional Phase 3

NCT04412772

(Continues)
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TABLE 1 (Continued)

B.IL-6

Drug Main indications CT number, title, study protocol

A RCT—Safety & Efficacy of
Tocilizumab—Tx of Severe
COVID-19: ARCHITECTS
(ARCHITECTS)

Interventional Phase 3

NCT04361032

Assessment of Efficacy and Safety
of Tocilizumab Compared to
DefeROxamine, Associated With
Standards Treatments in COVID-
19 (+) Patients Hospitalized In
Intensive Care in Tunisia
(TRONCHER)

Interventional Phase 3

NCT04403685

Safety and Efficacy of Tocilizumab in
Moderate to Severe COVID-19
With Inflammatory Markers
(TOCIBRAS)

Interventional Phase 3

NCT04357808

Efficacy of Subcutaneous Sarilumab in
Hospitalised Patients With
Moderate-severe COVID-19
Infection (SARCOVID)

Interventional Phase 2

NCT04386239

Study on the Use of Sarilumab in
Patients With COVID-19 Infection

Interventional Phase 1

NCT04315298

Evaluation of the Efficacy and Safety
of Sarilumab in Hospitalized
Patients With COVID-19

Interventional Phase 2/3

NCT04359901

Sarilumab for Patients With
Moderate COVID-19 Disease

Interventional Phase 2

NCT04341870

Study of Immune Modulatory Drugs
and Other Treatments in COVID-
19 Patients: Sarilumab,
Azithromycin,
Hydroxychloroquine Trial—
CORIMUNO-19—VIRO
(CORIMUNOVIRO)

Interventional Phase 2/3

NCT04324073

Cohort Multiple Randomized
Controlled Trials Open-label of
Immune Modulatory Drugs and
Other Treatments in COVID-19
Patients—Sarilumab Trial—
CORIMUNO-19—SARI
(CORIMUNO-SARI)

Interventional Phase 2/3

Sarilumab Rheumatoid arthritis
Anti-IL-6 receptor

monoclonal antibody

Neurological implications

Sarilumab treatment improved

outcomes for pain, social
functioning, and mood in patients
affected by rheumatoid arthritis
(Atzeni et al., 2019).
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B.IL-6
Drug Main indications CT number, title, study protocol Neurological implications
NCT04357860
Clinical Trial of Sarilumab in Adults
With COVID-19 (SARICOR)
Interventional Phase 2
Siltuximab Castleman disease NCT04329650 A clinical trial in patients with
Anti-IL-6 monoclonal Efficacy and Safety of Siltuximab vs. rheumatoid arthritis (RA) or
antibody Corticosteroids in Hospitalized multicentric Castleman disease

Patients With COVID-19
Pneumonia
Interventional Phase 2

(MCD) showed that siltuximab was
able to ameliorate depressive
symptoms independently on anti-

et al., 2012). CNS IL-6 concentrations dramatically increase in a vari-
ety of animal models of neurological disorders including traumatic
brain injury, stroke, Alzheimer's disease, multiple sclerosis and infec-
tive brain diseases (Uciechowski & Dempke, 2020). However, whether
IL-6 participates in triggering damage or a homeostatic neuro-
protective response strongly depends on the experimental model
being considered. For example, preclinical evidence for both pro- and
anti-convulsant actions of IL-6 are available. A higher susceptibility to
chemically induced seizures was observed in both rats intranasally
treated with IL-6 (Kalueff et al., 2004) and IL-6 knockout (KO) mice
(De Sarro et al., 2004). On the other hand, preclinical studies suggest
that IL-6 contributes to tissue damage in demyelinating conditions, as
indicated by the milder disease course observed in IL-6 KO mice
(Samoilova et al., 1998).

The biological effects of IL-6 can be pharmacologically blocked
with siltuximab, a neutralizing monoclonal antibody directed against
IL-6 (Fajgenbaum & Kurzrock, 2016) or with tocilizumab (Araki, 2019)
and sarilumab (Scott, 2017), two monoclonal antibodies that bind and
neutralize IL-6 receptors. Given the prominent role of IL-6 in systemic
inflammation during SARS-CoV-2 infection, several controlled ran-
domized trials are ongoing to evaluate the use of IL-6 modulators in
COVID-19 patients (Table 1B). Noteworthy, tocilizumab efficacy has
been already demonstrated in several human neurological diseases.
The first example is given by neuromyelitis optica, in which the high
concentrations of IL-6 observed in the CSF (Uzawa et al., 2013) pro-
mote the production of pathogenetically determinant AQP4 auto-
antibodies (Chihara et al., 2011). In several neuromyelitis optica
patients refractory to immunotherapy, immunosuppressants and/or
corticosteroids, tocilizumab was effective in preventing acute attacks
and maintaining remission (Araki, 2019). Tocilizumab was also effec-
tive and safe in a retrospective, single-centre analysis of 91 patients
with autoimmune encephalitis exhibiting inadequate clinical response
to first-line immunotherapy and to rituximab (Lee et al., 2016), as well
as in a small cohort of seven patients with new-onset refractory status
epilepticus (Jun et al., 2018). IL-6 receptor blockade with tocilizumab
improved outcome and prevented disability in three patients with
severe acute necrotizing encephalopathy of childhood, a devastating

parainfectious encephalopathy that occurs early during viral infections

rheumatic effects (Sun et al., 2017).

presumably due to massive release of cytokines including IL-6 (Koh
et al., 2019). Finally, tocilizumab also attenuated inflammation and
ameliorated symptoms in 33 patients affected by Takayasu's arteritis
with associated stroke retrospectively identified in the literature
(Osman et al., 2015) and in a single patient with fulminant multiple
sclerosis (Hoshino et al., 2020). Three of five patients with sporadic
amyotrophic lateral sclerosis receiving tocilizumab infusions showed
time-limited attenuation of clinical progression (Fiala et al., 2013).
Notably, clinical trials in rheumatoid arthritis showed that sarilumab
treatment, independently from its anti-rheumatoid effect, improved
outcomes for pain, social functioning and mood (Atzeni et al., 2019).
In addition, siltuximab ameliorated depressive symptoms in patients
with rheumatoid arthritis or multicentric Castleman disease, again
independently on its anti-rheumatic effects (Sun et al., 2017).

Preclinical data mainly suggest that IL-6 facilitates tissue damage
during viral CNS infections, such as the encephalitis caused by human
enterovirus 71 in mice (Luo et al., 2019). In addition, in mice infected
with Theiler's murine encephalomyelitis virus, high levels of IL-6 in the
CNS promote virus persistence and chronic demyelination by
preventing, in concert with IL-17, apoptotic cell death of virus-
infected cells (Hou et al., 2014). Thus, based on these results, anti-IL-6
strategies might reduce the risk of SARS-CoV-2 persistence in the
CNS possibly associated to chronic forms of neuro-COVID. Neverthe-
less, the ability of these drugs to mediate serious side effects, includ-
ing recurrent meningitis (Richebé et al., 2018), human T lymphotropic
virus type 1-associated conditions such as uveitis and myelitis/tropical
spastic paraparesis (Terada et al., 2017), and multifocal and limbic
encephalitis (Yamaguchi et al, 2014), will require careful
consideration.

3.3 | Targeting TNF-o: infliximab and adalimumab

TNF-a plays a key role in almost all acute inflammatory reactions by
promoting oxidative stress and inflammation. TNF-« is mainly pro-
duced by macrophages, monocytes and B cells and, in the CNS, by
microglia, neurons, and astrocytes. TNF-a, which is produced initially

as a transmembrane molecule (TNF membrane form), is subsequently
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released from cells as a soluble cytokine (TNF shed/soluble form), via
regulated cleavage by TNF-a-converting enzyme (TACE/ADAM17).
Both TNF membrane and shed form are biologically active and inter-
act with two receptors, TNFR1 and TNFR2 which are expressed on
different tissues. TNFR1 is expressed in all cell types and is preferen-
tially activated by TNF shed form. It contains a death domain, medi-
ates apoptosis and triggers inflammation by inducing the production
of other cytokines such as IL-1 and IL-6 (the so-called “TNF-
dependent cytokine cascade”). While TNFR2, which is expressed
mainly in neurons, immune cells and endothelial cells, preferentially
binds TNF membrane form and promotes cell survival, resolution of
inflammation and myelination. These opposite effects elicited by the
stimulation of TNFR1 and TNFR2 may explain why TNF-a, which is
essential in the acute phase of the inflammatory process, becomes
immunosuppressive when produced at excessive levels for prolonged
times. Several monoclonal and chimeric antibodies such as
adalimumab and infliximab have been developed to block the effect
of TNF-a in vivo. These drugs elicit major anti-inflammatory and
immunosuppressive effects and were granted approval in several
autoimmune disorders including Crohn's disease, ankylosing spondyli-
tis and rheumatoid arthritis (Kalliolias & Ivashkiv, 2016).

Studies performed with SARS-CoV suggested that excessive
TNF-a-dependent inflammation could be crucial in the genesis of this
disease. In fact, the binding of SARS-CoV spike glycoproteins to the
membrane bound angiotensin-converting enzyme 2 (ACE2) activates
TACE and, consequently, increases TNF-a release and the activation
of the TNF-dependent cytokine cascade (Haga et al., 2008). TNFR2
appears to play a critical role in SARS-CoV virulence in mice, as indi-
cated by the observation that, when compared to wild-type mice, the
severity of SARS-CoV infection is greatly attenuated in TNFR2 KO
mice (McDermott et al., 2016).

Little data are available on the effect of anti-TNF-a drugs in
SARS-CoV-2 infection, which is essentially limited to case reports. For
instance, Bezzio et al. (2021) reported a favourable clinical response
to infliximab in a patient with COVID-19 who was treated with
infliximab because he also developed a recurrence of ulcerative colitis,
whereas Okeke et al. (2020) described the unusually benign clinical
course of a patient with rheumatoid arthritis who developed COVID-
19 a few days after receiving adalimumab injection. Notably, data
from the SECURE-inflammatory bowel disease database showed that
patients with inflammatory bowel disease treated with anti-TNF-a
drugs do no worse than those receiving sulfasalazine or mesalazine
when they develop COVID-19 (Feldmann et al., 2020). At the time of
writing, randomized clinical trials are ongoing with both infliximab and
adalimumab in COVID-19 patients (Table 2A). In a recent review
paper, Jamilloux et al. (2020) discussed the theoretical reasons
supporting TNF-a blockade as a strategy for COVID-19 treatment.
They emphasized that these drugs are expected not only to reduce
cytokine release and inflammation, but also to down-regulate the pro-
duction of VEGF and the expression of adhesion molecules in endo-
thelial cells, thereby impeding vascular permeabilization that is

crucially important in the pathophysiology of the cytokine storm.

TNF-a, both peripherally released and centrally produced, has a
role in neuroinflammation, and the blockade of TNF-«a in the periph-
ery reduces the release of IL-1 and other cytokines in the CNS
(Kalliolias & Ivashkiv, 2016). Therefore, anti-TNF-a drugs have
been investigated, with promising results in preclinical models of
several neurodegenerative disorders including multiple sclerosis
(Kemanetzoglou & Andreadou, 2017), stroke (Jayaraj et al., 2019) and
epilepsy (Vezzani et al., 2016). In addition, one small open-label pilot
study has described a possible beneficial effect of adalimumab in
11 patients with Rasmussen's encephalitis (Lagarde et al., 2016).
Whether beneficial effects of TNF-a blockade can be achieved also
in neuro-COVID still remains to be addressed in experimental and
clinical studies.

Contrasting data have been reported on the effect of anti-TNF-a
drugs in CNS viral infections. In fact, these drugs seem to reduce dis-
ease severity in experimental murine models of herpes simplex (Boivin
et al., 2013), Japanese encephalitis (Ye et al., 2014). On the contrary,
serious encephalitis (Bradford et al., 2009) and meningitis
(Ma et al., 2013), mainly of herpetic aetiology have been reported in
patients treated with anti-TNF-a antibodies for inflammatory bowel
disease or rheumatoid arthritis. The incidence of CNS herpetic infec-
tions recorded in pooled analysis of clinical trials with these drugs in
autoimmune disorders was >1.5% (Ma et al., 2013). Moreover, several
cases of herpetic CNS infections were reported to the Food and Drug
Administration Adverse Events Reporting System during post-
marketing surveillance of these drugs (Bradford et al., 2009).

An important reason of concern when using anti-TNF-a anti-
bodies in the treatment of neurological disorders is that clinical experi-
ence with these drugs in rheumatology and dermatology has shown
that they cause not only a variety of immune-mediated adverse
events, such as urticaria, psoriasis, lupus-like syndrome and type | dia-
betes mellitus (Fischer et al., 2020) mainly affecting peripheral organs,
but also neurological disorders in about 4% of patients (Kaltsonoudis
et al., 2014). These include optic neuritis, chronic inflammatory demy-
elinating polyneuropathy, mononeuritis multiplex and Guillain-Barré
syndrome (Kemanetzoglou & Andreadou, 2017). However, it is still
debated whether treatment with TNF-a blockers triggered the devel-
opment of these disorders or unmasked a pre-existing still silent dis-

ease status (Kaltsonoudis et al., 2014).

34 | Targeting IFN-y: Emapalumab

IFN-y is a type Il cytokine produced and released by natural killer
(NK) and y/8 T cells during innate immunity and by CD4* and CD8" T
cells during adaptive immunity. IFN-y promotes the activation of mac-
rophages and NK cells enhancing their microbial killing activities, also
inducing the differentiation of Th1 lymphocytes and the expression of
class Il major histocompatibility complex (MHC). These biological
effects are exerted through the activation of plasma membrane IFN-y
receptors consisting of two subunits, IFNGR1 and IFNGR2, which
upon ligand binding, dimerize and activate JAK1 and JAK2 tyrosine

85UB01 T SUOLUIOD @A 111D 3[Rl dde ayy Aq peuenob aJe sofoiie VO ‘85N JO So[nl 1oy Akeud1 8UIIUQ AB]IM UO (SUO I IPUO-PU-SLUB)I0Y A8 |1 Afed 18U [Uo//Sdy) SUORIPUOD pue swie 1 8y} 88S *[5202/T0/0T] uo AriqiTauuo 1M ‘llodeN |a 1 0oLeped N Aq 26€ST yda/TTTT OT/10p/oo 48] im Areiqieul|uosgndsday/:sdny wouy papeojumoq ‘0T ‘2202 ‘T8ES9LYT


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5074
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1662
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1662
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1870
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1871
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=3114
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1614
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4840
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2700
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=963
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=9295
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1725
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1726
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2047
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2048

PIGNATARO ET AL.

BRITISH
5 PHARMACOLOGICAL 2159
SOCIETY

TABLE 2 Neuroinflammation and cytokine-targeted interventions: targeting TNF-ao, IFN-y and JAK1/2

A. TNF-a

Drug Main indications

Adalimumab Rheumatoid arthritis

Anti-TNF-a antibody  Juvenile idiopathic arthritis

Psoriatic arthritis
Plague psoriasis
Crohn's disease
Ulcerative colitis
Ankylosing spondylitis

Hidradenitis suppurativa

CT number, title, study protocol

ChiCTR2000030089

A randomized, open-label, controlled
trial for the efficacy and safety of
Adalimumab Injection in the
treatment of patients with severe
novel coronavirus pneumonia
(COVID-19)

Interventional Phase 2

Neurological implications

Although not approved for any
neurological condition in humans,
its use has been successfully
explored in Rasmussen's
encephalitis (Lagarde et al., 2016).
Demyelinating disorders, herpes
zoster reactivation, and herpes
zoster meningitis have been

Uveitis associated with its use (Bradford
et al., 2009; Ma et al., 2013).
B. IFN-y
Drug Main indications CT number, title, study protocol Neurological implications
Emapalumab Primary haemophagocytic NCT04324021 In a single patient affected by
Anti-IFN-y antibody lymphobhistiocytosis (HLH)  Efficacy and Safety of Emapalumab adenosine deaminase deficiency-
and Anakinra in Reducing severe combined
Hyperinflammation and immunodeficiency (ADA-SCID), it
Respiratory Distress in Patients reduced brain lesions caused by
With COVID-19 Infection CNS tubercolosis infection (Tucci
Interventional Phase 2/3 et al., 2020).
C.JAK1/2
Drug Main indications CT number, title, study protocol Neurological implications
Tofacitinib Psoriatic arthritis NCT04415151 No studies on neurological

Anti-Jak1 and anti-Jak3
receptor antibody

Baricitinib
Anti-Jak1 and anti-Jak2
receptor antibody

Rheumatoid arthritis
Ulcerative colitis

Rheumatoid arthritis

Tofacitinib for Treatment of
Moderate COVID-19 (I-TOMIC)
Interventional Phase 2

NCT04469114

Tofacitinib in Hospitalized Patients
With COVID-19 Pneumonia

Interventional Phase 2

NCT04390061

Tofacitinib Plus Hydroxycloroquine
vs Hydroxycloroquine in Patients
With COVID-19 Interstitial
Pneumonia (TOFACoV-2)

Interventional Phase 2

NCT04332042

Tofacitinib in SARS-CoV2
Pneumonia

Interventional Phase 2

NCT04340232

Safety and Efficacy of Baricitinib for
COVID-19

Interventional Phase 2/3

NCT04421027

A Study of Baricitinib (LY3009104)
in Participants With COVID-19

Interventional Phase 3

NCT04358614
Baricitinib Therapy in COVID-19
Interventional Phase 2/3

NCT04373044

Baricitinib, Placebo and Antiviral
Therapy for the Treatment of
Patients With Moderate and
Severe COVID-19

Interventional Phase 2

implications. However, potential
risks include occurrence of
thromboembolic events and
reactivation of latent viral
infections (Scott et al., 2018).

Reverses HIV-associated
neurocognitive disorders in
preclinical animal models
(Gavegnano et al., 2019).

May induce thromboembolic events
and promote new viral infections
or the reactivation of latent
infections (Scott et al., 2018).

(Continues)
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TABLE 2 (Continued)

C. JAK1/2

Drug Main indications

Ruxolitinib Myelofibrosis
Anti-Jak1 and anti-Jak2
receptor antibody

CT number, title, study protocol

Neurological implications

NCT04393051

Baricitinib Compared to Standard
Therapy in Patients With
COVID-19

Interventional Phase 2

NCT04362943

Clinical-epidemiological
Characterization of COVID-19
Disease in Hospitalized Older
Adults

Observational

NCT04390464

mulTi-Arm Therapeutic Study in
Pre-ICu Patients Admitted With
Covid-19—Repurposed Drugs
(TACTIC-R)

Interventional Phase 4

NCT04401579

Adaptive COVID-19 Treatment
Trial 2 (ACTT-2)

Interventional Phase 3

NCT04346147

Clinical Trial to Evaluate Efficacy of
3 Types of Treatment in Patients
With Pneumonia by COVID-19

Interventional Phase 2

NCT04321993

Treatment of Moderate to Severe Coronavirus
Disease (COVID-19)
in Hospitalized Patients

Interventional Phase 2

NCT04320277

Baricitinib in Symptomatic Patients
Infected by COVID-19: an
Open-label, Pilot Study

Interventional Phase 2/3

NCT04399798

Baricitinib for coronavirus
pneumonia (COVID-19): a
therapeutic trial

Interventional Phase 2

NCT04348071 Ameliorates HIV encephalitis in mice
Safety and Efficacy of Ruxolitinib for (Haile et al., 2016)
COVID-19 Effective in a single patient with
Interventional Phase 2/3 highly active refractory
NCT04414098 neuromyelitis optica (Hodecker
Ruxolitinib in the Treatment of et al, 2017).

Covid-19 May induce thromboembolic events
and promote new viral infections
or the reactivation of latent
infections (Ballesta et al., 2017;
Reoma et al., 2019; Scott
etal., 2018).

Interventional Phase 2

NCT04355793

Expanded Access Program of
Ruxolitinib for the Emergency
Treatment of Cytokine Storm
From COVID-19 Infection

Expanded access

NCT04377620
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Main indications CT number, title, study protocol

Assessment of Efficacy and Safety
of Ruxolitinib in Participants
With COVID-19-Associated
ARDS Who Require Mechanical
Ventilation (RUXCOVID-
DEVENT)

Interventional Phase 3

NCT04334044

Treatment of SARS Caused by
COVID-19 With Ruxolitinib

Interventional Phase 1/2

NCT04331665

Study of the Efficacy and Safety of Ruxolitinib to
Treat COVID-19
Pneumonia

NA

NCT04337359

Ruxolitinib Managed Access
Program (MAP) for Patients
Diagnosed With Severe/Very
Severe COVID-19 lliness

Expanded access

NCT04361903

Ruxolitinib for the Treatment of
Acute Respiratory Distress
Syndrome in Patients With
COVID-19 Infection (RESPIRE)

Observational

NCT04338958

Ruxolitinib in Covid-19 Patients
With Defined
Hyperinflammation (RuxCoFlam)

Interventional Phase 2

NCT04374149

Therapeutic Plasma Exchange
Alone or in Combination With
Ruxolitinib in COVID-19
Associated CRS

Interventional Phase 2

NCT04348695

Study of Ruxolitinib Plus
Simvastatin in the Prevention
and Treatment of Respiratory
Failure of COVID-19. (Ruxo-Sim-
20)

Interventional Phase 2

Neurological implications

kinases, and, ultimately, STAT1-dependent gene transcription (Stark
et al, 2018).

Preclinical evidence shows that IFN-y may exert specific effects
in the control of a variety of brain functions including sleeping behav-
iour, learning and memory, and mood (Monteiro et al., 2016), These
effects may be explained at least in part by the regulation of the
5-hydroxytryptamine (5-HT; serotoninergic) neurotransmission
through  the

activation  of  tryptophan-indoleamine-pyrrole

2,3-dioxygenase, an enzyme that degrades the 5-HT precursor trypto-
phan (Oxenkrug, 2011). IFN-y may also play a major role in neurode-
generative diseases because of its ability to interfere with neuronal
survival, differentiation and regeneration. IFN-y promotes neuro-
genesis in adult animals and improves memory and spatial learning in
wild-type mice and in a transgenic mouse model of Alzheimer's dis-
ease (Baron et al., 2008). In contrast to these neuroprotective and

neuroregenerative properties, other studies reported that IFN-y
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promotes cell death and potentiates the killing activities of other nox-
ious agents such as amyloid §1_4, (Bate et al., 2006).

Opposing effects of IFN-y have also been described in viral infec-
tions of the CNS. While anti-viral activity is, in fact, one of the major
physiological role of IFN-y and this cytokine is crucial for the anti-viral
defence against many virus-induced encephalitis (Chesler &
Reiss, 2002). IFN-y release in the brain strongly increases in HIV neu-
roinfection and this cytokine may paradoxically facilitate HIV replica-
tion in astrocytes by inhibiting the p-catenin pathway, a physiological
anti-viral system (Li et al., 2016). In addition, IFN-y may contribute to
viral damage of the CNS by enhancing the permeability of the BBB as
demonstrated, for instance, in rabies virus infection (Chai et al., 2014).
Pharmacological inactivation of IFN-y exerted positive effects on dis-
ease progression in viral encephalitis triggered in neonatal mice by
intracranial administration of an attenuated lymphocytic cho-
riomeningitis virus (Kreutzfeldt et al., 2013).

In humans, emapalumab, a monoclonal antibody directed against
IFN-y, has been approved as a second-line treatment in
haemophagocytic lymphohistiocytosis, a rare clinical condition that
mainly consists in severe tissue damage and multi-organ failure due to
the hyperactivity of macrophages and T lymphocytes and the exces-
sive release of cytokines (Al-Salama, 2019). Notably, in a single patient
affected by adenosine deaminase deficiency-severe combined immu-
nodeficiency, treatment with emapalumab reduced the size of brain
lesions occurring during disseminated tuberculosis (Tucci et al., 2020).

Emapalumab is currently under investigation in combination with
the IL-1 antagonist anakinra for the treatment of COVID-19 with the
rationale of decreasing hyperinflammation and respiratory distress
(Table 2B). No data are yet available in humans on the effect of

emapalumab in neuro-COVID or any other CNS disease.

3.5 | Targeting JAK1-2: tofacitinib, baricitinib and
ruxolitinib

The JAK-STAT transduction pathway is a signalling cascade that
mediates the response to numerous cytokines (e.g. IL-1, IL-6, and INF-
y) through the sequential activation of JAK proteins, which are phos-
phorylated by activated cytokine receptors and STAT proteins, which
after being phosphorylated by JAK proteins dimerize and migrate into
the nucleus to regulate gene transcription. Four different JAK
proteins (JAK1, JAK2, JAK3 and TYK) may activate seven STAT pro-
teins (STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B and STATé)
and the response to each cytokine is fingerprinted by the specific set
of JAK/STAT proteins that they activate. The JAK-STAT signalling
cascade can be pharmacologically blocked, with the intent to treat
rheumatological and haematological diseases, with selective JAK
inhibitors such as tofacitinib, which has a higher affinity for JAK3 and
JAK1 than for JAK2, and ruxolitinib and baricitinib, which preferen-
tially block JAK1 and JAK2 (Schwartz et al., 2017).

Early studies on the JAK/STAT cascade demonstrated its critical
role in immune response, inflammation and tumourigenesis. More

recently, the expression in the brain of JAK and STAT proteins has

been demonstrated and evidence has emerged for their involvement
in neuronal and glial differentiation and in the regulation of LTP
(Nicolas et al., 2013). The JAK-STAT signalling cascade is activated in
response to many different infectious and non-infectious conditions
of the CNS that cause cytokine release because of tissue damage. For
instance, strong activation of STAT1 and STAT3, mainly occurring in
reactive microglia and in macrophages, has been observed after cere-
bral ischaemia in experimental animals (Planas et al., 1997). Neverthe-
less, there is no evidence that JAK-STAT inhibitors could be
beneficial in human stroke and these drugs could even be dangerous
considering that they increase the risk of venous thromboembolism
(Scott et al., 2018). The JAK-STAT pathway is also activated by a vari-
ety of epileptogenic conditions including exposure to proconvulsant
drugs such as kainate or pilocarpine (Choi et al., 2003).

Given their role in the immune response, the JAK/STAT proteins
are also involved in the pathophysiology of autoimmune CNS dis-
eases (Benveniste et al., 2014). As a matter of fact, while STAT3 and
STAT4 KO mice are protected against experimental allergic
encephalomyelis (Chitnis et al.,, 2001; Liu et al., 2008), STAT1 KO
mice are instead highly susceptible (Bettelli et al., 2004). In addition,
the pharmacological blockade of either JAK2 with tyrphostin B42
(Bright et al., 1999) or both JAK1 and JAK2 with AZD1480 (Liu
et al, 2014) ameliorates the course of experimental allergic
encephalomyelis. Up to date, the only evidence that JAK/STAT inhib-
itors could be effective in human neuroimmune diseases is the excel-
lent clinical response to ruxolitinib reported in a patient with highly
active neuromyelitis optica refractory to other immunosuppressive
drugs (Hodecker et al., 2017).

STAT1 is the downstream effector of all the members of the IFN
family (Schneider et al., 2014) and as such, it is crucial in protecting
from viral infections including those of the CNS. A high risk of devel-
oping herpes virus-1 encephalitis is observed in subjects with rare
inactivating mutations in STAT1 (Sancho-Shimizu et al., 2007). The
risk of opportunistic viral infection is significantly increased by
JAK/STAT inhibitors, both in experimental animals and in patients tak-
ing these drugs for rheumatological or haematological disorders. For
instance, it has been calculated that 5.6% of patients recruited in
Phases Il and lll, and in subsequent long-term extension trials were
treated with tofacitinib for ulcerative colitis caused by herpes zoster
infections (Winthrop et al., 2018). Moreover, one case of herpes zos-
ter encephalitis during treatment with oral tofacitinib has also been
described (Hosking et al., 2018). One fatal case of encephalopathy
(Reoma et al., 2019) and one of meningitis (Ballesta et al., 2017) by
John Cunnigham polyomavirus (JCPyV) have been described during
chronic immunosuppressive treatment with ruxolitinib.

While, in most of the cases, JAK/STAT blockade increases the risk
of severe viral neuroinfections, in other circumstances it may protect
against these diseases by reducing cytokine-mediated tissue inflam-
mation or decreasing virus replication, as in the case of human astro-
cytes and microglial cells infected in vitro with the Venezuelan equine
encephalitis virus, a neurotropic arbovirus that may infect humans
causing encephalitis in about 10-15% of cases (Risner et al., 2019). In
addition, JAK/STAT blockade is expected to exert beneficial effects in

85UB01 T SUOLUIOD @A 111D 3[Rl dde ayy Aq peuenob aJe sofoiie VO ‘85N JO So[nl 1oy Akeud1 8UIIUQ AB]IM UO (SUO I IPUO-PU-SLUB)I0Y A8 |1 Afed 18U [Uo//Sdy) SUORIPUOD pue swie 1 8y} 88S *[5202/T0/0T] uo AriqiTauuo 1M ‘llodeN |a 1 0oLeped N Aq 26€ST yda/TTTT OT/10p/oo 48] im Areiqieul|uosgndsday/:sdny wouy papeojumoq ‘0T ‘2202 ‘T8ES9LYT


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4865
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5371
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5677
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7792
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5688
https://www.guidetopharmacology.org/GRAC/FamilyIntroductionForward?familyId=581
https://www.guidetopharmacology.org/GRAC/FamilyIntroductionForward?familyId=581
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2049
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4231
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=305
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5916
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5933

PIGNATARO ET AL.

HIV encephalitis and HIV-associated neurocognitive disorder since it
may prevent the effect of cytokines (such as IL-6) released during HIV
infection of the CNS and promote viral replication and brain damage.
As a matter of fact, ruxolitinib reduced HIV replication in an animal
model of HIV encephalitis (Haile et al, 2016), whereas, in mice
infected with HIV, baricitinib improved the neurobehavioural abnor-
malities that partially replicate the symptoms of human HIV-
associated neurocognitive disorder (Gavegnano et al., 2019). Clinical
data are yet unavailable on the effects of JAK/STAT inhibitors in CNS
infection by neurotropic CoVs and, more specifically, by SARS-CoV-
2-associated neuro-COVID. However, clinical trials are ongoing in
patients with COVID-19 (although these are not specifically targeting
neuro-COVID patients) with tofacitinib, baricitinib and ruxolitinib
(Table 2C) with the rationale of reducing cytokine effects and sys-
temic inflammation. The ability of these drugs to induce thromboem-
bolic events and promote new viral infections or the reactivation of
latent infection is a matter of concern and will require careful moni-
toring (Scott et al., 2018).

3.6 | Targeting human GM-CSF: sargramostim;
mavrilimumab and gimsilumab

GM-CSF is a pro-inflammatory Class | cytokine produced by many dif-
ferent cell types including fibroblasts, monocytes, macrophages and T
cells that induces the proliferation and maturation of myeloid precur-
sors to granulocytes and monocytes (Crotti et al., 2019). Recombinant
forms of GM-CSF, such as sargramostim and molgramostim, have long
been used in clinical conditions in which myelogenic support is
needed, such as to counteract myelosuppression during cancer
chemotherapy. More recently, the benefits of blocking GM-CSF pro-
inflammatory effects in inflammatory diseases like rheumatoid
arthritis have been highlighted and several neutralizing monoclonal
antibodies directed against GM-CSF such as otilimab (MOR 103), gim-
silumab and lenzilumab or against its receptor, such as namilumab and
mavrilimumab, are in clinical development for rheumatological condi-
tions (Crotti et al., 2019). A pathogenetic role has been suggested for
the pro-inflammatory activity of GM-CSF also in SARS-CoV-2 infec-
tion because high circulating levels of this cytokine are found in the
lung of COVID-19-affected patients (Bonaventura et al., 2020). There-
fore, blocking GM-CSF could be beneficial in COVID-19, a hypothesis
that is currently being investigated in clinical trials with either gim-
silumab or mavrilimumab (Table 3A). On the other hand, it has also
been observed that GM-CSF can help in fighting serious infection and
its use has been suggested in sepsis of bacterial origin (Chousterman
& Arnaud, 2018). Therefore, clinical trials are also ongoing to evaluate
the effectiveness of sargramostim in COVID-19 patients (Table 3A).
Although this may seem counterintuitive, both apparently opposing
strategies might be effective, possibly depending on the disease stage,
as the late stages of COVID-19 are thought to be driven by host over-
active immunity rather than high viral load (Lang et al., 2020).

GM-CSF exerts biological effects in the CNS not only because
peripherally synthesized circulating GM-CSF may cross the BBB but
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also because this cytokine is synthetized and released by resident
CNS cells, mainly astrocytes. GM-CSF receptors are expressed in neu-
rons, astrocytes, oligodendrocytes and microglia, which are consid-
ered the major target of this cytokine in the CNS (Aram et al., 2019).
GM-CSF can act both as a pro-inflammatory and as a regulatory
cytokine, and therefore, it may be both beneficial and detrimental in
specific neurological disorders (Bhattacharya et al., 2015).

The best example of the detrimental effects played by GM-CSF
in neurological disorders is given by experimental allergic
encephalomyelis (Aram et al., 2019), where GM-CSF produced by
infiltrating T17 lymphocytes establishes tissue damage by promoting
the margination and tissue penetration of inflammatory cells,
although the induction of antigen presentation by microglial cells
and the enhanced expression of other pro-inflammatory cytokines
such as TNF-a, IL-18 and IL-6 may also participate (Bhattacharya
et al., 2015). GM-CSF KO mice are protected from experimental
allergic encephalomyelis (McQualter et al., 2001). In addition, dis-
ease severity is increased in mice receiving the infusion of lympho-
cytes infected with adenoviruses carrying a GM-CSF transgene
(Spath et al., 2017). Moreover, transgenic mice overexpressing GM-
CSF in lymphocytes spontaneously developed a demyelinating dis-
ease (Marusic et al., 2002). These data suggested that GM-CSF
could represent a druggable target in demyelinating CNS diseases, a
hypothesis confirmed by the positive effects obtained by the intra-
peritoneal injection of an anti-GM-CSF mAb to experimental allergic
encephalomyelis mice (McQualter et al., 2001). Consistent with
these preliminary data, a randomized Phase Ib tolerability study per-
formed with otilimab in patients with multiple sclerosis showed
moderate beneficial effects on both symptoms and MRI lesion size
(Constantinescu et al., 2015). Interestingly, GM-CSF neutralization
with lenzilumab reduces chimeric antigen receptor T (CAR-T) cell
therapy-induced neurotoxicity and Phase 2 studies with lenzilumab
in combination with CAR-T cell therapy are planned (Sterner
et al,, 2019). While these results are encouraging, the potential tox-
icity of anti-GM-CSF drugs, which includes an increased risk of
opportunistic infection, the worsening of inflammatory bowel dis-
ease and alveolar proteinosis, will deserve the highest attention in
further clinical development (Aram et al., 2019).

The effects of GM-CSF are predominantly neuroprotective in
other animal models of neurological disorders including, for instance,
traumatic brain injury, stroke, Parkinson's disease and Alzheimer's dis-
ease. Several mechanisms may account for the neuroprotective effect
of this cytokine in these diseases. First, as previously mentioned,
besides promoting inflammation, GM-CSF may also exert a more sub-
tle modulatory effect on immune responses by promoting a
tolerogenic phenotype in antigen-presenting cells (Bhattacharya
et al,, 2015) and by inducing Treg lymphocytes (Sheng et al., 2011).
Second, GM-CSF exerts direct anti-apoptotic effects on neurons and
glia by inducing JAK2-dependent STAT3 phosphorylation and by acti-
vating the PI3K-Akt pathway (Schabitz et al., 2008) and third, this
cytokine may promote neuronal differentiation of adult neural precur-
sor cells, thus enhancing neuroregenerative responses to CNS damage
(Kruger et al., 2007). As a matter of fact, recombinant GM-CSF
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TABLE 3 Neuroinflammation and cytokine-based interventions: targeting GM-CSF, IL-7 and the complement system

A. GM-CSF

Drug

Mavrilimumab
Anti-GM-CSF receptor-a
(GM-CSFRa) antibody

Gimsilumab
Anti-GM-CSF antibody

Sargramostim
Human recombinant GM-CSF

Main indications

Rheumatoid arthritis

Rheumatoid arthritis

Acute myeloid leukaemia following
chemotherapy

Autologous peripheral blood
progenitor cell mobilization and
bone marrow transplantation

Allogenic bone marrow
transplantation

CT number, title, study protocol

NCT04447469

Study of Mavrilimumab (KPL-301)
in Participants Hospitalized With
Severe Corona Virus Disease
2019 (COVID-19) Pneumonia and
Hyper-inflammation

Interventional Phase 2

NCT04492514

Mavrilimumab to Reduce
Progression of Acute
Respiratory Failure in COVID-
19 Pneumonia and Systemic
Hyper-inflation

Interventional Phase 2

NCT04463004

Mavrilimumab to Reduce
Progression of Acute
Respiratory Failure in COVID-
19 Pneumonia and Systemic
Hyper-inflammation (Virginia)

Interventional Phase 2

NCT04399980

Mavrilimumab to Reduce
Progression of Acute
Respiratory Failure in COVID-
19 Pneumonia and Systemic
Hyper-inflammation (Florida)

Interventional Phase 2

NCT04397497

Mavrilimumab in Severe COVID-
19 Pneumonia and Hyper-
inflammation (COMBAT-19)

Interventional Phase 2

NCT04351243

A Study to Assess the Efficacy and
Safety of Gimsilumab in Subjects
With Lung Injury or Acute
Respiratory Distress Syndrome
Secondary to COVID-19
(BREATHE)

Interventional Phase 2

NCT04411680

Study of Sargramostim in Patients
with COVID-19

Interventional Phase 2

NCT04326920

Sargramostim in Patients With
Acute Hypoxic Respiratory
Failure Due to COVID-19
(SARPAC)

Interventional Phase 2

NCT04400929

Neurological implications

No clinical data are available
regarding the neurological
implications of mavrilimumab
treatment in humans; however,
GM-CSF KO mice are protected
from experimental allergic
encephalomyelis (McQualter
et al., 2001), whereas disease
severity is increased in mice
receiving the infusion of
lymphocytes infected with
adenoviruses carrying a GM-CSF
transgene (Spath et al., 2017).

MOR103 (otilimab), a human
monoclonal antibody that binds
GM-CSF, has shown moderate
beneficial effects in multiple
sclerosis patients (Constantinescu
et al.,, 2015).

GM-CSF neutralization with
lenzilumab reduces chimeric
antigen receptor T (CAR-T) cell
therapy-induced neurotoxicity in
in vitro and in vivo experimental
models (Sterner et al., 2019).

Recombinant GM-CSF protects
from HSV-1 encephalitis (Tsuboi
et al., 1998), reduces brain infarct
size (Schabitz et al., 2008), and is
effective in experimental models
of Parkinson's disease (Kim
et al., 2009). Improved motor
function in a small cohort of
patients with Parkinson's disease
(Gendelman et al., 2017).

Is neuroprotective in a mouse
model of Alzheimer's disease
(Kiyota et al., 2018) and a clinical
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TABLE 3 (Continued)

A. GM-CSF
Drug Main indications CT number, title, study protocol Neurological implications
Using GM-CSF as a Host trial in Alzheimer's disease
Directed Therapeutic Against patients (NCT01409915) has
COVID-19 been completed (data not
Interventional Phase 2 available yet).
B.IL-7
Drug Main indications CT number, title, study protocol Neurological implications
CYT-107 - NCT04379076 IL-7 is effective in a single patient

Recombinant IL-7 InterLeukin-7 (CYT107) to Improve
Clinical Outcomes in
Lymphopenic pAtients With

COVID-19 Infection UK Cohort

with progressive multifocal
leukoencephalopathy caused by
JC polyomavirus (Alstadhaug

et al., 2014).

(ILIAD-7-UK) May also exert pro-inflammatory
Interventional Phase 2 activity during spinal trauma (Bao
NCT04407689 et al., 2018) and promote the

InterLeukin-7 to Improve Clinical

autoimmune aggression of the

Outcomes in Lymphopenic CNS in multiple sclerosis-

pAtients With COVID-19 experimental allergic

Infection FR BL Cohort (ILIAD- encephalomyelis mouse model

7-FR) (Lawson et al., 2015).
Interventional Phase 2

NCT04426201

InterLeukin-7 to Improve Clinical
Outcomes in Lymphopenic
pAtients With COVID-19
Infection (ILIAD-7-US-O)

Interventional Phase 2

NCT04442178

InterLeukin-7 to Improve Clinical
Outcomes in Lymphopenic
pAtients With COVID-19
Infection (ILIAD-7-US-1)

Interventional Phase 2

C. Complement system

CT number, title, study protocol

NCT04346797

CORIMUNO19-ECU: Trial
Evaluating Efficacy and Safety of
Eculizumab (Soliris) in Patients
With COVID-19 Infection,
Nested in the CORIMUNO-19

Drug Main indications Neurological implications

Approved for neuromyelitis optica
(Carpanini et al., 2019) and
myasthenia gravis
(Frampton, 2020).

It has been effective in 4 patients
with a genetic demyelinating

Eculizumab
Anti-C5 antibody

Paroxysmal nocturnal
haemoglobinuria

Atypical haemolytic uraemic
syndrome

Generalized myasthenia gravis

Neuromyelitis optica spectrum

disorder Cohort (CORIMUNO19-ECU) neuropathy caused by CD59
Interventional Phase 2 mutation (Mevorach et al., 2016).
NCT04355494 It may aggravate progressive

multifocal leukoencephalopathy
caused by JC polyomavirus
(Gomez-Cibeira et al., 2016).

SOLIRIS® (Eculizumab) Treatment
of Participants With COVID-19
Expanded access

NCT04288713

Eculizumab (Soliris) in Covid-19
Infected Patients (SOLID-C19)

Expanded access
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reduces infarct size and neurological deficits in rats with middle cere-
bral artery occlusion (Schabitz et al., 2008). However, brain atrophy
and behavioural deficits induced by lateral fluid percussion are sig-
nificantly worsened in GM-CSF KO mice when compared to wild-
type mice (Shultz et al, 2014). GM-CSF also exerts significant
neuroprotection in primary neuronal midbrain cultures exposed to
the parkinsonigenic toxin 1-methyl-4-phenylpyridinium (MPP*) and
decreases dopaminergic neuron death in the substantia nigra and
locomotor deficits in mice treated with this neurotoxic agent (Kim
et al, 2009). Modest clinical improvement after 6 and 8 weeks of
treatment was observed in a small randomized, placebo-controlled
double-blind Phase 1 trial in which sargramostim was given subcuta-
neously to 20 Parkinson's disease patients (Gendelman et al., 2017).
Neuroprotective effects have been observed after recombinant GM-
CSF administration also in a mouse transgenic model of Alzheimer's
disease (Kiyota et al., 2018) and a Phase I, placebo-controlled clini-
cal trial (NCT01409915) has been completed (data not available yet)
to assess the efficacy of this drug in 40 patients with Alzheimer's
disease. It is worth mentioning that part of the protective effects
triggered by GM-CSF in Alzheimer's disease could be exerted on
the bone marrow and not directly in the brain since this cytokine
could promote the release of monocytes that could then transmi-
grate in the CNS and phagocyte amyloid plaques (Heinzelman &
Priebe, 2015).

The duality of GM-CSF effects, protective and detrimental, is
also observed in viral infections of the CNS. GM-CSF production is
increased upon intravitreal injection of HSV-1 in rats and the pre-
treatment with recombinant GM-CSF protects these animals from
the ensuing HSV-1 encephalitis (Tsuboi et al., 1998). Most of this
protective effect is the consequent of emergence haematopoiesis, a
process that enhances the ability to fight against infection by produc-
ing more white cells that penetrate in the CNS and clear the virus.
However, this mechanism must be finely tuned because excessive
activation may be lethal, leading to a massive inflammatory CNS
damage. Evidence has been recently reported that IFN-y is the
major physiological down-regulator of GM-CSF release in viral
encephalitis and contributes to limiting brain damage in this condition
(Ramakrishna & Cantin, 2018). Viruses that remain latent in the CNS
use specific mechanism to overcome GM-CSF effects. This has been
shown, for instance in the case of HIV, which upon infecting
microglia decreases both GM-CSF synthesis and responsiveness of
these cells (Cosenza-Nashat et al., 2007). The role of GM-CSF in con-
trolling CNS infection by CoVs is largely unknown. However, children
with encephalitis complicating respiratory infection with human CoVs
(presumably mainly HCoV-OC43) showed high GM-CSF concentra-
tions in the peripheral blood and in the CSF, whereas children with
respiratory infections and no neurological symptom only had high
GM-CSF in the peripheral blood, a result suggestive of a local CNS
production of this cytokine (Li et al., 2016). No data have been yet
reported on the effect of GM-CSF in CNS infection by the new
human CoVs including SARS-CoV-2 and whether pharmacological
strategies targeting this cytokine (Table 3A) would improve or

worsen CNS damage.

3.7 | Targeting interleukin-7 (IL-7): CYT107

IL-7 is a cytokine belonging to the IL-2/IL-15 subfamily that was
originally identified as a factor secreted by stromal cells in the bone
marrow acting as a major driver of B and T lymphopoiesis (Mackall
et al.,, 2011). Because of this effect on lymphocytes, recombinant
IL-7 (CYT107) has been used experimentally to boost immune
response in immunocompromised patients, in patients with HIV and
in support of cancer immunotherapy (Mackall et al., 2011). Based on
these premises, it has been suggested that IL-7 could enhance the
ability to fight SARS-CoV-2 infection and CYT107 is currently being
investigated in four clinical trials for the treatment of COVID-19
patients (Table 3B), particularly those who develop severe
lymphopenia, which represents a negative prognostic indicator in this
disease (Tan et al., 2020). Whether IL-7 could also be effective in
neuro-COVID is still to be investigated. IL-7 is produced in the
mature and developing CNS where it also exerts biological functions
unrelated to the immune response, such as promoting the differentia-
tion of neuronal precursors and the survival of mature neurons
(Moors et al., 2010). IL-7 helps fighting viral infections not only by
promoting the expansion of the T-lymphocyte pool but also by
preventing virus-induced up-regulation of the suppressor of cytokine
signalling 3, a common strategy used by viruses-to suppression cyto-
kine release in the host (Bordon, 2011). IL-7 has been used success-
fully in treating progressive multifocal leukoencephalopathy in a
patient affected by idiopathic CD4" lymphocytopenia with the ratio-
nal of enhancing the immune response against the causative JCPyV
(Alstadhaug et al., 2014).

While the effects IL-7 discussed so far suggest that this cytokine
could be beneficial in infections of the CNS, other data mitigate the
enthusiasm for such a therapeutic strategy. More specifically, it has
been demonstrated that IL-7 controls macrophage activation and
exerts a pro-inflammatory activity by inducing the release of TNF-«,
IL-1B and IL-6 (Mackall et al., 2011). Such pro-inflammatory activity
may contribute to the tissue damage occurring in spinal trauma (Bao
et al., 2018). Moreover, IL-7 induces Fas-mediated neuronal apoptosis
by directly acting on IL-7 receptors expressed in neurons (Nunnari
et al., 2005). Finally, IL-7 may promote the autoimmune aggression of
the CNS and the blockade of IL-7 receptor with monoclonal anti-
bodies may prevent or ameliorate experimental allergic
encephalomyelis in mice (Lawson et al., 2015). Interestingly, individ-
uals with specific allelic variants of the a subunit of IL-7 receptor have
an increased risk of developing multiple sclerosis, further supporting
the possible involvement of IL-7 in autoimmune demyelinating dis-

eases (Gregory et al., 2007).

3.8 | Targeting the complement system:
eculizumab

The complement system, a major mediator of innate immunity, con-
sists of a group of about 30 small proteases that circulate in the blood

in inactive forms and undergo cascade proteolytic activation in
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response to a heterogeneous group of pathogenic signals (Carpanini
et al, 2019). Three different routes of complement activation have
been described. The classical route, in which the activating signal is
represented by the interaction between the C1q complement protein
and complement-fixing antibodies bound to their antigen targets. The
lectin system, in which complement is activated through the binding of
mannose-binding lectin, ficolins or collectins to mannose residues
exposed on the surface of bacteria. Finally, the alternative route, a pro-
teolytic amplification loop, which in normal conditions is active at a
very low level because of the spontaneous activation of the C3
complement protein but becomes hyperactivated in the presence of
pathogens. Complement activation ultimately leads to the formation
of a multiprotein complex, the complement membrane attack complex
(MAC) (made by C5b, C6, C7, C8 and C9), that binds to and
permeabilizes the cell membrane, inducing cell death. In addition,
complement activation promotes the chemotaxis of myeloid cells that
express specific receptors for the anaphylatoxin C3a and C5a and the
phagocytosis of cells on whose membranes the C3 complement pro-
tein has been bound, also enhancing B-cell response to antigens, thus
bridging adaptive and innate immunity (Carpanini et al., 2019). The
complement cascade is tightly regulated by specific protein inhibitors
since, besides destroying bacteria and other pathogens, it may also
cause significant tissue damage if inappropriately activated as it
occurs, for instance, in many viral infections and in immune-based dis-
eases. In these conditions, pharmacological blockade of the comple-
ment cascade could be helpful and at least one approved drug,
eculizumab, can be used to achieve this goal. Eculizumab is a human-
ized 1gG2/4x monoclonal antibody that binds to C5 and prevents its
activation by C5 esterases. As C5 is involved in the last stages of the
complement cascade, its blockade with eculizumab impairs the forma-
tion of the prothrombotic and pro-inflammatory anaphylotoxin C5a
and of the complement MAC, while leaving the upstream steps of the
complement cascade unaffected (Cataldi & Cavaccini, 2011).
Eculizumab has been originally approved for two rare haematological
disorders, atypical haemolytic uraemic syndrome and paroxysmal noc-
turnal haemoglobinuria. More recently, its indications have been
extended to include two immune-mediated and complement-depen-
dent neurological disorders: (i) AQP4-IgG-seropositive neuromyelitis
optica spectrum disorder, in which the Phase Ill PREVENT trial
showed sustained improvements in neurological and functional dis-
ability, as well as in overall health-related quality of life
(Frampton, 2020) and (ii) anti-ACh receptor antibody-positive refrac-
tory generalized myasthenia gravis, in which the Phase Ill REGAIN trial
and subsequent open-label extension interim analysis revealed
eculizumab's long-term safety and efficacy (Muppidi et al., 2019).
Eculizumab has been shown to be effective also in four patients with
a genetic demyelinating neuropathy caused by mutation in the glyco-
syl phosphatidylinositol-anchored cell surface membrane glycoprotein,
CD59, a protein able to inhibit the final step of the complement MAC
formation (Mevorach et al., 2016).

Several considerations suggest that the complement system could
have a role in disorders of the CNS. In fact, a full complement system

does exist in the CNS and its components are produced and released not
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only by microglia and astrocytes but also by neurons, oligodendrocytes,
and neurendothelial cells. The endogenous CNS complement system
takes part to synapse pruning and maturation and is involved in CNS
development (Morimoto & Nakajima, 2019). Importantly, the CNS com-
plement system is activated and contributes to tissue damage in several
neurological disorders. This has been demonstrated in animal models of
traumatic brain injury, spinal trauma, ischaemic stroke, Alzheimer's dis-
ease, Parkinson's disease, multiple sclerosis and amyotrophic lateral scle-
rosis, all conditions in which a significant protection is obtained by the
genetic deletion of specific components of the complement cascade,
mainly C3 or C5 (Carpanini et al., 2019). Although few recent clinical tri-
als have explored the efficacy of anti-complement drugs in CNS diseases
associated with BBB impairment, no human trials of anti-complement
therapies for the most common CNS diseases have been yet carried out.
While the reported data strongly suggest that blocking the complement
cascade could improve the course of neuroinflammatory diseases, the
loss of complement-mediated synapse pruning may have deleterious
effects on the neuroreparative process and this could explain, for
instance, why the benefits of complement inhibition in experimental
stroke are often only transitory. In addition, complement activation may
help clearing protein precipitates such as p-amyloid plaques and there-
fore its inhibition may also be paradoxically detrimental in Alzheimer's
disease and similar diseases (Carpanini et al., 2019).

The complement cascade protects the CNS from viral encephali-
tis caused, among others, by HSV-1 (Bibert et al., 2019), West Nile
virus (Mehlhop et al., 2005) and Venezuelan equine encephalitis
virus (Brooke et al., 2012). Indeed, eculizumab, by blocking comple-
ment activation, may aggravate progressive multifocal leu-
koencephalopathy caused by the JCPyV (Gomez-Cibeira
et al, 2016). Different mechanisms may account for complement
anti-viral activity including viriolysis, through the permeabilization of
the membrane of enveloped viruses, phagocytosis of opsonized virus
particles, virus aggregation and, importantly, antibody-dependent
neutralization through the co-ligation on B cells of the B-cell recep-
tor and the complement receptor CD21 by viral antigens bound to
C3d (Agrawal et al., 2017). Many viruses, such as HIV, have devel-
oped strategies to overcome these complement-dependent anti-viral
mechanisms and to exploit them for their own benefit. These include
the incorporation of complement inhibitors in their envelope, the
synthesis of virus-encoded complement inhibitors or the ability to
use complement receptors to penetrate susceptible cells (Agrawal
et al., 2017). By using the latter mechanism, several viruses including
HIV, Epstein-Barr virus, measles virus, Newcastle disease virus and
Borna disease virus infect neurons and glia (Speth et al., 2002). In
addition, complement activation in response to viral infection may
directly kill bystander cells and aggravate tissue damage (Morrison
et al., 2007). Interestingly, a correlation has been observed in viral
encephalitis between complement expression by nervous cells and
tissue damage, suggesting that local synthesis of complement pro-
teins may be critical for the establishment of the CNS lesions
(Veerhuis et al., 2011). Therefore, depending on the pathogen and
on the clinical circumstances, complement may either limit or

enhance viral pathogenicity.

85UB01 T SUOLUIOD @A 111D 3[Rl dde ayy Aq peuenob aJe sofoiie VO ‘85N JO So[nl 1oy Akeud1 8UIIUQ AB]IM UO (SUO I IPUO-PU-SLUB)I0Y A8 |1 Afed 18U [Uo//Sdy) SUORIPUOD pue swie 1 8y} 88S *[5202/T0/0T] uo AriqiTauuo 1M ‘llodeN |a 1 0oLeped N Aq 26€ST yda/TTTT OT/10p/oo 48] im Areiqieul|uosgndsday/:sdny wouy papeojumoq ‘0T ‘2202 ‘T8ES9LYT


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=9414
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=9414
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=3640
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=573

PIGNATARO ET AL.

BRITISH
2168 PHARMACOLOGICAL
SOCIETY

Favourable effects have been observed upon pharmacological
blockade of C5a/C5aR axis in mice with experimental MERS infection
(Jiang et al., 2018). On the other hand, it has been suggested that the
complement-activating mannose-binding protein contributes to the
first-line host defence against SARS-CoV and its deficiency is a sus-
ceptibility factor for SARS-CoV infection (lp et al., 2005). Moreover,
SARS-CoV infection causes a milder disease in mice lacking C3
(Gralinski et al., 2018), suggesting that complement activation may
worsen the course of the disease. Based on this evidence, it was
suggested that blocking the complement system with eculizumab
could be beneficial in COVID-19 patients and this hypothesis is cur-
rently being investigated in several ongoing clinical trials (Table 3C).
However, the increased risk of life-threatening meningococcal infec-
tion associated to eculizumab use (McNamara et al., 2017) should be

taken into consideration.

4 | CONCLUDING REMARKS

In the present review, we aimed to provide a general framework for

understanding the potential neurological effects exerted by drugs

affecting different cytokine pathways currently being under clinical
investigation for COVID-19. This is relevant for at least two reasons,
firstly because COVID-19 may affect the CNS and it would be impor-
tant to establish which of the drugs mentioned in this review could be
more effective in treating neuro-COVID and secondly because early
or late unwanted neurological effects may occur during COVID-19
treatment with these drugs.

Several points remain to be clarified. Probably the most fundamen-
tal question is how important are endogenous, CNS-synthesized cyto-
kines for both anti-viral and neurotoxic effects. Circulating levels of
many cytokines dramatically increase in COVID-19 patients. If we
assume that circulating cytokines could affect the brain, their pharmaco-
logical manipulation in the periphery should be sufficient to influence
central functions. If, instead, most of the CNS effects are exerted by
endogenous CNS cytokines, the ability of cytokine drugs to enter the
CNS becomes a critical point for efficacy. Most of the anti-cytokine
drugs are bulky monoclonal antibodies and as such, they are not
expected to significantly cross the BBB even though, in the presence of
meningoencephalitis or of a cytokine storm, their CNS penetration
through the damaged BBB may be enhanced. Under this pharmacoki-
netic respect, JAK/STAT inhibitors appear as the privileged drugs
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because of their small size and physico-chemical characteristics. As a
matter of fact, the recent report of severe visual hallucinations in two
COVID-19 patients at the beginning of baricitinib therapy has been
interpreted as an indirect demonstration that this drug efficiently pene-
trates the CNS (Richardson et al., 2020). Another point deserving
attention is that cytokines and neuroinflammation as a whole, do not
only exert detrimental effects during CNS disorders but can also be
instrumental for beneficial processes such as neurorepair and neu-
roregeneration. Therefore, cytokine drugs are to be considered as
double-edge sword that can be either beneficial or detrimental
depending on many factors related to the disease (natural history,
timing, severity, ...), the host (presence of risk factors for specific CNS
manifestations, co-morbidities, ...) and the drug itself (molecular size,
dosage, administration schedules, concomitant drugs, ...). In fact, it has
been proposed that COVID-19 progresses through at least three con-
secutive phases, Stage | (early infection), characterized by lymphopenia,
which could benefit from immune response boosting strategies, whereas
in Stage Il (pulmonary phase) and Stage Ill (hyperinflammatory phase)
inflammatory response is progressively (hyper-)activated and the use
of anti-cytokine drugs could be more rational. A three-stage classifica-
tion has also been proposed for neuro-COVID. In Stage 1, the virus is
confined to gustatory and olfactory cells and the patient only experi-
ences dysgeusia and hyposmia; in Stage 2, the virus invades the
neuro-endothelium inducing a strong inflammatory response that can
cause intracerebral thrombosis and stroke and finally, in Stage 3, the
virus invades the brain parenchyma through the damaged BBB
together with circulating cytokines and causes a massive encephalitis
(Fotuhi et al., 2020). According to this evolution, it would be essential
to identify patients with neuro-COVID very early, when they are in
Stage 1 and could presumably benefit from treatments boosting their
immune response against the virus. On the contrary, in neuro-COVID
Stages 2 and 3, a pharmacological intervention aiming to decrease
neuroinflammation would likely be more effective (Figure 2). However,
clinicians must be aware that a precise risk/benefit assessment is criti-
cal given the fine line existing between the desired beneficial effect of
an increased virus clearance and unwanted effects such as the
enhancement of the inflammatory response or the loss of reparative
signals.

In conclusion, drugs affecting the cytokine system, which are cur-
rently being explored for their efficacy in COVID-19 patients, could
also affect the CNS and be helpful against neuro-COVID manifesta-
tions. Emerging data begin to suggest that combination therapy of
cytokine-based treatment with direct anti-viral drugs (remdesivir) may
offer significant clinical advantage. In fact, in a recent double-blind,
randomized, placebo-controlled trial carried out in 1033 hospitalized
COVID-19 adults receiving high-flow oxygen or non-invasive mechan-
ical ventilation, the use of the JAK inhibitor baricitinib plus remdesivir
was superior to remdesivir alone in reducing recovery time and accel-
erating clinical improvement, with fewer serious adverse events (Kalil
et al,, 2020). No data are yet available on the effects of cytokine-
based treatment as alternative or complementary to corticosteroids,
the most common anti-inflammatory drugs used in these patients

(https://www.covid19treatmentguidelines.nih.gov/).
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4.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in the [IUPHAR/BPS Guide to PHARMACOL-
OGY http://www.guidetopharmacology.org and are permanently
archived in the Concise Guide to PHARMACOLOGY 2019/20
(Alexander et al., 2019).
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