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Abstract

Immunodeficiency and hyperinflammation characterize COVID-19 associated states; thus, repurposing of

multiple  cytokine and/or  anti-cytokine drugs currently  being  used in  other  therapeutic areas has  been

suggested as a potential therapeutic strategy in COVID-19 patients.  Clinical  trials  involving these drugs

target the most frequent and life-threatening peripheral consequences of the disease, mainly focusing on

lung, heart, and coagulation functions; however, a growing number of reports describe a wide range of

COVID-associated  neurological  manifestations  (altogether  defined  as  neuro-COVID)  including  anosmia,

seizures,  confusion,  stroke,  encephalopathy,  and  paralysis.  Notably,  the  underlying  pathophysiological

mechanisms for neuro-COVID may also include dysregulation of cytokines/chemokines, deficiencies in the

innate immune response, and autoimmunity. This suggests that therapeutic attempts with drugs targeting

cytokine-mediated  inflammation  in  peripheral  organs  could  also  positively  affect  neuro-COVID

manifestations. As a matter of fact, some of these drugs have also been scrutinized for their potential

efficacy in treating neuroinflammatory diseases such as optic neuromyelitis, epilepsy, stroke, and traumatic

brain injury, among others.  On the other hand, anti-cytokine drugs, by impairing relevant physiological

activities exerted by these mediators in the CNS, may also be endowed with significant neurological risk.

Therefore, the primary aim of the present manuscript is to review the available preclinical and clinical data

regarding the neurological effects of the drugs targeting cytokine-mediated inflammation, in order to raise

awareness about their potentially beneficial or detrimental neurological consequences when used to treat

COVID-19 patients. 
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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

relatively un-hostile viruses has dramatically changed in the last 20 years, when three outbreaks of human

severe respiratory infections caused by highly pathogenic CoVs have occurred: the severe acute respiratory

syndrome (SARS) by the SARS-CoV, the 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 respiratory system complications of a multiorgan dysregulation are the most

frequent and life-threatening; however, reports of neurological signs and symptoms due to central and

peripheral nervous system involvement (neuro-COVID) are growing exponentially (Paterson et al., 2020),

and it has been suggested that damage to the bulbar respiratory centers 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 (Mao et al., 2020), 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 could be classified as: 1. encephalopathy with delirium/psychosis and seizures, and no distinct

MRI or CSF abnormalities (Helms et al., 2020); 2. meningo-encephalitis most commonly referred to as acute

disseminated encephalomyelitis,  an inflammatory  demyelinating disease of  the central  nervous system

(CNS) (Moriguchi et al., 2020); 3. ischaemic stroke associated with a prothrombotic state and pulmonary

thromboembolism  (Beyrouti  et  al.,  2020);  4.  acute  hemorrhagic  necrotizing  encephalopathy,  a  rare

encephalopathy  representing  one  of  the  remote  complications  of  influenza  and  other  viral  infections

(Poyiadji  et al., 2020);  and 5. peripheral neurological disorders, most often represented by the Guillain-

Barré Syndrome (GBS), a paralytic demyelinating disorder with massive lymphocytic infiltration and damage

to the myelin sheath of the peripheral nerves and neurological symptoms emerging few days after the first

respiratory symptoms (Toscano et al., 2020), or by the Miller-Fisher syndrome, a GBS variant characterized

by  the  triad  of  ataxia,  areflexia,  and  ophthalmoplegia(Gutierrez-Ortiz  et  al.,  2020).  Notably,  such

neurological complications closely resemble those occurring in SARS- and MERS-affected patients (Kim et

al., 2017; Tsai et al., 2005). 

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  targeting  cytokine-

mediated inflammation, which are currently being explored as potential therapeutic means in COVID-19,

could also positively affect neuro-COVID manifestations. As a matter of fact, some of these drugs, although

being mostly clinically used against rheumatic diseases, have also been investigated for the treatment of

neuroinflammatory diseases. On the other hand, anti-cytokine drugs, by impairing relevant physiological
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activities  exerted  by  cytokines  in  the  CNS,  may  be  endowed  with  significant  neurological  risk  mainly

attributable to their immune-depressant effects. Therefore, the aim of the present manuscript is to review

the available data regarding the neurological effects of the drugs targeting cytokine-mediated inflammation

currently being investigated against COVID-19, in order to raise awareness about their potentially beneficial

and/or detrimental neurological consequences. 

To this aim, we interrogated the Pubmed citation database of the National Library of Medicine (PubMed;

https://pubmed.ncbi.nlm.nih.gov/) for studies published in English in peer-reviewed International journals

using the following keywords: SARS-CoV-2, COVID-19, neuroinflammation, 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, analyzed, and their main findings 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-1, IL-6, IL-

7, TNF, NF-kB, JAK/STAT, GM-CSF, and Complement system.

RATIONAL BASIS FOR TARGETING NEUROINFLAMMATORY MECHANISMS IN COVID-19 

SARS-CoV-2 may enter the brain through multiple routes including the fibers of olfactory and vagus nerves

or  the blood by crossing the BBB directly  or  being  vehiculated by leukocytes that  have been infected

elsewhere, for instance in the airways (Cataldi et al.,  2020). Although no data is currently available for

SARS-CoV-2, evidence gathered over the years for other neurotropic CoVs strains clearly suggest that, once

in the CNS, these viruses may infect neuronal, glial and brain microvascular endothelial cells (Cataldi et al.,

2020; Yamashita et al., 2005). However, cell killing is not the only consequence of the infection since the

virus  may,  instead,  establish  persistent  infection of  their  host  cells.  In  vivo evidence  for  CoV-induced

cytopathic effect in neuronal or glial cells is limited, and direct virus-induced cell demise may only have a

role  in  acute  or  hyperacute  forms  of  CoV-induced  CNS  damage  which  occur  with  limited  tissue

inflammation (Morfopoulou et al., 2016). Instead, the CNS might be damaged by the unique association of

immune  deficiency  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-, IL-1,

IL-Ra, IL-6, IL-10, IL-17, IFN-, M-CSF, and G-CSF, among other soluble immune mediators  (Huang et al.,

2020). The triggering factor of this hyperinflammatory condition is probably the virus-induced activation of

the innate immune system through the interaction of its RNA and structural proteins with cytosolic pattern

recognition  receptors  (PRR)  (Jensen et  al.,  2012),  inducing  the  expression  of  both  type  I  and  type  III

interferons and proinflammatory  cytokines  such as  TNF-,  IL-1,  IL-6,  IL-8.  In  addition,  hyperactivated

chemiotaxis driven by the enhanced expression of CXCL- or CCL-type chemokines and their receptors may
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also participate in tissue recruitment of neutrophils, monocytes, and macrophages (Jamilloux et al., 2020).

Resident cells of the CNS including glia, neurons and neuro-endothelial cells all synthesize and release these

molecules.  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 such as free oxygen radicals,  cytokines and chemokines such as IL-1,  IL-6,

TNF,  GM-CSF,  CXCL-8 and CCL-3.  Strong activation of  innate  immunity can cause CNS damage either

through direct cytopathic effects of cytokines, as demonstrated, for instance for TNF(Venters et al., 2000)

and IL-1(Viviani et al., 2003), or 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. In this scenario, a crucial

role is played by anti-inflammatory cytokines such as IL-10 and IL-Ra that are also released in response to

neuroinfection and counteract the activity of proinflammatory cytokines. 

On average 7-10 days after CoV infection, adaptive immune responses are activated and virus-specific CD4 +

and CD8+ lymphocytes are recruited 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  in  the

complete clearance of CoVs that may persist for a very long time in infected cells and trigger a chronic

inflammatory  status.  Whether,  as demonstrated in experimental  animals for other  CoVs (Libbey et  al.,

2014), SARS-CoV-2 may induce chronic inflammation and facilitate the occurrence of chronic neurological

disorders in humans is still unknown. 

The immuno-inflammatory mechanisms triggered during SARS-COV-2 infection pose the theoretical basis

for pharmacological strategies interfering with  specific immune soluble mediators at different levels (e.g

cytokines, their receptors or transductional mechanisms)  in COVID-19 patients. 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

described in neuro-COVID. In all  these conditions, immunomodulatory approaches with the same drugs

have already been investigated, leading to clinical improvement, and established uses in some cases, at the

same time also raising safety concerns. Therefore, immunomodulatory pharmacological strategies currently

under  investigation  which  target  critical  components  of  the  immune  system  will  be  reviewed  in  the

following  paragraphs,  in  order  to  highlight  and  discuss  their  potentially  beneficial  or  detrimental

neurological impact when used in COVID-19-affected patients.
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NEUROINFLAMMATION AND CYTOKINE-TARGETED INTERVENTIONS 

a. Targeting IL-1anakinra, canakinumab

IL-1β is among the earliest cytokines whose levels increase in the plasma of CoV patients (Huang et al.,

2020). This 269 aminoacid protein is a key mediator of innate immune response that also participates in

triggering  adaptive  immunity  (Dinarello,  2018).  IL-1β  activity  can  be  pharmacologically  blocked  with

anakinra, a recombinant form of its natural antagonist IL-Ra, which has been approved for the treatment of

rheumatoid  arthritis  and  cryopyrin-associated  periodic  syndrome  (CAPS)  (Dinarello,  2018)  or  with

canakinumab, a high-affinity human monoclonal antibody against IL-1β, also approved for CAPS ( Lachmann

et  al.,  2009).  A  wealth  of  data  suggests  that  IL-1β  has  a  role  in  the  genesis  of  CNS  damage  in

neuroinflammation and that anakinra can be beneficial in neuroinflammatory diseases (Dinarello, 2018). In

fact,  IL-1β  is  generated  by  the  proteolytic  degradation  of  the  precursor  molecule  Pro-IL-1β  whose

expression is induced via NF-KB by the activation of the PRRs activated not only by the so called 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 of infectious and

non-infectious origin (Roh et al., 2018). Therefore, IL-1β , together with other cytokines, may trigger the so-

called “sterile” inflammation that accompanies non-infective neuroinflammatory diseases. By interacting

with intracellular PRRs, both PAMPs and DAMPs trigger the assembly of inflammosomes which promote

the conversion of procaspase 1 into caspase-1, and, ultimately, caspase-1 dependent mediated cleavage of

Pro-IL-1β into the active form IL-1β (Voet et al., 2019). IL-1β has both physiological and pathological roles in

the CNS where it can be released by glial cells, mainly by microglia, and by neurons ( Wang et al., 2015). In

physiological conditions this cytokine potentiates the glutamatergic neurotransmission and is required for

long term potentiation (LTP), an elementary form of memory (Hewett et al.,  2012). An excessive IL-1β-

dependent activation of the glutamatergic neurotransmission leads to glutamate-dependent neurotoxicity,

as demonstrated in experimental models of MS (Mandolesi et al., 2013); therefore, it has been proposed

that  IL-1β  could  bridge  neuroinflammation  to  excitotoxicity  (Hewett et  al.,  2012).  IL-1β-induced

excitotoxicity,  together with  enhanced vascular  permeability  (Wong et  al.,  2019),  may account for  the

detrimental role played by this cytokine in several neurodegenerative conditions including stroke (Wong et

al.,  2019),  brain  hemorrhage  (Greenhalgh et  al.,  2012),  spinal  cord  injury  (Hasturk et  al.,  2015),

demyelinating diseases (Badovinac et al., 1998) and epilepsy (Vezzani et al., 2000). In all these conditions,

IL-1β antagonism with  anakinra  exerts  protective  effects  in  experimental  animals.  Remarkably,  clinical

evidence of anakinra efficacy in these conditions begins to be available (Everett et al., 2020; DeSena et al.,

2018; Smith et al., 2018; Kenney-Jung et al., 2016). The pharmacological antagonism of IL-1β may be also

effective in demyelinating diseases, as shown in rats with experimental allergic encephalomyelitis (Martin

et al.,  1995) and in a patient  who developed neuromyelitis optica (NMO) as a complication of Familial

Mediterranean fever (FMF), a rare disease related to inflammosome hyperactivation (Ozdogan et al., 2020).
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The  neurodetrimental  effects  of  IL-1 are  partially  counterbalanced  by  the  positive  consequences  of

activating innate and adaptive immunity. For instance, it has been shown that IL-1 may help removing

amyloid plaques in the the APPswe/PS1dE9 mouse model of Alzheimer Disease (AD) (Shaftel et al., 2007). In

addition, IL-1 promotes the release of NGF (Carlson et al., 1999), hence facilitating neurorepair after TBI

(DeKosky et al., 1996). Therefore, as for other cytokines, the final effect of IL-1released in the CNS will be

the result of the balance between its favorable and detrimental effect. Viral CNS diseases well exemplify

this principle since IL-1is critically important to limit viral multiplication and CNS damage in the case of

highly cytopathic viruses such as the herpes simplex 1 (Sergerie et al., 2007) or the West Nile virus (Durrant

et  al.,  2013),  whereas  it  mainly  promotes  neuroinflammation  and  tissue  damage  for  less  severely

cytopathic and long persistent viruses such as HIV (Brabers et al.,  2006) and  Sindbis virus (Prow et al.,

2008). Studies performed with the Theiler's virus, which remains latent in the CNS and induces a chronic

demyelinating disease with similarities to human MS, showed that both an excessive and an insufficient

release of IL-1 may be detrimental since the first directly damages the CNS, whereas the second promotes

virus persistence and, ultimately, 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-1 antagonism could be beneficial. In

COVID-19, lung and multiorgan injury depend on systemic inflammation and high levels of IL-1β have been

detected in the peripheral blood and broncho-alveolar fluid of patients with COVID-19 (Yang et al., 2020);

therefore, several clinical studies are ongoing to evaluate the effect of anakinra and canakinumab on the

course of the disease (Table 1). 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 of these studies, it will be of interest to evaluate whether IL-1β blockade will induce neurological

improvement in COVID-19 patients showing evidence of CNS involvement. 

b. Targeting IL-6: tocilizumab, sarilumab and siltuximab

IL-6 is a pleiotropic class I cytokine that is released during the innate immunity response by multiple cell

types including macrophages, T and B cells, fibroblasts and endothelial cells (Uciechowski et al., 2020). As

for  IL-1,  also  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 (Smith et al., 2018). IL-6 exerts both pro- and anti-inflammatory effects and has a crucial role in the

activation of adaptive immunity (Smith et al., 2018). In the CNS, IL-6 is produced not only by microglial cells

and infiltrating immune cells such as lymphocytes and macrophages, but also by neurons and endothelial

cells. IL-6 exerts its biological effects through the binding to its specific IL-6R which binds to and activates

another receptor subunit, gp 130, ultimately leading to the activation of members of the signal transducer

and activator  of  transcription family,  STAT1 and STAT3 (Sanz-Moreno et  al.,  2011).  IL-6R exists  in two
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different forms: an integral plasmamembrane receptor protein (mIL-6R), and a soluble form (sIL-6R). In cells

that express both these receptor types, IL-6 induces the so called “classical” IL-6 signalling: the same cells

that express IL-6R also respond to IL-6. Conversely, in IL-6 “trans-signalling” sIL-6R binds IL-6 extracellularly

and this ligand-receptor complex combines with gp130 in cells lacking IL-6R. Both in classical- and in trans-

signalling, gp130 binding to both forms of IL-6R leads to the recruitment of JAK proteins and ultimately to

the activation of STAT-dependent gene expression (Uciechowski et al., 2020).

In  physiological  conditions,  IL-6  is  released  at  low  concentrations  in  the  CNS  and  has  a  role  in

neuroendocrine regulation, in the control of body temperature, food intake and energy metabolism and

pain sensitivity; it is also involved in learning and memory, and in emotions (Erta et al., 2012). CNS IL-6

concentrations dramatically increase in a variety of neurological disorders including TBI, stroke, AD, MS, or

infective  brain  diseases  (Rothaug et  al.,  2016;  Uciechowski et  al.,  2020).  High  concentrations  of  IL-6

potentiate the activity of NMDA receptors, thus enhancing glutamate-dependent neurotoxicity (Qiu et al.,

1998). Transgenic mice overexpressing IL-6 in astrocytes (GFAP-IL-6 mice) showed ataxia, seizures and a

progressive  decrease  in  learning  capabilities  (Campbell et  al.,  1993;  Heyser et  al.,  1997),  with  diffuse

atrophy, neuronal degeneration and loss, reactive astrogliosis and angiogenesis (Campbell et al., 1993). IL-

6-mediated neurodegeneration depends on the activation of sIL-6R as demonstrated by its loss in double

transgenic mice that not only overexpress IL-6 in the astrocytes but also a soluble gp130-Fc fusion protein

that binds and inactivates sIL-6R in the extracellular space (Campbell et al., 2014). In sharp contrast with

these  chronic  neurodegenerative  changes,  GFAP-IL-6  mice  were  apparently  protected  against  acute

neurological  damage  such  that  induced  by  focal  cryo-lesion  or  by  the  intraperitoneal  injection  of  6-

aminonicotinamide (Penkowa et al., 2003; Swartz et al., 2001). Similarly, preclinical evidence for both pro-

and  anti-convulsant  actions  of  IL-6  are  available;  in  fact,  a  higher  susceptibility  to  chemically-induced

seizures was observed in both rats intranasally-treated with IL-6 (Kalueff et al., 2004) and IL6-KO mice (De

Sarro et al., 2004). In addition, a dual role for IL-6 has also been postulated in stroke, given that CSF IL-6

concentrations  positively correlated with larger stroke volume and less favorable prognosis in humans

(Waje-Andreassen et  al.,  2005),  despite  the  fact  that  IL-6  is  required  for  post-stroke  angiogenesis  in

experimental  animals  (Gertz et  al.,  2012).  Finally,  IL-6  uniformly  contributes  to  tissue  damage  in

experimental  models  of  MS,  as  indicated  by  the  protective  effect  of  its  immunoneutralization  against

Experimental Autoimmune Encephalomyelitis (EAE) in mice (Gijbels et al., 1995) and 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 et al., 2016), or with tocilizumab (Sheppard et al., 2017) and

sarilumab (Scott, 2017), two anti-IL-6R monoclonal antibodies that neutralize both mIL-6R and sIL-6R, thus

blocking  IL-6  classical-  and  trans-signaling  pathways.  Given  the  prominent  role  of  IL-6  in  systemic

inflammation during COVID-19, several controlled randomized trials are ongoing to evaluate the use of IL-6
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modulators in these patients (Table 2). Given our aims, it is worth reminding that tocilizumab efficacy has

been already demonstrated in several human neurological diseases. A first example is given by NMO ( Araki,

2019), a demyelinating disease of the optic nerve in which the high concentrations of  IL-6 observed in the

CSF (Uzawa et al., 2013) promote the production of pathogenetically-determinant AQP4 auto-antibodies

(Chihara et al., 2011). Tocilizumab seems also effective in autoimmune encephalitis, a neurological disease

caused  by  autoantibodies  directed  against  synaptic  and  neuronal  cell  surface  proteins,  particularly  in

patients refractory to rituximab (Lee et al., 2016), and in new onset refractory status epilepticus (NORSE)

(Jun et al., 2018). A favorable clinical response to IL-6R blockade with tocilizumab has been also reported in

severe acute necrotizing encephalopathy of childhood, a devastating parainfectious encephalopathy that

occurs early during the course of viral infections and is presumed to be determined by massive release of

cytokines including IL-6 (Koh et al., 2019). Finally, tocilizumab was also shown to be effective in attenuating

inflammation in  patients  affected by  Takayasu's  arteritis  with  associated stroke  (Osman et  al.,  2015) ,

multiple sclerosis (Hoshino et al., 2020) and amyotrophic lateral sclerosis (ALS) (Fiala et al., 2013; Mizwicki

et  al.,  2012).  Notably,  clinical  trials  in  rheumatoid  arthritis  (RA)  showed  that  sarilumab  treatment,

independently from its antirheumatoid effect,  improved outcomes for pain, social functioning, and mood

(Atzeni et al., 2019). In addition, siltuximab ameliorated depressive symptoms in RA patients or multicentric

Castleman’s disease (MCD), 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

encephalitis caused by the intracerebral inoculation of the human Enterovirus 71 (EV71) in mice (Luo et al.,

2019). In addition, in mice infected with the Theiler’s murine encephalomyelitis virus (TMEV), 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) and by upregulating the expression of the

coinhibitory protein PDL-1 in macrophages and in microglia (Jin et al., 2013). Thus, on the basis of these

results,  anti-IL-6 strategies might be expected to reduce the risk of SARS-CoV-2 persistence in the CNS

possibly associated to chronic forms of neuro-COVID; nevertheless, the ability of these drugs to mediate

serious side effects ,  including recurrent meningitis (Richebè et  al.,  2018),  HTLV1-associated conditions

(Tereda  et  al.,  2017),  multifocal  and  limbic  encephalitis  (Yamagouchi  et  al.,  2014),  requires  careful

consideration.

h. Targeting TNF-infliximab and adalimumab

TNF-α plays  a  key  role  in  almost  all  acute  inflammatory  reactions  by  promoting  oxidative  stress  and

inflammation.  TNFα is  mainly  produced  by  macrophages,  monocytes  and  B  cells  and,  in  the  CNS,  by

microglia,  neurons,  and  astrocytes.  TNF-α,  which  is  produced  initially  as  a  transmembrane  molecule

(tmTNF), is subsequently released from cells as a soluble cytokine (sTNF) via regulated cleavage by TNF-α

converting enzyme (TACE). Both tmTNF and sTNF are biologically active and interact with two receptors
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with different tissue expression:  TNFR1 and TNFR2.   TNFR1, which is  expressed in all  cell  types and is

preferentially activated by sTNF,  contains a death domain, mediates 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”).  On the contrary,  TNFR2 is  expressed mainly in neurons,  immune cells,  and endothelial cells

preferentially binds tmTNF, and promotes cell survival, resolution of inflammation, and even myelination.

The opposite effects elicited by the stimulation of TNFR1 and TNFR2 may explain why TNF-α, which is

essential in the acute phase of the inflammatory process, becomes immune-suppressive 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-α in  vivo.  These  drugs  elicit  major  anti-

inflammatory and immunosuppressive effects, and were granted approval in several autoimmune disorders

including Crohn’s disease (CD), ankylosing spondylitis (AS), and rheumatoid arthritis (RA)  (Kalliolias et al.,

2016).  

TNF-,  both  peripherally  released  and  centrally  produced,  has  a  role  in  neuroinflammation  and  the

blockade of TNF-α in the periphery reduces the release of IL-1 and other cytokines in the CNS ( Kalliolias et

al., 2016). Therefore, anti-TNF- drugs have been investigated, with promising results in preclinical models

of several  neurodegenerative disorders including MS (Kemanetzoglou et al., 2017),  stroke (Jayaraj et al.,

2019), and epilepsy (Vezzani et al., 2016) although they did not receive approval for any of these conditions

in humans. Nonetheless, adalimumab has been successfully used in Rasmussen encephalitis (Lagarde et al.,

2016).

An important reason of concern, when using anti-TNF- antibodies, especially in neurological disorders, is

that clinical experience with these drugs in rheumatology and dermatology showed that not only they

cause a variety of immune-mediated adverse events, such as urticaria, psoriasis, lupus-like syndrome, and

type I  diabetes mellitus (Fischer et al.,  2020), but also immune-mediated CNS diseases in about 4% of

patients  (Kaltsonoudis et  al.,  2014)  such  as  optic  neuritis,  chronic  inflammatory  demyelinating

polyneuropathy, mononeuritis multiplex and Guillain-Barré syndrome  (Zhu et al., 2016; Kemanetzoglou et

al.,  2017),  vasculitis  and  amyloidosis  (Theibich et  al.,  2014).  It  is  still  debated whether  In  these  cases

treatment with TNF-α blockers triggered the development of these diseases or unmasked a preexisting still

silent disease status (Kaltsonoudis et al., 2014). 

Anti-TNF- drugs may exert dual effects in viral diseases: on the one side, by lowering TNF--dependent

immune responses they increase the risk of developing viral infections including HIV, varicella zoster virus,

Epstein-Barr virus, cytomegalovirus, and human papillomavirus and frequently cause the reactivation of

herpes zoster (Strangfeld et al., 2009; Kim and Solomon, 2010; Shale et al., 2010), whereas, on the other,

they  attenuate  tissue  damage  and  ameliorate  the  course  of  specific  viral  diseases  by  decreasing

inflammation as shown, for instance, for severe respiratory syncytial virus (RSV) and influenza infections in

mice (Rosenberg et al., 2012). A similar duality of effects has also been reported for CNS viral infections
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since  serious  encephalitis  (Bradford  et  al.,  2009)  and  meningitis  (Ma et  al.,  2013),  mainly  of  herpetic

etiology, may occur in patients treated with anti-TNF- antibodies for inflammatory bowel disease or for

rheumatoid arthritis  (Bradford et al., 2009);  however, it shoud be pointed out that these drugs seem also

to reduce disease severity  in  experimental  murine models  of  herpes simplex  (Boivin  et  al.,  2013)  and

Japanese encephalitis (Ye et al., 2014).

Studies  performed  with  SARS-CoV  suggested  that  excessive  TNF--dependent  inflammation  could  be

crucial in the genesis of this disease. As a matter of fact, the binding of SARS-CoV spike proteins to plasma-

membrane ACE-2 activates TACE and, consequently, increases TNF- release and the activation of the TNF

dependent cytokine cascade (Haga et al., 2008).  By generating a transcriptomic network model through

the bioinformatic analysis of published data on the transcriptional response elicited by SARS-CoV infection

in mice, McDermott et al. (2016) predicted that TNFR2 could be crucial for the virulence of this pathogen;

they also validated their prediction by showing that the severity of SARS-CoV infection is greatly attenuated

in TNFR2-ko mice as compared to their wild type controls. Few data are available on the effect of anti-TNF-

 drugs  in  SARS-CoV-2 infection,  essentially  limited  to case  reports.  For  instance,  Bezzio  et  al.  (2020)

reported a  favorable  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-IBD database showed

that IBD patients treated with anti-TNF- drugs do not do worse than those receiving sulfasalazine or

mesalazine when they develop COVID-19 (Feldmann et al., 2020). This evidence prompted Feldmann et al.

to state that “trials of anti-tumour necrosis factor therapy for COVID-19 are urgently needed” ( Feldmann et

al., 2020) and, at the time of writing, RCTs are ongoing with both infliximab and adalimumab in COVID-19

patients (Table 3). In a recent review paper Jamilloux et al. (2020) listed the theoretical reasons supporting

TNF- blockade as a strategy for COVID-19 treatment and they emphasized that these drugs are expected

not only to reduce cytokine release and inflammation, but also to  downregulate the production of VEGF

and the expression of adhesion molecules in endothelial cells and, therefore, they could impede vascular

permeabilization that is crucially important in the pathophysiology of cytokine storm. Whether beneficial

effects  of  TNF- blockade  can  be  achieved  also  in neuro-COVID  still  remains  to  be  addressed  in

experimental and clinical studies.

d. Targeting Interferon gamma: emapalumab

Interferon-gamma (IFN-γ) is a type II cytokine produced and released by natural killer (NK) and / T cells

during  innate  immunity  and  by  CD4  and  CD8  T  cells  during  adaptive  immunity.  IFN-γ  promotes  the

activation  of  macrophages  and  NK  cells  enhancing  their  microbial  killing  activities,  also  inducing  the

differentiation of Th1 lymphocytes and the expression of class II MHC (Huang et al., 1993). These biological
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effects  are exerted through  activation of  plasmamembrane IFN-γ receptors  consisting of  two subunits,

IFNGR1 and IFNGR2 which, upon ligand binding, dimerize and  activate JAK1 and JAK2 tyrosine kinases, and,

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

Preclinical evidence shows that IFN-γ may exert specific effects on neurons and glial cells, which express

this cytokine and its receptors (Neumann et al., 1997). IFN-γ has been implicated in the control of a variety

of brain functions including sleeping behavior, learning and memory, and mood (Monteiro et al., 2016) and

these effects may be explained in part by the regulation of the serotoninergic neurotransmission through

the activation of tryptophan-indoleamine-pyrrole 2,3-dioxygenase, an enzyme that degrades the serotonin

precursor  tryptophan (Oxenkrug, 2011).  IFN-γ may also play a major role in neurodegenerative diseases

because of its ability to interfere with neuronal survival, differentiation and regeneration. Neural precursor

cells express the receptors for IFN-γ and this cytokine has long been shown to  affect their differentiation

and survival (Jonakait et al., 1994). IFN-γ  promotes neurogenesis in adult animals and improves memory

and spatial learning in wild type mice and in a transgenic mouse model of AD (Baron et al.,  2008).  In

contrast  to these neuroprotective and neuroregenerative properties,  other studies  reported that IFN -γ

promotes cell death and potentiates the killing activities of other noxious agents such as  -amyloid 1-42

(Bate et al., 2006). This duality of effects has also been observed in experimental models of MS; in fact,

while IFN-γ  potentiates the demyelinating effects of anti-myelin/oligodendrocyte antibodies injected into

the subarachnoid space (Vass et  al.,  1992)  and,  when directly  injected in  the striatum,  it  induces  the

appearance of lesions similar to those observed in EAE (Sethna et al., 1991), this cytokine has been also

shown to protect against cuprizone induced demyelination (Gao et al., 2000) and its immune-neutralization

worsens the course of EAE (Ottum et al., 2015). 

Opposing effects of IFN-γ have also been described in viral infections of the CNS. While antiviral activity is,

in fact, one of the major physiological role of IFN-γ  and this cytokine is crucial for the antiviral defense

against many virus-induced encephalitis (Chesler et al., 2002), there are also cases in which IFN-γ seems to

significantly contribute to viral damage of the CNS. In fact, IFN-γ release in the brain strongly increases in

HIV neuroinfection, and this cytokine may paradoxically facilitate HIV replication in astrocytes by inhibiting

the β-catenin pathway, a physiological antiviral system (Li et al., 2011). In addition, IFN-γ may contribute to

viral damage of the CNS by enhancing the permeability of the blood brain barrier (Daniels et al., 2015) as

demonstrated, for instance, in rabies virus infection (Chai et al., 2014). The potential benefits of inactivating

IFN-γ in viral encephalitis have been demonstrated in mice receiving intracranial administration at neonatal

age  of  an  attenuated  lymphocytic  choriomeningitis  virus  which  induces  a  chronic  viral  encephalitis

characterized by an IFN-γ/STAT1-dependent dendrite and synapse loss (Kreutzfeldt et al., 2013). 

In humans, emapalumab, a monoclonal antibody directed against IFN-γ, has been approved as a second line

treatment in haemophagocytic lymphohistiocytosis (HLH), a rare clinical condition which mainly consists in
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severe tissue damage and multi-organ failure due to the hyperactivity of macrophages and T-lymphocytes

and the excessive release of cytokines (Al-Salama, 2019).  Notably, in ADA-SCID patients, treatment with

emapalumab reduced the size of  brain lesions occurring during disseminated tubercolosis (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

4). No data is yet available in humans on the effect of emapalumab in neuro-COVID or any other CNS

disease. 

e. Targeting JAK1-2: tofacitinib, baricitinib, ruxolitinib 

The  JAK-STAT  transduction  pathway  is  a  signaling  cascade  that  mediates  the  response  to  numerous

cytokines  (e.g.  IL-1,  IL-6,  INF-…….)  through  the  sequential  activation  of  JAK  proteins,  which  are

phosphorylated by activated cytokine receptors, and STAT proteins, which, after being phosphorylated by

JAK proteins, dimerize and migrate into the nucleus to regulate gene transcription (Schindler et al., 1995).

Four different JAK proteins (JAK1, 2, 3, and TYK) may activate seven different STAT proteins (STAT 1, 2, 3, 4,

5A, 5B, and 6) and the response to each cytokine is fingerprinted by the specific set of JAK/STAT proteins

that they activate (Ishihara et al., 2002). The JAK-STAT signaling cascade can be pharmacologically blocked,

with the intent to treat rheumatological and hematological 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 preferentially block JAK1 and JAK 2 (Schwartz et al., 2017).

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

tumorigenesis. 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  signaling  cascade  becomes  activated  in  response  to  many

different infectious and non-infectious conditions of the CNS that cause cytokine release as a consequence

of  tissue  damage.  For  instance,  a  strong  activation  of  STAT1  and  STAT3,  mainly  occurring  in  reactive

microglia and in macrophages, has been observed after cerebral ischemia  in experimental animals (Planas

et al.,  1997; Planas et al., 1996).   Nevertheless, there is no evidence that JAK-STAT inhibitors could be

beneficial in human stroke and, on the contrary, these drugs could even be dangerous considering that they

increases the risk of venous thromboembolism (Scott et al., 2018). The JAK-STAT pathway is also activated

by a variety of epileptogenic conditions including TBI (Zhao et al., 2011), exposure to proconvulsant drugs

such as kainate and pilocarpine (Choi et al., 2003), and brain ischemia (Planas et al., 1996). Besides causing

tissue  damage,  JAK-STAT  activation  also  increases  the  excitability  of  the  epileptic  brain  by  lowering

GABAergic  neurotransmission  hence  contributing  to  seizure  development  (Brooks-Kayal et  al.,  2009).

Interestingly, JAK-STAT activation in this context is not triggered by inflammatory cytokines but by brain
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derived neurotrophic factr (BDNF) (Lund et al., 2008), a growth factor released upon CNS damage; BDNF

also  regulates,  in  a  STAT-3-dependent  manner,  the  expression  of  other  receptors  and  ion  channels

implicated  in  epilepsy  such  as  Dopamine  receptor  D5  (Drd5),  Galanin  receptor  1  (Galr1),  Glutamate

metabotropic receptor 1 (Grm1), and γ2 subunit of the GABAAR (Gabrg2) (Hixson et al., 2019).

Given their role in the immune response, the JAK/STAT proteins are also involved in the pathophysiology of

autoimmune CNS diseases (Benveniste et al., 2014). As a matter of fact, while STAT3 and STAT4 ko mice are

protected against EAE (Chitnis et al., 2001; Liu et al., 2008), STAT1 ko mice are instead highly susceptible to

EAE (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 EAE;

similar effects can be also obtained by the adoptive transfer of dendritic cells made tolerogenic ex vivo with

tofacitinib (Zhou et al., 2016). Up to date, the only evidence that JAK/STAT inhibitors could be effective in

human neuroimmune diseases is the excellent clinical response to ruxolitinib reported in a patient with

highly active NMO refractory to other immunosuppressive drugs (Hodecker et al., 2017). 

STAT1 is the downstream effector of all the members of the INF family (Schneider et al., 2014) and, as such,

it is crucial in protecting from viral infections, including those of the CNS.  STAT1 ko mice are, in fact, highly

susceptible to reovirus- (Goody et al., 2007), enterovirus 71- (Liao et al., 2014) and HSV1-induced (Pasieka

et  al.,  2011)  encephalitis.  In  addition,  a  high  risk  of  developing  HSV1  encephalitis  is  also  observed  in

subjects with rare inactivating mutations in STAT1 (Sancho-Shimizu et al., 2007). The risk of opportunistic

viral infection is also significantly increased by JAK/STAT inhibitors both in experimental animals and in

patients taking these drugs for reumathological or hematological disorders. For instance, treatment with

tofacitinib has been associated with the appearance of Herpes Zoster flares (Winthrop et al., 2018) or even

encephalitis  (Hosking et  al.,  2018).  STAT1 is  essential in protection from Polyomavirus  Encephalopathy

(Mockus et  al.,  2020)  and  fatal  cases  of  JC  polyomavirus  encephalopathy  (Reoma et  al.,  2019)  and

meningitis (Ballesta et al., 2017) have occurred in patients on chronic immunosuppressive treatment with

ruxolitinib. 

Whilst, 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 inflammation or

decreasing virus replication; for example tofacitinib reduces viral replication and virus-induced expression

of inflammatory cytokines in human astrocytes 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

HIV-encephalitis (HIVE) and HIV-Associated Neurocognitive Disorder (HAND) since it may prevent the effect

of cytokines (such as IL-6) released during HIV infection of the CNS and promoting viral replication and

brain damage. As a matter of fact, ruxolitinib reduced HIV replication in an animal model of HIVE (Haile et

al.,  2016),  whereas  baricitinib  improved  the  neurobehavioral  abnormalities  that  partially  replicate  the
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symptoms of human HAND (Gavegnano et al., 2019). Data are yet unavailable on the effects of JAK/STAT

inhibitors on CNS infection with neurotropic CoVs and, more specifically on 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 5) with the rationale of reducing cytokine effects

and systemic  inflammation;  however,  the ability  of  these drugs  to induce thromboembolic  events  and

promote new viral infections or the reactivation of latent infection are matter of concern and will require

careful monitoring (Scott et al., 2018). 

f.  Targeting  human  granulocyte  macrophage  colony-stimulating  factor  (GM-CSF):  sargramostim;

mavrilimumab,  gimsilumab

Granulocyte-macrophage  colony-stimulating  factor  (GM-CSF)  is  a  proinflammatory  class  I  cytokine

produced by many different cell  types including fibroblasts,  monocytes,   macrophages and T-cells  that

induces the proliferation and maturation of myeloid precursors to granulocytes and monocytes (Shi et al.,

2006). Because of GM-CSF ability to promote myelogenesis, recombinant forms of this cytokine, such as

sargramostim and molgramostim, have long been used in clinical conditions in which myelogenic support is

needed, such as upon myelosuppression during cancer chemotherapy (Hume et al., 2012). More recently,

the benefits of counteracting GM-CSF proinflammatory effects in inflammatory diseases like RA have been

highlighted and several neutralizing monoclonal antibodies directed against GM-CSF such as otilimab (MOR

103),  gimsilumab and lenzilumab or  against  its  receptor,  such as namilumab and mavrilimumab are in

clinical development for rheumatological conditions (Crotti et al., 2019). A role has been suggested for the

proinflammatory activity of GM-CSF also in SARS-COV2 infection, because high circulating levels of this

cytokine are found in  lung of COVID-19 affected patients  (Bonaventura et al., 2020). Therefore, blocking

GM-CSF could be beneficial in COVID-19, an hypothesis that is currently being investigated in clinical trials

with either gimsilumab or mavrilimumab (Table 6). On the other hand, it has also been observed that GM-

CSF  can  help  fighting  serious  infection  and  its  use  has  been  suggested  in  sepsis  of  bacterial  origin

(Chousterman et  al.,  2018).  Therefore,  clinical  trials  are  also  ongoing  to  evaluate  the  effectiveness  of

sargramostim in COVID-19 patients (Table 6). Although this may seem counterintuitive, both apparently

opposing strategies might be effective, possibly depending on the disease stage, as late stages of COVID-19

are thought to be driven by host overactive immunity rather than high viral load (Lang et al., 2020). 

A wealth of data suggests that GM-CSF exerts biological effect in the CNS not only because circulating GM-

CSF may cross the BBB (McLay et al., 1997) but also because this cytokine is synthetized and released by

resident CNS cells, mainly astrocytes (Malipiero et al., 1990). GM-CSF receptors are expressed in neurons,

astrocytes, oligodendrocytes and microglia, which is considered the major target of this cytokine in the CNS

(Aram et al., 2019). GM-CSF can act both as a proinflammatory and as a regulatory cytokine  and therefore,

it may be both beneficial and detrimental in specific neurological disorders(Bhattacharya et al., 2015). 
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The best example of the detrimental effects played by GM-CSF in neurological disorders is given by EAE,

one of the best characterized experimental models of MS (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 proinflammatory cytokines such as TNFα, IL-1β, and IL-6 may also have a

role  (Bhattacharya et  al.,  2015).  GM-CSF ko mice are protected from EAE (McQualter et  al.,  2001);  in

addition,  disease  severity  is  increased  in  mice  receiving  the  infusion  of  lymphocytes  infected  with

adenoviruses carrying a GM-CSF transgene (Spath et al., 2017). Moreover, transgenic mice overexpressing

GM-CSF in lymphocytes spontaneously developed a demyelinating disease (Marusic et al.,  2002).  These

data  suggested  that  GM-CSF  could  represent  a  druggable  target  in  demyelinating  CNS  diseases,  an

hypothesis confirmed by the positive effects obtained by the intraperitoneal injection of an anti- GM-CSF

mAb  to  mice  with  EAE  (McQualter et  al.,  2001).  Consistent  with  these  preliminary  data,  a phase  I

tolerability study has been performed with the anti GM-CSF mAb otilimab in patients with MS (Schottelius,

2013) 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  (Sterner et  al.,  2019) and  phase  2  studies  with  lenzilumab  in

combination with CART cell therapy are planned. 

While these results are encouraging, the potential toxicity of anti-GM-CSF drugs that includes an increased

risk of opportunistic infection, the worsening of inflammatory bowel disorders and alveolar proteinosis will

deserve the highest attention in further clinical development (Aram et al., 2019).

The  effects  of  GM-CSF  are,  instead,  predominantly  neuroprotective  in  other  neurological  disorders

including, for instance, TBI, stroke, PD and AD. Different 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 subtle 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 antiapoptotic effects on neurons and glia by inducing JAK2-

dependent STAT3 phosphorylation and by activating the PI3K-Akt pathway (Schabitz et al., 2008) and, third,

this  cytokine  may  promote  neuronal  differentiation  of  adult  neural  precursor  cells  thus  enhancing

neuroregenerative responses to CNS damage (Kruger et al., 2007).  As a matter of fact, recombinant GM-

CSF reduces infarct  size and neurological  deficits  in rats with middle cerebral  artery occlusion (MCAO)

(Schabitz et al.,  2008) and ameliorates stab wound-induced brain injury in rats (Nishihara et al.,  2011);

moreover,  brain  atrophy  and  behavioral  deficits  induced  by  lateral  fluid  percussion  are  significantly

worsened in GM-CSF KO mice when compared to wild-type mice (Shultz et al., 2014). GM-CSF also exerts a

significant neuroprotection in primary neuronal midbrain cultures exposed to the parkinsonigenic toxin 1-

methyl-4-phenylpyridinium (MPP+) (Meuer et al., 2006)  and decreases dopaminergic neuron death in the
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substantia  nigra  and  locomotor  deficits  in  mice  treated  with  this  neurotoxic  agent  (Kim et  al.,  2009).

Encouraging results have been obtained in a small double-blind clinical trial in which recombinant GM-CSF

has been given subcutaneously  to  PD patients for 8 weeks (Gendelman et  al.,  2017).  Neuroprotective

effects have been observed after recombinant GM-CSF administration also in a mouse transgenic model of

AD (the Tg2576 mice that overexpress the Swedish mutation of APP, the human amyloid precursor protein)

(Kiyota et al., 2018) and a clinical trial (NCT01409915) has been completed (data not available yet) to assess

the efficacy of this drug in patients with AD. It  is worth mentioning that part of the protective effects

triggered by GM-CSF in AD could be exerted on the bone marrow and not directly in the brain since this

cytokine could promote the release of monocyte that could, then, transmigrate in the CNS and phagocyte

amyloid plaques (Heinzelman et al., 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 pretreatment with

recombinant GM-CSF protects these animals from the ensuing HSV-1 encephalitis (Tsuboi et al.,  1998).

Most of this protective effect is consequent to emergence hematopoiesis, a process that enhances the

ability to fight against infection by producing more white cells that penetrate in the CNS and clear the virus.

However, this mechanism must be finely tuned because its excessive activation may be lethal leading to a

massive inflammatory CNS damage as observed in HSV-1 encephalitis. Evidence has been recently reported

that IFN-γ is the major physiological downregulator of GM-CSF release in viral encephalitis and contributes

to limiting brain damage in this condition (Ramakrishna et al., 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  in  these  cells

(Cosenza-Nashat et al., 2007). The role of GM-CSF in controlling 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 concentrations in  peripheral  blood  and  in  the  CSF,  whereas

children with respiratory infection and no neurological symptom only had high GM-CSF in peripheral blood,

a result suggestive of a local CNS production of this cytokine (Li et al., 2016). No data has 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  would  improve  or  worsen  CNS  damage  is  presently

unclear.

g. Targeting IL-7: CYT107 

Interleukin 7 (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 ( Fry

et al., 2005). Because of this effect on lymphocytes, recombinant IL-7 (CYT107) has been experimented to

boost immune response in immunocompromised patients, in patients with HIV, and in support of cancer

17



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  7),  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 also 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 differentiation 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 upregulation of the suppressor of cytokine signalling 3 (SOCS3), a common

strategy used by viruses-to suppression cytokine release in the host (Bordon, 2011).  IL-7 has been used

successfully  in treating progressive multifocal  leukoencephalopathy in few patients with idiopathic  CD4

lymphocytopenia  with  the  rational  of  enhancing  the  immune  response  against  the  causative  JC  virus

(Alstadhaug et al., 2014).

Whilst the effects IL-7 we have 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 proinflammatory activity by inducing

the release of TNF-, IL-1 and IL-6 (Ziegler et al., 1991). In the CNS, such proinflammatory 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 (IL-7R) expressed in neurons (Nunnari et

al., 2005). Finally, IL-7 may promote the autoimmune aggression of the CNS and both the blockade of IL-

7Rwith monoclonal antibodies (Lawson et al., 2015) and gene knockout of this receptor (Walline et al.,

2011) may prevent or ameliorate EAE in mice. Interestingly, people with specific allelic variants of the  

subunit of IL-7Rhave an increased risk of developing MS, further supporting the possible involvement of IL-

7 in autoimmune demyelinating diseases (Gregory et al., 2007).

h. Targeting the complement system: eculizumab

The complement system, a major  mediator of  innate immunity,  consists  of  a group of  about 30 small

proteases  that  circulate  in  the  blood  in  inactive  forms  and  undergo  cascade  proteolytic  activation  in

response to a heterogeneous group of pathogenic signals (Carroll, 2004). Specifically, 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, and,

finally, the alternative route, a proteolytic 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
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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 protein has been bound (Ember et

al., 1997) and enhances B cell response to antigens, thus bridging adaptive and innate immunity (Fearon et

al.,  1995).  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  diseases.  In  these

conditions,  pharmacological  blockade  of  the  complement  cascade  could  be  helpful  and  at  least  one

approved  drug,  eculizumab,  can  be  used  to  achieve  this  goal.  Eculizumab  is  a  humanized  IgG2/4κ

monoclonal antibody that binds to C5 and prevents its activation by C5 esterases; since C5 is located at a

terminal  stage of  the complement cascade, its  blockade with eculizumab impairs  the formation of  the

protrombotic and proinflammatory anaphylotoxin C5a and of the complement membrane attack complex,

while leaving the upstream steps of the complement cascade unaffected (Cataldi et al., 2011). Eculizumab

has been originally approved for two rare hematological disorders, atypical hemolytic uremic syndrome and

paroxysmal nocturnal hemoglobinuria; more recently, its indications have been extended to include two

immune-mediated  and  complement  dependent  neurological  disorders,  NMO  and  myasthenia  gravis

(Frampton, 2020). Eculizumab has been shown to be effective also in patients with a genetic demyelinating

neuropathy caused by mutation in the glycosyl phosphatidylinositol (GPI)-anchored cell surface membrane

glycoprotein, CD59, a protein able to inhibit the final step of MAC formation (Mevorach et al., 2016).

Several considerations suggest that the complement system could have a role in disorders of the CNS. It is

clear, in fact, that a full complement system does exist in the CNS and its components are produced and

released not only by microglia and astrocytes but also by neurons, oligodendrocytes and neurendothelial

cells (Carpanini et al., 2019). The endogenous CNS complement system takes part to synapse pruning and

maturation and is involved in CNS development (Morimoto et al., 2019). Importantly, the CNS complement

system is  activated and contributes  to  tissue damage  in  several  neurological  disorders.  This  has  been

demonstrated in animal models of TBI, spinal trauma, ischemic stroke, AD, PD, MS and ALS, 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  trials  have

explored the efficacy of  anti-complement  drugs  in  CNS diseases  associated with  BBB impairment,  and

eculizumab has been shown to be effective in NMO, no human trials of anti-complement therapies for most

CNS diseases have been carried out (Carpanini et al., 2019) . 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
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this could explain, for instance, why the benefits of complement inhibition in experimental stroke are often

only  transitory  (Alawieh et  al.,  2015).  In  addition,  complement  activation  may  help  clearing  protein

precipitates such as -amyloid plaques and, therefore, its inhibition may also be paradoxically detrimental

in AD and similar diseases (Wyss-Coray et al., 2002).

The complement cascade protects the CNS from viral encephalitis caused, among others, by HSV-1, (Bibert

et al., 2019), West Nile virus (Mehlhop et al., 2005), Sindbis Virus (Hirsch et al., 1980), and Venezuelan

equine encephalitis virus (Brooke et al.,  2012).  Indeed, eculizumab, by blocking complement activation,

may aggravate progressive multifocal leukoencephalopathy caused by JC polyomavirus  (Gomez-Cibeira et

al., 2016). Different mechanisms may account for complement antiviral 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 receptor and the complement receptor CD21 by viral antigens bound to C3d (Agrawal et al.,

2017). Many viruses, such as HIV, have developed strategies to overcome these complement-dependent

antiviral  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 into susceptible cells (Agrawal et al., 2017). By the latter

mechanism, several viruses including HIV, Epstein-Barr Virus, Measles virus, Newcastle disease virus and

Borna disease virus infect neurons and glia using complement components as Trojan horses (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 that

local synthesis of complement proteins 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. 

Whilst no data is yet available on the effect in neuro-COVID, several considerations suggest that blocking

the complement cascade could be beneficial in COVID-19.  Favourable effects have been observed upon

pharmacological blockade of C5a/C5aR axis in mice with experimental MERS infection (Jiang et al., 2018),

and  in  baboons  with  cytokine  storm  during  E.  Coli-induced  sepsis  (Keshari  et  al.,  2017).  In  addition,

mannose-binding  protein  (MBL)  contributes  to  the  first-line  host  defense  against  SARS-CoV  and  its

deficiency is a susceptibility factor for SARS-COV infection (Ip 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 these  evidence it  was suggested that   blocking  the

complement  system with  eculizumab could  be  beneficial  in  COVID-19  patients  and,  this  hypothesis  is

currently being investigated in several ongoing clinical trials (Table 8).
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In conclusion,  the complement system, similarly  to  all  cytokines discussed in the previous paragraphs,

should be added to the list of the double-edged swords in CNS disease since, depending on the clinical

conditions considered and on the timing in their natural history in which treatment is initiated, it can either

contribute  to  tissue damage  or  produce neuroprotection and neurorepair  (Brennan et  al.,  2012).  This

duality of effect, in addition to the increased risk of life- threatening meningococcal  infection associated to

its clinical use (McNamara et al., 2017), may be of concern when clinical efficacy of eculizumab is evaluated

in COVID-19 patients.

CONCLUDING REMARKS 

In the present review, we aimed to provide a general framework for the understanding of 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: first, because COVID-19 may affect the

CNS and it would be important to establish which of the drugs mentioned in this review could be more

effective in treating neuro-COVID and, second, because early or late unwanted neurological effects may

occur as a consequence of COVID-19 treatment with these drugs. 

Several  points  remain  to  be  clarified.  Probably  the  most  fundamental  question  is  how  important  are

endogenous,  CNS-synthetized  cytokines  both  for  antiviral  and  toxic  effects.  Circulating  levels  of  many

cytokines dramatically increase in COVID-19 patients. If we assume that circulating cytokines could affect

the brain,  their  pharmacological 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 pharmacokinetics respect, JAK/STAT inhibitors appear as the privileged

drugs because of their small size and chemico-physical 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 penetrates into the CNS to exert drug-

related toxic  effects (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 neuroregeneration (DiSabato et al., 2016).

Therefore, the general scenario emerging from the data we discussed in the present review is that, even in

the CNS, cytokine drugs are double-edge swords 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,  comorbidities,  …),  and  the  drug  itself  (molecular  size,  dosage,

administration schedules, concomitant drugs,…). In fact, it has been proposed that COVID-19 progresses
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through at least three consecutive phases:  stage I (early infection), characterized by lymphopenia, which

could benefit from immune response  boosting strategies, whereas in stage II (pulmonary phase) and stage

III (hyperinflammatory phase) inflammatory response is progressively (hyper-) activated and the use of anti-

cytokine drugs  could  be more rational.  A three-stage classification has  also been proposed for  neuro-

COVID: in  stage 1 the virus is confined to gustatory and olfactory cells and the patient only experiences

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 viruses

invades the brain parenchyma through the damaged BBB together with circulating cytokines and cause 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  of

treatments boosting their immune response against the virus. On the contrary, in neuro-COVID stage 2 and

3, a pharmacological intervention aiming to decrease neuroinflammation would likely be more effective.

In conclusion, drugs affecting the cytokine system, which are currently being explored for their efficacy in

COVID-19 treatment, could also affect the CNS and be helpful against neuro-COVID manifestatios. However,

clinicians  must  be  aware  that  a  precise  risk/benefit  assessment  is  needed 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. Well-designed clinical trials

and precise patient stratification will  be necessary to establish which drug would be preferred at each

neuro-COVID stage to maximize such risk/benefit ratio. Finally, given the current treatment guidelines for

COVID-19 patients with pneumonia (Bai et al., Eur. Resp. Rev. 2020), future trials investigating the potential

effectiveness of the described cytokine-based therapies as alternative or complementary approaches to

direct antiviral drugs (remdesivir) or corticosteroids are likely to be carried out in the near future. 

Acknowledgements 

The present work was supported by a grant from the Italian Ministry for University and Research

(MIUR) (PRIN 2017ALCR7C) to MT. 

Disclosure of conflicts of interest  

The authors declare no financial or other conflicts of interest that relate to the research covered in

this article

22



REFERENCES

Agrawal P, Nawadkar R, Ojha H, Kumar J, Sahu A (2017). Complement Evasion Strategies of Viruses: An
Overview. Front Microbiol 8: 1117.

Alawieh A, Elvington A, Tomlinson S (2015).  Complement in the Homeostatic and Ischemic Brain.  Front
Immunol 6: 417.

Al-Salama ZT (2019). Emapalumab: First Global Approval. Drugs 79(1): 99-103.

Alstadhaug  KB,  Croughs  T,  Henriksen  S,  Leboeuf  C,  Sereti  I,  Hirsch  HH,  et  al. (2014).  Treatment  of
progressive multifocal leukoencephalopathy with interleukin 7. JAMA Neurol 71(8): 1030-1035.

Araki M (2019). Blockade of IL-6 signaling in neuromyelitis optica. Neurochem Int 130: 104315.

Aram J,  Francis  A,  Tanasescu R, Constantinescu CS (2019).  Granulocyte-Macrophage Colony-Stimulating
Factor as a Therapeutic Target in Multiple Sclerosis. Neurol Ther 8(1): 45-57.

Atzeni F, Nucera V, Masala IF, Sarzi-Puttini P, Bonitta G (2019). Il-6 Involvement in pain, fatigue and mood
disorders in rheumatoid arthritis and the effects of Il-6 inhibitor sarilumab. Pharmacol Res 149: 104402.

Badovinac V, Mostarica-Stojkovic M, Dinarello CA, Stosic-Grujicic S (1998). Interleukin-1 receptor antagonist
suppresses experimental  autoimmune encephalomyelitis  (EAE)  in rats by influencing the activation and
proliferation of encephalitogenic cells. J Neuroimmunol 85(1): 87-95.

Bai  C,  Chotirmall  SH,  Rello  J,  Alba  GA,  Ginns  LC,  Krishnan  JA,  et  al.  (2020)  Updated  guidance  on  the
management of COVID-19: from an American Thoracic Society/European Respiratory Society coordinated
International Task Force (29 July 2020). Eur Respir Rev. 29(157):200287. 

Ballesta B, Gonzalez H, Martin V, Ballesta JJ (2017). Fatal ruxolitinib-related JC virus meningitis. J Neurovirol
23(5): 783-785.

Bao C, Wang B, Yang F, Chen L (2018). Blockade of Interleukin-7 Receptor Shapes Macrophage Alternative
Activation and Promotes Functional Recovery After Spinal Cord Injury. Neuroscience 371: 518-527.

Baron  R,  Nemirovsky  A,  Harpaz  I,  Cohen  H,  Owens  T,  Monsonego  A  (2008).  IFN-gamma  enhances
neurogenesis in wild-type mice and in a mouse model of Alzheimer's disease. FASEB J 22(8): 2843-2852.

Bate C, Kempster S, Last V, Williams A (2006). Interferon-gamma increases neuronal death in response to
amyloid-beta1-42. J Neuroinflammation 3: 7.

Benveniste EN, Liu Y, McFarland BC, Qin H (2014). Involvement of the janus kinase/signal transducer and
activator of transcription signaling pathway in multiple sclerosis and the animal model of experimental
autoimmune encephalomyelitis. J Interferon Cytokine Res 34(8): 577-588.

Bergmann CC, Lane TE, Stohlman SA (2006). Coronavirus infection of the central nervous system: host-virus
stand-off. Nat Rev Microbiol 4(2): 121-132.

Bettelli E, Sullivan B, Szabo SJ, Sobel RA, Glimcher LH, Kuchroo VK (2004). Loss of T-bet, but not STAT1,
prevents the development of experimental autoimmune encephalomyelitis. J Exp Med 200(1): 79-87.

23



Beyrouti R, Adams ME, Benjamin L, Cohen H, Farmer SF, Goh YY, et al. (2020). Characteristics of ischaemic
stroke associated with COVID-19. J Neurol Neurosurg Psychiatry 91(8): 889-891.

Bezzio  C,  Manes  G,  Bini  F,  Pellegrini  L,  Saibeni  S  (2020).  Infliximab  for  severe  ulcerative  colitis  and
subsequent SARS-CoV-2 pneumonia: a stone for two birds [published online ahead of print.  Gut   gutjnl-
2020-321760. 

Bhattacharya P, Thiruppathi M, Elshabrawy HA, Alharshawi K, Kumar P, Prabhakar BS (2015). GM-CSF: An
immune modulatory cytokine that can suppress autoimmunity. Cytokine 75(2): 261-271.

Bibert S, Piret J, Quinodoz M, Collinet E, Zoete V, Michielin O, et al. (2019). Herpes simplex encephalitis in
adult patients with MASP-2 deficiency. PLoS Pathog 15(12): e1008168.

Bleau C, Filliol A, Samson M, Lamontagne L (2015).  Brain Invasion by Mouse Hepatitis Virus Depends on
Impairment of Tight Junctions and Beta Interferon Production in Brain Microvascular Endothelial Cells.  J
Virol 89(19): 9896-9908.

Bohmwald K, Galvez NMS, Rios M, Kalergis AM (2018).  Neurologic Alterations Due to Respiratory Virus
Infections. Front Cell Neurosci 12: 386.

Boivin N, Menasria R, Piret J, Rivest S, Boivin G (2013). The combination of valacyclovir with an anti-TNF
alpha antibody increases survival rate compared to antiviral therapy alone in a murine model of herpes
simplex virus encephalitis. Antiviral Res. 100(3):649-653. 

Bonaventura A, Vecchie A, Wang TS, Lee E, Cremer PC, Carey B , et al. (2020). Targeting GM-CSF in COVID-19
Pneumonia: Rationale and Strategies. Front Immunol 11: 1625.

Bordon Y (2011). Immune responses: IL-7 goes antiviral. Nat Rev Immunol 11(3): 158.

Brabers  NA,  Nottet  HS (2006).  Role  of  the pro-inflammatory  cytokines  TNF-alpha and IL-1beta  in  HIV-
associated dementia. Eur J Clin Invest 36(7): 447-458.

Bradford RD, Pettit AC, Wright PW, Mulligan MJ, Moreland LW, McLain DA, Gnann JW, Bloch KC (2009)
Herpes simplex encephalitis during treatment with tumor necrosis factor-alpha inhibitors.  Clin Infect Dis.
49(6):924-927. 

Brennan FH, Anderson AJ, Taylor SM, Woodruff TM, Ruitenberg MJ (2012). Complement activation in the
injured central nervous system: another dual-edged sword? J Neuroinflammation 9: 137.

Bright  JJ,  Rodriguez  M,  Sriram S  (1999).  Differential  influence of  interleukin-12  in  the  pathogenesis  of
autoimmune and virus-induced central nervous system demyelination. J Virol 73(2): 1637-1639.

Brooke  CB,  Schafer  A,  Matsushima  GK,  White  LJ,  Johnston  RE  (2012).  Early  activation  of  the  host
complement system is required to restrict central nervous system invasion and limit neuropathology during
Venezuelan equine encephalitis virus infection. J Gen Virol 93(Pt 4): 797-806.

Brooks-Kayal AR, Raol YH, Russek SJ (2009). Alteration of epileptogenesis genes.  Neurotherapeutics 6(2):
312-318.

Burks JS,  DeVald BL,  Jankovsky LD, Gerdes JC (1980).  Two coronaviruses isolated from central  nervous
system tissue of two multiple sclerosis patients. Science 209(4459): 933-934.

24



Cabirac  GF,  Murray  RS,  McLaughlin  LB,  Skolnick  DM,  Hogue  B,  Dorovini-Zis  K,  et  al. (1995).  In  vitro
interaction of coronaviruses with primate and human brain microvascular endothelial cells.  Adv Exp Med
Biol 380: 79-88.

Campbell IL, Abraham CR, Masliah E, Kemper P, Inglis JD, Oldstone MB, et al. (1993). Neurologic disease
induced in transgenic mice by cerebral overexpression of interleukin 6.  Proc Natl Acad Sci U S A 90(21):
10061-10065.

Campbell IL, Erta M, Lim SL, Frausto R, May U, Rose-John S , et al. (2014). Trans-signaling is a dominant
mechanism for the pathogenic actions of interleukin-6 in the brain. J Neurosci 34(7): 2503-2513.

Carlson NG, Wieggel WA, Chen J,  Bacchi A, Rogers SW, Gahring LC (1999).  Inflammatory cytokines IL-1
alpha, IL-1 beta, IL-6, and TNF-alpha impart neuroprotection to an excitotoxin through distinct pathways. J
Immunol 163(7): 3963-3968.

Carpanini SM, Torvell M, Morgan BP (2019). Therapeutic Inhibition of the Complement System in Diseases
of the Central Nervous System. Front Immunol 10: 362.

Carroll MC (2004). The complement system in regulation of adaptive immunity.  Nat Immunol 5(10): 981-
986.

Cataldi  M,  Cavaccini  A  (2011).  Eculizumab.  In  Enna  S.J.,  Bylund  D.B.  ed.  xPharm:  The  Comprehensive
Pharmacology Reference. 1-26. 

Cataldi  M,  Pignataro  G,  Taglialatela  M  (2020).  Neurobiology  of  coronaviruses:  Potential  relevance  for
COVID-19. Neurobiol Dis 143: 105007.

Chai  Q,  He  WQ,  Zhou  M,  Lu  H,  Fu  ZF  (2014).  Enhancement  of  blood-brain  barrier  permeability  and
reduction of tight junction protein expression are modulated by chemokines/cytokines induced by rabies
virus infection. J Virol 88(9): 4698-4710.

Chen CJ, Ou YC, Lin SY, Raung SL, Liao SL, Lai CY, et al. (2010). Glial activation involvement in neuronal death
by Japanese encephalitis virus infection. J Gen Virol 91(Pt 4): 1028-1037.

Chesler DA, Reiss CS (2002). The role of IFN-gamma in immune responses to viral infections of the central
nervous system. Cytokine Growth Factor Rev 13(6): 441-454.

Chihara N,  Aranami T,  Sato W, Miyazaki  Y,  Miyake S,  Okamoto T ,  et  al. (2011).  Interleukin 6 signaling
promotes anti-aquaporin 4 autoantibody production from plasmablasts in neuromyelitis optica.  Proc Natl
Acad Sci U S A 108(9): 3701-3706.

Chitnis  T,  Najafian  N,  Benou  C,  Salama  AD,  Grusby  MJ,  Sayegh  MH,  et  al. (2001).  Effect  of  targeted
disruption of STAT4 and STAT6 on the induction of experimental autoimmune encephalomyelitis.  J Clin
Invest 108(5): 739-747.

Choi JS, Kim SY, Park HJ, Cha JH, Choi YS, Kang JE,  et al. (2003). Upregulation of gp130 and differential
activation of STAT and p42/44 MAPK in the rat hippocampus following kainic acid-induced seizures. Brain
Res Mol Brain Res 119(1): 10-18.

Chousterman BG, Arnaud M (2018). Is There a Role for Hematopoietic Growth Factors During Sepsis? Front
Immunol 9: 1015.

Collins  AR  (2002).  In  vitro  detection  of  apoptosis  in  monocytes/macrophages  infected  with  human
coronavirus. Clin Diagn Lab Immunol 9(6): 1392-1395.

25



Constantinescu CS, Asher A, Fryze W, Kozubski W, Wagner F, Aram J , et al. (2015). Randomized phase 1b
trial of MOR103, a human antibody to GM-CSF, in multiple sclerosis. Neurol Neuroimmunol Neuroinflamm
2(4): e117.

Cosenza-Nashat M, Zhao ML, Marshall HD, Si Q, Morgello S, Lee SC (2007). Human immunodeficiency virus
infection  inhibits  granulocyte-macrophage  colony-stimulating  factor-induced  microglial  proliferation.  J
Neurovirol 13(6): 536-548.

Cristallo  A,  Gambaro  F,  Biamonti  G,  Ferrante  P,  Battaglia  M,  Cereda  PM  (1997).  Human  coronavirus
polyadenylated RNA sequences in cerebrospinal fluid from multiple sclerosis patients. New Microbiol 20(2):
105-114.

Crotti C, Agape E, Becciolini A, Biggioggero M, Favalli EG (2019).  Targeting Granulocyte-Monocyte Colony-
Stimulating Factor Signaling in Rheumatoid Arthritis: Future Prospects. Drugs 79(16): 1741-1755.

Daniels BP, Klein RS (2015). Knocking on Closed Doors: Host Interferons Dynamically Regulate Blood-Brain
Barrier Function during Viral Infections of the Central Nervous System. PLoS Pathog 11(9): e1005096.

De Sarro G, Russo E, Ferreri G, Giuseppe B, Flocco MA, Di Paola ED, et al. (2004). Seizure susceptibility to
various convulsant stimuli of knockout interleukin-6 mice. Pharmacol Biochem Behav 77(4): 761-766.

DeKosky ST, Styren SD, O'Malley ME, Goss JR, Kochanek P, Marion D, et al. (1996). Interleukin-1 receptor
antagonist suppresses neurotrophin response in injured rat brain. Ann Neurol 39(1): 123-127.

DeSena AD, Do T, Schulert GS (2018). Systemic autoinflammation with intractable epilepsy managed with
interleukin-1 blockade. J Neuroinflammation 15(1): 38.

Desforges M, Miletti TC, Gagnon M, Talbot PJ (2007). Activation of human monocytes after infection by
human coronavirus 229E. Virus Res 130(1-2): 228-240.

Dinarello CA (2018). Overview of the IL-1 family in innate inflammation and acquired immunity.  Immunol
Rev 281(1): 8-27.

DiSabato DJ, Quan N, Godbout JP (2016). Neuroinflammation: the devil is in the details.  J Neurochem 139
Suppl 2: 136-153.

Durrant DM, Robinette ML, Klein RS (2013). IL-1R1 is required for dendritic cell-mediated T cell reactivation
within the CNS during West Nile virus encephalitis. J Exp Med 210(3): 503-516.

El Otmani H, Moutaouakil F (2020). Neuro-COVID-19: What are we talking about? Rev Neurol (Paris).

Ember JA, Hugli TE (1997). Complement factors and their receptors. Immunopharmacology 38(1-2): 3-15.

Erta M, Quintana A, Hidalgo J (2012). Interleukin-6, a major cytokine in the central nervous system. Int J Biol
Sci 8(9): 1254-1266.

Evans SS, Repasky EA, Fisher DT (2015). Fever and the thermal regulation of immunity: the immune system
feels the heat. Nat Rev Immunol 15(6): 335-349.

Everett BM, MacFadyen JG, Thuren T, Libby P, Glynn RJ, Ridker PM (2020). Inhibition of Interleukin-1beta
and Reduction in Atherothrombotic Cardiovascular Events in the CANTOS Trial. J Am Coll Cardiol 76(14):
1660-1670.

26



Fajgenbaum DC, Kurzrock R (2016). Siltuximab: a targeted therapy for idiopathic multicentric Castleman
disease. Immunotherapy 8(1): 17-26.

Fearon DT, Carter RH (1995). The CD19/CR2/TAPA-1 complex of B lymphocytes: linking natural to acquired
immunity. Annu Rev Immunol 13: 127-149.

Feldmann M, Maini RN, Woody JN, Holgate ST, Winter G, Rowland M , et al. (2020). Trials of anti-tumour
necrosis factor therapy for COVID-19 are urgently needed. Lancet 395(10234): 1407-1409.

Fiala  M,  Mizwicki  MT,  Weitzman  R,  Magpantay  L,  Nishimoto  N  (2013).  Tocilizumab  infusion  therapy
normalizes inflammation in sporadic ALS patients. Am J Neurodegener Dis 2(2): 129-139.

Fischer  R,  Kontermann  RE,  Pfizenmaier  K  (2020).  Selective  Targeting  of  TNF  Receptors  as  a  Novel
Therapeutic Approach. Front Cell Dev Biol 8: 401.

Fotuhi M, Mian A, Meysami S, Raji CA (2020). Neurobiology of COVID-19. J Alzheimers Dis 76(1): 3-19.

Frampton JE (2020). Eculizumab: A Review in Neuromyelitis Optica Spectrum Disorder.  Drugs 80(7): 719-
727.

Fry TJ, Mackall CL (2005). The many faces of IL-7: from lymphopoiesis to peripheral T cell maintenance.  J
Immunol 174(11): 6571-6576.

Gao X, Gillig TA, Ye P, D'Ercole AJ, Matsushima GK, Popko B (2000). Interferon-gamma protects against
cuprizone-induced demyelination. Mol Cell Neurosci 16(4): 338-349.

Gavegnano C,  Haile  WB, Hurwitz  S,  Tao S,  Jiang Y,  Schinazi  RF ,  et  al. (2019).  Baricitinib  reverses  HIV-
associated  neurocognitive  disorders  in  a  SCID  mouse  model  and  reservoir  seeding  in  vitro.  J
Neuroinflammation 16(1): 182.

Gendelman HE, Zhang Y, Santamaria P, Olson KE, Schutt CR, Bhatti D , et al. (2017). Evaluation of the safety
and immunomodulatory effects of sargramostim in a randomized, double-blind phase 1 clinical Parkinson's
disease trial. NPJ Parkinsons Dis 3: 10.

Gertz  K,  Kronenberg  G,  Kalin  RE,  Baldinger  T,  Werner  C,  Balkaya  M,  et  al. (2012).  Essential  role  of
interleukin-6 in post-stroke angiogenesis. Brain 135(Pt 6): 1964-1980.

Ghoshal A, Das S, Ghosh S, Mishra MK, Sharma V, Koli P , et al. (2007). Proinflammatory mediators released
by activated microglia induces neuronal death in Japanese encephalitis. Glia 55(5): 483-496.

Gijbels K, Brocke S, Abrams JS, Steinman L (1995). Administration of neutralizing antibodies to interleukin-6
(IL-6) reduces experimental autoimmune encephalomyelitis and is associated with elevated levels of IL-6
bioactivity in central nervous system and circulation. Mol Med 1(7): 795-805.

Gilhus NE, Deuschl G (2019). Neuroinflammation - a common thread in neurological disorders.  Nat Rev
Neurol 15(8): 429-430.

Godfraind C, Havaux N, Holmes KV, Coutelier JP (1997). Role of virus receptor-bearing endothelial cells of
the blood-brain barrier  in preventing the spread of  mouse hepatitis virus-A59 into the central  nervous
system. J Neurovirol 3(6): 428-434.

Gomez-Cibeira E, Ivanovic-Barbeito Y, Gutierrez-Martinez E, Morales E, Abradelo M, Hilario A, et al. (2016).
Eculizumab-related progressive multifocal leukoencephalopathy. Neurology 86(4): 399-400.

27



Goody RJ, Beckham JD, Rubtsova K, Tyler KL (2007). JAK-STAT signaling pathways are activated in the brain
following reovirus infection. J Neurovirol 13(4): 373-383.

Gralinski  LE,  Sheahan  TP,  Morrison  TE,  Menachery  VD,  Jensen  K,  Leist  SR ,  et  al. (2018).  Complement
Activation Contributes to Severe Acute Respiratory Syndrome Coronavirus Pathogenesis. mBio 9(5).

Greenhalgh AD, Brough D, Robinson EM, Girard S, Rothwell NJ, Allan SM (2012).  Interleukin-1 receptor
antagonist  is  beneficial  after  subarachnoid  haemorrhage  in  rat  by  blocking  haem-driven  inflammatory
pathology. Dis Model Mech 5(6): 823-833.

Gregory SG, Schmidt S, Seth P, Oksenberg JR, Hart J, Prokop A, et al. (2007). Interleukin 7 receptor alpha
chain (IL7R) shows allelic and functional association with multiple sclerosis. Nat Genet 39(9): 1083-1091.

Gutierrez-Ortiz C, Mendez-Guerrero A, Rodrigo-Rey S, San Pedro-Murillo E, Bermejo-Guerrero L, Gordo-
Manas R,  et al. (2020).  Miller Fisher syndrome and polyneuritis cranialis  in COVID-19.  Neurology 95(5):
e601-e605.

Haga S, Yamamoto N, Nakai-Murakami C, Osawa Y, Tokunaga K, Sata T, et al. (2008). Modulation of TNF-
alpha-converting enzyme by the spike protein of SARS-CoV and ACE2 induces TNF-alpha production and
facilitates viral entry. Proc Natl Acad Sci U S A 105(22): 7809-7814.

Haile WB, Gavegnano C, Tao S, Jiang Y, Schinazi RF, Tyor WR (2016). The Janus kinase inhibitor ruxolitinib
reduces  HIV  replication  in  human  macrophages  and  ameliorates  HIV  encephalitis  in  a  murine  model.
Neurobiol Dis 92(Pt B): 137-143.

Hasturk AE, Yilmaz ER, Turkoglu E, Arikan M, Togral G, Hayirli N, et al. (2015). Potential neuroprotective
effect of Anakinra in spinal cord injury in an in vivo experimental animal model. Neurosciences (Riyadh)
20(2): 124-130.

Heinzelman  P,  Priebe  MC  (2015).  Engineering  superactive  granulocyte  macrophage  colony-stimulating
factor  transferrin  fusion  proteins  as  orally-delivered  candidate  agents  for  treating  neurodegenerative
disease. Biotechnol Prog 31(3): 668-677.

Helms J, Kremer S, Merdji H, Schenck M, Severac F, Clere-Jehl R, et al. (2020). Delirium and encephalopathy
in severe COVID-19: a cohort analysis of ICU patients. Crit Care 24(1): 491.

Hewett SJ, Jackman NA, Claycomb RJ (2012). Interleukin-1beta in Central Nervous System Injury and Repair.
Eur J Neurodegener Dis 1(2): 195-211.

Heyser CJ, Masliah E, Samimi A, Campbell IL, Gold LH (1997).  Progressive decline in avoidance learning
paralleled by inflammatory neurodegeneration in transgenic mice expressing interleukin 6 in the brain. Proc
Natl Acad Sci U S A 94(4): 1500-1505.

Hirsch RL, Griffin DE, Winkelstein JA (1980). The role of complement in viral infections. II. the clearance of
Sindbis virus from the bloodstream and central nervous system of mice depleted of complement. J Infect
Dis 141(2): 212-217.

Hixson KM, Cogswell M, Brooks-Kayal AR, Russek SJ (2019). Evidence for a non-canonical JAK/STAT signaling
pathway in the synthesis of the brain's major ion channels and neurotransmitter receptors. BMC Genomics
20(1): 677.

Hodecker SC, Stellmann JP, Rosenkranz SC, Young K, Holst B, Friese MA , et al. (2017). Ruxolitinib treatment
in a patient with neuromyelitis optica: A case report. Neurol Neuroimmunol Neuroinflamm 4(2): e328.

28



Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen S, et al. (2020). SARS-CoV-2 Cell
Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell 181(2):
271-280 e278.

Hoshino H, Shirai Y, Konishi H, Yamamura T, Shimizu N (2020). Efficacy of tocilizumab for fulminant multiple
sclerosis with a tumefactive cervical lesion: A 12-year-old boy. Mult Scler Relat Disord 37: 101460.

Hosking AM, Juhasz M, Mesinkovska NA (2018). Suspected Herpes Zoster-associated Encephalitis during
Treatment with Oral Tofacitinib in Alopecia Universalis. Int J Trichology 10(6): 286-288.

Hou  W,  Jin  YH,  Kang  HS,  Kim  BS  (2014).  Interleukin-6  (IL-6)  and  IL-17  synergistically  promote  viral
persistence by inhibiting cellular apoptosis and cytotoxic T cell function. J Virol 88(15): 8479-8489.

Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y , et al. (2020). Clinical features of patients infected with 2019
novel coronavirus in Wuhan, China. Lancet 395(10223): 497-506.

Huang S, Hendriks W, Althage A, Hemmi S, Bluethmann H, Kamijo R , et al. (1993). Immune response in mice
that lack the interferon-gamma receptor. Science 259(5102): 1742-1745.

Hume DA, MacDonald KP (2012). Therapeutic applications of macrophage colony-stimulating factor-1 (CSF-
1) and antagonists of CSF-1 receptor (CSF-1R) signaling. Blood 119(8): 1810-1820.

Ip WK, Chan KH, Law HK, Tso GH, Kong EK, Wong WH, et al. (2005). Mannose-binding lectin in severe acute
respiratory syndrome coronavirus infection. J Infect Dis 191(10): 1697-1704.

Ishihara K, Hirano T (2002). Molecular basis of the cell specificity of cytokine action. Biochim Biophys Acta
1592(3): 281-296.

Jamilloux Y, Henry T, Belot A, Viel S, Fauter M, El Jammal T, et al. (2020). Should we stimulate or suppress
immune responses in COVID-19? Cytokine and anti-cytokine interventions. Autoimmun Rev 19(7): 102567.

Jasti  M,  Nalleballe  K,  Dandu  V,  Onteddu  S  (2020).  A  review  of  pathophysiology  and  neuropsychiatric
manifeSTATions of COVID-19. J Neurol.

Jayaraj RL, Azimullah S, Beiram R, Jalal FY, Rosenberg GA (2019). Neuroinflammation: friend and foe for
ischemic stroke. J Neuroinflammation 16(1): 142.

Jensen S, Thomsen AR (2012). Sensing of RNA viruses: a review of innate immune receptors involved in
recognizing RNA virus invasion. J Virol 86(6): 2900-2910.

Jiang Y, Zhao G, Song N, Li P, Chen Y, Guo Y, et al. (2018). Blockade of the C5a-C5aR axis alleviates lung
damage in hDPP4-transgenic mice infected with MERS-CoV. Emerg Microbes Infect 7(1): 77.

Jin YH, Hou W, Kang HS, Koh CS, Kim BS (2013). The role of interleukin-6 in the expression of PD-1 and PDL-
1 on central nervous system cells following infection with Theiler's murine encephalomyelitis virus. J Virol
87(21): 11538-11551.

Jonakait GM, Wei R, Sheng ZL, Hart RP, Ni L (1994). Interferon-gamma promotes cholinergic differentiation
of embryonic septal nuclei and adjacent basal forebrain. Neuron 12(5): 1149-1159.

Joseph J,  Kim R,  Siebert  K,  Lublin  FD,  Offenbach  C,  Knobler  RL  (1995).  Organ  specific  endothelial  cell
heterogeneity influences differential replication and cytopathogenicity of MHV-3 and MHV-4. Implications
in viral tropism. Adv Exp Med Biol 380: 43-50.

29



Jun  JS,  Lee  ST,  Kim R,  Chu  K,  Lee  SK  (2018).  Tocilizumab  treatment  for  new onset  refractory  STATus
epilepticus. Ann Neurol 84(6): 940-945.

Kalliolias GD, Ivashkiv LB (2016). TNF biology, pathogenic mechanisms and emerging therapeutic strategies.
Nat Rev Rheumatol 12(1): 49-62.

Kaltsonoudis  E,  Zikou  AK,  Voulgari  PV,  Konitsiotis  S,  Argyropoulou MI,  Drosos  AA (2014).  Neurological
adverse events in patients receiving anti-TNF therapy: a prospective imaging and electrophysiological study.
Arthritis Res Ther 16(3): R125.

Kalueff AV, Lehtimaki KA, Ylinen A, Honkaniemi J, Peltola J (2004). Intranasal administration of human IL-6
increases the severity of chemically induced seizures in rats. Neurosci Lett 365(2): 106-110.

Kemanetzoglou E, Andreadou E (2017). CNS Demyelination with TNF-alpha Blockers. Curr Neurol Neurosci
Rep 17(4): 36.

Kenney-Jung DL, Vezzani A, Kahoud RJ, LaFrance-Corey RG, Ho ML, Muskardin TW, et al. (2016). Febrile
infection-related epilepsy syndrome treated with anakinra. Ann Neurol 80(6): 939-945.

Keshari RS, Silasi R, Popescu NI, Patel MM, Chaaban H, Lupu C , et al. (2017). Inhibition of complement C5
protects against organ failure and reduces mortality in a baboon model of Escherichia coli sepsis. Proc Natl
Acad Sci U S A 114(31): E6390-E6399.

Kim BS, Jin YH, Meng L, Hou W, Kang HS, Park HS, et al. (2012). IL-1 signal affects both protection and
pathogenesis of virus-induced chronic CNS demyelinating disease. J Neuroinflammation 9: 217.

Kim  JE,  Heo JH,  Kim  HO,  Song  SH,  Park  SS,  Park  TH,  et  al. (2017).  Neurological  Complications  during
Treatment of Middle East Respiratory Syndrome. J Clin Neurol 13(3): 227-233.

Kim NK, Choi BH, Huang X, Snyder BJ, Bukhari S, Kong TH, et al. (2009). Granulocyte-macrophage colony-
stimulating  factor  promotes  survival  of  dopaminergic  neurons  in  the  1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine-induced murine Parkinson's disease model. Eur J Neurosci 29(5): 891-900.

Kim  SY,  Solomon  DH  (2010).  Tumor  necrosis  factor  blockade  and  the  risk  of  viral  infection.  Nat  Rev
Rheumatol.;6(3):165-174. 

Kiyota T, Machhi J, Lu Y, Dyavarshetty B, Nemati M, Yokoyama I , et al. (2018). Granulocyte-macrophage
colony-stimulating factor neuroprotective activities in Alzheimer's disease mice.  J Neuroimmunol 319: 80-
92.

Koh JC, Murugasu A, Krishnappa J, Thomas T (2019). Favorable Outcomes With Early Interleukin 6 Receptor
Blockade in Severe Acute Necrotizing Encephalopathy of Childhood. Pediatr Neurol 98: 80-84.

Kreutzfeldt M, Bergthaler A, Fernandez M, Bruck W, Steinbach K, Vorm M , et al. (2013). Neuroprotective
intervention by interferon-gamma blockade prevents CD8+ T cell-mediated dendrite and synapse loss. J Exp
Med 210(10): 2087-2103.

Kruger  C,  Laage  R,  Pitzer  C,  Schabitz  WR,  Schneider  A  (2007).  The  hematopoietic  factor  GM-CSF
(granulocyte-macrophage colony-stimulating factor) promotes neuronal differentiation of adult neural stem
cells in vitro. BMC Neurosci 8: 88.

Lachmann HJ, Kone-Paut I, Kuemmerle-Deschner JB, Leslie KS, Hachulla E, Quartier P , et al. (2009). Use of
canakinumab in the cryopyrin-associated periodic syndrome. N Engl J Med 360(23): 2416-2425.

30



Lagarde S, Villeneuve N, Trebuchon A, Kaphan E, Lepine A, McGonigal A, et al. (2016). Anti-tumor necrosis
factor alpha therapy (adalimumab) in Rasmussen's encephalitis: An open pilot study. Epilepsia 57(6): 956-
966.

Lang  FM,  Lee  KM,  Teijaro  JR,  Becher  B,  Hamilton  JA  (2020).  GM-CSF-based  treatments  in  COVID-19:
reconciling opposing therapeutic approaches. Nat Rev Immunol 20(8): 507-514.

Lapides  DA,  McDonald  MM  (2020).  Inflammatory  Manifestations  of  Systemic  Diseases  in  the  Central
Nervous System. Curr Treat Options Neurol 22(9): 26.

Lavi  E,  Fishman  PS,  Highkin  MK,  Weiss  SR  (1988).  Limbic  encephalitis  after  inhalation  of  a  murine
coronavirus. Lab Invest 58(1): 31-36.

Lawson BR, Gonzalez-Quintial R, Eleftheriadis T, Farrar MA, Miller SD, Sauer K, et al. (2015). Interleukin-7 is
required for CD4(+) T cell activation and autoimmune neuroinflammation. Clin Immunol 161(2): 260-269.

Lee WJ, Lee ST, Moon J, Sunwoo JS, Byun JI, Lim JA , et al. (2016). Tocilizumab in Autoimmune Encephalitis
Refractory to Rituximab: An Institutional Cohort Study. Neurotherapeutics 13(4): 824-832.

Li W, Henderson LJ, Major EO, Al-Harthi L (2011). IFN-gamma mediates enhancement of HIV replication in
astrocytes by inducing an antagonist of the beta-catenin pathway (DKK1) in a STAT 3-dependent manner. J
Immunol 186(12): 6771-6778.

Li Y, Li H, Fan R, Wen B, Zhang J, Cao X, et al. (2016). Coronavirus Infections in the Central Nervous System
and Respiratory Tract Show Distinct Features in Hospitalized Children. Intervirology 59(3): 163-169.

Li  YC,  Bai  WZ,  Hashikawa T  (2020).  The neuroinvasive  potential  of  SARS-CoV2 may play  a  role  in  the
respiratory failure of COVID-19 patients. J Med Virol 92(6):552-555.

Liao CC, Liou AT, Chang YS, Wu SY, Chang CS, Lee CK, et al. (2014). Immunodeficient mouse models with
different disease profiles by in vivo infection with the same clinical isolate of enterovirus 71. J Virol 88(21):
12485-12499.

Libbey JE, Fujinami RS (2014). Adaptive immune response to viral infections in the central nervous system.
Handb Clin Neurol 123: 225-247.

Liu  X,  Lee  YS,  Yu  CR,  Egwuagu  CE  (2008).  Loss  of  STAT3  in  CD4+  T  cells  prevents  development  of
experimental autoimmune diseases. J Immunol 180(9): 6070-6076.

Liu X, Quan N (2018). Microglia and CNS Interleukin-1: Beyond Immunological Concepts. Front Neurol 9: 8.

Liu  Y,  Holdbrooks  AT,  De Sarno P,  Rowse AL,  Yanagisawa LL,  McFarland BC ,  et  al. (2014).  Therapeutic
efficacy  of  suppressing  the  JAK/STAT  pathway  in  multiple  models  of  experimental  autoimmune
encephalomyelitis. J Immunol 192(1): 59-72.

Luo Z, Su R, Wang W, Liang Y, Zeng X, Shereen MA, et al. (2019). EV71 infection induces neurodegeneration
via activating TLR7 signaling and IL-6 production. PLoS Pathog 15(11): e1008142.

Ma C, Walters B, Fedorak RN (2013). Varicella zoster meningitis complicating combined anti-tumor necrosis
factor and corticosteroid therapy in Crohn's disease. World J Gastroenterol 19(21): 3347-3351.

Ma  Y,  Liu  Y,  Zhang  Z,  Yang  GY  (2019).  Significance  of  Complement  System  in  Ischemic  Stroke:  A
Comprehensive Review. Aging Dis 10(2): 429-462.

31



Mackall  CL,  Fry TJ, Gress RE (2011).  Harnessing the biology of IL-7 for therapeutic application.  Nat Rev
Immunol 11(5): 330-342.

Majewska  E,  Paleolog  E,  Baj  Z,  Kralisz  U,  Feldmann M,  Tchorzewski  H  (1997).  Role  of  tyrosine  kinase
enzymes  in  TNF-alpha  and  IL-1  induced  expression  of  ICAM-1  and  VCAM-1  on  human  umbilical  vein
endothelial cells. Scand J Immunol 45(4): 385-392.

Malipiero UV, Frei K, Fontana A (1990). Production of hemopoietic colony-stimulating factors by astrocytes.
J Immunol 144(10): 3816-3821.

Mandolesi G, Musella A, Gentile A, Grasselli G, Haji N, Sepman H, et al. (2013). Interleukin-1beta alters
glutamate transmission at purkinje cell synapses in a mouse model of multiple sclerosis. J Neurosci 33(29):
12105-12121.

Mao L, Jin H, Wang M, Hu Y, Chen S, He Q, Chang J, Hong C, Zhou Y, Wang D, Miao X, Li Y, Hu B (2020).
Neurologic Manifestations of Hospitalized Patients With Coronavirus Disease 2019 in Wuhan, China. JAMA
Neurol. 77(6):683-690

Martin D, Near SL (1995). Protective effect of the interleukin-1 receptor antagonist (IL-1ra) on experimental
allergic encephalomyelitis in rats. J Neuroimmunol 61(2): 241-245.

Marusic  S,  Miyashiro  JS,  Douhan  J,  3rd,  Konz  RF,  Xuan  D,  Pelker  JW,  et  al. (2002).  Local  delivery  of
granulocyte macrophage colony-stimulating factor by retrovirally transduced antigen-specific T cells leads
to severe, chronic experimental autoimmune encephalomyelitis in mice. Neurosci Lett 332(3): 185-189.

McDermott JE, Mitchell HD, Gralinski LE, Eisfeld AJ, Josset L, Bankhead A, 3rd , et al. (2016). The effect of
inhibition of PP1 and TNFalpha signaling on pathogenesis of SARS coronavirus. BMC Syst Biol 10(1): 93.

McLay  RN,  Kimura  M,  Banks  WA,  Kastin  AJ  (1997).  Granulocyte-macrophage  colony-stimulating  factor
crosses the blood--brain and blood--spinal cord barriers. Brain 120 ( Pt 11): 2083-2091.

McQualter JL, Darwiche R, Ewing C, Onuki M, Kay TW, Hamilton JA , et al. (2001). Granulocyte macrophage
colony-stimulating factor: a new putative therapeutic target in multiple sclerosis.  J Exp Med 194(7): 873-
882.

Mehlhop E, Whitby K, Oliphant T, Marri A, Engle M, Diamond MS (2005). Complement activation is required
for induction of a protective antibody response against West Nile virus infection. J Virol 79(12): 7466-7477.

Mesel-Lemoine M, Millet  J,  Vidalain PO, Law H, Vabret A,  Lorin  V,  et  al. (2012).  A human coronavirus
responsible for the common cold massively kills dendritic cells but not monocytes.  J Virol 86(14): 7577-
7587.

Meuer K, Pitzer C, Teismann P, Kruger C, Goricke B, Laage R, et al. (2006). Granulocyte-colony stimulating
factor is neuroprotective in a model of Parkinson's disease. J Neurochem 97(3): 675-686.

Mevorach D, Reiner I,  Grau A, Ilan U, Berkun Y, Ta-Shma A, et al.  (2016). Therapy with eculizumab for
patients with CD59 p.Cys89Tyr mutation. Ann Neurol 80(5): 708-717.

Mizwicki  MT,  Fiala  M,  Magpantay  L,  Aziz  N,  Sayre  J,  Liu  G,  et  al. (2012).  Tocilizumab  attenuates
inflammation in ALS patients through inhibition of IL6 receptor signaling. Am J Neurodegener Dis 1(3): 305-
315.

32



Mockus TE, Netherby-Winslow CS, Atkins HM, Lauver MD, Jin G, Ren HM , et al. (2020). CD8 T Cells and
STAT1 Signaling Are  Essential Codeterminants in  Protection from Polyomavirus  Encephalopathy.  J  Virol
94(8).

Monteiro S, Ferreira FM, Pinto V, Roque S, Morais M, de Sa-Calcada D, et al. (2016). Absence of IFNgamma
promotes hippocampal plasticity and enhances cognitive performance. Transl Psychiatry 6: e707.

Moors M, Vudattu NK, Abel J, Kramer U, Rane L, Ulfig N, et al. (2010). Interleukin-7 (IL-7) and IL-7 splice
variants affect differentiation of human neural progenitor cells. Genes Immun 11(1): 11-20.

Morfopoulou S, Brown JR, Davies EG, Anderson G, Virasami A, Qasim W, et al. (2016). Human Coronavirus
OC43 Associated with Fatal Encephalitis. N Engl J Med 375(5): 497-498.

Moriguchi  T,  Harii  N,  Goto  J,  Harada  D,  Sugawara  H,  Takamino  J,  et  al. (2020).  A  first  case  of
meningitis/encephalitis associated with SARS-Coronavirus-2. Int J Infect Dis 94: 55-58.

Morimoto K, Nakajima K (2019). Role of the Immune System in the Development of the Central Nervous
System. Front Neurosci 13: 916.

Morrison  TE,  Fraser  RJ,  Smith  PN,  Mahalingam  S,  Heise  MT  (2007).  Complement  contributes  to
inflammatory tissue destruction in a mouse model of Ross River virus-induced disease. J Virol 81(10): 5132-
5143.

Murray RS, Brown B, Brian D, Cabirac GF (1992). Detection of coronavirus RNA and antigen in multiple
sclerosis brain. Ann Neurol 31(5): 525-533.

Nagashima K, Wege H, Meyermann R, ter Meulen V (1978). Corona virus induced subacute demyelinating
encephalomyelitis in rats: a morphological analysis. Acta Neuropathol 44(1): 63-70.

Neumann H, Schmidt H, Wilharm E, Behrens L, Wekerle H (1997).  Interferon gamma gene expression in
sensory neurons: evidence for autocrine gene regulation. J Exp Med 186(12): 2023-2031.

Nicolas CS,  Amici  M,  Bortolotto ZA, Doherty A, Csaba Z,  Fafouri  A ,  et  al. (2013).  The role of  JAK-STAT
signaling within the CNS. JAKSTAT 2(1): e22925.

Nishihara T, Ochi M, Sugimoto K,  Takahashi H, Yano H, Kumon Y,  et al. (2011).  Subcutaneous injection
containing IL-3 and GM-CSF ameliorates stab wound-induced brain injury in rats.  Exp Neurol 229(2): 507-
516.

Nunnari G, Xu Y, Acheampong EA, Fang J, Daniel R, Zhang C , et al. (2005).  Exogenous IL-7 induces Fas-
mediated  human  neuronal  apoptosis:  potential  effects  during  human  immunodeficiency  virus  type  1
infection. J Neurovirol 11(4): 319-328.

Okeke F, Mone A, Swaminath A (2020). The Course of SARS-COV2 Infection Was Not Severe in a Crohn's
Patient Who Administered Maintenance Anti-TNF Therapy Overlapping the Early Pre-Symptomatic Period
of Infection. Antibodies (Basel).;9(3):E42. 

Osman M, Emery D, Yacyshyn E (2015). Tocilizumab for Treating Takayasu's Arteritis and Associated Stroke:
A Case Series and Updated Review of the Literature. J Stroke Cerebrovasc Dis 24(6): 1291-1298.

Ottum PA, Arellano G, Reyes LI, Iruretagoyena M, Naves R (2015). Opposing Roles of Interferon-Gamma on
Cells of the Central Nervous System in Autoimmune Neuroinflammation. Front Immunol 6: 539.

33



Oxenkrug  GF  (2011).  Interferon-gamma-inducible  kynurenines/pteridines  inflammation  cascade:
implications for aging and aging-associated psychiatric and medical disorders.  J Neural Transm (Vienna)
118(1): 75-85.

Ozdogan H, Ugurlu S, Uygunoglu U, Tutuncu M, Gul A, Akman G, et al. (2020). The efficacy of anti- IL-1
treatment in three patients with coexisting familial Mediterranean fever and multiple sclerosis. Mult Scler
Relat Disord 45: 102332.

Pasieka TJ, Collins L, O'Connor MA, Chen Y, Parker ZM, Berwin BL, et al. (2011). Bioluminescent imaging
reveals divergent viral pathogenesis in two strains of STAT1-deficient mice, and in alphassgamma interferon
receptor-deficient mice. PLoS One 6(9): e24018.

Paterson  RW,  Brown RL,  Benjamin  L,  Nortley  R,  Wiethoff  S,  Bharucha  T ,  et  al. (2020).  The  emerging
spectrum of COVID-19 neurology: clinical, radiological and laboratory findings. Brain Jul 8;awaa240.

Penkowa  M,  Camats  J,  Hadberg  H,  Quintana  A,  Rojas  S,  Giralt  M ,  et  al. (2003).  Astrocyte-targeted
expression of interleukin-6 protects the central nervous system during neuroglial degeneration induced by
6-aminonicotinamide. J Neurosci Res 73(4): 481-496.

Planas AM, Justicia C, Ferrer I (1997). STAT1 in developing and adult rat brain. Induction after transient
focal ischemia. Neuroreport 8(6): 1359-1362.

Planas AM, Soriano MA, Berruezo M, Justicia C, Estrada A, Pitarch S , et al. (1996). Induction of STAT3, a
signal transducer and transcription factor, in reactive microglia following transient focal cerebral ischaemia.
Eur J Neurosci 8(12): 2612-2618.

Poyiadji  N,  Shahin  G,  Noujaim  D,  Stone  M,  Patel  S,  Griffith  B  (2020).  COVID-19-associated  Acute
Hemorrhagic Necrotizing Encephalopathy: CT and MRI Features. Radiology: 201187.

Prow  NA,  Irani  DN  (2008).  The  inflammatory  cytokine,  interleukin-1  beta,  mediates  loss  of  astroglial
glutamate  transport  and  drives  excitotoxic  motor  neuron  injury  in  the  spinal  cord  during  acute  viral
encephalomyelitis. J Neurochem 105(4): 1276-1286.

Qiu Z, Sweeney DD, Netzeband JG, Gruol DL (1998). Chronic interleukin-6 alters NMDA receptor-mediated
membrane responses and enhances neurotoxicity in developing CNS neurons.  J Neurosci 18(24): 10445-
10456.

Ramakrishna C, Cantin EM (2018). IFNgamma inhibits G-CSF induced neutrophil expansion and invasion of
the CNS to prevent viral encephalitis. PLoS Pathog 14(1): e1006822.

Reoma LB, Trindade CJ, Monaco MC, Solis J, Montojo MG, Vu P, et al. (2019). Fatal encephalopathy with
wild-type JC virus and ruxolitinib therapy. Ann Neurol 86(6): 878-884.

Richardson PJ, Ottaviani S, Prelle A, Stebbing J, Casalini G, Corbellino M (2020). CNS penetration of potential
anti-COVID-19 drugs. J Neurol 267(7): 1880-1882.

Richebé P, Bailly F, Mariani LL, Pena PS, Pedespan JM, Fautrel B(2018). Report of two cases of tocilizumab
induced recurrent meningitis or meningoencephalitis. Joint bone spine, 85(5), 643–644. 

Risner K, Ahmed A, Bakovic A, Kortchak S, Bhalla N, Narayanan A (2019). Efficacy of FDA-Approved Anti-
Inflammatory Drugs Against Venezuelan Equine Encephalitis Virus Infection. Viruses 11(12).

Roh JS, Sohn DH (2018). Damage-Associated Molecular Patterns in Inflammatory Diseases.  Immune Netw
18(4): e27.

34



Rosenberg  HF,  Domachowske  JB  (2012).  Inflammatory  responses  to  respiratory  syncytial  virus  (RSV)
infection  and  the  development  of  immunomodulatory  pharmacotherapeutics.  Curr  Med  Chem 19(10):
1424-1431.

Rothaug  M,  Becker-Pauly  C,  Rose-John  S  (2016).  The  role  of  interleukin-6  signaling  in  nervous  tissue.
Biochim Biophys Acta 1863(6 Pt A): 1218-1227.

Salmi  A,  Ziola  B,  Hovi  T,  Reunanen M (1982).  Antibodies  to  coronaviruses  OC43 and 229E in  multiple
sclerosis patients. Neurology 32(3): 292-295.

Samoilova EB, Horton JL, Hilliard B, Liu TS, Chen Y (1998). IL-6-deficient mice are resistant to experimental
autoimmune encephalomyelitis: roles of IL-6 in the activation and differentiation of autoreactive T cells.  J
Immunol 161(12): 6480-6486.

Sancho-Shimizu  V,  Zhang  SY,  Abel  L,  Tardieu  M,  Rozenberg  F,  Jouanguy  E,  et  al. (2007).  Genetic
susceptibility to herpes simplex virus 1 encephalitis in mice and humans.  Curr Opin Allergy Clin Immunol
7(6): 495-505.

Sanz-Moreno V, Gaggioli C, Yeo M, Albrengues J, Wallberg F, Viros A, et al. (2011). ROCK and JAK1 signaling
cooperate to control actomyosin contractility in tumor cells and stroma. Cancer Cell 20(2): 229-245.

Schabitz WR, Kruger C, Pitzer C, Weber D, Laage R, Gassler N , et al. (2008). A neuroprotective function for
the hematopoietic protein granulocyte-macrophage colony stimulating factor (GM-CSF). J Cereb Blood Flow
Metab 28(1): 29-43.

Schindler C, Darnell JE, Jr. (1995). Transcriptional responses to polypeptide ligands: the JAK-STAT pathway.
Annu Rev Biochem 64: 621-651.

Schneider  WM,  Chevillotte  MD,  Rice  CM  (2014).  Interferon-stimulated  genes:  a  complex  web  of  host
defenses. Annu Rev Immunol 32: 513-545.

Schottelius A (2013). The role of GM-CSF in multiple sclerosis. Drug Res (Stuttg) 63 Suppl 1: S8.

Schwartz DM, Kanno Y, Villarino A, Ward M, Gadina M, O'Shea JJ (2017). JAK inhibition as a therapeutic
strategy for immune and inflammatory diseases. Nat Rev Drug Discov 17(1): 78.

Scott IC, Hider SL, Scott DL (2018). Thromboembolism with Janus Kinase (JAK) Inhibitors for Rheumatoid
Arthritis: How Real is the Risk? Drug Saf 41(7): 645-653.

Scott LJ (2017). Sarilumab: First Global Approval. Drugs 77(6): 705-712.

Schwartz DM, Kanno Y, Villarino A, Ward M, Gadina M, O'Shea JJ (2017). JAK inhibition as a therapeutic
strategy for immune and inflammatory diseases. Nat Rev Drug Discov. 28;17(1):78. 

Sergerie Y, Rivest S, Boivin G (2007). Tumor necrosis factor-alpha and interleukin-1 beta play a critical role
in the resistance against lethal herpes simplex virus encephalitis. J Infect Dis 196(6): 853-860.

Sethna MP, Lampson LA (1991). Immune modulation within the brain: recruitment of inflammatory cells
and increased major histocompatibility antigen expression following intracerebral injection of interferon-
gamma. J Neuroimmunol 34(2-3): 121-132.

Shaftel SS, Kyrkanides S, Olschowka JA, Miller JN, Johnson RE, O'Banion MK (2007). Sustained hippocampal
IL-1  beta  overexpression  mediates  chronic  neuroinflammation  and  ameliorates  Alzheimer  plaque
pathology. J Clin Invest 117(6): 1595-1604.

35



Shale  MJ,  Seow CH,  Coffin CS,  Kaplan GG,  Panaccione R,  Ghosh S  (2010).  Review article:  chronic  viral
infection in the anti-tumour necrosis factor therapy era in inflammatory bowel disease. Aliment Pharmacol
Ther.31(1):20-34. 

Sheng JR, Muthusamy T, Prabhakar BS, Meriggioli MN (2011). GM-CSF-induced regulatory T cells selectively
inhibit  anti-acetylcholine  receptor-specific  immune  responses  in  experimental  myasthenia  gravis.  J
Neuroimmunol 240-241: 65-73.

Sheppard M, Laskou F, Stapleton PP, Hadavi  S,  Dasgupta B (2017).  Tocilizumab (Actemra).  Hum Vaccin
Immunother 13(9): 1972-1988.

Shi Y, Liu CH, Roberts AI, Das J, Xu G, Ren G, et al. (2006).  Granulocyte-macrophage colony-stimulating
factor (GM-CSF) and T-cell responses: what we do and don't know. Cell Res 16(2): 126-133.

Shultz SR, Tan XL, Wright DK, Liu SJ, Semple BD, Johnston L, et al. (2014). Granulocyte-macrophage colony-
stimulating factor is neuroprotective in experimental traumatic brain injury.  J Neurotrauma 31(10): 976-
983.

Smith CJ,  Hulme S,  Vail  A,  Heal  C,  Parry-Jones AR, Scarth  S ,  et  al. (2018).  SCIL-STROKE (Subcutaneous
Interleukin-1 Receptor Antagonist in Ischemic Stroke): A Randomized Controlled Phase 2 Trial. Stroke 49(5):
1210-1216.

Sorensen O, Dales S (1985).  In vivo and in vitro models of demyelinating disease: JHM virus in the rat
central nervous system localized by in situ cDNA hybridization and immunofluorescent microscopy. J Virol
56(2): 434-438.

Spath S, Komuczki J, Hermann M, Pelczar P, Mair F, Schreiner B , et al. (2017). Dysregulation of the Cytokine
GM-CSF Induces Spontaneous Phagocyte Invasion and Immunopathology in the Central Nervous System.
Immunity 46(2): 245-260.

Speth C, Dierich MP, Gasque P (2002). Neuroinvasion by pathogens: a key role of the complement system.
Mol Immunol 38(9): 669-679.

Stark GR, Cheon H, Wang Y (2018). Responses to Cytokines and Interferons that Depend upon JAKs and
STATs. Cold Spring Harb Perspect Biol 10(1).

Sterner RM, Sakemura R, Cox MJ, Yang N, Khadka RH, Forsman CL, et al. (2019). GM-CSF inhibition reduces
cytokine release syndrome and neuroinflammation but enhances CAR-T cell function in xenografts. Blood
133(7): 697-709.

Stewart  JN,  Mounir  S,  Talbot  PJ  (1992).  Human coronavirus  gene expression in  the brains  of  multiple
sclerosis patients. Virology 191(1): 502-505.

Strangfeld A, Listing J, Herzer P, Liebhaber A, Rockwitz K, Richter C, et al. (2009). Risk of herpes zoster in
patients with rheumatoid arthritis treated with anti-TNF-alpha agents. JAMA 301(7): 737-744.

Sun  Y,  Wang  D,  Salvadore  G,  Hsu  B,  Curran  M,  Casper  C,  et  al.  (2017).  The  effects  of  interleukin-6
neutralizing  antibodies  on  symptoms  of  depressed  mood  and  anhedonia  in  patients  with  rheumatoid
arthritis and multicentric Castleman's disease. Brain Behav Immun 66: 156-164.

Suzumura A, Takeuchi H, Zhang G, Kuno R, Mizuno T (2006).  Roles of glia-derived cytokines on neuronal
degeneration and regeneration. Ann N Y Acad Sci 1088: 219-229.

36



Swartz KR, Liu F, Sewell D, Schochet T, Campbell I, Sandor M , et al. (2001). Interleukin-6 promotes post-
traumatic healing in the central nervous system. Brain Res 896(1-2): 86-95.

Talbot PJ, Paquette JS, Ciurli C, Antel JP, Ouellet F (1996). Myelin basic protein and human coronavirus 229E
cross-reactive T cells in multiple sclerosis. Ann Neurol 39(2): 233-240.

Tan L, Wang Q, Zhang D, Ding J, Huang Q, Tang YQ, et al. (2020). Lymphopenia predicts disease severity of
COVID-19: a descriptive and predictive study. Signal Transduct Target Ther 5(1): 33.

Terada Y, Kamoi K, Ohno-Matsui K, Miyata K, Yamano C, Coler-Reilly A, Yamano Y (2017). Treatment of
rheumatoid arthritis with biologics may exacerbate HTLV-1-associated conditions: A case report. Medicine
(Baltimore). 96(6):e6021. 

Theibich A, Dreyer L, Magyari M, Locht H (2014). Demyelinizing neurological disease after treatment with
tumor necrosis factor alpha-inhibiting agents in a rheumatological outpatient clinic: description of six cases.
Clin Rheumatol 33(5): 719-723.

Thiruppathi M, Alharshawi K, Elshabrawy H, et al. (2015). Dual Role of GM-CSF as a Pro-Inflammatory and a
Regulatory Cytokine: Implications for Immune Therapy. J Interferon Cytokine Res 35(8): 585-599.

Toscano G, Palmerini F, Ravaglia S, Ruiz L, Invernizzi P, Cuzzoni MG, et al. (2020). Guillain-Barre Syndrome
Associated with SARS-CoV-2. N Engl J Med 382(26):2574-2576

Tsai LK, Hsieh ST, Chang YC (2005). Neurological manifestations in severe acute respiratory syndrome. Acta
Neurol Taiwan 14(3): 113-119.

Tsuboi K, Kimura T, Sugiura K, Hashimoto I, Nishikawa M, Uyama M , et al. (1998). Granulocyte-macrophage
colony-stimulating  factor  expressed  in  T  cells  mediates  immunity  against  herpes  simplex  virus  type  1
encephalitis. J Infect Dis 178(1): 16-26.

Tucci F, Gallo V, Barzaghi F, Ferrua F, Migliavacca M, Calbi V, et al. (2020). Treatment with emapalumab in
an  ADA-SCID  patient  with  refractory  hemophagocytic  lymphohistiocytosis-related  graft  failure  and
disseminated BCGitis. Haematologica.

Uciechowski  P,  Dempke WCM (2020).  Interleukin-6: A Masterplayer in the Cytokine Network.  Oncology
98(3): 131-137.

Uzawa A, Mori M, Sawai S, Masuda S, Muto M, Uchida T, et al. (2013). Cerebrospinal fluid interleukin-6 and
glial fibrillary acidic protein levels are increased during initial neuromyelitis optica attacks.  Clin Chim Acta
421: 181-183.

Vass K, Heininger K, Schafer B, Linington C, Lassmann H (1992).  Interferon-gamma potentiates antibody-
mediated demyelination in vivo. Ann Neurol 32(2): 198-206.

Veerhuis R, Nielsen HM, Tenner AJ (2011). Complement in the brain. Mol Immunol 48(14): 1592-1603.

Venters HD, Dantzer R, Kelley KW (2000). A new concept in neurodegeneration: TNFalpha is a silencer of
survival signals. Trends Neurosci 23(4): 175-180.

Vezzani A, Fujinami RS, White HS, Preux PM, Blumcke I, Sander JW, et al. (2016). Infections, inflammation
and epilepsy. Acta Neuropathol 131(2): 211-234.

37



Vezzani A, Moneta D, Conti M, Richichi C, Ravizza T, De Luigi A , et al. (2000). Powerful anticonvulsant action
of IL-1 receptor antagonist on intracerebral injection and astrocytic overexpression in mice. Proc Natl Acad
Sci U S A 97(21): 11534-11539.

Viviani  B,  Bartesaghi  S,  Gardoni  F,  Vezzani  A,  Behrens  MM,  Bartfai  T ,  et  al. (2003).  Interleukin-1beta
enhances NMDA receptor-mediated intracellular calcium increase through activation of the Src family of
kinases. J Neurosci 23(25): 8692-8700.

Voet  S,  Srinivasan  S,  Lamkanfi  M,  van  Loo  G  (2019).  Inflammasomes  in  neuroinflammatory  and
neurodegenerative diseases. EMBO Mol Med 11(6).

Waje-Andreassen U, Krakenes J, Ulvestad E, Thomassen L, Myhr KM, Aarseth J, et al. (2005). IL-6: an early
marker for outcome in acute ischemic stroke. Acta Neurol Scand 111(6): 360-365.

Walline CC, Kanakasabai S, Bright JJ (2011). IL-7Ralpha confers susceptibility to experimental autoimmune
encephalomyelitis. Genes Immun 12(1): 1-14.

Walls AC, Park YJ, Tortorici MA, Wall A, McGuire AT, Veesler D (2020). Structure, Function, and Antigenicity
of the SARS-CoV-2 Spike Glycoprotein. Cell 181(2): 281-292 e286.

Wang L,  He W, Yu X,  Hu D, Bao M, Liu  H,  et al. (2020).  Coronavirus disease 2019 in elderly  patients:
Characteristics and prognostic factors based on 4-week follow-up. J Infect 80(6): 639-645.

Wang WY, Tan MS, Yu JT, Tan L (2015).  Role of pro-inflammatory cytokines released from microglia in
Alzheimer's disease. Ann Transl Med 3(10): 136.

Winthrop KL, Melmed GY, Vermeire S, Long MD, Chan G, Pedersen RD, et al. (2018). Herpes Zoster Infection
in Patients With Ulcerative Colitis Receiving Tofacitinib. Inflamm Bowel Dis 24(10): 2258-2265.

Wong R, Lenart N, Hill L, Toms L, Coutts G, Martinecz B, et al. (2019). Interleukin-1 mediates ischaemic brain
injury via distinct actions on endothelial cells and cholinergic neurons. Brain Behav Immun 76: 126-138.

Wyss-Coray T, Yan F, Lin AH, Lambris JD, Alexander JJ, Quigg RJ , et al. (2002). Prominent neurodegeneration
and increased plaque formation in complement-inhibited Alzheimer's mice. Proc Natl Acad Sci U S A 99(16):
10837-10842.

Xu H, Zhong L, Deng J, Peng J, Dan H, Zeng X, et al. (2020). High expression of ACE2 receptor of 2019-nCoV
on the epithelial cells of oral mucosa. Int J Oral Sci 12(1): 8.

Yamaguchi  Y,  Furukawa  K,  Yamamoto  T,  Takahashi  Y,  Tanaka  K,  Takahashi  M  (2014).  Multifocal
encephalopathy and autoimmune-mediated limbic encephalitis following tocilizumab therapy. Intern Med.
53(8):879-82

Yang Y,  Shen C,  Li  J,  Yuan J,  Wei  J,  Huang F,  et  al.  (2020).  Plasma IP-10 and MCP-3 levels  are  highly
associated with disease severity and predict the progression of COVID-19. J Allergy Clin Immunol 146(1):
119-127 e114.

Ye J, Jiang R, Cui M, Zhu B, Sun L, Wang Y, et al. (2014). Etanercept reduces neuroinflammation and lethality
in mouse model of Japanese encephalitis. J Infect Dis 210(6): 875-889.

Zhao JB, Zhang Y, Li GZ, Su XF, Hang CH (2011). Activation of JAK2/STAT pathway in cerebral cortex after
experimental traumatic brain injury of rats. Neurosci Lett 498(2): 147-152.

38



Zhou L, Zhang M, Wang J, Gao J (2020). Sars-Cov-2: Underestimated damage to nervous system. Travel Med
Infect Dis: 101642.

Zhou Y,  Leng  X,  Luo  S,  Su  Z,  Luo  X,  Guo H,  et  al. (2016).  Tolerogenic  Dendritic  Cells  Generated  with
Tofacitinib  Ameliorate  Experimental  Autoimmune  Encephalomyelitis  through  Modulation  of  Th17/Treg
Balance. J Immunol Res 2016: 5021537.

Zhu TH, Nakamura M, Abrouk M, Farahnik B, Koo J, Bhutani T (2016). Demyelinating disorders secondary to
TNF-inhibitor therapy for the treatment of psoriasis: A review. J Dermatolog Treat 27(5): 406-413.

Ziegler SF, Tough TW, Franklin TL, Armitage RJ, Alderson MR (1991). Induction of macrophage inflammatory
protein-1 beta gene expression in human monocytes by lipopolysaccharide and IL-7.  J Immunol 147(7):
2234-2239.

39



LEGEND OF FIGURE

Figure 1: 
Schematic representation of cytokine-based drugs and their targets 
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	IL-6 is a pleiotropic class I cytokine that is released during the innate immunity response by multiple cell types including macrophages, T and B cells, fibroblasts and endothelial cells (Uciechowski et al., 2020). As for IL-1, also 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 (Smith et al., 2018). IL-6 exerts both pro- and anti-inflammatory effects and has a crucial role in the activation of adaptive immunity (Smith et al., 2018). In the CNS, IL-6 is produced not only by microglial cells and infiltrating immune cells such as lymphocytes and macrophages, but also by neurons and endothelial cells. IL-6 exerts its biological effects through the binding to its specific IL-6R which binds to and activates another receptor subunit, gp 130, ultimately leading to the activation of members of the signal transducer and activator of transcription family, STAT1 and STAT3 (Sanz-Moreno et al., 2011). IL-6R exists in two different forms: an integral plasmamembrane receptor protein (mIL-6R), and a soluble form (sIL-6R). In cells that express both these receptor types, IL-6 induces the so called “classical” IL-6 signalling: the same cells that express IL-6R also respond to IL-6. Conversely, in IL-6 “trans-signalling” sIL-6R binds IL-6 extracellularly and this ligand-receptor complex combines with gp130 in cells lacking IL-6R. Both in classical- and in trans-signalling, gp130 binding to both forms of IL-6R leads to the recruitment of JAK proteins and ultimately to the activation of STAT-dependent gene expression (Uciechowski et al., 2020).
	In physiological conditions, IL-6 is released at low concentrations in the CNS and has a role in neuroendocrine regulation, in the control of body temperature, food intake and energy metabolism and pain sensitivity; it is also involved in learning and memory, and in emotions (Erta et al., 2012). CNS IL-6 concentrations dramatically increase in a variety of neurological disorders including TBI, stroke, AD, MS, or infective brain diseases (Rothaug et al., 2016; Uciechowski et al., 2020). High concentrations of IL-6 potentiate the activity of NMDA receptors, thus enhancing glutamate-dependent neurotoxicity (Qiu et al., 1998). Transgenic mice overexpressing IL-6 in astrocytes (GFAP-IL-6 mice) showed ataxia, seizures and a progressive decrease in learning capabilities (Campbell et al., 1993; Heyser et al., 1997), with diffuse atrophy, neuronal degeneration and loss, reactive astrogliosis and angiogenesis (Campbell et al., 1993). IL-6-mediated neurodegeneration depends on the activation of sIL-6R as demonstrated by its loss in double transgenic mice that not only overexpress IL-6 in the astrocytes but also a soluble gp130-Fc fusion protein that binds and inactivates sIL-6R in the extracellular space (Campbell et al., 2014). In sharp contrast with these chronic neurodegenerative changes, GFAP-IL-6 mice were apparently protected against acute neurological damage such that induced by focal cryo-lesion or by the intraperitoneal injection of 6-aminonicotinamide (Penkowa et al., 2003; Swartz et al., 2001). Similarly, preclinical evidence for both pro- and anti-convulsant actions of IL-6 are available; in fact, a higher susceptibility to chemically-induced seizures was observed in both rats intranasally-treated with IL-6 (Kalueff et al., 2004) and IL6-KO mice (De Sarro et al., 2004). In addition, a dual role for IL-6 has also been postulated in stroke, given that CSF IL-6 concentrations positively correlated with larger stroke volume and less favorable prognosis in humans (Waje-Andreassen et al., 2005), despite the fact that IL-6 is required for post-stroke angiogenesis in experimental animals (Gertz et al., 2012). Finally, IL-6 uniformly contributes to tissue damage in experimental models of MS, as indicated by the protective effect of its immunoneutralization against Experimental Autoimmune Encephalomyelitis (EAE) in mice (Gijbels et al., 1995) and 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 et al., 2016), or with tocilizumab (Sheppard et al., 2017) and sarilumab (Scott, 2017), two anti-IL-6R monoclonal antibodies that neutralize both mIL-6R and sIL-6R, thus blocking IL-6 classical- and trans-signaling pathways. Given the prominent role of IL-6 in systemic inflammation during COVID-19, several controlled randomized trials are ongoing to evaluate the use of IL-6 modulators in these patients (Table 2). Given our aims, it is worth reminding that tocilizumab efficacy has been already demonstrated in several human neurological diseases. A first example is given by NMO (Araki, 2019), a demyelinating disease of the optic nerve in which the high concentrations of IL-6 observed in the CSF (Uzawa et al., 2013) promote the production of pathogenetically-determinant AQP4 auto-antibodies (Chihara et al., 2011). Tocilizumab seems also effective in autoimmune encephalitis, a neurological disease caused by autoantibodies directed against synaptic and neuronal cell surface proteins, particularly in patients refractory to rituximab (Lee et al., 2016), and in new onset refractory status epilepticus (NORSE) (Jun et al., 2018). A favorable clinical response to IL-6R blockade with tocilizumab has been also reported in severe acute necrotizing encephalopathy of childhood, a devastating parainfectious encephalopathy that occurs early during the course of viral infections and is presumed to be determined by massive release of cytokines including IL-6 (Koh et al., 2019). Finally, tocilizumab was also shown to be effective in attenuating inflammation in patients affected by Takayasu's arteritis with associated stroke �����(Osman et al., 2015)� , multiple sclerosis �����(Hoshino et al., 2020)� and amyotrophic lateral sclerosis (ALS) (Fiala et al., 2013; Mizwicki et al., 2012). Notably, clinical trials in rheumatoid arthritis (RA) showed that sarilumab treatment, independently from its antirheumatoid effect,  improved outcomes for pain, social functioning, and mood �����(Atzeni et al., 2019)�. In addition, siltuximab ameliorated depressive symptoms in RA patients or multicentric Castleman’s disease (MCD), 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 encephalitis caused by the intracerebral inoculation of the human Enterovirus 71 (EV71) in mice (Luo et al., 2019). In addition, in mice infected with the Theiler’s murine encephalomyelitis virus (TMEV), 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) and by upregulating the expression of the coinhibitory protein PDL-1 in macrophages and in microglia (Jin et al., 2013). Thus, on the basis of these results, anti-IL-6 strategies might be expected to reduce the risk of SARS-CoV-2 persistence in the CNS possibly associated to chronic forms of neuro-COVID; nevertheless, the ability of these drugs to mediate serious side effects , including recurrent meningitis (Richebè et al., 2018), HTLV1-associated conditions (Tereda et al., 2017), multifocal and limbic encephalitis (Yamagouchi et al., 2014), requires careful consideration.
	h. Targeting TNF-infliximab and adalimumab
	TNF-α plays a key role in almost all acute inflammatory reactions by promoting oxidative stress and inflammation. TNFα is mainly produced by macrophages, monocytes and B cells and, in the CNS, by microglia, neurons, and astrocytes. TNF-α, which is produced initially as a transmembrane molecule (tmTNF), is subsequently released from cells as a soluble cytokine (sTNF) via regulated cleavage by TNF-α converting enzyme (TACE). Both tmTNF and sTNF are biologically active and interact with two receptors with different tissue expression: TNFR1 and TNFR2. TNFR1, which is expressed in all cell types and is preferentially activated by sTNF, contains a death domain, mediates 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”). On the contrary, TNFR2 is expressed mainly in neurons, immune cells, and endothelial cells preferentially binds tmTNF, and promotes cell survival, resolution of inflammation, and even myelination. The opposite effects elicited by the stimulation of TNFR1 and TNFR2 may explain why TNF-α, which is essential in the acute phase of the inflammatory process, becomes immune-suppressive 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-α in vivo. These drugs elicit major anti-inflammatory and immunosuppressive effects, and were granted approval in several autoimmune disorders including Crohn’s disease (CD), ankylosing spondylitis (AS), and rheumatoid arthritis (RA) (Kalliolias et al., 2016).
	TNF-, both peripherally released and centrally produced, has a role in neuroinflammation and the blockade of TNF-α in the periphery reduces the release of IL-1 and other cytokines in the CNS (Kalliolias et al., 2016). Therefore, anti-TNF- drugs have been investigated, with promising results in preclinical models of several neurodegenerative disorders including MS (Kemanetzoglou et al., 2017), stroke (Jayaraj et al., 2019), and epilepsy (Vezzani et al., 2016) although they did not receive approval for any of these conditions in humans. Nonetheless, adalimumab has been successfully used in Rasmussen encephalitis �����(Lagarde et al., 2016)�.
	An important reason of concern, when using anti-TNF- antibodies, especially in neurological disorders, is that clinical experience with these drugs in rheumatology and dermatology showed that not only they cause a variety of immune-mediated adverse events, such as urticaria, psoriasis, lupus-like syndrome, and type I diabetes mellitus (Fischer et al., 2020), but also immune-mediated CNS diseases in about 4% of patients (Kaltsonoudis et al., 2014) such as optic neuritis, chronic inflammatory demyelinating polyneuropathy, mononeuritis multiplex and Guillain-Barré syndrome �����(Zhu et al., 2016;� Kemanetzoglou et al., 2017), vasculitis and amyloidosis (Theibich et al., 2014). It is still debated whether In these cases treatment with TNF-α blockers triggered the development of these diseases or unmasked a preexisting still silent disease status (Kaltsonoudis et al., 2014).
	Anti-TNF- drugs may exert dual effects in viral diseases: on the one side, by lowering TNF--dependent immune responses they increase the risk of developing viral infections including HIV, varicella zoster virus, Epstein-Barr virus, cytomegalovirus, and human papillomavirus and frequently cause the reactivation of herpes zoster �����(Strangfeld et al., 2009;� Kim and Solomon, 2010; Shale et al., 2010), whereas, on the other, they attenuate tissue damage and ameliorate the course of specific viral diseases by decreasing inflammation as shown, for instance, for severe respiratory syncytial virus (RSV) and influenza infections in mice (Rosenberg et al., 2012). A similar duality of effects has also been reported for CNS viral infections since serious encephalitis (Bradford et al., 2009) and meningitis �����(Ma et al., 2013)�, mainly of herpetic etiology, may occur in patients treated with anti-TNF- antibodies for inflammatory bowel disease or for rheumatoid arthritis (Bradford et al., 2009); however, it shoud be pointed out that these drugs seem also to reduce disease severity in experimental murine models of herpes simplex (Boivin et al., 2013) and Japanese encephalitis �����(Ye et al., 2014)�.
	Studies performed with SARS-CoV suggested that excessive TNF--dependent inflammation could be crucial in the genesis of this disease. As a matter of fact, the binding of SARS-CoV spike proteins to plasma-membrane ACE-2 activates TACE and, consequently, increases TNF- release and the activation of the TNF dependent cytokine cascade (Haga et al., 2008). By generating a transcriptomic network model through the bioinformatic analysis of published data on the transcriptional response elicited by SARS-CoV infection in mice, McDermott et al. (2016) predicted that TNFR2 could be crucial for the virulence of this pathogen; they also validated their prediction by showing that the severity of SARS-CoV infection is greatly attenuated in TNFR2-ko mice as compared to their wild type controls. Few data are available on the effect of anti-TNF- drugs in SARS-CoV-2 infection, essentially limited to case reports. For instance, Bezzio et al. (2020) reported a favorable 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-IBD database showed that IBD patients treated with anti-TNF- drugs do not do worse than those receiving sulfasalazine or mesalazine when they develop COVID-19 (Feldmann et al., 2020). This evidence prompted Feldmann et al. to state that “trials of anti-tumour necrosis factor therapy for COVID-19 are urgently needed” (Feldmann et al., 2020) and, at the time of writing, RCTs are ongoing with both infliximab and adalimumab in COVID-19 patients (Table 3). In a recent review paper Jamilloux et al. (2020) listed the theoretical reasons supporting TNF- blockade as a strategy for COVID-19 treatment and they emphasized that these drugs are expected not only to reduce cytokine release and inflammation, but also to downregulate the production of VEGF and the expression of adhesion molecules in endothelial cells and, therefore, they could impede vascular permeabilization that is crucially important in the pathophysiology of cytokine storm. Whether beneficial effects of TNF- blockade can be achieved also in neuro-COVID still remains to be addressed in experimental and clinical studies.
	d. Targeting Interferon gamma: emapalumab
	Interferon-gamma (IFN-γ) is a type II cytokine produced and released by natural killer (NK) and / T cells during innate immunity and by CD4 and CD8 T cells during adaptive immunity. IFN-γ promotes the activation of macrophages and NK cells enhancing their microbial killing activities, also inducing the differentiation of Th1 lymphocytes and the expression of class II MHC (Huang et al., 1993). These biological effects are exerted through activation of plasmamembrane IFN-γ receptors consisting of two subunits, IFNGR1 and IFNGR2 which, upon ligand binding, dimerize and activate JAK1 and JAK2 tyrosine kinases, and, ultimately, activate STAT1-dependent gene transcription (Stark et al., 2018).
	Preclinical evidence shows that IFN-γ may exert specific effects on neurons and glial cells, which express this cytokine and its receptors (Neumann et al., 1997). IFN-γ has been implicated in the control of a variety of brain functions including sleeping behavior, learning and memory, and mood (Monteiro et al., 2016) and these effects may be explained in part by the regulation of the serotoninergic neurotransmission through the activation of tryptophan-indoleamine-pyrrole 2,3-dioxygenase, an enzyme that degrades the serotonin precursor tryptophan (Oxenkrug, 2011). IFN-γ may also play a major role in neurodegenerative diseases because of its ability to interfere with neuronal survival, differentiation and regeneration. Neural precursor cells express the receptors for IFN-γ and this cytokine has long been shown to affect their differentiation and survival (Jonakait et al., 1994). IFN-γ promotes neurogenesis in adult animals and improves memory and spatial learning in wild type mice and in a transgenic mouse model of AD (Baron et al., 2008). In contrast to these neuroprotective and neuroregenerative properties, other studies reported that IFN-γ promotes cell death and potentiates the killing activities of other noxious agents such as -amyloid 1-42 (Bate et al., 2006). This duality of effects has also been observed in experimental models of MS; in fact, while IFN-γ potentiates the demyelinating effects of anti-myelin/oligodendrocyte antibodies injected into the subarachnoid space (Vass et al., 1992) and, when directly injected in the striatum, it induces the appearance of lesions similar to those observed in EAE (Sethna et al., 1991), this cytokine has been also shown to protect against cuprizone induced demyelination (Gao et al., 2000) and its immune-neutralization worsens the course of EAE (Ottum et al., 2015).
	Opposing effects of IFN-γ have also been described in viral infections of the CNS. While antiviral activity is, in fact, one of the major physiological role of IFN-γ and this cytokine is crucial for the antiviral defense against many virus-induced encephalitis (Chesler et al., 2002), there are also cases in which IFN-γ seems to significantly contribute to viral damage of the CNS. In fact, IFN-γ release in the brain strongly increases in HIV neuroinfection, and this cytokine may paradoxically facilitate HIV replication in astrocytes by inhibiting the β-catenin pathway, a physiological antiviral system (Li et al., 2011). In addition, IFN-γ may contribute to viral damage of the CNS by enhancing the permeability of the blood brain barrier (Daniels et al., 2015) as demonstrated, for instance, in rabies virus infection (Chai et al., 2014). The potential benefits of inactivating IFN-γ in viral encephalitis have been demonstrated in mice receiving intracranial administration at neonatal age of an attenuated lymphocytic choriomeningitis virus which induces a chronic viral encephalitis characterized by an IFN-γ/STAT1-dependent dendrite and synapse loss (Kreutzfeldt et al., 2013).
	In humans, emapalumab, a monoclonal antibody directed against IFN-γ, has been approved as a second line treatment in haemophagocytic lymphohistiocytosis (HLH), a rare clinical condition which mainly consists in severe tissue damage and multi-organ failure due to the hyperactivity of macrophages and T-lymphocytes and the excessive release of cytokines (Al-Salama, 2019). Notably, in ADA-SCID patients, treatment with emapalumab reduced the size of brain lesions occurring during disseminated tubercolosis �����(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 4). No data is yet available in humans on the effect of emapalumab in neuro-COVID or any other CNS disease.
	e. Targeting JAK1-2: tofacitinib, baricitinib, ruxolitinib
	The JAK-STAT transduction pathway is a signaling cascade that mediates the response to numerous cytokines (e.g. IL-1, IL-6, INF-…….) through the sequential activation of JAK proteins, which are phosphorylated by activated cytokine receptors, and STAT proteins, which, after being phosphorylated by JAK proteins, dimerize and migrate into the nucleus to regulate gene transcription (Schindler et al., 1995). Four different JAK proteins (JAK1, 2, 3, and TYK) may activate seven different STAT proteins (STAT 1, 2, 3, 4, 5A, 5B, and 6) and the response to each cytokine is fingerprinted by the specific set of JAK/STAT proteins that they activate (Ishihara et al., 2002). The JAK-STAT signaling cascade can be pharmacologically blocked, with the intent to treat rheumatological and hematological 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 preferentially block JAK1 and JAK 2 (Schwartz et al., 2017).
	Early studies on the JAK/STAT cascade demonstrated its critical role in immune response, inflammation and tumorigenesis. 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 signaling cascade becomes activated in response to many different infectious and non-infectious conditions of the CNS that cause cytokine release as a consequence of tissue damage. For instance, a strong activation of STAT1 and STAT3, mainly occurring in reactive microglia and in macrophages, has been observed after cerebral ischemia in experimental animals (Planas et al., 1997; Planas et al., 1996). Nevertheless, there is no evidence that JAK-STAT inhibitors could be beneficial in human stroke and, on the contrary, these drugs could even be dangerous considering that they increases the risk of venous thromboembolism (Scott et al., 2018). The JAK-STAT pathway is also activated by a variety of epileptogenic conditions including TBI (Zhao et al., 2011), exposure to proconvulsant drugs such as kainate and pilocarpine (Choi et al., 2003), and brain ischemia (Planas et al., 1996). Besides causing tissue damage, JAK-STAT activation also increases the excitability of the epileptic brain by lowering GABAergic neurotransmission hence contributing to seizure development (Brooks-Kayal et al., 2009). Interestingly, JAK-STAT activation in this context is not triggered by inflammatory cytokines but by brain derived neurotrophic factr (BDNF) (Lund et al., 2008), a growth factor released upon CNS damage; BDNF also regulates, in a STAT-3-dependent manner, the expression of other receptors and ion channels implicated in epilepsy such as Dopamine receptor D5 (Drd5), Galanin receptor 1 (Galr1), Glutamate metabotropic receptor 1 (Grm1), and γ2 subunit of the GABAAR (Gabrg2) (Hixson et al., 2019).
	Given their role in the immune response, the JAK/STAT proteins are also involved in the pathophysiology of autoimmune CNS diseases (Benveniste et al., 2014). As a matter of fact, while STAT3 and STAT4 ko mice are protected against EAE (Chitnis et al., 2001; Liu et al., 2008), STAT1 ko mice are instead highly susceptible to EAE (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 EAE; similar effects can be also obtained by the adoptive transfer of dendritic cells made tolerogenic ex vivo with tofacitinib (Zhou et al., 2016). Up to date, the only evidence that JAK/STAT inhibitors could be effective in human neuroimmune diseases is the excellent clinical response to ruxolitinib reported in a patient with highly active NMO refractory to other immunosuppressive drugs (Hodecker et al., 2017).
	STAT1 is the downstream effector of all the members of the INF family (Schneider et al., 2014) and, as such, it is crucial in protecting from viral infections, including those of the CNS. STAT1 ko mice are, in fact, highly susceptible to reovirus- (Goody et al., 2007), enterovirus 71- (Liao et al., 2014) and HSV1-induced (Pasieka et al., 2011) encephalitis. In addition, a high risk of developing HSV1 encephalitis is also observed in subjects with rare inactivating mutations in STAT1 (Sancho-Shimizu et al., 2007). The risk of opportunistic viral infection is also significantly increased by JAK/STAT inhibitors both in experimental animals and in patients taking these drugs for reumathological or hematological disorders. For instance, treatment with tofacitinib has been associated with the appearance of Herpes Zoster flares (Winthrop et al., 2018) or even encephalitis (Hosking et al., 2018). STAT1 is essential in protection from Polyomavirus Encephalopathy (Mockus et al., 2020) and fatal cases of JC polyomavirus encephalopathy (Reoma et al., 2019) and meningitis (Ballesta et al., 2017) have occurred in patients on chronic immunosuppressive treatment with ruxolitinib.
	Whilst, 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 inflammation or decreasing virus replication; for example tofacitinib reduces viral replication and virus-induced expression of inflammatory cytokines in human astrocytes 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 HIV-encephalitis (HIVE) and HIV-Associated Neurocognitive Disorder (HAND) since it may prevent the effect of cytokines (such as IL-6) released during HIV infection of the CNS and promoting viral replication and brain damage. As a matter of fact, ruxolitinib reduced HIV replication in an animal model of HIVE (Haile et al., 2016), whereas baricitinib improved the neurobehavioral abnormalities that partially replicate the symptoms of human HAND (Gavegnano et al., 2019). Data are yet unavailable on the effects of JAK/STAT inhibitors on CNS infection with neurotropic CoVs and, more specifically on 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 5) with the rationale of reducing cytokine effects and systemic inflammation; however, the ability of these drugs to induce thromboembolic events and promote new viral infections or the reactivation of latent infection are matter of concern and will require careful monitoring (Scott et al., 2018).
	f. Targeting human granulocyte macrophage colony-stimulating factor (GM-CSF): sargramostim; mavrilimumab, gimsilumab
	Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a proinflammatory class I cytokine produced by many different cell types including fibroblasts, monocytes, macrophages and T-cells that induces the proliferation and maturation of myeloid precursors to granulocytes and monocytes (Shi et al., 2006). Because of GM-CSF ability to promote myelogenesis, recombinant forms of this cytokine, such as sargramostim and molgramostim, have long been used in clinical conditions in which myelogenic support is needed, such as upon myelosuppression during cancer chemotherapy (Hume et al., 2012). More recently, the benefits of counteracting GM-CSF proinflammatory effects in inflammatory diseases like RA have been highlighted and several neutralizing monoclonal antibodies directed against GM-CSF such as otilimab (MOR 103), gimsilumab and lenzilumab or against its receptor, such as namilumab and mavrilimumab are in clinical development for rheumatological conditions (Crotti et al., 2019). A role has been suggested for the proinflammatory activity of GM-CSF also in SARS-COV2 infection, because high circulating levels of this cytokine are found in lung of COVID-19 affected patients (Bonaventura et al., 2020). Therefore, blocking GM-CSF could be beneficial in COVID-19, an hypothesis that is currently being investigated in clinical trials with either gimsilumab or mavrilimumab (Table 6). On the other hand, it has also been observed that GM-CSF can help fighting serious infection and its use has been suggested in sepsis of bacterial origin (Chousterman et al., 2018). Therefore, clinical trials are also ongoing to evaluate the effectiveness of sargramostim in COVID-19 patients (Table 6). Although this may seem counterintuitive, both apparently opposing strategies might be effective, possibly depending on the disease stage, as late stages of COVID-19 are thought to be driven by host overactive immunity rather than high viral load (Lang et al., 2020).
	A wealth of data suggests that GM-CSF exerts biological effect in the CNS not only because circulating GM-CSF may cross the BBB (McLay et al., 1997) but also because this cytokine is synthetized and released by resident CNS cells, mainly astrocytes (Malipiero et al., 1990). GM-CSF receptors are expressed in neurons, astrocytes, oligodendrocytes and microglia, which is considered the major target of this cytokine in the CNS (Aram et al., 2019). GM-CSF can act both as a proinflammatory 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 EAE, one of the best characterized experimental models of MS (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 proinflammatory cytokines such as TNFα, IL-1β, and IL-6 may also have a role (Bhattacharya et al., 2015). GM-CSF ko mice are protected from EAE (McQualter et al., 2001); in addition, disease severity is increased in mice receiving the infusion of lymphocytes infected with adenoviruses carrying a GM-CSF transgene (Spath et al., 2017). Moreover, transgenic mice overexpressing GM-CSF in lymphocytes spontaneously developed a demyelinating disease (Marusic et al., 2002). These data suggested that GM-CSF could represent a druggable target in demyelinating CNS diseases, an hypothesis confirmed by the positive effects obtained by the intraperitoneal injection of an anti- GM-CSF mAb to mice with EAE (McQualter et al., 2001). Consistent with these preliminary data, a phase I tolerability study has been performed with the anti GM-CSF mAb otilimab in patients with MS ��(Schottelius, 2013)� 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 �����(Sterner et al., 2019)� and phase 2 studies with lenzilumab in combination with CART cell therapy are planned.
	While these results are encouraging, the potential toxicity of anti-GM-CSF drugs that includes an increased risk of opportunistic infection, the worsening of inflammatory bowel disorders and alveolar proteinosis will deserve the highest attention in further clinical development (Aram et al., 2019).
	The effects of GM-CSF are, instead, predominantly neuroprotective in other neurological disorders including, for instance, TBI, stroke, PD and AD. Different 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 subtle 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 antiapoptotic effects on neurons and glia by inducing JAK2-dependent STAT3 phosphorylation and by activating the PI3K-Akt pathway (Schabitz et al., 2008) and, third, this cytokine may promote neuronal differentiation of adult neural precursor cells thus enhancing neuroregenerative responses to CNS damage (Kruger et al., 2007). As a matter of fact, recombinant GM-CSF reduces infarct size and neurological deficits in rats with middle cerebral artery occlusion (MCAO) (Schabitz et al., 2008) and ameliorates stab wound-induced brain injury in rats (Nishihara et al., 2011); moreover, brain atrophy and behavioral deficits induced by lateral fluid percussion are significantly worsened in GM-CSF KO mice when compared to wild-type mice (Shultz et al., 2014). GM-CSF also exerts a significant neuroprotection in primary neuronal midbrain cultures exposed to the parkinsonigenic toxin 1-methyl-4-phenylpyridinium (MPP+) (Meuer et al., 2006) and decreases dopaminergic neuron death in the substantia nigra and locomotor deficits in mice treated with this neurotoxic agent (Kim et al., 2009). Encouraging results have been obtained in a small double-blind clinical trial in which recombinant GM-CSF has been given subcutaneously to PD patients for 8 weeks (Gendelman et al., 2017). Neuroprotective effects have been observed after recombinant GM-CSF administration also in a mouse transgenic model of AD (the Tg2576 mice that overexpress the Swedish mutation of APP, the human amyloid precursor protein) (Kiyota et al., 2018) and a clinical trial (NCT01409915) has been completed (data not available yet) to assess the efficacy of this drug in patients with AD. It is worth mentioning that part of the protective effects triggered by GM-CSF in AD could be exerted on the bone marrow and not directly in the brain since this cytokine could promote the release of monocyte that could, then, transmigrate in the CNS and phagocyte amyloid plaques (Heinzelman et al., 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 pretreatment with recombinant GM-CSF protects these animals from the ensuing HSV-1 encephalitis (Tsuboi et al., 1998). Most of this protective effect is consequent to emergence hematopoiesis, a process that enhances the ability to fight against infection by producing more white cells that penetrate in the CNS and clear the virus. However, this mechanism must be finely tuned because its excessive activation may be lethal leading to a massive inflammatory CNS damage as observed in HSV-1 encephalitis. Evidence has been recently reported that IFN-γ is the major physiological downregulator of GM-CSF release in viral encephalitis and contributes to limiting brain damage in this condition (Ramakrishna et al., 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 in these cells (Cosenza-Nashat et al., 2007). The role of GM-CSF in controlling 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 concentrations in peripheral blood and in the CSF, whereas children with respiratory infection and no neurological symptom only had high GM-CSF in peripheral blood, a result suggestive of a local CNS production of this cytokine (Li et al., 2016). No data has 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 would improve or worsen CNS damage is presently unclear.
	g. Targeting IL-7: CYT107
	h. Targeting the complement system: eculizumab
	The complement system, a major mediator of innate immunity, consists of a group of about 30 small proteases that circulate in the blood in inactive forms and undergo cascade proteolytic activation in response to a heterogeneous group of pathogenic signals (Carroll, 2004). Specifically, 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, and, finally, the alternative route, a proteolytic 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 protein has been bound (Ember et al., 1997) and enhances B cell response to antigens, thus bridging adaptive and innate immunity (Fearon et al., 1995). 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 diseases. In these conditions, pharmacological blockade of the complement cascade could be helpful and at least one approved drug, eculizumab, can be used to achieve this goal. Eculizumab is a humanized IgG2/4κ monoclonal antibody that binds to C5 and prevents its activation by C5 esterases; since C5 is located at a terminal stage of the complement cascade, its blockade with eculizumab impairs the formation of the protrombotic and proinflammatory anaphylotoxin C5a and of the complement membrane attack complex, while leaving the upstream steps of the complement cascade unaffected (Cataldi et al., 2011). Eculizumab has been originally approved for two rare hematological disorders, atypical hemolytic uremic syndrome and paroxysmal nocturnal hemoglobinuria; more recently, its indications have been extended to include two immune-mediated and complement dependent neurological disorders, NMO and myasthenia gravis (Frampton, 2020). Eculizumab has been shown to be effective also in patients with a genetic demyelinating neuropathy caused by mutation in the glycosyl phosphatidylinositol (GPI)-anchored cell surface membrane glycoprotein, CD59, a protein able to inhibit the final step of MAC formation �����(Mevorach et al., 2016)�.
	Several considerations suggest that the complement system could have a role in disorders of the CNS. It is clear, in fact, that a full complement system does exist in the CNS and its components are produced and released not only by microglia and astrocytes but also by neurons, oligodendrocytes and neurendothelial cells (Carpanini et al., 2019). The endogenous CNS complement system takes part to synapse pruning and maturation and is involved in CNS development (Morimoto et al., 2019). Importantly, the CNS complement system is activated and contributes to tissue damage in several neurological disorders. This has been demonstrated in animal models of TBI, spinal trauma, ischemic stroke, AD, PD, MS and ALS, 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 trials have explored the efficacy of anti-complement drugs in CNS diseases associated with BBB impairment, and eculizumab has been shown to be effective in NMO, no human trials of anti-complement therapies for most CNS diseases have been carried out (Carpanini et al., 2019) . 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 (Alawieh et al., 2015). In addition, complement activation may help clearing protein precipitates such as -amyloid plaques and, therefore, its inhibition may also be paradoxically detrimental in AD and similar diseases (Wyss-Coray et al., 2002).
	The complement cascade protects the CNS from viral encephalitis caused, among others, by HSV-1, (Bibert et al., 2019), West Nile virus (Mehlhop et al., 2005), Sindbis Virus (Hirsch et al., 1980), and Venezuelan equine encephalitis virus (Brooke et al., 2012). Indeed, eculizumab, by blocking complement activation, may aggravate progressive multifocal leukoencephalopathy caused by JC polyomavirus �����(Gomez-Cibeira et al., 2016)�. Different mechanisms may account for complement antiviral 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 receptor and the complement receptor CD21 by viral antigens bound to C3d (Agrawal et al., 2017). Many viruses, such as HIV, have developed strategies to overcome these complement-dependent antiviral 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 into susceptible cells (Agrawal et al., 2017). By the latter mechanism, several viruses including HIV, Epstein-Barr Virus, Measles virus, Newcastle disease virus and Borna disease virus infect neurons and glia using complement components as Trojan horses (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 that local synthesis of complement proteins 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.
	Whilst no data is yet available on the effect in neuro-COVID, several considerations suggest that blocking the complement cascade could be beneficial in COVID-19. Favourable effects have been observed upon pharmacological blockade of C5a/C5aR axis in mice with experimental MERS infection (Jiang et al., 2018), and in baboons with cytokine storm during E. Coli-induced sepsis (Keshari et al., 2017). In addition, mannose-binding protein (MBL) contributes to the first-line host defense against SARS-CoV and its deficiency is a susceptibility factor for SARS-COV infection (Ip 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 these evidence it was suggested that blocking the complement system with eculizumab could be beneficial in COVID-19 patients and, this hypothesis is currently being investigated in several ongoing clinical trials (Table 8).
	In conclusion, the complement system, similarly to all cytokines discussed in the previous paragraphs, should be added to the list of the double-edged swords in CNS disease since, depending on the clinical conditions considered and on the timing in their natural history in which treatment is initiated, it can either contribute to tissue damage or produce neuroprotection and neurorepair (Brennan et al., 2012). This duality of effect, in addition to the increased risk of life- threatening meningococcal infection associated to its clinical use (McNamara et al., 2017), may be of concern when clinical efficacy of eculizumab is evaluated in COVID-19 patients.
	CONCLUDING REMARKS 
	In the present review, we aimed to provide a general framework for the understanding of 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: first, because COVID-19 may affect the CNS and it would be important to establish which of the drugs mentioned in this review could be more effective in treating neuro-COVID and, second, because early or late unwanted neurological effects may occur as a consequence of COVID-19 treatment with these drugs.
	Several points remain to be clarified. Probably the most fundamental question is how important are endogenous, CNS-synthetized cytokines both for antiviral and toxic effects. Circulating levels of many cytokines dramatically increase in COVID-19 patients. If we assume that circulating cytokines could affect the brain, their pharmacological 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 pharmacokinetics respect, JAK/STAT inhibitors appear as the privileged drugs because of their small size and chemico-physical 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 penetrates into the CNS to exert drug-related toxic effects (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 neuroregeneration (DiSabato et al., 2016). Therefore, the general scenario emerging from the data we discussed in the present review is that, even in the CNS, cytokine drugs are double-edge swords 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, comorbidities, …), 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 consecutive phases: stage I (early infection), characterized by lymphopenia, which could benefit from immune response boosting strategies, whereas in stage II (pulmonary phase) and stage III (hyperinflammatory phase) inflammatory response is progressively (hyper-) activated and the use of anti-cytokine drugs could be more rational. A three-stage classification has also been proposed for neuro-COVID: in stage 1 the virus is confined to gustatory and olfactory cells and the patient only experiences 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 viruses invades the brain parenchyma through the damaged BBB together with circulating cytokines and cause 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 of treatments boosting their immune response against the virus. On the contrary, in neuro-COVID stage 2 and 3, a pharmacological intervention aiming to decrease neuroinflammation would likely be more effective.
	In conclusion, drugs affecting the cytokine system, which are currently being explored for their efficacy in COVID-19 treatment, could also affect the CNS and be helpful against neuro-COVID manifestatios. However, clinicians must be aware that a precise risk/benefit assessment is needed 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. Well-designed clinical trials and precise patient stratification will be necessary to establish which drug would be preferred at each neuro-COVID stage to maximize such risk/benefit ratio. Finally, given the current treatment guidelines for COVID-19 patients with pneumonia (Bai et al., Eur. Resp. Rev. 2020), future trials investigating the potential effectiveness of the described cytokine-based therapies as alternative or complementary approaches to direct antiviral drugs (remdesivir) or corticosteroids are likely to be carried out in the near future.
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