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Preface

Rare neurodegenerative disorders represent some of the most challenging and 
complex conditions in modern medicine. These diseases, while individually rare, col-
lectively affect a significant number of individuals worldwide, leading to debilitating 
symptoms, loss of cognitive and motor functions, and ultimately, a decline in quality 
of life. The rarity and heterogeneity of these disorders often make them difficult to 
diagnose and treat, and they frequently lack effective therapeutic options. This book, 
Rare Neurodegenerative Disorders – New Insights, is a state-of-the-art exploration of 
the current scientific understanding, research approaches, and therapeutic strate-
gies for addressing these elusive diseases. Each chapter delves into a critical aspect 
of neurodegenerative disease research, from cutting-edge scientific methodologies 
to promising treatment avenues. This book offers a broad yet detailed perspective 
on the ongoing efforts to understand and treat rare neurodegenerative disorders. It 
is a valuable resource for researchers, clinicians, and students alike, providing both 
foundational knowledge and insights into the latest advancements in this critical area 
of medical research. As the field continues to evolve, we hope that this compilation 
will inspire further exploration and innovation, ultimately leading to more effective 
therapies and improved quality of life for those affected by these devastating diseases.

Liam Chen
Department of Laboratory Medicine and Pathology,

University of Minnesota Medical School,
Minneapolis, United States
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Chapter 1

Omics and Network-Based 
Approaches in Understanding HD 
Pathogenesis
Christiana C. Christodoulou and Eleni Zamba Papanicolaou

Abstract

Huntington’s Disease (HD) is a rare, progressive neurodegenerative disease 
caused by CAG repeat expansion in the Huntingtin gene. HD is an incurable disease; 
therefore, there is a growing need for effective therapeutic treatments and candidate 
biomarkers for prognosis and diagnosis of HD. Technological advancements over the 
past couple of years, have led to high-throughput experiments and omics data. The 
use of System Bioinformatics (SB) approaches, allows for the integration of informa-
tion across different -omics, this can clarify synergistic relationships across biologi-
cal molecules, resulting in complex biological networks. SB and network-based 
approaches, are able to shed light on the potential interactions of genes, proteins, 
metabolites and pathways participating in HD pathogenesis and how dysregulation 
of these biological entities, can affect age on onset, disease severity and progression. 
Moreover, −omics data analysis and network-based approaches can provide better 
understanding how these biological molecules interact with each other and provides 
potential drug targets and biomarkers that can be used to treat HD or delay symptom 
onset; therefore, opening the door towards precision medicine. The aim of the fol-
lowing chapter, is to discuss the most popular -omics related to HD research, and the 
growing popularity of single cell analysis, repositories and software available for bulk 
and single cell analysis. In addition, network-based approaches regarding HD will 
also be mentioned.

Keywords: Huntington’s disease, omics, bioinformatics, systems bioinformatics,  
single cell analysis, network-based approaches

1. Introduction

Huntington’s Disease (HD) was first described in 1842 by Charles Oscar Waters and 
by 1872 a description of the disease was given by George Huntington, who assessed the 
medical history of several generations of a family exhibiting similar symptoms [1]. In 
1983, a linkage on chromosome 4 was performed and by 1993 the Huntingtin (HTT) 
gene was discovered [1], leading to an increase in the interest of HD. Moreover, the iden-
tification of the gene resulted in the development of new animal models, research and 
therapeutic treatments and drugs to treat HD [1, 2]. HD is the most common monogenic 
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neurological diseases in the developed world [3]. It is a rare, progressive neurodegenera-
tive disease (ND) with autosomal dominant inheritance [1–3] affecting the medium 
spiny neurons (MSN) of the basal ganglia. HD is characterized by motor, cognitive and 
behavioral impairment caused by CAG trinucleotide repeat expansion at the N-terminus 
of the HTT gene responsible for encoding the HTT protein [4].

HD as other NDs, including Alzheimer’s disease (AD), Parkinson’s disease (PD) 
and Amyotrophic lateral Sclerosis (ALS) remain incurable [5]. Due to the overwhelm-
ing nature of these diseases, high economic and social costs and lack of effective 
therapeutic treatments [5]. Therefore, there is an increased need for novel biomark-
ers, pathways, drug targets and new novel pharmacotherapies that will enable the 
predication, prevention, understanding of disease pathways and most importantly 
effective treatments for NDs such as HD [5].

In the recent decade, bioinformatics approaches have become of increasing 
interest especially in NDs as they enable the identification of candidate biomarkers, 
pathways and mechanisms implicated in disease and potential drugs and their targets 
[5]. Bioinformatics is a multidisciplinary field utilizing methods from statistics, 
data-analysis, computer science, mathematics and biology to solve complex biological 
questions [5]. Bioinformatics is essential for analyzing and interpreting data from 
high-throughput technologies (DNA- and RNA-sequencing, proteomics, metabolo-
mics, lipidomics etc.) [5, 6]. Due to the large amount of data produced, bioinformat-
ics-based data management, and analysis tools are needed for the extraction, analysis, 
interpretation, visualization and storage of the data [5]. A relatively new approach is 
System Bioinformatics (SB), an intersection between systems biology and bioinfor-
matics, which focuses on the integration of information across different -omics levels 
[6]. The goal of SB is to elucidate synergistic relationships between numerous factors 
in contrast to representing them as single biological entities, resulting in complex 
molecular networks of interactions [5]. This allows to better understand how differ-
ent biological entities interact with one another, thus providing a clear understanding 
of disease pathogenesis, pathways, genes, proteins, metabolite, lipids and several 
additional types of biological information interacting together to lead to disease 
development [5]. Therefore, it is not a surprise that bioinformatics methods are used 
increasingly in ND research [5, 6].

Cells are complex, heterogenous and show a radical variation at the individual level 
and recent technological advancements, have enabled cell profiling at the individual 
level known as single cell analysis (SCA); the analysis of this data using bioinformatics 
pipelines is a practical solution for researchers; shedding light in understanding diseases, 
pathogenic mechanisms and the identification of potential biomarkers of diseases. The 
following chapter will discuss the most popular -omics approaches, SC technologies, 
data repositories and network-based analysis in HD research.

2. Omics

The past 15 years have seen the affluent use and integration of -omics approaches 
that include genomics and epigenomics for DNA, transcriptomics for RNA, 
proteomics for proteins and post-translational modification, metabolomics for 
metabolites, lipidomics for lipids and several additional -omics approaches (pharma-
cogenomics, radiomics etc.) [7, 8]. Technological advancement has allowed for the 
comprehensive measurement and analysis and the global assessment of biological 
molecules [7, 8] of genes, proteins, metabolites, lipids and several additional omics 
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types within biological fluids, tissues or cells [8, 9], to assist in the understanding and 
investigation of human health and diseases [7]. These high-throughput technologies 
can be applied to the biological system and disease of interest to obtain a snapshot of 
the underlying biology at a resolution which was not previously possible [8], leading 
to unprecedented ways to better understanding NDs in terms of their pathogenesis, 
pathways, mechanisms and the interaction between different biological entities. 
Omics can contribute to biomarker, drug discovery and drug repurposing resulting 
in novel therapeutic treatments for NDs. Omics data is analyzed using bioinformat-
ics pipelines and tools to obtain a list of genes, proteins, metabolites or lipids from 
the disease of interest [10], biological interpretation using different bioinformatics 
approaches Table 1 (pathway enrichment analysis, protein–protein interaction 
networks (PPIs), protein-metabolite networks etc.) is vital to gain insight into the 
mechanisms, pathways and molecules affected in disease. The most common omics 
and the research conducted in regards to HD will be discussed below (Figure 1).

Name Type Omics content Ref Website (If Available)

Galaxy Open access Genomics
Transcriptomics
Proteomics
Metabolomics
Metagenomics

[11] https://usegalaxy.org/

Limma R-package Transcriptomics
Proteomics
Metabolomics

[12] https://www.bioconductor.org/packages/
release/BiocViews.html#___Metabolomics

Ingenuity 
pathway 
analysis (IPA)

Commercial 
Software

Transcriptomics
Proteomics
Metabolomics

— —

NextFlow Software Genomics
Transcriptomics
Proteomics
Metabolomics

— https://www.nextflow.io/

EdgeR R package Genomics
Transcriptomics

[13–
15]

—

MaxQuant & 
Perseus

Open access Proteomics [16] https://www.maxquant.org/

OpenMS C++ library Proteomics
Metabolomics

[17] https://openms.de/

MsCoreUtils R package Proteomics
Metabolomics

[18] https://www.bioconductor.org/packages/
release/bioc/html/MsCoreUtils.html

MetaboAnaylst Open 
access & R 
package

Metabolomics
Lipidomics
Multi-omics

[19–
21]

https://www.metaboanalyst.ca/

MetaCyc Open access Metabolomics [22] https://metacyc.org/

XCMS Open 
access & R 
package

Metabolomics [23–
25]

https://xcmsonline.scripps.edu/landing_
page.php?pgcontent=mainPage

Mzmine R package Metabolomics [26] http://mzmine.github.io/

Table 1. 
Online tools, software and R-packages for omics data analysis.
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2.1 Genomics

Since the discovery of the DNA structure by Rosalind Franklin, Frances Crick and 
James Watson in 1953, there has been a revolution in the field of biological sciences 
regarding technological advancements such as Sanger sequencing [27–29] and the 
discovery of the polymerase chain reaction [30] at the beginning of the 21st century. 
NGS became available, enabling the production of huge amounts of data along with 
the ability to produce highly efficient, rapid, low-cost approach along with accurate 
DNA sequencing [31]. Genomics is defined as the interdisciplinary field of biology 
focusing on genes, their structure, function, evolution, expression, mapping and 
genome editing [32]. The genome refers to all the genetic material present in any 
organism, including chromosomal and extrachromosomal DNA, coding and non-
coding genes, microRNAs (miRNAs) and single nucleotide polymorphisms (SNPs) 
[33]. Sequencing of the human genome is important as it can provide insight into: i) 
gene expression profile of a specific tissue, organ or tumor, ii) human variation and 
how genomic alterations lead to disease development, iii) identification of genetic 
modifiers of disease, and iv) determine rate sensitivity to drugs in patients, based on 
their DNA sequences, this is known as pharmacogenomics [34]. Genomics has the 
ability to discover and identify genes associated with a disease; making it a vital omics 
component towards precision medicine. The majority of studies that have taken place 
regarding HD research have involved either the identification of genetic modifiers 
that may play a role in the early or delayed onset of HD.

2.1.1 Genomics in HD patients

Marchina et al. [35] investigated the gene expression profiles of fibroblasts of HD 
patients and healthy controls using microarray technology, and RT-PCR to validate 
the consistency of the microarray data. Analysis was carried out on nine genes, 
namely APC, CDC42EP2, CTNNB1, DNM1L, PLCB4, ROCK1, ROCK2, SSH1, and 
UBE2D3. These lists of genes, were chosen as some of these genes showed increased 

Figure 1. 
Omics data types and bioinformatics based approaches.
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differential up-regulation (PLCB4, APC) or down-regulation (SSH1, CDC42EP2); 
while other genes were selected due to their possible involvement in HD pathology 
(UBE2D3, ROCK1, ROCK2, DNM1L, CTNNB1) as indicated by previous studies. 
The APC, PLCB4, ROCK1, and UBE2D3 genes were found to be up-regulated in HD 
patients in comparison to controls [35]. Some gene ontology (GO) terms identified 
are, i) transcription, ii) regulation of transcription, DNA-dependent, iii) cell cycle, 
iv) response to DNA damage stimulus, v) DNA repair, vi) ubiquitin dependent 
protein catabolic process and vii) DNA recombination. Based on this evidence the 
gene expression profiles of fibroblasts seem to be altered in HD patients compared to 
healthy controls [35]. Validation of the differential expressions at the protein level is 
needed to confirm if fibroblasts can be considered as a suitable model for the identifi-
cation of HD biomarkers [35].

A study by Wright et al. [36] investigated the gene expression profiles comple-
menting the analysis of genomic modifiers in HD. CAG repeat length is not the only 
contributing factor to disease onset but genetic modifiers also contribute to disease 
onset [36]. A genome-wide association study assessing heritable differences in geneti-
cally determined expression in diverse tissues, with genome-wide data taken from 
4000 HD patients was conducted. In addition, functional validation of prioritized 
genes was performed in isogenic HD stem cells and post-mortem brain tissue [36]. 
The genes of FAN1, GPR161, PMS2 and SUMF2 are associated with age of onset in HD 
and showed co-localization with gene expression signals in brain tissue [36].

Other genomic studies conducted in HD patients or post-mortem brain tissue 
include Moss et al. [27], Li et al. [28].

2.1.2 Genomics in HD animal models

One study by Tang et al. [29] performed gene expression profiling on the R6/2 
HD transgenic mice model, with varying CAG repeat lengths to reveal genes associ-
ated with HD onset and progression [29]. The R6/2 transgenic mice with >300 CAG 
repeats had prolonged HD progression and a longer lifespan than the parent R6/2 
mice with 150 CAG repeats. However, the mechanisms regarding this phenotypic 
amelioration remains unknown [29].

The expression profiles of the striatum of R6/2 transgenic mice with >300 CAG 
repeats (R6/2Q300 transgenic mice) and R6/2 transgenic mice with 150 CAG repeats 
(R6/2Q150 transgenic mice) and littermate wild-type (WT) controls were performed 
to identify, genes playing an important role, in HD onset and progression. Both R6/2 
mouse models demonstrated decreased expression while up-regulated gene expres-
sion was seen in R6/2Q300 mice [29]. The up-regulated genes play a role in ubiquitin 
ligase complex, cell adhesion, protein folding and establishment of protein localiza-
tion. Increased gene expression for Lrsam1, Erp29, Nasp, Tap1, Rab9b and Pfdn5 was 
validated using qPCR. Moreover, Lrsam1 and Erp29 were significantly up-regulated 
in R6/2Q300 mice and may have potential neuroprotective effects in primary striatal 
cultures over-expressing mHTT [29]. Over-expression of Lrsam1 prevented the loss 
of NeuN-positive cell bodies in htt171-82Q cultures, associated with a decrease of 
nuclear HTT aggregates. However, over-expression of Erp29 demonstrated no signifi-
cant effect in cells [29]. Therefore, prolonged HD onset and progression seen in R6/2 
mice with increased CAG repeat expansions are a result of differential up-regulation 
in genes involved in protein localization and clearance. These genes may be possible 
novel therapeutic avenues in decreasing HTT aggregation toxicity and neuronal cell 
death, with Lrsam1 being a promising, novel candidate disease modifier [29].
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Langfelder et al. [37] integrated genomics and proteomics data to define HTT 
CAG length networks in HD mice. To gain insight into how mHTT CAG repeat length 
modifies HD pathogenesis, profiling of mRNA in 600 brain and peripheral tissue 
samples obtained from HD knock-in mice with increased CAG repeat length was per-
formed [37]. The study found, the repeat length dependent transcriptional signatures 
were notable in the striatum while the cortex and liver showed less transcriptional 
signatures [37]. Co-expression networks revealed 13 and 5 striatal and cortical mod-
ules, respectively, that were highly correlated with CAG repeat length and age, and 
are preserved in HD models. The top striatal modules suggest mutant HTT (mHTT) 
CAG length and age impair the MSN, while a dysregulation of genes and pathways 
involved in cAMP signaling, cell death, and protocadherin were seen [37]. Proteomics 
analysis was used to confirm, 790 genes and 5 striatal modules with CAG length-
dependent dysregulation was observed at both the RNA and protein level, 22 striatal 
module genes were validated as modifiers of mHTT toxicities in vivo [37].

Other genomics studies in HD animal models or cells include Choudhury et al. 
[38] and Alcalá-Vida et al. [39].

2.2 Transcriptomics

The transcriptome is the complete set of transcripts within a cell, and their quan-
tity, for a physiological condition or specific developmental stage [40]. Understanding 
the transcriptome is crucial for interpreting the functional components of the 
genome and revealing the molecular entities of cells and tissues and also for under-
standing development and disease pathogenesis [40]. The aim of transcriptomics is 
to: i) catalog the transcripts, including mRNAs, non-coding RNAs and small RNAs; 
of all species to determine the transcriptional structure of genes, regarding their 
start sites, 5′ and 3′ ends, alternative splicing patterns and any additional post-tran-
scriptional modifications; and ii) quantify the fluctuating expression levels of each 
transcript under different conditions and during development [40]. The development 
of innovative high-throughput DNA sequencing methods known as RNA Sequencing 
(RNA-Seq) has allowed the mapping and quantification of transcriptomes. Genomics 
and transcriptomics are the two most popular omics used for HD research; therefore, 
it is vital to examine whether peripheral tissues may serve as a possible source of read-
ily accessible biological signatures at not only the DNA and RNA level but also at the 
protein level and not only. There are numerous studies that have used transcriptomics 
to perform studies regarding either peripheral tissues, cerebrospinal fluid (CSF) or 
post-mortem brain tissue samples obtained from HD patients and animal models.

2.2.1 Transcriptomics in HD patients

A study by Neueder et al. [41] investigated the abnormal molecular signatures 
that characterize inflammation, energy metabolism and vesicle biology in human 
HD peripheral tissues. Specifically, skeletal muscle, adipose tissue and skin from the 
quadriceps femoris muscle and blood was collected from 21 pre-HD patients, 20 early 
motor manifest HD patients and 20 healthy controls. Furthermore, primary fibroblast 
and myoblast cell lines were established [41]. RNA-Seq and proteomics analysis were 
used to investigate the involvement of inflammation and energy metabolism in HD 
pathogenesis.

Initially, RNA-Seq analysis was performed on adipose and muscle tissue from the 
pre-HD patients (pre-HD), early motor manifest HD patients (early HD) and healthy 
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control groups. In total, 78 and 53 genes were identified to be significantly dysregu-
lated in adipose and skeletal muscle tissue, respectively [41]. Distinctly, only RPH3A, 
PAX6 and AC016582.1 were regulated similarly in the pre-HD and early HD groups 
in comparison to controls. Furthermore, some genes were differentially regulated in 
both groups [41]. TBC1D3D, was differentially regulated in muscle and adipose tissue, 
the gene was found to be up-regulated in the early HD group in comparison to the 
pre-HD group [41].

GO enrichment analysis in adipose tissue identified the terms of protein 
sumoylation (GO: 0016), interleukin-1 mediated signaling pathway (GO:0006470) 
and cellular response to organic cyclic compound (GO: 0071407) [41]. For the differ-
ent comparisons, the RE1 silencing TF (REST) target gene was dysregulated only in 
the pre-HD group, while sumoylation was dysregulated only in the early HD group. 
Alteration in protein sumoylation is a well-known mechanism and has been impli-
cated in HD pathogenesis [41].

GO analysis in muscle tissue, identified a disruption in homeostatic path-
ways, including anterograde trans-synaptic signaling (GO: 0098916), regulation 
of fatty acid oxidation (GO:0046320), regulation of glucose metabolic process 
(GO:0010906), negative regulation of cell communication (GO:00106458), pro-
tein dephosphorylation (GO:0006470), regulation of protein kinase B signaling 
(GO:0051896) and regulation of MAPK cascade (GO:0043408) particularly in the 
pre-HD group [41]. PAX6 is a vital regulator of assorted peripheral and central 
nervous system processes, it was identified to be highly and gradually up-regulated 
in both HD groups; therefore, suggesting a compensatory mechanism of muscle 
regeneration in response to mutant HTT expression [41]. Enrichment analysis of the 
dysregulated genes in the muscle tissue of the pre-HD group suggest that peroxisome 
proliferator activated receptor alpha (PPARA) acts as a regulatory protein [41].

In addition, RNA-Seq analysis was also performed on the fibroblast cell lines. 
Only a few genes were significantly dysregulated between pre-HD and early-HD 
patient groups compared to healthy controls [41]. Subsequently, GO enrichment 
analysis resulted in the identification of a few enriched terms, such as phosphory-
lation (GO:0016310) and regulation of apoptotic processes (GO:0042981) [41]. 
Interestingly, TBC1D3D, was found to be dysregulated not only in adipose and muscle 
but also in fibroblasts [41]. Furthermore, proteomics analysis was performed on the 
tissues obtained; however, this will be further discussed in the proteomics section of 
the chapter.

Miller et al. [42], performed RNA-Seq analysis on myeloid cells of HD patients 
to identify transcriptional dysregulation associated with proinflammatory pathway 
activation. Specifically, whole transcriptome analysis of primary monocytes from 30 
manifesting HD patients and 31 healthy control subjects, with or without proinflam-
matory stimulus [42].

HD monocytes exhibit resting proinflammatory transcriptional changes, 12,599 
genes were identified to be differentially expressed (DE) and analysis of said data 
was conducted, to determine the genes significantly altered between HD and control 
monocytes, whereas the stimulated and unstimulated monocytes were analyzed 
separately [43]. Analysis of unstimulated monocytes revealed 130 DE genes, of 
which 101 were up-regulated and 29 down-regulated genes in resting HD monocytes 
compared to healthy controls. The DE genes were associated with proinflammatory 
cytokines and chemokines. HD monocytes had significantly increased expression of 
IL6, IL12B, IL19, IL23A, CCL8, CCL19, CCL20, CXCL6 and CSF2 gene transcripts. 
All transcripts have a > 2-fold increase in mRNA expression [42]. In contrast, the 
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stimulated monocytes showed little indication of differential expression between HD 
and controls, the genes of DNAJB13, STAC and RASEF were DE. Furthermore, each 
of these genes were observed to be DE in unstimulated monocytes [42]. Generally, 
gene expression differences between HD and controls were lower in the stimulated 
116 DE genes in comparison to the unstimulated 130 DE genes in monocytes [43]. 
Moreover, gene set enrichment analysis (GSEA) was performed for the up- and down 
regulated gene expression for both the stimulated and unstimulated monocyte datas-
ets [43]. Analysis of unstimulated monocytes revealed a total of 85 enriched gene sets, 
a majority of pathways relating to innate immunity, inflammatory response, cytokine 
production and secretion were identified. Furthermore, pathways such as NFkB and 
JAK/STAT signaling pathways were also identified to be significantly enriched [43]. 
In comparison to the down-regulated genes, 6 gene sets were identified and included 
significantly enriched pathways related to vacuole, lysosome and catabolic functions 
[42]. Interestingly, the simulated dataset did not reveal any enriched gene sets among 
the up-regulated genes. However, 83 gene sets were significantly enriched among the 
down-regulated genes, pathways relating to cholesterol homeostasis, cellular compo-
nents such as cellular membrane, mitochondria and lysosomes [42].

To understand the mechanisms underlying differential gene expression in unstimu-
lated HD monocytes, upstream regulator analysis was performed using the Ingenuity 
Pathway Analysis (IPA) software. A total of 155 upstream regulators were identified 
for the unstimulated dataset, of these 125 were predicted to be significantly activated, 
while 30 were predicted to be significantly inhibited. A large number of molecules 
associated with intracellular signaling pathways downstream of the TLR4 receptor 
were represented in the unstimulated group. The following data were consistent with 
previous studies, showing NFkB dysregulation in HD myeloid cells, the RELA and 
the NFkB complex were among the top most significant results ranked by z-score 
activation [43]. Other prominent potential regulators include NFkB1, ERK and p38 
MAPKs, in addition to the transcription factor STAT3 [42]. The study suggests that 
transcriptional changes observed in the RNA-Seq analysis of stimulated and unstimu-
lated HD monocytes is related to the abnormal activation of specific upstream signal-
ing molecules responsible for driving gene expression in unstimulated HD myeloid 
cells [42]. Furthermore, HD myeloid cells have a proinflammatory phenotype in 
the absence of stimulation; consistent with the priming effect of mutant huntingtin 
(mHTT), whereas basal dysfunction results in an exaggerated inflammatory response 
once a stimulus is encountered [42]. The following data provides an understanding of 
mHTT pathogenesis, establishing unstimulated myeloid cells as a vital source of HD 
immune dysfunction, and demonstrating the importance of immunity as a potential 
HD treatment.

Other transcriptomic studies conducted in HD patients include Seefelder and 
Kochanek [44], Sinha et al. [45], Mastrokolias et al. [46, 47], Borovecki et al. [48], Lin 
et al. [40], Cha [49], Moily et al. [43], Mehta et al. [50], Stopa et al. [51] and Runne 
et al. [52].

2.2.2 Transcriptomics in HD mouse models

Jin et al. [53] investigating the miRNA and mRNA expression profiles of the 
cerebral cortex of N171-82Q HD mice [53]. There is growing evidence indicating that 
miRNAs may play a role in HD pathogenesis [53]. During disease progression signifi-
cant changes of miRNAs in the cerebral cortex were also detected in the striatum of 
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HD mice [53]. The study revealed that a significant alteration in the miR-200 miRNA 
family, more specifically, miR-200a and miR-200c in the cerebral cortex and striatum 
were seen during the early HD stages in N171-82Q mice.

A computational bioinformatics approach was used to integrate miRNA and 
mRNA profiles. The gene targets were identified using TargetScan, for miR-200a and 
miR-200C, there are 680 and 462 gene targets respectively. Some of the predicted 
gene targets for the miRNAs include KIF3a, NRXN1, PTPRD, TRIM2, ATXN1, KCNA2 
and numerous additional targets [53]. The predicted targets play a role in regulat-
ing synaptic function, neuronal survival and neurodevelopment. The results of the 
study suggest that altered miR-200a and miR-200c expression may interrupt protein 
production involved in neuronal plasticity and survival [53]. Therefore, further inves-
tigation of the involvement of dysfunctional miRNA expression in HD is required and 
this may result in novel approaches for HD therapy.

Hervás-Corpión [54] investigated the early alternations of epigenetic-related 
transcription in HD mouse models. The gene expression profiles of the cortex, 
striatum, hippocampus and cerebellum of juvenile R6/1 and N171-82Q mice, were 
studied, the profiles consisted of tissular and neuronal-specific genes and showed 
significant correspondence with transcriptional alteration in HD mouse models 
deficient of epigenetic regulatory genes [54]. A noteworthy case was the conditional 
knockout of the lysine acetyltransferase CBP in post-mitotic forebrain neurons, the 
double knockout of the histone methyltransferases Ezh1 and Ezh2, components of the 
polycomb repressor complex 2 (PRC2), and the conditional mutants of the histone 
methyltransferases G9a (Ehmt2) and GLP (Ehmt1) [54]. It is likely that the neuronal 
epigenetic status is compromised prior to HD onset resulting in transcriptional 
dysregulation [54].

Other transcriptomic studies conducted in HD animal models include  
Bensale et al. [55], Dickson et al. [56], Reyes-Ortiz [57], Chaves et al. [58] and  
Huang et al. [59].

2.3 Proteomics

Proteomics is a new omics type that has rapidly developed especially in the fields 
of therapeutics and biomarkers discovery [60]. Proteomics is defined as the study 
of interactions, functions, composition and structure of proteins and their cellular 
activities. The proteome is defined as the complete set of proteins within a cell, 
tissue, organism or biological fluid. Proteomics allows for a better understanding of 
the structure and function of an organism than genomics. However, proteomics is 
much more cumbersome than genomics as the protein expression is altered accord-
ing to environmental conditions and time. It is approximated that there are almost 
one million human proteins, many of which contain some form of post-translational 
modifications [60]. The majority of proteomics studies have been conducted in HD 
mouse models, there seems to be a lack of human HD proteomics studies. Proteomics 
can assist in the discovery of new therapies, biomarkers and better understanding of 
proteins and protein-complexes in disease.

2.3.1 Proteomics in HD patients

The study by Neueder et al. [49] which previously performed transcriptomic 
analysis as mentioned in Section 2.2.1 also performed proteomics analysis and 
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revealed, 1347, 2671 and 4640 proteins for adipose, muscle and skin tissue respec-
tively [49]. A progressive increase in the number of dysregulated proteins from the 
pre-HD to early HD stage was observed for all three tissues [49]. In adipose tissue, 
there was no overlap of commonly dysregulated proteins between the three com-
parisons. In muscle tissue, syntaxin-binding protein 3 (STXBP3) was up-regulated 
in both pre- and early-HD samples. Interestingly, the major change was observed 
in the skin samples, MOB4 was up-regulated in both pre- and early HD samples 
[49]. A total of 162 and 23 proteins were significantly dysregulated in the early and 
pre-HD stages respectively.

GO enrichment on adipose dataset (early HD vs. controls) and skin dataset (early 
HD vs. controls and the comparison of pre-HD vs. early HD), revealed dysregulated 
lipid metabolism and proteasome function in the adipose tissue dataset. While 
proteins related to gene expression such RNA processing and translation and amino 
acid metabolism are mainly affecting in the early HD samples vs. controls [49]. The 
predicted regulators are all genes involved in gene expression, specifically, lysine acet-
yltransferase 2A (KAT2A) and the androgen receptor (AR), in a complex with ataxin 
7 (ATXN7) which are associated with polyglutamine diseases [49]. The GO terms for 
pre- and early HD in the skin datasets, included the regulation of cell survival and 
proliferation. The results obtained from the above study, indicate that alterations 
in biological signatures at the RNA and protein level point towards the direction of 
inflammation, energy metabolism and vesicle biology in peripheral tissues in HD. The 
following biological signatures may act as suitable biomarkers in clinical trials upon 
further validation.

A proteomics study by Fang et al. [61] integrated five sets of proteomics data pro-
filing the CSF derived from HD affected and unaffected individuals with genomics 
data profiling, various human and mouse tissue, including the human HD brain [61]. 
According to the integrated analysis, brain specific proteins were 1.8 times more likely 
to be observed in CSF compared to plasma. Furthermore, brain specific proteins 
decrease in HD CSF compared to unaffected CSF [61].

Approximately, 81% of brain specific proteins have quantitative changes that 
agree with transcriptional changes seen in different HD brain regions, while the 
proteins identified to increase in HD CSF tend to be liver associated. The protein 
changes are consistent with microgliosis, astrocytosis and neurodegeneration 
which are known to occur in HD [61]. The most significantly over and under 
abundant dysregulated proteins in CSF between HD affected and unaffected indi-
viduals, include, chromogranin B (CHGB), isoform I of Sialate O-actelyesterase 
precursor (SIAE), isoform long of iduronate 2-sulfatase precursor (IDS), 
Neurexin 3-alpha (NRXN3) Endonuclease domain-containing 1 protein precursor 
(ENDOD1), major prion protein precursor (PRNP) and several additional proteins 
have a trend of decreasing with disease progression (controls > HD early > mid-
HD). Some of the over abundant proteins identified are, complement component 
1, q subunit, c chain precursor (C1QC), hemopexin (HPX), Triosephosphate 
isomerase (TPI1), Isoform M1 of Pyruvate kinase isozymes M1/M2; Isoform R-type 
of Pyruvate kinase isozymes R/L (PKM2/PKLR), Lysozyme C precursor (LYZ) 
and several other proteins, which have shown to have a trend of increasing as the 
disease progresses (control > HD early > mid HD) [61].

Other proteomics studies conducted in HD patients include, Chen et al. [62], 
Schönberger et al. [63], Sorolla et al. [64] and Chae et al. [65], McQuade et al. [66] 
and Dalrymple et al. [67].
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2.3.2 Proteomics in mouse models of HD patients

A previous study by Agrawal and Fox [68] performed targeted proteomics analysis 
to investigate novel proteomic alterations in brain mitochondria to reveal insights 
into mitochondrial dysfunction in HD mouse models. Mitochondrial dysfunction is 
one of contributing pathophysiological mechanisms in HD. The following study used 
R6/2 and YAC128 HD mouse models to represent different HD progression rates to 
pinpoint HD brain mitochondrial proteomic signatures. Cerebral cortical mitochon-
drial of HD and WT littermates were compared by 2D SDS–PAGE electrophoresis and 
MALDI-TOF/TOF mass spectrometry (MS) [68].

Proteomic analyses concluded 17 and 12 DE proteins in 12-week R6/2- and 
15-month YAC128 HD mice, respectively compared to controls. The proteins of 
peroxiredoxin 3, stress–70, DJ–1, isocitrate dehydrogenase [NAD] α subunit and ATP 
synthase subunit D were DE in both HD mouse models. Pathway analysis was per-
formed using PANTHER [68], the GO molecular function terms obtained for the DE 
mitochondrial proteins are i) catalytic activity (GO:0003824), binding (GO:0005488) 
and antioxidant activity (GO:0016209); most GO biological process proteins 
belonged to metabolic (GO:0008152) and cellular process (GO:0009987) [68]. 
While for YAC128 mice, the molecular functions of the DE mitochondrial proteins 
were catalytic activity (GO:0003824) and binding (GO: 0005488); for GO biologi-
cal processes most of the proteins also belonged to the metabolic (GO:0008152) and 
cellular process (GO:0009987) and biogenesis (GO:0071840). The results identify a 
proteomic signature of HD mitochondria in mouse models that includes previously 
unrecognized proteins [68].

One study by Choudhary et al. [38] performed differential proteomics 
and genomic profiling of mouse striatal cell model of HD vs. healthy controls. 
Transcriptional dysregulation is one of the pathogenic mechanisms contributing 
to HD. Various studies have identified altered gene expression in HD patient brains 
and animal models. 2D SDS-PAGE/MALDI-MS coupled with 2D-DIGE and real time 
PCR on an array of genes concentrated on HD pathways to identified altered proteins 
and gene expression in STHdhQ111/HdhQ111 compared to STHdhQ7/HdhQ7 (wild-
type). Seventy-six proteins were annotated in HD cells while 31 proteins were DE by 
2D-DIGE. The bioinformatics tool GeneCodis3 [38] was used to perform pathway 
analysis using KEGG and GO biological terms. The pathways included, unfolded pro-
tein binding (GO:0051082), negative regulation of neuron apoptosis (GO:0006916), 
response to superoxide’s (GO:0006950) and several other pathways. The PCR experi-
ments showed altered gene expression of 47 genes. Altogether, 77 genes/proteins were 
identified in HD cell lines with potential relevance to HD biology [38].

Other proteomic studies conducted in HD animal models and cells include Mees 
et al. [69], Liu et al. [70], Perluigi et al. [71], Deschepper et al. [72], Culver et al. [73], 
Cozzolino et al. [74], Vodicka et al. [75], Sap et al. [76], Ratovitski et al. [77] and 
Zabel et al. [78].

2.4 Metabolomics

Traditionally, a small number of metabolites have been used for the diagnosis of 
complex metabolic diseases and monogenic complex diseases such as inborn errors 
of metabolism [79]. Metabolomics is defined as the comprehensive measurement 
of metabolites within a biological tissue, cell, organ or fluid (CSF, urine, plasma 
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or serum) [79]. The metabolome is the number of metabolites in an organism. 
Metabolomics is an emerging technology that holds promise for the development and 
practice of precision medicine. In addition, metabolomics is able to provide detailed 
characterization of metabolic phenotypes and can enable precision medicine at 
numerous levels such as characterization of metabolites underlying disease, discovery 
of new therapeutic targets, biomarker discovery which may be used for prognosis, 
diagnosis or monitor activity of therapeutics [79]. Similarly with proteomics, the 
majority of studies in metabolomics and HD are conducted in HD mouse models.

2.4.1 Metabolomics in HD patients

One study by Rosas et al. [80] investigated the plasma metabolome of HD. The 
study consisted of targeted metabolomics analysis using the plasma obtained from 52 
pre-HD, 102 early symptomatic HD and 140 controls [80].

The pathways altered include i) tryptophan, ii) tyrosine, iii) purine, iv) methionine, 
v) antioxidant pathways and numerous pathways relating to energetic and oxidative 
stress derived from the gut microbiome. The tryptophan, tyrosine and purine pathways 
were altered in prodromal and early HD stages. The selective dysregulation of a good few 
pathways and the increased regulation of other pathways suggest complex alterations in 
the feedback controls of underlying genes, proteins, enzymes and metabolites. In addi-
tion, multivariate statistical modeling demonstrated mutually distinct metabolomics 
profiles, suggesting that the process determining onset was likely distinct from processes 
determining progression [80]. Surprisingly, controls, pre-HD and early HD plasma 
metabolomes were mutually distinct rather than differing, suggesting varying influences 
during the prodromal and symptomatic disease stages [80].

Numerous metabolites differentiating the control from the pre-HD and early HD 
metabolomes, are linked to the gut microbiome, suggesting mHTT favors a distinct 
microbiome. The systemic effects of HD on the gut microbiome may possibly influ-
ence energy homeostasis, vitamin and mineral supply, metabolites and neuroimmune 
functions while impacting HD expression [80]. The gut microbiome derived metabolites 
were differentiated in the pre-HD metabolome, while the symptomatic HD metabolome 
was mostly influenced by metabolites likely reflecting mHTT toxicity and neurodegen-
eration [80]. The study suggests that the pre-HD metabolome is influenced more by 
the gut microbiome than the HD metabolome, possibly due to the increasing effects of 
mHTT toxicity and neurodegeneration. The understanding of these complex alterations 
is a delicate balance between the metabolome and gut microbiome in HD, and they relate 
to disease onset, severity, progression and phenotypic variability in HD are vital ques-
tions for future research and clinical studies in HD [80].

Herman et al. [81] investigated the metabolic alterations in tyrosine and phe-
nylalanine pathways in the CSF of HD patients. The study consisted of 13 pre-HD 
mHTT carriers and 13 symptomatic HD patients and 42 controls. The comparison of 
symptomatic HD patient’s vs. controls, identified 24 metabolites to be significantly 
dysregulated, this included the metabolites of Lumichrome, Xanthine, O-succinyl-
homoserine, N-acetylproline, Phenylacetate, Isoleucine, L-DOPA, Leucine, 
Corticosterone, Ophthalmate, Tyrosine, Valine, Salicylate, Phenylalanine and others. 
Pathway analysis disclosed 5 biochemical pathways affected in symptomatic HD vs. 
controls namely i) aminoacyl-tRNA biosynthesis; ii) phenylalanine metabolism; iii) 
valine, leucine and isoleucine biosynthesis; iv) valine, leucine, isoleucine degradation 
and v) purine metabolism. Phenylalanine metabolism was highly affected in symp-
tomatic HD patients.
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Comparing symptomatic HD patient’s vs. pre-HD patients, 28 metabolites 
were revealed to be significantly altered. Some of the metabolites were, L-DOPA, 
Xanthine, Ophthalmate, Creatinine, Tyrosine, 5-hydroxytryptophan, Adenosine, 
Phenylalanine, Phenylacetate, Thyroxine, Glutarylcarnitine, O-succinyl-
homoserine, Adenine, Isoleucine, Aldosterone/Cortisone and numerous other 
metabolites. Fourteen of these were able to distinguish symptomatic HD patient’s 
from controls. Univariate analysis illustrated 11 metabolites were dysregulated 
(L-DOPA, xanthine, ophthalmate, creatinine, tyrosine, 5-hydroxytryptophan, 
adenosine and phenylalanine) remained significant after correcting for multiple com-
parison testing. Furthermore, 4-acetamidobutanoate and S-adenosylhomocysteine 
had been corrected for age dependence. There was a notable longitudinal decrease in 
O-acetylcarnitine in the symptomatic HD patients. Significantly altered abundances 
of Ophthalmate, Phenylalanine, 4-quinolinecarboxylic and N,N,N-trimethyl lysine 
were observed in six pre-HD patients. Pathway analysis, illustrated 8 biological path-
ways of: i) aminoacyl-tRNA biosynthesis; ii) phenylalanine, tyrosine and tryptophan 
biosynthesis; iii) valine, leucine and isoleucine biosynthesis; iv) tyrosine metabo-
lism; v) nitrogen metabolism; vi) valine, leucine and isoleucine degradation; vii) 
phenylalanine metabolism and viii) purine metabolism. Tyrosine and phenylalanine 
metabolism pathways were significantly altered between symptomatic and pre-HD 
patients.

To investigate the effects of disease progression, the association between CSF 
concentration of altered metabolites and measure of disease severity were researched 
in all mHTT carriers and to a five-year risk onset of developing HD in pre-HD patients. 
Hierarchical clustering revealed that tyrosine metabolism, including tyrosine, thyrox-
ine, L-DOPA and dopamine, was significantly dysregulated in symptomatic vs. pre-HD 
patients. These metabolites displayed moderate to strong associations of measures to 
disease severity and symptoms. Furthermore, Thyroxine and Dopamine were also cor-
related with the five-year risk of onset in pre-HD patients. Phenylalanine and purine 
metabolism were also significantly altered, but associated with decreased disease 
severity. Decreased levels of Lumichrome were frequent in mHTT carriers and con-
centrations correlated with five-year risk of HD onset in pre-HD carriers. Biochemical 
profiling illustrates that the CSF metabolome may be used to characterize molecular 
pathogenesis in HD, and may be vital for future development of HD therapies.

Other metabolomics studies conducted in HD patients include, McGarry et al. [82], 
Mastrokolias et al. [47], Cheng et al. [83], Graham [84, 85] and Patassini et al. [86].

2.4.2 Metabolomics in HD animal models

Targeted metabolic profiling on plasma of a pre-HD transgenic sheep model in 
order to identify potential candidate biomarkers was investigated by Skene et al. [87].

One hundred and thirty metabolites were obtained, Alanine, Arginine, Citrulline, 
Glutamine, Glutamate, Glycine, Histidine, Isoleucine, Phenylalanine, Proline, 
Tryptophan, Valine, Creatine, Kynurenine, Serotonin and several additional metabolites 
[87]. Citrulline and Arginine showed significantly increased levels in HD compared to 
control sheep, both are involved in the urea cycle, although Ornithine was also identi-
fied and is part of the urea cycle, no significant difference between HD vs. healthy 
controls was seen. Citrulline demonstrated the most significant change in transgenic HD 
sheep. Regarding the 20 amino acids measured, 10 had shown significantly decreased 
concentration in HD sheep, the branched amino acids (BCAA) of Valine, Leucine and 
Isoleucine showed the most notable effect, which have been previously identified as 
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potential biomarkers. This was followed by Threonine, Tyrosine, Methionine, Alanine, 
Asparagine, Phenylalanine and Glutamine. Significant alterations in respect to genotype 
were distinguished in 89/130 identified metabolites, including Sphingolipids, Biogenic 
amines, amino acids and Urea. A significant increase in Urea, Arginine, Citrulline, asym-
metric and symmetric dimethylarginine and a decrease in Sphingolipids [87].

Quantitative enrichment analysis using MetaboAnalyst [19–21], identified the 
top five metabolite pathway-associated metabolite sets of: i) aspartate metabolism; 
ii) arginine and proline metabolism; iii) valine, leucine and isoleucine degradation; 
iv) fatty acid metabolism and v) urea cycle. The urea cycle and nitric oxide pathways 
become dysregulated during the early HD stages. Additionally, logistic prediction 
modeling identified 8 potential biomarkers (Citrulline, Valine, PC aa C40:4, PC aa 
C36:5, lysoPC a C17:0, SM (OH) C24:1, Threonine, Tetradecenoylcarnitine (C14:1)). 
In HD sheep, the metabolites of Citrulline, PC aa C36:5 and lysoPC a C17:0 were 
increased significantly while Valine, PC aa C40:4, SM (OH) C24:1, Threonine and 
Tetradecenoylcarnitine (C14:1) were significantly decreased compared to control 
sheep [87]. The degree of sensitivity, using minimally invasive methods, puts forward 
a novel approach for monitoring disease progression in HD patients.

Andersen et al. [88] investigated the branched amino acids (BCAA) and their 
metabolism in the cerebral cortex of a R6/2 HD mouse model using metabolomics 
analysis [88]. Deficiencies in cerebral energy and neurotransmitter are suggested 
to play a role in neuronal dysfunction in HD. The BCAAs of Valine, Leucine and 
Isoleucine are vital in cerebral nitrogen homeostasis, neurotransmitter recycling and 
are utilized as energy substrates in the tricarboxylic acid (TCA) cycle [88]. Decreased 
levels of BCAAs in HD haven been previously validated in several studies. However, it 
remains unclear how cerebral BCAA metabolism is regulated in HD.

Isolated cerebral cortical and striatal slices of controls and R6/2 mice were incu-
bated with labeled Leucine and Isoleucine; however, no differences in Leucine or 
Isoleucine concentration were shown between R6/2 and control striatal or cerebral 
cortical slices [88]. Suggesting that the cellular uptake of these BCAAs likely remains 
unaffected in the R6/2 slices compared to controls. Metabolism of Leucine and 
Isoleucine, entering oxidative metabolism as acetyl CoA, was preserved in R6/2 mice. 
However, metabolism of Isoleucine, entering the TCA cycle as Succinyl CoA, was 
increased in the cerebral cortical and striatal slices of R6/2 mice; therefore, suggesting 
a rise in metabolic influx via the replenishing of Oxaloacetate in the citric acid cycle. 
Enzyme expression in the BCAA metabolism was assessed, enzymes related to BCAA 
metabolism displayed an increased expression in the R6/3 brain, particularly enzymes 
related to Isoleucine metabolism [88]. This indicates that the capacity for cerebral 
BCAA metabolism, primarily Isoleucine, is heightened in R6/2 brain tissue indicative 
of alterations in cerebral BCAA homeostasis.

Other metabolomics studies conducted in HD animal models include Chang et al. 
[89], Chaves et al. [58], Bertrand et al. [90], Verwaest et al. [91], Hashimoto et al. 
[92], Kumar et al. [93] and Tsang et al. [94].

3. Single cell omics

Organisms and complex tissues are formed by a heterogeneity of cells undergoing 
cell division, proliferation, differentiation during various physiological states such as 
development and adulthood [95]. The fate of each cell is intrinsically determined and is 
influenced both by external factors and by cell–cell interactions [95]. Various processes 
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taking place within individual cells are a result of complex interactions between chro-
matin, transcripts, proteins, metabolites, lipids and other biological entities [95, 96]. 
To identify these activity dependent regulatory processes the majority of approaches 
used include transcriptomics, proteomics, metabolomics or lipidomics methods on 
tissues, cells and biological fluids [95]. Although the bulk approaches are useful, they 
have a drawback, as they average the information derived from thousands to millions of 
cells, leading to masking of cell specific features or features involved in developmental 
processes [95]. There are some studies of single cell RNA-Seq analysis in HD [97–99].

Over the past few years, the development of methodological approaches for single 
cell analysis has greatly increased and addressed the drawback of bulk analysis [95]. 
Single cell analysis (SCA) has recently been included into multi-omics strategies, which 
brings together concurrent biological information from different molecular modalities 
and their relationship with individual cells [95]. Furthermore, analyzing cells individu-
ally at a higher resolution results in a more accurate representation of cell–cell variations 
in comparison to bulk analysis measurements [95]. SCA approaches include: i) single 
cell genomics, ii) single cell epigenomics iii) single cell transcriptomics, iv) single cell 
proteomics and v) single cell metabolomics. To fully grasp and understand cellular 
complexity and specificity of cells, tissues or biological fluid microenvironments in 
physiological or disease conditions, it is important to measure molecular signatures at the 
single cell resolution [100]. Benefits of SCA include: i) improvements in experimental 
design and data analysis for single cells for a disease of interest, ii) targeting of specific 
cell populations therefore elucidating signaling pathways and networks, iii) cell-to cell 
communication variation for understanding disease onset, progression and therapeutic 
response, iv) differentiate normal cells and comprised cells at various developmental 
stages, v) identify cells and their distinctive susceptibilities, vi) clarify neural communi-
cation in unprecedented detail, resulting in new strategies to understand and treat NDs 
[100]. SCA can provide insight for potential biomarkers, therapeutic targets, pathways 
and mechanisms in disease involvement [100]. Tables 2 and 3 indicate the databases 
and tools used for analysis of SCA, while Table 4 illustrates software and databases for 
cell-to-cell communication.

Name Type Omics 
content

Ref Website (If Available)

Gene 
expression 
omnibus

Repository Single cell 
RNA-Seq

[101] https://www.ncbi.nlm.nih.gov/geo/

Single cell 
epression 
atlas

Repository Single cell 
RNA-Seq

[102] https://www.ebi.ac.uk/gxa/home

Slavov 
laboratory/
Quantitative 
biology

Repository/
Database

Single cell 
Proteomics

[103] https://slavovlab.net/data_webs.htm

Proteome 
exchange

Repository/
Database

Single cell 
Proteomics

[104, 
105]

https://www.proteomexchange.org/

Metabolomics 
workbench

Repository/
Database

Single cell 
metabolomics

[106] https://www.metabolomicsworkbench.org/
data/index.php

Table 2. 
Single cell repositories and databases.
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4. Bioinformatics

In recent years, technological advancements have made great progress in understand-
ing the genetics, transcripts, proteins and metabolites seen in disease, resulting in an 
explosion of big data, opening endless scientific possibilities [114]. However, this vast 
amount of data generated has its own challenges related to: i) data storage, ii) software 
to process such large amounts of data and ii) analysis and biological interpretation of 
data. In this circumstance, bioinformatics and computational biology have sought to 
overcome these challenges in big data generation and analysis [114]. Bioinformatics 
is a multi-interdisciplinary approach combining mathematics, physics, biology and 
computer science, it is defined as the application of computational methods and tools 
for the organization, analysis, understanding, visualization and storage of information 
associated with biological entities [114]. The development of high-throughput technolo-
gies such as NGS, RNA-Seq and liquid chromatography-mass spectrometry (LC–MS) 
and the analysis of data using bioinformatic approaches has opened a host of new 
possibilities including but not limited to, gene expression studies, methylation patterns, 
epigenetic markers, proteins, metabolites, lipids and others [114]. In the recent decade, 
bioinformatics approaches have become of increasing interest especially in NDs for 
novel biomarkers and drug discovery and pathways [6]. Specifically, a multi-interdisci-
plinary approach such as SB can enhance the contribution of computational therapeutics 
and diagnostics for NDs, hence providing a stepping stone towards precision medicine.

In the following section, we look into the tools and databases available for.
-omics in regards to obtaining data and analysis of said data. Moreover, we will 

discuss network-based approaches used in HD research.

Name Type Omics content Ref Website (If Available)

Seurat R package Single cell RNA-Seq [107–109] https://satijalab.org/
seurat/

Galaxy Open access Single cell RNA-Seq [11] https://usegalaxy.org/

scpdata R package Single cell Proteomics — https://github.com/
UCLouvain-CBIO/
scpdata

Table 3. 
Online tools, software and R-packages for single cell omics analysis.

Name Type Omics content Ref Website (If Available)

CellChatDB Open access & 
R package

Single cell 
RNA-Seq

[110] http://www.cellchat.
org/

NICHES R package Single cell 
RNA-Seq

[111] https://github.com/
msraredon/NICHES

CITEdb Open access & 
R package

Single cell 
RNA-Seq

[112] https://citedb.cn/#/
index

CellPhoneDB Open access Single cell 
RNA-Seq

[113] https://www.
cellphonedb.org/

Table 4. 
Software and databases for cell-to-cell communication.
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4.1 Omics databases and tools

The databases for obtaining publicly available data of different omics data at the 
single and bulk -omics level is constantly changing with new data becoming avail-
able every day. In addition, the analysis of such data is increasingly important, and 
various tools, software and R-packages are also developed to assist researchers in the 
analysis of their data. Table 5 includes repositories and databases where omics data 
can be found, not only specific for HD but also for other NDs, as well various diseases. 
Table 1 illustrates the tools, software and packages mainly in R, used for analysis of 
-omics data. The tables contain some of the most popular databases, repositories, 
software, tools and R-packages used, however there are numerous others resources 
available which have not been listed.

Name Type Omics content Ref Website (If Available)

Gene expression 
omnibus

Repository Genomics, 
Epigenomics, 
Transcriptomics,

[101] https://www.ncbi.nlm.nih.
gov/geo/

Expression atlas Repository Genomics [102, 
115]

https://www.ebi.ac.uk/gxa/
home

Array express Repository/
Database

Genomics [116] https://www.ebi.ac.uk/
biostudies/arrayexpress

European 
variation archive

Repository/
Database

Genomics [117] https://www.ebi.ac.uk/
eva/?Home

Ensembl Database Genomics [118] http://www.ensembl.org/
index.html

Database of 
genomic variants 
archive

Database Genomics — https://www.ebi.ac.uk/dgva/

European 
genome-
phenome archive

Repository/
Database

Genomics — https://ega-archive.org/

Answer ALS Repository Genomics 
Transcriptomics, 
Proteomics, 
Metabolomics

[119] https://dataportahttps://
dataportal.answerals.org/home

Huntington’s 
disease in high 
definition 
(HDinHD)

Database Genomics — https://www.hdinhd.org/

Enroll HD Repository/
Database

Genomics 
Transcriptomics, 
Proteomics

[120] https://www.enroll-hd.org/

Parkinson’s 
progression 
markers initiative

Repository/
Database

Genomics 
Transcriptomics, 
Proteomics, 
Metabolomics

[121] https://www.ppmi-info.org/

Alzheimer’s 
disease 
neuroimaging 
initiative

Repository/
Database

Genetics
Radiomics

[122] https://adni.loni.usc.edu/
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4.2 Network-based approaches

In all living organisms, most cellular components exert their functions via interac-
tions with other components, the entirety of these interactions represents the human 
interactome [129]. The cells and their response to changes in their environment 
involve coordinated activity of mRNAs, proteins, metabolites and lipids [130]. The 
fundamentals of proper cellular function are molecular networks connecting these 
components to process extra-cellular environmental signals driving dynamic cellular 
responses [130]. Network-based approaches aim to systematically integrate measure-
ments obtained from high-throughput experiments to gain insight of the cellular 
functions undergoing changes resulting in disease [130]. Systematic integration of 
varying biological entities is essential to identify molecular networks controlling 
normal and disease states, and in time, predict complex phenotypes from molecular 
markers [130]. Network-based approaches in human disease can lead to multiple bio-
logical and clinical applications, over the past decade, there has been an exceptional 
increase in human-specific molecular interaction data, resulting in a greater under-
standing of how different biological entities interact with one another, in biological 
networks and how they play a role in human diseases [129]. Examples of molecular 
networks are i) PPI networks, ii) metabolic networks, iii) regulatory networks, iv) 
RNA networks, v) cell–cell interaction networks and vi) multi-omics networks [129]. 

Name Type Omics content Ref Website (If Available)

PRIDE Database Proteomics [123] https://www.ebi.ac.uk/pride/

Proteome 
exchange

Repository/
Database

Proteomics [104, 
105]

https://www.
proteomexchange.org/

Japan proteome 
standard

Repository/
Database

Proteomics [124] https://jpostdb.org/

Mass 
spectrometry 
interactive 
virtual 
environment

Repository/
Database

Proteomics — https://massive.ucsd.edu/
ProteoSAFe/static/massive.jsp

ProteomicsDB Repository/
Database

Proteomics [125] https://www.proteomicsdb.
org/

Human peptide 
atlas

Repository/
Database

Proteomics [126] https://peptideatlas.org/

Metabolomics 
workbench

Repository/
Database

Metabolomics [106] https://www.
metabolomicsworkbench.org/
data/index.php

MetaboLights Repository/
Database

Metabolomics [127] https://www.ebi.ac.uk/
metabolights/index

Metabolome 
exchange

Repository/
Database

Metabolomics — http://www.
metabolomexchange.org/site/

Human 
metabolome 
database

Database Metabolomics [128] https://hmdb.ca/

Table 5. 
Omics repositories and databases.
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Few studies have been performed in regards to network and bioinformatic based 
approaches on HD. Some of these studies will be discussed below.

Chandrasekaran and Bonchev [131], performed network analysis on post-mortem 
tissue of the cerebellum, frontal cortex and caudate nucleus of HD patients. The 
microarray dataset, GSE3790, has 44 and 36 HD patients and controls respectively 
[131]. The dataset consists of both Affymetrix GeneChip Human Genome HG-U133A 
and B [131]. The seed genes are referred to as the significantly differentially expressed 
genes (SDEGs) [131]. In the GSE3790 HG-U133A, 617 overlapping seed genes were 
found between the four sets of SDEGs, while in GSE3790 HG-U133B, 351 seed genes 
were found [131]. Altogether, 925 seed genes were identified; however, network 
evaluation was performed only for the SDEGs with a p-value <0.01, with this new cut-
off threshold, 531 seed genes were identified and underwent network analysis [131].

Pathway enrichment was performed using Pathway Studio 9.0 software along with 
the molecular interaction database ResNet 9.0 [131], to construct direct interaction, 
shortest-path and miRNA regulation networks. Gene prioritizing approaches based 
on network topological measures, high node connectivity, centrality and guilt by 
association were applied, based on this approach 19 novel genes were found CEBPA, 
CDK1, CX3CL1, EGR1, E2F1, ERBB2, LRP1, HSP90AA1 and ZNF148; these genes may 
be of particular interest to undergo experimental validation [131]. The seed genes 
underwent GO enrichment analysis using DAVID [131], while the IPA software and 
Pathway Enrichment Analysis in Pathway studio was used to explore the canonical 
pathways affected in HD [131]. The pathways identified with DAVID are i) neuron 
development (GO:0048666), ii) neuron differentiation (GO:0030182), iii) regulation 
of glucose import (GO:0046324), iv) neuron projection (GO:0043005), v) regulation 
of lipid catabolic process (GO: 0050994) and various additional GO terms. The KEGG 
pathways from DAVID are i) HD (hsa: 05016), ii) MAPK signaling (hsa:04010), iii) 
ErbB signaling (hsa:04012), iv) Alzheimer’s Disease (hsa: 05010), v) Amyotrophic 
Lateral Sclerosis (hsa: 05014) and numerous other pathways [131]. The miRNA regu-
latory network analysis, found miR-124, mir-135a, miR-141, miR-182 and miR-19a 
to be the top five scoring miRNA within the network [131]. The SDEGs, miRNA and 
pathways obtained, in combination with experimental validation can shed light onto 
possible genes, miRNAs and mechanisms affected in HD, which can lead to targeted 
therapeutic strategies.

Other network and bioinformatics-based approaches conducted in HD include 
Sneha et al. [132], Pirhaji et al. [133], Pradhan et al. [134], Xiang et al. [135], Zaho 
et al. [136], Fu et al. [137], Shirasaki et al. [138], Christodoulou [139–141], and 
Onisiforou [142].

5. Discussion and conclusion

HD remains one of the most debilitating and incurable ND, as currently there 
is a lack of effective treatments, although clinical trials have been conducted using 
different strategies such as gene silencing to decrease mHTT protein production 
[1–3, 5]. However, these attempts were unsuccessful as in some cases, no difference 
between the drug and placebo groups or no symptom improvement was observed. 
Therefore, there is a need for effective drugs to be identified and tested and used as 
pharmacotherapies for HD. Furthermore, a better understanding of how different 
biological molecules (genes, proteins, metabolites, lipids etc.) interact with not only 
each other but also with disease pathways, and possibly drugs is vital to understand 
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how these interactions are affected in HD as it will allow to shed light on why some 
therapeutic treatments are not effective [5]. Dysregulation, in any specific cell type, 
biological molecule or pathway can influence the entire biological system leading to 
disease progression [7].

In the past decade technological advancements has led to high-throughput experi-
ments resulting in -omics data and their analysis. In addition, there is a growing inter-
est in SC-omics, allowing analysis of individual cells at a higher resolution, allowing 
for the accurate representation of cell–cell variation in tissues [95]. Bioinformatics, 
specifically network-based approaches, can be applied to investigate and understand 
in depth the relationship between the different biological molecules and their interac-
tion with the HTT protein, each other and within pathways [5]. The advancement of 
bioinformatics has led to the progress and identification of novel candidate biomark-
ers and drugs, affected pathway and mechanisms and genes, proteins and metabolites 
affected in a disease state compared to controls [5, 6]. In addition, there has been an 
exponential increase in the number of repositories and database available for both 
bulk and SC analysis for genomics, transcriptomics, proteomics and metabolomics 
[95, 100]. In addition, this has resulted in numerous bioinformatics tools, software 
and R-packages, which have been developed to assist researchers in omics data analy-
sis, in order to have meaningful biological interpretation of the data to make proper 
conclusions that will possibly lead to the discovery of potential biomarkers and drugs 
resulting in better prognosis, diagnosis and drug sensitivity of patients [100, 114]. 
The contribution of SB can provide a stepping stone towards precision medicine and 
potentially address the absence of HD treatments.
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Chapter 2

Neurological Impact of Type I 
Interferon Dysregulation
Alessio Mylonas

Abstract

Type I interferons are a class of potent and tightly regulated cytokines important 
for antiviral and anti-tumoural innate and adaptive immunity. Dysregulated produc-
tion can have serious neurologic consequences as exemplified in a family of rare 
diseases called type I interferonopathies. Interferonopathies represent a group of 
genetically determined conditions characterised by upregulated type I interferon pro-
duction causing a spectrum of neuroinflammatory and systemic manifestations. This 
chapter delves into the historical discovery of type I interferons, their role in innate 
immunity, and the subsequent identification of interferonopathies placing emphasis 
on the mechanisms of neurologic dysfunction that often dominate the clinical pic-
ture. The insights gained from studying these rare diseases offer valuable lessons for 
neurodegenerative and neuropsychiatric conditions which demonstrate considerable 
overlap with interferonopathies, underscoring the broader significance of type I inter-
ferons in more common neurologic diseases. Relevant therapeutic strategies targeting 
this pathway are discussed, emphasising the need for brain-penetrant approaches.

Keywords: type I interferon, IFNα, IFNβ, IFNAR, Type I interferonopathies, 
Aicardi-Goutières syndrome, Alzheimer’s disease, Down’s syndrome, Systemic lupus 
erythematosus, Neurolupus, Interferon therapies, Inflammaging, Traumatic brain 
injury, HIV/AIDS-associated neurocognitive disorders, major depression, anifrolumab, 
anti-IFNAR1, CXCL10, CXCR3

1.  Introduction

Type I interferonopathies, or simply interferonopathies, are a family of rare 
autoinflammatory diseases typified by overt sustained activation of type I interferon 
signalling. In their most characteristic appearance, interferonopathies are a form of 
neuroinflammatory disease with a genetic origin. In recent years, type I interferons 
have been implicated in an increasing number of neurologic diseases, raising the 
question of whether a better understanding of interferonopathies can enhance our 
knowledge of neurodegeneration mechanisms.

In this chapter, interferonopathies and the type I interferon pathway are intro-
duced, and they are contextualised with our current knowledge of the biology and 
the underlying immunologic mechanisms. This is then examined in relation to the 
continuously expanding spectrum of neuropsychiatric diseases induced by interferon 
dysfunction. While interferonopathies are rare monogenic diseases, dysregulation of 
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the type I interferon pathway has important implications for more common polygenic 
diseases. Our understanding of this pathway, of these rare interferonopathies, and of 
the more common interferon dysfunction diseases that they have parallels with, has 
allowed for great advances in the development of interferon as a therapeutic target 
with potentially great future clinical implications.

1.1  Historical perspective

Type I interferonopathies are a recent concept encompassing a diverse family of 
diseases. The term was first introduced by Yanick Crow in 2011 who proposed a unify-
ing notion for several Mendelian diseases that share clinical and molecular features 
and, importantly, which involve type I interferon dysregulation [1]. Yet the history of 
type I interferonopathies dates all the way back to the early 1980s, when the deleteri-
ous effects of interferons were first observed and hypothesised.

The discovery of type I interferons is a fascinating story of scientific serendipity 
and perseverance. Interferons have been studied since the mid-1950s, when famous 
Alick Isaacs and Jean Lindenmann reported the discovery of a soluble factor that could 
interfere with the replication of influenza virus which they named “interferon” [2, 3]. 
Initially, the two microbiologists were studying the influenza virus and the resulting 
cytopathic activity in chick cells and remarked that some cells were more resistant to the 
infection and importantly that this resistance could be transferred. While fraught with 
resistance and scepticism from the research community, and hampered by technological 
limitations, this discovery paved the way for unprecedented therapeutic advances. Years 
later, it was discovered that many different interferons exist, with broadly overlapping 
induction mechanisms, functions, and biological effects. Importantly, it was discovered 
that exogenous delivery could be leveraged for therapeutic benefit in patients.

The first human use of interferons occurred in 1973. A non-purified interferon 
preparation was delivered intranasally to healthy volunteers later exposed to rhino-
virus, demonstrating antiviral immunity in humans for the first time [4]. Aside from 
their antiviral function, anti-tumour activities were described [5] paving the way for 
the first antitumour use in humans [6] and the first approval of recombinant IFNα 
therapy for hairy cell leukaemia in 1986. Later, immunoregulatory effects were also 
unintentionally discovered in multiple sclerosis (MS), an autoimmune disease, rea-
soned to be triggered by viral infections [7]. Today, type I interferons, the very same 
subtype that Isaacs and Lindenmann had first discovered, are used in the treatment 
of many viral infections, cancers, and even multiple sclerosis. They have also become 
essential for our understanding of the molecular and cellular basis of innate immu-
nity and host-pathogen interactions. In parallel, as their use increased in the clinics, it 
very quickly became clear that they also induced psychocognitive effects [8–10], and 
that they may also induce de novo autoimmunity [11].

In 1978, Ion Gresser, a pioneer of research on the antiviral and antitumoral effects 
of interferons, demonstrated the counterintuitive benefits of IFNα-neutralising 
immunoglobulins during acute disease caused by infection [12]. This important 
observation was the first of many that would contrast the beneficial and detrimental 
of effects of type I interferons [13] and set the tone for the field for years to come. In 
many respects, this finding also foretold the great medical advances that would later 
be anti-cytokine therapies, first with anti-TNF in 1992 [14] and today with the first 
approved anti-interferon signalling therapies [15].

Around the same time, Jean Aicardi and Françoise Goutières reported eight children 
with severe early onset encephalopathy, characterised by calcification of the basal 
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ganglia, white matter abnormalities, and calcification of the basal ganglia [16], but the 
underlying pathomechanism remained unclear. Fuelled by great interest in viral immu-
nity, and the effects of interferons, Aicardi and colleagues investigated the cerebrospinal 
fluid and sera of these patients, and found that they had high levels of IFNα in both, yet 
could not attribute a viral aetiology to this [17]. It was many years later that Yanick Crow, 
Thomas Lindahl, and colleagues attributed to the Aicardi-Goutieres syndrome (AGS) 
to loss-of-function mutations of the TREX1 gene encoding a DNA exonuclease [18] and 
of the RNASEH2A, RNASEH2B, and RNASEH2C genes encoding subunits of the RNA 
endonuclease RNASEH2 [19]. AGS would later be recognised as the archetypical type I 
interferonopathy, and one of many which are still being discovered (Figure 1).

1.2  Definition and classification of interferonopathies

Few cohort studies have so far been published, and many aspects are derived from 
case reports. Although type I interferonopathies are defined by similar underlying 
mechanisms, they are a family of diseases with distinct genetic alterations and a 
classification has been formulated based on clinical and genetic features (Table 1). 
Broadly, these can be sub-classified as monogenic interferonopathies and non-mono-
genic type I interferon dysfunction diseases, forming classical interferonopathies, 
brain vasculopathies, and one autoimmune disease.

Interferonopathies are a monogenic family of diseases caused by mutations in genes 
involved in the recognition, production, or regulation of type I interferons. These muta-
tions lead to nucleic acid or metabolite accumulation, activating cytosolic nucleic acid 
sensors. These sensors then induce the production and secretion of type I interferons, 

Figure 1. 
Chronological overview of type I interferon-related discoveries. From the discovery of the virus-induced 
“interference” factors in 1957, type I interferons have been centre-stage for therapeutic development, both as 
exogenous administration, as disease biomarker, and ultimately as anti-cytokine therapy. From the first in human 
use of interferons first as an antiviral in 1973 and later for the treatment of MS and tumours in 1981, to the first 
approval of recombinant IFNα in 1986, type I interferons have provided numerous clinical benefits for patients 
across different disease areas. In the space of 16 years, interferons had gone from discovery to clinical use, a 
remarkable achievement for the time. Concurrently, reports of psychocognitive side effects were starting to appear 
from 1980 onwards, a testament to the immediacy of the effect in the CNS of these highly bioactive cytokines. 
It quickly became apparent that interferon therapy could lead to numerous other side effects such as SLE, and 
its involvement in autoinflammatory and autoimmune diseases was thereby discovered. The first description of 
Aicardi-Goutières Syndrome 1984, prior to the genomics revolution of the 2000s, would lead to the discovery of a 
new and expanding disease family called “interferonopathies”. Despite the first preclinical evidence of the benefits 
of anti-interferon biologic use in 1978, it would take 43 years to the first approval of an anti-interferon signalling 
therapy, a full 28 years after the first anti-cytokine biologic therapy. The list of potential indications that could 
benefit from targeted inhibition of the type I interferon pathway is still being determined with ongoing clinical 
trials and case studies across different autoinflammatory and autoimmune diseases.
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Family Disease Genes affected Clinical characteristics Neurologic symptoms

Classical 
interferonopathies

AGS TREX1, 
RNASEH2A, 
RNASEH2B, 
RNASEH2C, 
SAMHD1, 
ADAR1, IFIH1, 
DNASE2, 
RNU7-1, LSM11

Intracranial 
calcification, skin 
inflammation, 
hepatosplenomegaly, 
thrombocytopenia, 
elevated liver enzymes, 
cerebrospinal fluid 
lymphocytosis

Progressive 
encephalopathy, 
microcephaly, 
spasticity, dystonia, 
seizures, cognitive 
impairment, white matter 
abnormalities

USP18 loss of 
function

USP18 AGS, pseudo-TORCH 
syndrome

Microcephaly, 
intracranial calcifications, 
brain atrophy, seizures, 
developmental delay, 
hearing loss

ISG15 loss of 
function

ISG15 AGS, dermatologic 
symptoms, increased 
susceptibility to 
mycobacterial infections

Seizures, developmental 
delay, microcephaly, 
ataxia, hypotonia, 
dystonia, spasticity, 
leukoencephalopathy

SPENCD ACP5 Short stature, 
spinal involvement, 
dermatologic 
manifestations

Intracranial 
calcifications, spasticity, 
developmental delay

PRAAS PSMB4, 
PSMB8, PSMB9, 
PSMB10, 
PSMB12, 
PSMA3, 
PSMG2, POMP

Recurrent fevers, 
nodular erythema, 
pernio-like rash, joint 
contractures, severe 
inflammation

Brain atrophy, 
encephalopathy, basal 
ganglia calcification

SAVI STING1 Skin lesions, interstitial 
lung disease, pulmonary 
hypertension

Cerebral vasculitis, 
ischemic stroke, 
intracranial hemorrhage

SMS RIGI, IFIH1 Aortic and mitral valve 
calcifications, dental 
dysplasia, osteoporosis, 
muscle weakness, 
delayed growth

Headache, mood 
disorders, psychosis, 
seizures, stroke, 
neuropathy, myelopathy

Brain vasculopathies RVCL TREX1 Vision loss, neurological 
involvement, kidney, 
liver, gastrointestinal, 
thyroid, and bone 
disease

Brain lesions, strokes, 
brain atrophy, dementia, 
headache, dizziness, 
seizures, paralysis of 
cranial nerves, cerebral 
infarcts and haemorrhage

Interferon-
associated 
TMA

Unknown Endothelial dysfunction, 
microangiopathic 
hemolytic anemia, 
microvascular 
ischemia, kidney injury, 
hypertension

Headache, mental 
confusion, loss of 
cognitive function, loss 
of memory, slowing of 
speech, hemiparesis

Kohlmeier 
Degos 
disease

Unknown Papules with porcelain-
white center and red 
border, gastrointestinal 
complications, 
neurological symptoms

Headache, vision loss, 
diplopia, papilledema, 
partial loss of vision, 
shortness of breath, chest 
pain, epilepsy, thickening 
of pericardium
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which bind to their receptors on the cell surface and initiate a signalling cascade that 
involves the phosphorylation and nuclear translocation of transcription factors. They 
thereby activate expression of hundreds of interferon-stimulated genes (ISGs), which 
mediate the antiviral, immunomodulatory, and inflammatory effects of type I interferons.

Interferonopathies can be classified into six main diseases, based on the clinical 
presentation and the genetic defect: (1) Aicardi-Goutières syndrome (AGS), (2) USP18 
and ISG15 loss-of-function diseases, (3) spondyloenchondrodysplasia (SPENCD), (4) 
proteasome-associated autoinflammatory syndromes (PRAAS), (5) STING-associated 
vasculopathy with onset in infancy (SAVI), and (6) Singleton-Merten syndrome (SMS).

AGS is the most common among type I interferonopathies and is characterised 
by early-onset encephalopathy, calcification of the basal ganglia, leukodystrophy, 
skin lesions, and systemic inflammation. It is caused by mutations in genes encoding 
nucleases, such as TREX1, RNASEH2A, RNASEH2B, RNASEH2C, SAMHD1, and 
ADAR1, or genes involved in nucleic acid metabolism, such as RNASEH2, IFIH1, 
and ADAR2. These mutations impair the degradation or editing of endogenous 
nucleic acids, leading to the accumulation of self-DNA or RNA, which activate the 
cGAS-STING or RIG-I-MDA5 pathways, respectively. Gain-of-function mutations 
in STAT2 have also been identified [20–23], bypassing nucleic acid metabolism steps 
and highlighting the complexity of AGS. USP18 and ISG15 loss-of-function diseases 
share important similarities and display neuropathology similar to AGS. SPENCD 
and PRAAS are less well studied, and the mechanism by which type I interferons are 
induced is undefined, though patients also display basal ganglia calcifications.

Among the typically non encephalitogenic type I interferonopathies, SAVI is per-
haps the better studied. It is caused by gain-of-function mutations in STING1 (previ-
ously TMEM173), encoding the stimulator of interferon genes (STING) protein. 
STING is a key adaptor protein that activates type I interferon signalling in response 
to cytosolic DNA. It is diagnosed by genetic testing and by blood measurements of 
interferon response. Unlike AGS, systemic, rather than principally CNS-centred, 
symptoms are more pronounced, and often quite disparate. Early-onset systemic 
inflammation, skin vasculopathy, and interstitial lung disease have been described, 
with rare cases of accompanying alopecia [24]. The skin lesions typically affect the 
fingers, toes, ears, and nose and can lead to ulceration, necrosis, and sometimes 
amputation. The lung disease manifests as progressive fibrosis, respiratory failure, 
and pulmonary hypertension. What is surprising is that, often these symptoms can 

Family Disease Genes affected Clinical characteristics Neurologic symptoms

Autoimmune 
diseases

SLE TREX1, 
DNASE1, 
DNASE1L3, 
PRDM1, IRF5, 
IRF7, STAT4, 
TNFAIP3, 
TNFSF4, C1QA, 
C1QB, C1QC

Fever, rash, arthritis, 
serositis, nephritis, 
cytopenias, antinuclear 
antibodies

Neuropsychiatric 
manifestations, such 
as headache, mood 
disorders, psychosis, 
seizures, stroke, 
neuropathy, myelopathy2

AGS: Aicardi-Goutières Syndrome; USP18: Ubiquitin specific peptidase 18; ISG15: Interferon-stimulated gene 15; 
SPENCD: Spondyloenchondrodysplasia; PRAAS: Proteasome-associated autoinflammatory syndromes; SAVI: STING-
associated vasculopathy with onset in infancy; SMS: Singleton-Merten syndrome; RVCL: Retinal vasculopathy with 
cerebral leukodystrophy; TMA: thrombotic microangiopathy; SLE: Systemic lupus erythematosus.

Table 1. 
Type I interferonopathies associated with neurological dysfunction.



Rare Neurodegenerative Disorders – New Insights

38

Figure 2. 
Type I interferon signalling regulation and pathway. Simplified summary of triggering molecules, associated 
sensors, type I interferons produced, receptor-mediated signalling, and generic interferon-responses.

occur without simultaneous involvement of both skin and lungs. Yet, upon imaging, 
occasionally intracerebral calcifications are also observed and can aid diagnosis. Only 
a handful of cases have been reported so far; thus, many questions remain as to the 
differential clinical signs. SMS, while also a classical interferonopathy, presents with 
a yet different array of symptoms, including skin inflammation, calcifications of the 
aorta, and progressive osteoporosis. Neurologic symptoms have also been reported 
though they are not thought as the main clinical sign.

With more attentive clinical investigations, additional rare type I interferonopa-
thies are being discovered. It is important to note that not all of them present with 
overt neurological signs and often certain subtypes will include patients with severe 
psychocognitive disease while others display only systemic signs of disease. The 
underlying cause for this is largely unknown. Throughout the rest of the chapter, 
special emphasis will be put on encephalopathic diseases.

1.3  Overview of type I interferon pathway

Being a complex and tightly regulated network of molecular interactions, this 
pathway mediates cellular responses to infections, as well as endogenous nucleic acids 
when recognised as danger signals. The pathway can be divided into three overarch-
ing stages: (1) sensing, (2) signalling, and (3) feedback regulation (Figure 2).

Sensing refers to the recognition of pathogen-associated molecular patterns 
(PAMPs) or danger-associated molecular patterns (DAMPs) by pattern recognition 
receptors (PRRs), such as Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), and 
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cGAS-STING. These receptors are expressed in different cellular compartments, such as 
the plasma membrane (TLR1, -2, -4, -5, -6), endosomes (TLR3, -7, -8, -9), cytosol (MDA-
5, RIG-I, cGAS-STING, ZBP1, etc.), or nucleus (IFI16, hnRNPA2B1, cGAS in some con-
texts, etc.), and can detect different types of nucleic acids, such as viral or bacterial DNA 
or RNA, or self-DNA or RNA. Upon ligand binding, these receptors activate downstream 
signalling pathways that converge on the activation of interferon regulatory transcription 
factor 3 (IRF3) and 7 (IRF7), the master transcription factors of type I interferons [25].

Signalling initiates when binding to its cognate receptor is achieved, triggering the 
induction of downstream pathways and amplification of type I interferon produc-
tion. IRF3 and IRF7 translocate to the nucleus and bind to the interferon-stimulated 
response elements (ISREs) in the promoters of type I interferon genes, such as 
IFNA1, IFNA2, and IFNB1, and induce their transcription, translation, and secre-
tion. They then bind to their receptor, the interferon α/β receptor (IFNAR) formed 
of two chains: IFNAR1 and IFNAR2. This signalling can take place on the same or 
neighbouring cells and activate the Janus kinase (JAK) signal transducer and activator 
of transcription (STAT) pathway, which involves the phosphorylation and nuclear 
translocation of STAT1 and -2. These STATs form a complex with IRF9, called ISGF3, 
which binds to the ISREs in the promoters of ISGs, such as MX1, OAS1, and ISG15, 
and induce their transcription and expression. ISGs mediate the antiviral, immu-
nomodulatory, and inflammatory effects of type I interferons. Other non-canonical 
pathways independent of JAK-STAT are also known to be activated in a cell- or 
context-specific manner, and signalling is mediated through PI3K-mTOR, NF-κB, and 
MAPK and can have broad outcomes [26–28].

Feedback regulation is initiated simultaneously following signalling, trigger-
ing both positive and negative modulation mechanisms for the pathway. Positive 
feedback loops involve the induction of IRF7, which enhances the expression of more 
type I interferons and ISGs, creating a feedforward loop that amplifies the response. 
Negative feedback loops involve the induction of suppressors of cytokine signal-
ling (SOCS), protein inhibitors of activated STATs (PIAS), and ubiquitin-specific 
proteases (USPs), which inhibit the JAK-STAT pathway, or the induction of tripartite 
motif-containing proteins (TRIMs), which degrade IRF3 and IRF7, or the induction of 
microRNAs, such as miR-146a and miR-155, which silence certain mRNAs which are 
key components of the pathway. Ultimately, type I interferons are cytokines that play 
a crucial role in the innate immune response, but also act at the interface of adaptive 
immunity [29–31] and, as such, need to be tightly regulated. When its signalling is 
aberrantly activated or sustained, it can lead to a variety of clinical manifestations, 
ranging from autoinflammatory syndromes to autoimmune disorders.

2.  Neurologic disease in type I interferonopathies

Type I interferonopathies are a group of rare monogenic disorders characterised 
by constitutive activation of type I interferon signalling, leading to chronic inflam-
mation and multiorgan damage. Severe interferonopathies, and typically the most 
frequent ones, are first and foremost neuroinflammatory disorders. The most com-
mon clinical signs of type I interferonopathies are neurological, affecting the central 
and peripheral nervous systems. These include developmental delay, intellectual dis-
ability, seizures, spasticity, ataxia, dystonia, neuropathy, and hearing loss. The exact 
incidence and prevalence of type I interferonopathies are for the most part unknown, 
but estimates place incidence between 1:10,000 and 1:1,000,000 [32–34]. While the 
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exact percentage of each type I interferonopathy among the total cases is also uncer-
tain, the most common is Aicardi-Goutières syndrome (AGS).

2.1  Aicardi-Goutières syndrome

AGS is an interferonopathy, typically exemplified as a neuroinflammatory 
encephalopathy resembling congenital viral infection. By most accounts, AGS is the 
most common of the interferonopathies, and the better studied [34]. Clinically, AGS 
can present as neonatal-onset AGS or late-onset. Neonatal-onset can often be mis-
taken for a transplacental-acquired infection. When evidence for an obvious infection 
is lacking, common practice is that AGS should be considered. Symptoms during the 
first few weeks of life include slowed cognitive growth, abnormal movements, ataxia, 
and epileptic seizures, as well as systemic signs of infection including persistent fever. 
Late-onset AGS is challenging as symptoms may occur several months later alongside 
otherwise normal infantile development. Slowed growth of head circumference, 
spasticity, and weakness may sometimes be readily apparent. Imaging in both early 
and late onset forms often reveals microcephaly, intracranial calcification, leukoen-
cephalopathy, necrosis, vasculopathy with aneurysms, infarcts, and sometimes dis-
cernible haemorrhage [35]. On a histopathological level, acute demyelinating lesions 
reveal the extent of neurological damage, especially in late-onset patients, with 
diffuse demyelination reminiscent of acute demyelinating encephalomyelitis [36]. 
Microangiopathy is also a common occurrence [37–40]. Calcium deposits form 
around the blood vessels, and it is thought that this is attributed to excessive cell 
senescence and apoptosis [41].

Type I interferons are found consistently in CSF and serum at the neonatal stage 
[17, 42]. As interferons display high bioactivity reflected by a short half-life, they are 
notoriously difficult to detect, and in the early days, cytopathic protection assays were 
performed. Simply, CSF from patients was found to contain sufficient interferons to 
avert toxicity associated with vesicular stomatitis virus challenge in a recipient cell 
line. Simple experiments first gave clues as to which interferon subtypes were present 
in patients with AGS, pinpointing IFNα as the principal culprit. Leaps in bioassay 
technologies have allowed detection down to 0.1 femtograms, confirming on average 
1000-fold increase in IFNα compared to healthy individuals [42, 43]. Analysis of the 
largest AGS cohort to date reveals that significantly higher levels of IFNα in CSF are 
consistently found in earlier onset, more severe, disease supporting the notion of a 
detrimental role of type I interferons that is dose dependent [44]. Intriguingly, this is 
not observed consistently in serum [44] which supports that the production is central 
rather than systemic in AGS. Importantly, interferon-response gene expression has 
allowed the definition of an interferon-score, which is now a widely used, highly 
sensitive, rapid, cheap, and specific interferon metric [42, 45–50].

Mutations in nine genes have been identified to this day, all of which are involved 
in nucleic acid detection and metabolism. Overall, loss-of-function mutations lead 
to deficiencies in the clearance of nucleic acids, while the gain-of-function muta-
tions cause overt sensing of nucleic acids. Mutations in TREX1 [18], RNASEH2A, 
RNASEH2B, RNASEH2C [19], SAMHD1 [51], and ADAR1 [52] result in the accu-
mulation of nucleic acids, sometimes derived from endogenous retroviral elements, 
which result in potent activation of nucleic acid sensors. In particular, TREX1 is an 
important exonuclease, whose inactivation leads to accumulated DNAs in the cyto-
plasm that trigger overexpression of type I interferons [18] through the cGAS-STING 
pathway [53, 54]. Beyond AGS, mutations have been described in systemic lupus 
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erythematosus (SLE) [55] and familial chilblain lupus (FCL) [56], linking together 
AGS and lupus. Similarly, mutations in RNASEH2A/B/C, which form a protein com-
plex that degrades RNA:DNA hybrids and excises incorrectly inserted ribonucleotide 
monophosphates during DNA replication, lead to DNA damage and enhanced 
generation of byproducts of DNA repair [57]. Accumulated DNA repair metabolites 
in the cytoplasm caused by RNASEH2 mutants stimulate the cGAS-STING pathway, 
resulting in AGS [58]. Lastly, mutations in LSM11 and RNU7-1, which encode two 
components of the canonical replication-dependent histone pre-mRNA process-
ing complex, cause impaired processing of mRNAs [59]. This leads to the release 
of cGAS from nucleosomes, thus binding to proximal nuclear DNA, and activates 
the cGAS-STING-TBK1 pathway inducing the expression of type I interferons [59]. 
Lastly, mutations in ADAR1 cause aberrant activation of nucleic acid sensors MDA5 
and ZBP1 through enhancement of recognition of endogenous retroviral elements 
and causing uncontrolled type I interferon production [60–62]. These mechanisms 
exemplify the importance of accurate regulation of endogenous nucleic acid sensing 
and how their loss-of-function inevitably results in overt type I interferon produc-
tion. Similar aberrant responses can also happen with gain-of-function mutations. 
Mutations in IFIH1 have resulted in overactivity of its gene product, MDA5, causing 
it to bind to RNA more avidly [63, 64]. This mimics excessive nucleic acid sensing 
and also results in type I interferon overproduction. While the genetic mutations and 
genes affected are numerous, mechanisms of AGS are related to aberrant nucleic acid 
sensing and defective DNA or RNA degradation. Mutations that cause dysfunctional 
negative regulation also exist, leading to other encephalopathic interferonopathies 
with substantial clinical overlap.

2.2  Other encephalopathic interferonopathies

Though rare, many other encephalopathic type I interferonopathies have been 
identified. Loss-of-function mutations in ISG15 cause disease similar to AGS and 
SPENCD including calcifications of the cerebral basal ganglia and type I inter-
feron signatures [65] but can also cause dermatologic disease as often seen with 
interferonopathies [66]. It is recognised that ISG15, itself an interferon-response 
gene, is important for limiting type I interferon production, and that disease in 
ISG15 deficiency is systemic, but the exact contribution to disease from within 
the brain is undetermined. Interestingly, it is through its interaction with USP18, 
mutations of which are also associated with AGS [67], that ISG15 can limit type 
I interferon signalling by displacing JAK1 from IFNAR [68, 69]. Importantly, in 
vivo loss of USP18 has been studied in rodents, and it was found to cause unabated 
– of otherwise tonic self-limiting – type I interferon signalling and to lead to 
the generation of over phagocytic microglia causing white matter damage and 
neurodegeneration [70].

Rare mutations in a lysosomal protein encoded by ACP5, also cause a type I 
interferonopathy called Spondyloenchondrodysplasia (SPENCD). It is characterised 
by skeletal dysplasia typified by vertebral abnormalities and metaphyseal lesions of 
the long bones. Concurrently, brain calcifications with neurological impairment, 
and high type I interferon signatures, reminiscent of classical AGS, are also observed 
[71, 72]. Little is known about the pathological mechanism, yet these mutations result 
in a highly penetrant monogenic systemic lupus erythematosus (SLE) manifestation 
[73–75], suggestive of a broader relationship between type I interferonopathies and 
lupus.
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3.  Encephalopathic non-monogenic type I interferonopathies

Systemic lupus erythematosus (SLE) is a disease driven by type I interferons and char-
acterised by neuropsychiatric involvement. Interestingly, many overlapping psychocog-
nitive disturbances are also observed as side effects from exogenous interferon therapies.

3.1  Neuropsychiatric involvement in lupus

Systemic lupus erythematosus is the historical and immunological archetype 
autoimmune disease, affecting multiple systems including the CNS. It is estimated 
that almost four million people worldwide live with SLE [76]. More than half of 
SLE patients exhibit some neuropsychiatric manifestation [77, 78] though the exact 
prevalence and list of symptoms describing it are debatable [79, 80]. It is associated 
with more severe cases as demonstrated by a threefold higher mortality rate than 
SLE patients without obvious neuropsychiatric affliction [78, 79]. Confusional state, 
anxiety, cognitive dysfunction, mood disorder, and psychosis are some common man-
ifestations of neuropsychiatric lupus, delineating a group of syndromes [81]. Further 
evidence of neuronal involvement in lupus comes from increased neurofilament light 
(NfL) in both plasma and CSF [82–84]. NfL is a bonafide marker of neuronal dam-
age that gets released and drained into the CSF, which pours out to the circulation, 
proportionally to the extent of axonal damage [85]. In SLE, NfL is further increased 
in patients with obvious neuropsychiatric involvement [83, 84] and correlates to 
neurocognitive and motor function [86].

SLE and AGS display some important commonalities that ultimately define both 
diseases as interferonopathies. Variants in TREX1, which cause AGS, also increase the 
risk of SLE [55, 87, 88], and particularly neuropsychiatric lupus [87]. Therefore, it is 
not surprising that type I interferons are strongly implicated in SLE [42, 89] and have 
been found to be pathogenic since targeting either IFNα [90, 91] or IFNAR signalling 
[92, 93] ameliorates disease progression. Higher IFNα in serum is also a strong predic-
tor of mortality and correlates with neurological manifestations [94]. IFNα is also 
highly produced in CSF [43, 95–97], though it is unclear whether higher production in 
serum or CSF could inform on the central versus systemic source of type I interferon 
production [42, 43, 96]. As of yet, it is unknown whether targeting this pathway will 
be beneficial for neuropsychiatric lupus, but preclinical evidence suggests this.

Studying neuropsychiatric symptoms in mouse models of lupus is possible. 
However, similar to human studies, this aspect has been less investigated than its sys-
temic disease counterpart. A lupus-prone mouse model overexpressing Tlr7 among 
other genes and exhibiting high peripheral type I interferon signatures [98, 99], 
also develop strikingly elevated interferon signatures in CNS [100]. Importantly, 
these mice exhibit anxiety and fatigue similar to clinical symptoms in humans. The 
response seems spatially restricted in high intensity patches across the entire brain, 
affecting predominantly microglia but also neurons and oligodendrocytes [100]. 
This is also seen in a different lupus-prone mouse model, where induced interferon-
responses accompanying microglial activation [101] suggest conserved pathology 
affecting the CNS. Additionally, exogenous administration of IFNα precipitates lupus 
pathology [102, 103] and neurologic disorder including anxiety, depression, and 
cognitive impairment.

The mechanisms by which type I interferons cause or aggravate development of 
neuropsychiatric symptoms in SLE have not been exhaustively investigated. One 
proposed mechanism is through modulation of neuroactive metabolites. SLE patients 



43

Neurological Impact of Type I Interferon Dysregulation
DOI: http://dx.doi.org/10.5772/intechopen.1006023

with cognitive dysfunction are found to have increased quinolinic acid [104–106], to 
kynurenic acid ratios [107]. Quinolinic acid is an NMDAR agonist causing glutama-
tergic excitotoxicity [108, 109] and more so when favoured over kynurenic acid [110]. 
This metabolite balance dysregulation concurrently correlates significantly with 
type I interferon-response [111]. Quinolinic acid is metabolised from tryptophan 
and through indoleamine 2,3-dioxygenase (IDO) [112], an interferon-inducible 
enzyme known to mediate neurobehavioural alterations [113]. In SLE patients, IDO is 
induced in a type I interferon-specific manner [114]. This is paralleled by an increase 
in kynureine to tryptophan ratio in the circulation as IDO metabolises tryptophan 
into kynureine [107, 111, 114]. Loss of serotonin is also reasoned to be affected in a 
similar way. Serotonin is an important neurotransmitter that is also metabolised from 
tryptophan [115] and which is deregulated in human SLE [114, 116] and in the hippo-
campus of lupus-prone mice [117]. Increased IDO in SLE can explain the reduction of 
serotonin observed in the periphery [114], and it is arguable that a similar mechanism 
may take place in the CNS though this has yet to be demonstrated in SLE.

Overall, while a lot of what is known about the pathological mechanisms of 
neuropsychiatric SLE are inspired from findings from AGS, clinical evidence is highly 
suggestive that the type I interferon pathway may be therapeutically relevant for the 
neuropsychiatric manifestations as well as well as for systemic disease. The associa-
tions between neuropsychiatric lupus and AGS, and the teachings it has provided, 
are a testament to how rare monogenic neuroinflammatory disorders can provide 
aetiological insights into the pathogenesis of more common polygenic disorders. 
Importantly, more learnings can also be achieved from clinical experience with 
exogenous IFNα and IFNβ therapies.

3.2  Exogenous interferon treatment

Type I interferons have been used in the clinics to treat different diseases for many 
years, including hairy cell leukaemia, chronic myeloid leukaemia, hepatitis C virus 
infection, melanoma, multiple sclerosis, systemic mastocytosis, chronic hepatitis 
B virus infection renal cell carcinoma, and Kaposi’s sarcoma. Despite being used at 
refined therapeutic doses, psychocognitive side effects are common and have been 
well documented from 40 years of clinical experience with these cytokines [118–134]. 
Common side-effects in the short term include confusion, headaches, fatigue, 
myalgia, flu-like symptoms, and psycho-emotional disturbance. Longer treatment 
regimens often result in dementia-like outcomes [135–140]. Furthermore, high dose 
versus low dose IFNα therapy much exacerbated signs and incidence rates [141], 
indicative of a dose-dependent effect.

Depression is the most common occurrence. Incidence among both IFNα- or 
IFNβ-treated patients is estimated to be 50%, even with optimised dosages, and pro-
phylactic antidepressant therapy is often initiated pre-emptively [123, 128] though its 
true efficacy is still debated [142, 143]. Major depressive episodes are also common-
place and have been reported in as many as 30% of HCV patients treated [126, 133]. 
Resting state fMRI performed in a cohort of 22 patients with hepatitis C infection pre- 
and post-peripheral therapeutic dosing of IFNα revealed rapid and profound changes 
in the brain [144]. The altered brain functional network and reduced global con-
nectivity efficiency correlated well with changes in anxiety, fatigue, confusion, and 
mood, reinforcing the immediateness of changes to neuronal networks. Importantly, 
while the majority of cases of IFNα-induced depression will achieve remission fol-
lowing discontinuation or end of therapy, this can take up to 3 years [125, 130, 133] 
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indicating long-lasting neural changes. These figures may be underestimated due to 
the lack of long-term follow-up after treatment cessation [130, 133].

Assessing the adverse impact of IFNβ therapy on multiple sclerosis (MS) has been 
challenging, as MS itself leads to cognitive dysfunction [145]. Cognitive dysfunction 
in MS also correlates with depression and fatigue [146, 147], adding a further layer 
of complexity. In comparison, fingolimod is a superior therapy for MS, providing 
better outcomes for cognitive decline compared to IFNβ [148–153]. Fingolimod causes 
immunosuppression as well as neuroprotection [154], an advantage over IFNβ which, 
specifically in MS, only exerts immunosuppression. It is therefore challenging to 
separate any neurotoxic effects associated with IFNβ. As new therapies are slowly 
making their way to more common clinical use in MS [155], more careful personalised 
medicine approaches can be achieved reducing long-term sequelae for patients.

The impact of type I interferons on psychocognitive states involves a complex, 
understudied, and multifactorial process involving changes in neuroactive metabolite 
balance, potentially hormonal dysfunction, brain microvascular dysfunction, and 
induction of psychoactive chemokines. As previously discussed, they potently induce 
IDO, which catalyses a key metabolic reaction that leads to the loss of serotonin and 
kynurenic acid, favouring the excitotoxic quinolinic acid [107, 113, 156]. Interferon 
therapies have also been found to induce thyroid dysfunction, ranging the entire 
spectrum of hypothyroidism, hyperthyroidism, and thyroiditis. Clinical thyroid 
disorders are frequently associated with psychiatric symptomatology [157–160]. 
The exact prevalence is difficult to determine as few studies evaluate thyroid status, 
but it may be as low as 11% and high as 45% [161–165]. While thyroid hormones are 
known to exert biochemical effects on the brain, the bulk of the research conducted 
is descriptive rather than mechanistic. No significant correlation could be easily 
discerned between thyroid hormones and development of major depression induced 
by IFNα [161], perhaps suggesting parallel pathways. Nevertheless, given the system-
atic thyroid hormone imbalance induction by IFNα therapy, perhaps some degree of 
mood dysfunction may be attributable to it, though research is for now lacking.

Interferons can also directly act on the brain. In mice, it was found that peripher-
ally administered IFNβ was sufficient to induce depressive symptoms [166], and that 
IFNAR activation on brain endothelial cells was responsible for the depressive symp-
toms. Activation of the BBB’s endothelial cell IFNAR pathway results in downregula-
tion of adherens and tight junction transcripts causing endothelial dysfunction and 
exemplified by BBB leakage. Evidence of this is also perhaps apparent from the clinics. 
Thrombotic microangiopathy (TMA) is another serious side effect of interferon thera-
pies [167–169] requiring immediate discontinuation and critical care. These events are 
associated with higher dose interferon therapy, and to result in leaky microvasculature 
accompanied by perivascular immune cell infiltration and narrowing of the endothelial 
cell lumen in human patients and in mice [168]. Chemokines CCL2 and CXCL10 are 
strongly induced by interferons in brain endothelial cells [166], providing a plausible 
explanation for the microvascular changes and infiltration. Of note, it is the microan-
giopathy that is the dominant brain characteristic, as also observed in neuropsychiatric 
lupus [170], and thrombosis is instead a far less prominent feature [168]. As not all 
microvessel damage is visible by MRI, it is unclear whether subclinical cerebral vascular 
damage is happening throughout all interferon-treated patients, thus widely contribut-
ing to the psychocognitive dysfunction induced by type I interferons. Lastly, activa-
tion of CXCR3 signalling in neurons by brain endothelial cell-derived CXCL10 elicits 
changes in synaptic plasticity responsible for the depressive phenotype in vivo and in 
vitro causing weakened synaptic long-term potentiation in hippocampus [166, 171].
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Genetic associations between type I interferon-induced depression and gene 
variants exist, but knowledge is for now limited. One study linked polymorphisms in 
cyclooxygenase 2 (COX2) or phospholipase A2 (PLA2) with a more than three-fold 
increased risk of developing depression [172]. Intriguingly, an association in patients 
with major depression not induced by interferon therapy could also be made, suggest-
ing some similar underlying mechanisms [172]. In line with this observation, IFNα-
induced depressive symptoms could be mitigated in mice treated with non-steroidal 
anti-inflammatory drugs (NSAIDs) inhibiting COX1/COX2 [173]. This is an impor-
tant consideration in light of reported anti-depressive effects of NSAIDs [174, 175] 
and of enhanced efficacy when used in combination with anti-depressants [176].

Interestingly, type I interferon signatures can also be found in major depression 
not induced by interferon therapy [177, 178]. Prototypical ISGs such as MXs, OASs, 
IFITs, ADAR, and CXCL10 [179] are found upregulated in the circulation of patients. 
It is unclear whether type I interferons might be causative; however, this would argue 
for a detrimental role in major depression. Depression is also suggested as a trigger 
for Alzheimer’s disease and cognitive decline [180], raising important additional 
implications. In one study, an association was found between the Apolipoprotein E 
ε4 (APOE4) allele, which confers greater risk of Alzheimer’s, and higher incidence of 
interferon-induced neuropsychiatric symptoms [181], suggesting a link between type 
I interferons, depression, and Alzheimer’s disease.

The neurocognitive impact of exogenous therapy with type I interferons is well-
recognised, and despite systemic administration routes and refined dosages, patients 
exhibit often debilitating and dangerous psychocognitive side-effects. While anxiety 
and depression can be partially mitigated, psychomotor dysfunction, fatigue, and 
confusion are difficult to alleviate [140]. Over the years, the standard of care for many 
of these indications is moving away from IFNα an IFNβ therapies, both as first-line 
therapy and often entirely. The advent of more efficacious, and safer direct-acting 
and all-oral antivirals [182, 183], checkpoint blockade inhibitors [184], and immuno-
modulating therapies [155, 185] has allowed a consistent phasing out of interferons in 
clinical care.

4.  Translation to more common neurodegenerative diseases

There is growing interest in understanding neuroinflammation in rare diseases 
because it represents a promising and translatable therapeutic target, also for more 
common neurodegenerative disorders. Neuroinflammation is recognised as a key hall-
mark of diseases such as Alzheimer’s and Parkinson’s disease. While the role of type I 
interferons in these diseases remains to be fully understood, several lines of evidence 
suggest their implication in their disease process.

4.1  Alzheimer’s disease

Alzheimer’s disease (AD) is the most common cause of dementia, affecting 
more than 50 million individuals worldwide. It is characterised by gradual cognitive 
decline and behavioural changes due to chronic neurodegeneration, and predomi-
nant impairment of anterograde episodic memory. Individuals over the age of 65 
are most commonly affected, representing 90 to 95% of all AD cases. Overall, age 
is the strongest risk factor for AD suggesting that the ageing process is strongly 
implicated [186]. Early-onset AD (EOAD) affects individuals below the age of 65 



Rare Neurodegenerative Disorders – New Insights

46

and is known to be caused by one of a handful mutations. The discovery that certain 
mutations in the amyloid precursor protein APP gene [187, 188] or the presenilin 1 
[189] and 2 [189, 190] (PSEN1 and PSEN2) genes, encoding the enzymes cleaving 
amyloid peptides, cause EOAD has galvanised the field and concomitantly allowed 
headway in the understanding of late-onset AD (LOAD). As aggregated misfolded 
amyloid β-containing extracellular plaques are a major pathologic hallmark of AD, the 
understanding of the amyloid misfolding and aggregation processes have led to major 
strides for elucidating the pathology. This is also thanks to the generation of mouse 
models with abnormalities in APP processing mimicking human EOAD [191]. After 
decades of therapeutics research, and at the time of writing, two biologics targeting 
amyloid deposits have been approved for therapy following modest but positive trial 
outcomes [192, 193]: aducanumab and lecanemab.

Subsequent work has identified and proposed many other components impor-
tantly implicated in AD. One such component is the protein tau. Tau, like Aβ, has 
a propensity to misfold, aggregate, and spread, and mutations in its gene, MAPT, 
have been identified in familial inherited tauopathies such as frontotemporal lobar 
degeneration with tau inclusions (FTLD-tau) [194]. Hyperphosphorylation is 
another key feature of tau and a marker of severity of neuronal pathology [195, 196]. 
Intracellular tau protein-containing neurofibrillary tangles are found in brain 
regions related to clinical symptoms and to better correlate with pathology than 
amyloid burden [197, 198], leading to believe that it may be directly implicated in the 
pathogenesis [199].

Aside from APP, PSEN1 and PSEN2, and MAPT, APOE is the most important risk 
factor for AD [200–202]. Certain alleles substantially increase risk (E4/E4: 12-fold 
increase) while others confer resistance (E2/E2: 2.5-fold decrease), while others are 
the common variants (E3/E3: no impact). The impact that APOE has on AD is likely 
even more intricate. An R136 mutation was identified in an individual carrying an 
autosomal dominant mutation in PSEN1, but which was protected from develop-
ing EOAD [203]. Named after the city in New Zealand where it was discovered, the 
Christchurch mutation confers resistance to AD by reducing tau pathology [204]. The 
genetics of EOAD are complex, but they have allowed many advances in our under-
standing of AD. Genetic research of LOAD also revealed new facets of AD, especially 
the involvement of the immune system.

Neuroinflammation is increasingly being recognised as an important component 
in the pathogenesis of AD. Genome-wide association studies performed on LOAD 
have implicated the immune system. Loci mapped to genes hypothesised to carry 
out immune, or at least microglial, function-related roles have been proposed such 
as ABI2, ACE, ADAM10, ADAMTS1, BIN1, CD2AP, CD33, CLU, CR1, HLA-DRB1, 
HLA-DRB5, IL34, MEF2C, MINK1, MTHFR, PCG2, PILRA, SHARPIN, SPI1, SORL1, 
TOMM40, and TREM2 [205–209]. Although more than 84 loci have been identi-
fied, they may not represent the full spectrum of risk variants for LOAD. As studies 
become larger and better powered for discovery of subtle associations, more are likely 
to be added to this list [209]. TREM2 is an important risk variant [210, 211] with 
consistently strong association and susceptibility risk, currently estimated to three- 
to four-fold increase [212]. One heterozygous R47H variant represents the highest 
risk for AD aside from familial mutations and APOE alleles, and has therefore been 
studied extensively despite sometimes contradictory results [213, 214].

AD is a multifactorial disease with complex cellular interactions that culminate in 
neuronal cell death. Numerous mouse models have allowed studying the pathogenesis 
of AD at the molecular and cellular level. Coupled with the advent of single-cell 
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transcriptomic technologies [215], they have permitted a better understanding of the 
cellular states during AD and have allowed characterisation of virtually all brain cell 
types. Across AD models, microglia cell types have been identified and character-
ised according to their transcriptomes and consistently classified as “homeostatic”, 
“disease associated microglia” or “DAM”, and “type I interferon-responsive microglia” 
or “IRM” [216–221]. A lot of excitement was generated from research performed 
describing the DAM subsets in mice as they are believed to define a distinctive neuro-
degeneration microglial cluster [222, 223]. However, a clear and consistent DAM clus-
ter has been difficult to pinpoint in humans [224]. IRM have been described in human 
AD, and the subset is found to be associated to microglia exhibiting endolysosomal 
dysfunction, cytoplasmic dsDNA, and activated morphology [224]. This same IRM 
subset also carries significant differential expression of genes associated with genetic 
risk for AD, such as APP, APOE, GRN, CD33, and C4A and hence is reasoned to be 
a putative target for therapeutic intervention [224]. While it is now clear that clues 
relating to presence of type I interferons are seen throughout human AD [224–229], 
its role can only be studied using mouse models.

Similar to human AD, type I interferon signatures can be found across dif-
ferent AD models of either amyloidosis, tauopathy, or combinations of the two 
[217, 220, 228–238] and despite differences in affected brain areas, temporal and 
cognitive pathology evolution, and disease mechanisms, suggesting conserved 
induction pathways. Importantly, genetic loss of IFNAR or targeting via monoclonal 
antibody is protective for the overall progression [228, 229, 232]. In an APP/PS1 
mouse model, loss of IFNAR signalling leads to significant amelioration of the spatial 
memory deficits, and inhibition of inflammation and microgliosis markers, while 
astrocytes exhibit activation potentially as a compensatory mechanism [232]. These 
observations were accompanied by complete loss of interferon-signalling, as expected, 
but also of IFNα expression hinting at a potentially self-sustained pathway in AD 
[232]. Similarly, blockade of IFNAR signalling by delivery of a monoclonal antibody 
to the cerebral ventricles, thus bypassing the BBB, leads to significant reduction in 
microglial activation [228]. IFNAR signalling is similarly detrimental in tauopathy 
models [237]. Loss of IFNAR causes strikingly reduced tau hyperphosphorylation and 
inflammatory cytokine and chemokine production in vivo and in vitro stimulation 
of neurons with IFNα or IFNβ exacerbates tau hyperphosphorylation and seeded tau 
aggregation [237]. Furthermore, tau triggers the generation of interferon-responsive 
oligodendrocytes in vivo, as evidenced by single cell analyses [239], though their 
contribution to disease remains to be elucidated. Further evidence that tau drives 
disease through type I interferons comes from deeper investigations of the protec-
tive effects of the Christchurch APOE mutation [240]. Mice carrying tau mutations 
and the human E3/E3 Christchurch mutation were protected from tau pathology 
by loss of cGAS-STING-induced type I interferon production. While the complete 
mechanism is still unclear, microglia carrying the protective mutation had suppressed 
production interferons [240]. Other mutations commonly found in AD were also 
linked to type I interferons. Concurrent loss of function of TREM2 in tauopathy 
and amyloidosis AD-prone mice causes exacerbation of the type I interferon signa-
tures, along with more pronounced tau aggregation, hyperphosphorylation, and 
neurodegeneration [220]. This is paralleled by findings in individuals carrying TREM2 
variants R47H and R62H, which have a strongly increased AD risk, and concurrent 
enhancement of type I interferon signatures compared to TREM2 common variants 
[241, 242]. It is still not demonstrated whether these AD associated variants exacerbate 
pathology through IFNAR signalling, though mouse models of tau pathology with 
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TREM2 R47H-carrying variants recapitulate enhanced IRM [234], and this is through 
an increased responsiveness to triggers of type I interferon production [241].

The induction of type I interferons in AD is thought to be mediated by an amyloid-
facilitated nucleic acid recognition process. Nucleic acids are found on and around 
amyloid plaques in human and mouse models [228, 243–246], which is probably 
linked to charge complementarity. Microglia, due to their phagocytic activity, actively 
take up oligomeric amyloids containing nucleic acids, which then signal to nucleic 
acid sensors leading to production of type I interferons [228]. Neurons are also 
capable of producing IFNα and IFNβ in response to Aβ peptide stimulation directly 
and without exogenous nucleic acids, and to do so via MyD88 and IRF7 [247], raising 
the prospect of a parallel pathway of mitochondrial or nuclear nucleic acid release 
following cell damage. cGAS-STING is also found to be expressed and induced 
in AD-prone mice across different neuronal cell types and is likely a key nucleic 
acid sensor mediating the production of type I interferons in response to amyloids 
[248, 249] but possibly not the only one.

Clearance of nucleic acids, whether following uptake or whether released subse-
quent to nuclear or mitochondrial damage, is an important process. Genetic loss of 
these mechanisms can result in severe diseases, including type I interferonopathies. 
Phospholipase D3 (PLD3) is an exonuclease that degrades mitochondrial DNA limit-
ing exaggerated TLR9 [250, 251] and cGAS-STING [251, 252] responses which result 
in the induction of type I interferon production. Importantly, rare variants in PLD3 
have been discovered to increase risk of AD [253, 254], and potentially in EOAD [255] 
suggesting that defective nucleic acid nuclease activity could be implicated in AD 
and cause aberrant triggering of type I interferons. PLD3 is indeed found deregulated 
in AD [256, 257] and accumulated in neuritic plaques [257], suggesting a defective 
intracellular exonuclease function. Another protein involved in clearance of nucleic 
acids is 2’,5’-oligoadenylate synthetase 1 (OAS1). OAS1 is a type I interferon-inducible 
protein which, through its interaction with RNaseL, is known to degrade dsRNA and 
limit viral infection but to also limit sensing of intracellular RNAs [258, 259]. While 
the role of this interferon-inducible protein in the pathogenesis of AD still not known, 
risk variants have been identified suggesting that it may be implicated in the disease 
process [260, 261].

As for how type I interferons mediate neurodegeneration in AD, there are mul-
tiple mechanisms demonstrated so far. For one, Aβ stimulated IFNAR deficient glia 
produce significantly less or no inflammatory cytokines, including IFNα and IFNβ, 
compared to IFNAR sufficient glia, and transfer of conditioned media to neuronal 
cultures demonstrates a neurotoxic activity that requires IFNAR signalling [232, 262]. 
One way by which IFNβ has been proposed to be directly neurotoxic [263, 264] is 
through mitochondrial destabilisation [265]. Furthermore, IFNβ induced by nucleic 
acid recognition also cause further upregulation and hyperactivity of DNA sensors in 
microglia [266], suggestive of a self-propelled activation loop. Type I interferons also 
cause inhibition of Aβ peptide phagocytosis by microglia, suggesting that decreased 
clearance of reactive amyloid species could also exacerbate neuroinflammatory 
outcomes [262]. In vivo, IFNAR signalling activation leads to complement-driven 
elimination of synapses [228, 229], an effect that seems entirely driven by microglia, 
and likely mostly ones near plaques and co-expressing CLEC7 and AXL [229].

Ageing is the most important risk factor for AD. Type I interferons have been 
associated with brain ageing [267, 268] and are therefore thought to also impact 
AD through processes in common with ageing. One identified process is through 
inhibition of the transcription factor Myocyte-specific enhancer factor 2C (MEF2C) 
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[233, 249, 268]. MEF2C is involved in neuronal signalling, differentiation, and 
integrating memory formation [269–271]. Moreover, polymorphisms of the MEF2C 
locus have been identified in AD repeatedly across studies and cohorts [205, 272–274]. 
Type I interferons cause an inhibition of MEF2C during normal ageing which results 
in deteriorating cognitive function including learning and spatial memory and exac-
erbated neuroinflammation [268]. In AD-prone mouse models, both amyloid- [233] 
and tauopathy-based [249], type I interferons caused the downregulation of MEF2C 
leading to increased microglial activation, increased synaptic loss, and cognitive 
dysfunction.

However, the detrimental effects of IFNAR signalling in AD are likely not medi-
ated solely by microglia. Neuronal, but not microglial, IFNAR signalling contributes 
to amyloid plaque formation in AD-prone mice, a mechanism suggested to be medi-
ated by the interferon-induced transmembrane protein 3 (IFITM3) [229]. IFITM3 
is an interferon-inducible protein that binds to the γ-secretase complex responsible 
for Aβ cleavage from APP and enhances its activity [275]. It is overexpressed in 
AD as well as mouse models, in line with the overexpression of other type I inter-
feron stimulated genes, and loss of function leads to striking reduction in plaque 
density [275] supportive of the observation that IFNAR signalling in neurons 
participates in amyloid plaque deposition [229]. Certain variants of IFITM3 are also 
significantly associated with cognitive decline, amyloid and tau burden and brain 
atrophy [276], though it remains to be demonstrated how these variants affect the 
amyloid processing-associated function of IFITM3. Neurons also respond directly Aβ 
by producing IFNα and IFNβ through MyD88-IRF7, a pathway which sensitised to 
concurrent neurotoxicity [247].

Evidence points to a predominantly detrimental role of type I interferons in BBB 
integrity. Interferon signatures in brain endothelial cells are elevated in AD-prone 
mice [277]. IFNβ directly increases endothelial cell permeability to large molecules, 
downregulating intercellular cadherins [277] and suggesting a direct consequence 
on BBB leakiness. Evidence is lacking in vivo, however, and it remains to be fully 
elucidated whether this can be replicated in endothelial cell targeted IFNAR-deficient 
AD-prone animals. This is especially important as there is contrasting evidence 
indicating that systemic IFNβ therapy in the context of MS participates in restoring 
BBB integrity [278]. It is unclear whether this is an indirect effect on the BBB via 
immunoregulation or a direct effect on endothelial cells. Different models of cerebro-
vascular damage [279, 280] and infection [281, 282], both of which trigger local type I 
interferon production by endothelial cells via cGAS-STING, demonstrate a detrimen-
tal role on BBB permeability. Thus, elucidating the role of type I interferon signalling 
according to the disease context and elucidating whether local and systemic effects 
may have opposing functions is important in understanding AD-associated BBB.

Type I interferon-induced CXCL10 has also been implicated in dementia associ-
ated with TAR DNA binding protein-43 (TDP-43) pathology. TDP-43 is an RNA 
interacting protein whose function is regulation of splicing, trafficking, and stabi-
lisation of RNA [283]. Its normal function is lost in about 50% of frontotemporal 
dementia (FTD), a progressive neurodegenerative disease characterised by neuronal 
intranuclear and cytoplasmic inclusions [284, 285]. Loss of the normal function of 
TDP-43 triggers the production of type I interferons via dysregulation of normal RNA 
sequestration causing accumulation of dsRNA leading to activation of RIG-I [286] 
and by destabilisation of mitochondria causing mtDNA release and triggering of 
cGAS-STING [287]. This results in neurodegeneration in vitro and in vivo [286–288], 
and one proposed mechanism is through type I interferon-induction of CXCL10 and 
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signalling to hippocampal presynaptic terminals overexpressing CXCR3 [288]. This 
triggers sustained neuronal hyperactivity and memory deficits in vivo [288]. It is not 
yet known what exactly causes upregulation of CXCR3 in neurons in the context of 
TDP-43 pathology, but clues of a TDP-43-type I interferon-CXCL10 pathway can be 
seen in human [287, 289–291]. It is noteworthy that TDP-43 pathology is also observed 
in about one-third of AD cases [292, 293] suggesting overlapping mechanisms with 
AD potentially via this identified axis.

Another CXCL10-driven mechanism involves CD8 T-cell infiltration [294–296]. In 
recent years, there has been new appreciation for the role of T cells in AD [297, 298]. 
Evidence now suggests that a CXCR3-CXCL10 axis exists for the recruitment of 
CD8 T cells, exacerbating neuronal damage and possibly also directly contribute 
to interferon signalling enhancement, and that this activity converges through the 
IFNAR1 [296]. The exact role of CD8 T cells in vivo in AD remains for now still 
elusive [296, 299], yet interferon-responsive CD8 T cells seem to be a common feature 
among amyloid [296] and tauopathy [300] models of AD. While microglia far out-
number CD8 T-cells in the brain, both in human AD and models, more work will be 
needed to discriminate between the type I interferon-driven recruitment and activa-
tion of CD8 T cells through CXCR3-CXCL10 mechanisms, and the type II interferon-
mediated recruitment self-enhancement.

4.2  Down’s syndrome

Down’s syndrome (DS) occurs when an individual has an extra copy of chromo-
some 21, a phenomenon called trisomy 21. It is characterised by intellectual disability 
and developmental delay, and a striking incidence of early-onset AD (EOAD). The 
notable increase in life expectancy of individuals with DS has revealed dementia 
and other co-occurring neurological and immunological conditions. By age 40, 
half of the individuals develop AD, this increases to 77% by age 60, and virtually 
all develop AD by age 70 [301, 302]. Individuals also display important immune 
dysregulation [303, 304], with notable neuroinflammation [305] and resembling an 
interferonopathy [306, 307]. A higher prevalence of depression is also seen in DS, and 
this is associated more strongly with dementia [301, 302]. In addition, basal ganglia 
calcification is also found in 10–45% of individuals, [308–314] an observation that 
is not fully understood but thought to be attributed to an accelerated ageing process. 
While it was expected from a clinical perspective that DS ageing is accelerated, as 
evidenced by accelerated hair greying, decreased skin flexibility, and premature 
death among others, epigenetic age of both brain tissue and blood is confirmed from 
a molecular marker standpoint [315]. The epigenetic clock used to objectively assess 
ageing is based on a quantitative assessment of DNA methylation [316]. As a measure 
of ageing, it stands out among existing epigenetic clocks also because of its impressive 
predictive ability for time-to-death which further validates the approach [317, 318]. 
The ageing process is significantly accelerated circulating cells in DS, a process called 
immunosenescence [319], and this is further accentuated in brain [315].

Chromosome 21 carries ca. 200 genes, triplication of which causes DS and accom-
panying disease. Deconvolution of the specific role of each gene in DS is difficult. 
Triplication of APP gene is attributed as the main reason for EOAD, including 
accompanying senile plaque deposition paralleling genetic AD [320]. The IFNAR1 
and IFNAR2 genes which form the two active chains of the functional IFNAR are 
also found on chromosome 21. Complicating interpretation, however, the interferon 
gamma receptor 2 (IFNGR2) chain and the interleukin 10 receptor beta subunit 
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(IL10RB) genes are also found on chromosome 21, one of the two heterodimers of the 
type II and type III receptors, respectively, and whose signalling overlaps substan-
tially with type I interferon signalling. Nevertheless, much research has been carried 
out on the role of interferons in DS.

Firstly, cells isolated from DS individuals are more reactive to exogenous IFNα or 
IFNβ treatment demonstrating that the addition of an additional fully functional set 
of IFNAR receptors leads to an expected increased signalling [304, 306, 321, 322]. 
Remarkably, signalling downstream of IFNAR is not overcome by negative regulation, 
and no desensitisation is apparent [304]. However, it is argued that inappropriate 
and mistimed responses are likely to occur [322]. Importantly, IFNAR triplication 
also has consequences in vivo in patients. DS individuals display significant correla-
tion between IFNAR1 and inflammation markers including CRP and inflammatory 
gene signatures [323] as well as of the interferon-response signatures [307, 323]. 
Furthermore, systemic interferon signatures correlate with cardiovascular severity 
and depression [307] suggesting that increased interferon signalling associates with 
a more severe phenotype. While the increased interferon-response and dependence 
on JAK/STAT signalling seems obvious considering what precedes, the mechanism 
responsible for triggering of increased type I interferon production remains elusive. 
One hypothesis is that the aneuploidy state itself fundamentally triggers type I inter-
ferons via cGAS-STING signalling due to accumulation of dsDNA in the cytosol [324]. 
This provides a rationale for the mechanism of triggering type I interferon production 
in DS, though this remains to be specifically demonstrated.

To investigate mechanistically the role of type I interferons in DS much work 
has been performed using engineered mice that mimic the trisomy of chromosome 
21. Early experiments showed overall amelioration of the phenotype by neutralisa-
tion of a cocktail of anti-interferon antibodies with DS mimicking mice available at 
the time [325]. Currently, numerous DS models exist, but the Dp16 model is often 
deemed superior. It is trisomic for the entire mouse chromosome 16 region, which 
includes approximately 113 orthologs found in human chromosome 21, and impor-
tantly excludes any orthologs of genes not found on human chromosome 21 [326]. 
While the same difficulty in distinguishing the contribution of each of type I, II, and 
III interferons exists in this DS mouse model as it does in human, it is found that the 
IFNAR receptor is overexpressed among all three interferon receptors and widely 
expressed in immune cells [323], mimicking the human condition [304]. Importantly, 
loss of the interferon receptor locus leads to spatial memory rescue and accompanying 
normalisation of synaptogenesis and dopamine receptor signalling [323].

Taken together, this research suggests a mild form of interferonopathy in DS 
[306]. It is important to better understand the clinical evolution of disease and define 
the pathogenic mechanisms to better guide clinical decisions. The predictable chrono-
logical sequence of DS allows for the rigorous investigation of the events preceding 
amyloid deposition and eventual neurodegeneration, making DS an important condi-
tion to further elucidate neurodegenerative diseases such as AD.

4.3  Inflammaging

Cell senescence is perhaps the most evident hallmark of ageing. Over the past 
10 years, chronic low-grade inflammation has become recognised as an important 
addition to the hallmarks of ageing in a process dubbed “inflammaging” [327, 328]. 
Brain ageing, however, remains a challenging field and most research is performed 
using animal models.
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To elucidate the molecular culprits of brain ageing, Michal Schwartz and col-
leagues performed transcriptomics profiling of various organs from aged mice 
and found selective upregulation of type I interferon signalling in the choroid 
plexus [267]. The choroid plexus is a critical structure in the brain that serves as a hub 
for neurovascular communication and as principal producer of CSF [329]. It would 
follow that consequences in the choroid plexus may affect wider brain activity. What 
the group found is that, not only are type I interferons overexpressed, they are also 
responsible for negatively affecting cognitive function and hippocampal neurogenesis 
during ageing. This was confirmed by other groups that found IFNα levels in CSF to 
significantly positively correlate with ageing-induced memory deficits in mice [231]. 
Blocking IFNAR signalling by delivering function-neutralising antibodies into the 
CSF via intracerebroventricular administration reduces interferon signalling in the 
choroid plexus. This leads to the restoration of brain-derived neurotrophic factor 
(BDNF) and insulin-like growth factor (IGF1). It also inhibits microgliosis and 
astrocytosis in the hippocampus, demonstrating the extensive harmful effects of 
ageing-induced type I interferons in the brain [267]. Importantly, type I interferons 
and interferon responses are also seen in human, in elderly individuals [267], but 
more research is needed to characterise the ageing responses in the choroid plexus and 
the consequences for neurocognitive and memory processes. Other lines of evidence 
suggest that interferon signalling in the choroid plexus has implications for neurode-
generation. During the COVID-19 pandemic it was noted that patients that exhibited 
severe respiratory symptoms also developed neuropsychiatric [330], neurocognitive 
[331, 332], and fatigue [333] symptoms at a significantly higher rate. It is suggested 
that cognitive dysfunction caused by COVID-19 may also be linked to aberrant type I 
interferon production in the choroid plexus [334] as evidenced by chronic interferon-
responses during severe COVID-19 [335]. AD patients also exhibit ageing-related 
inflammation in the choroid plexus [336], which is also paralleled in a mouse model 
of AD [231], though more work is needed to define whether type I interferons are 
involved in ageing-associated AD changes in the choroid plexus.

Exactly how type I interferons participate in the aberrant process of inflammag-
ing remains to be fully elucidated. One proposed mechanism is through suppression 
of anti-oxidative factors. In mice, mitochondrial instability due to old age leads to 
type I interferon responses via mitochondrial DNA release and activation of cGAS-
STING [337–340]. The induced type I interferons then counteract NRF2, a potent 
antioxidant, leading to accumulated ROS and oxidative stress across different organs 
including heart, liver, kidney [339], and lung [341]. Although this mechanism has not 
been specifically demonstrated in the brain, studies in the retina and CNS indicate 
a similar ageing-related mechanism induced by interferons that leads to ROS [340]. 
Furthermore, cGAS-STING-type I interferon signalling also leads to anaemia by 
increasing inflammatory monocyte expansion and haemophagocytosis [339], some-
thing that could contribute to low grade chronic brain hypoxia [342].

Another mechanism proposed is linked to the senescence process. Senescence 
describes the abnormal state of permanent cell-cycle arrest, typically in response to 
stress or damage, and which is ultimately responsible for ageing [343]. Senescent cells 
also exhibit a senescence-associated secretory phenotype (SASP), releasing cytokines, 
chemokines and other molecules that can lead to tissue degeneration and a decline in 
organ function. Work performed to discover ageing-associated processes in the brain 
found that type I interferon signatures are specifically enriched across all neuronal 
cell types during ageing in mice, marking a unique signature capable of resolving 
chronological age [344]. This includes neural stem cells, a cell type vital for neuron 
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renewal, maintenance, and repair, which also exhibited type I interferon signatures 
with its top gene being Ifi27 [344]. Sophisticated work has been performed to under-
stand how a senescent state occurs. Retrotransposable elements (RTEs), remnants 
from ancient retroviruses that have integrated permanently into the genome, become 
more active during cell senescence. This intriguing process is also believed to be a 
strong contributor to somatic retrotransposition in the brain, a process important 
for neuronal somatic mosaicism [345–347]. It is found that senescent cells down-
regulate TREX1, leading to accumulation of RTEs which then triggers cGAS-STING 
and strong induction of type I interferons [348, 349]. This explains the interferon 
signatures found in senescent cells and during ageing, and is therefore a great marker, 
but evidence suggests that they are also responsible for triggering senescence and 
ageing [268] through cGAS-STING [350]. Type I interferons are notorious for pro-
moting cell cycle arrest and inhibit proliferation [258, 351], an antiviral tactic meant 
to slow down viral spread. They are also potent inducers of chemokines and other 
cytokines. Hence, it stands to reason that chronic overexposure may also itself partici-
pate in the senescence process. Indeed, microglia from DS have been found to enter 
a senescence programme along with type I interferon overexpression, and remark-
ably inhibition of this signalling prevents development of senescence [352]. Similar 
processes have been observed in the senescence of haematopoietic and germinal 
stem cells [353], as well as hepatic stellate cells [348], indicating a potential universal 
mechanism. In the brain, a mechanism whereby microglia are responsible for trigger-
ing senescence in neurons and other glial cells is now hypothesised to be a major driv-
ing force behind cognitive impairment both in ageing, AD, and during brain injury 
[354–356]. One proposed mechanism of type I interferon-driven ageing of microglia 
is through the downregulation of the protective and inflammation-limiting transcrip-
tion factor MEF2C [268]. MEF2C is found to be implicated in brain development 
and neuropsychiatric disorders [357, 358]. Chronic production of IFNβ in the brain 
causes downregulation of MEF2C, as does ageing, and in so doing inhibits a resilience 
to ageing-induced [268] and disease-induced cognitive decline [249]. Lastly, two 
recognised pro-ageing SASPs which promote decreased hippocampal neurogenesis, 
synaptic plasticity, impaired learning and memory and increased microgliosis, are 
CCL11 and CCL2 [359, 360]. There is evidence demonstrating that type I interferons 
are inducers of CCL2 and CCL11 [ 166, 171, 361, 362], though it remains to be demon-
strated whether type I interferons promote ageing and senescence also through CCL2 
and CCL11.

4.4  Brain trauma

Traumatic brain injury (TBI) was once thought to cause static neurological dam-
age. Yet, research now indicates that it can set off a chain reaction leading to ongoing 
neurodegeneration, widespread damage outside mechanically injured sites such as 
the hippocampus [363] and the onset of dementia. It is common for individuals to 
suffer prolonged cognitive deterioration, which can be attributed, to some extent, to 
the emergence of dementia and AD following concussive injury [364]. Large cohort 
and meta-analyses have attributed a 1.5-4 fold relative fold risk increase in dementia 
following TBI depending on number of concussive events, and time following the 
event [365, 366]. This effect is exacerbated in the elderly, as both functional outcome 
and survival are significantly worse in elderly individuals, making age one of the 
more reliable prognostic factor [367–369]. Older individuals also represent the highest 
proportion of TBI events [370], adding further credence to the need for enhanced 
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care for the advanced age groups. Progressive neurodegeneration due to TBI may 
account for 5–15% of all cases [371], suggesting that understanding the pathologi-
cal mechanism of TBI may lead to better treatments and a staggering reduction of 
incident neurodegenerative diseases.

Neuroinflammation is known to cause secondary injury progression following 
TBI, potentially leading to long-term sequelae and progressive neurodegeneration 
[372, 373]. Much effort has been made to characterise the inflammatory environ-
ment of TBI in carefully controlled conditions, and to investigate the contribution of 
identified pathways to the long-term outcomes. For this purpose, preclinical research 
in the mouse has been instrumental, providing a broadly homogenous induction and 
allowing for experimental therapies, a feat that is difficult to achieve in emergency 
medicine settings involving humans. Multiple lines of evidence have now identified 
the type I interferon pathway to be strongly implicated, both by spatial [374], single 
cell [375–379], microdissected tissue [380], as well as bulk [280, 381, 382] transcrip-
tomic analyses. While expression of interferon-response genes is widespread across 
microglia, meningeal macrophages, astrocytes, and oligodendrocytes, most evidence 
points to microglia and macrophages as the main producer of type I interferons 
following injury. Importantly, activation of the type I interferon pathway is detri-
mental to the resolution process, as consistently evidenced across genetic ablation 
models and through intervention by monoclonal antibody treatments [382–384]. 
Pharmacologic inhibition or genetic ablation of cGAS-STING also cause abrogation 
of type I interferon signalling and confers neuroprotection and accelerated neuro-
cognitive amelioration [379, 385–388] suggesting that aberrant DNA sensing through 
microglial STING may be a critical trigger for sustained and pathogenic inflammation 
following TBI. Activation of transposable elements as well as mitochondrial DNA 
release is found to trigger activation of cGAS-STING in this context [377, 389]. Other 
sources of nucleic acids, as well as nucleic acid sensors, are also likely to be involved. 
Neutrophil extracellular traps (NETs) have been found to be important in trigger-
ing neuroinflammation in TBI [390] and are triggers for TLR9 and type I interferon 
production [391].

Consistent evidence of the implication of this pathway is also seen during human 
TBI, despite high heterogeneity compared to preclinical models. Expression of STING1 
is significantly upregulated following trauma, both at the site of injury and at the 
contralateral side [385] confirming its potential implication in the detrimental neuroin-
flammatory process. Upregulation of IFNβ, but not IFNα, is also seen within the first 6 h 
post TBI in patients that succumbed to the trauma [383], though it remains to be deter-
mined whether this partiality for IFNβ is maintained during the secondary, chronic 
neuroinflammation. Furthermore, nucleic triggers for the cGAS-STING pathway and 
for other nucleic acid sensors are highly enriched following TBI. Cell-free nucleic acids 
have been found in enormous amounts in both CSF [392] and plasma [393], and cor-
relate with severity of trauma and outcome following injury. The extent to which nucleic 
acids pour from the brain to the CSF and circulation is a testament to the excessive cell 
death and accompanying nucleic acid release, and highlights the quantities that must be 
present in parenchyma during the acute event and therafter. With such excess of type 
I interferon triggering molecules, it is not surprising that interferon responses are also 
apparent, evidenced from human single-nuclei transcriptional analyses [377]. Lastly, 
the more severe outcomes seen in elderly individuals may be paralleled by enhanced 
persistence of type I interferon signalling and worsened outcomes observed in aged 
mice [378, 380, 394] and may provide a model for uncovering age-related determinants 
of interferon-driven chronic neurodegeneration following TBI.
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Mediating the pathogenic activities of the cGAS-STING-type I interferon pathway 
is likely to involve multiple downstream events. Evidence suggests that effector T-cell 
infiltration via CXCL10 is one important component, whereby infiltrating CXCR3+ 
Th1 cells cause white matter injury, promoting anxiety and depressive neurocogni-
tive changes [395]. Neuron loss in the hippocampus could be attributed to sustained 
chronic IFNβ [384], yet exact mechanisms remain to be elucidated. NOX2, a subunit 
of NADPH important for the production of ROS, is highly neurotoxic during TBI 
[396–398] and particularly in the hippocampus. Loss of IFNβ significantly attenuates 
NOX2 [384], implicating the type I interferon pathway in pathogenic ROS produc-
tion. Neutrophils, which are important producers of ROS, can in fact be instigated 
to produce ROS following IFNα stimulation [399]. One possibility is that type I 
interferons exert control over ROS production via infiltrating neutrophils, which are 
generally regarded as detrimental in a sterile injury context in the brain [400]. Adding 
further weight to this hypothesis is the observation that neutrophil infiltration is 
significantly decreased in microglial STING deficient animals during TBI [387]. 
However, neutrophil infiltration is thought to be a self-limiting event, which may not 
carry over during the secondary, chronic neurodegeneration phase. Thus, another 
possibility is that interferons carry ROS production over through chronic phases via 
exerted control over IDO [156]. IDO is known to be induced by type I interferons in 
microglia and to result in production of ROS in response to infection [156, 401]. Thus, 
in the context of unabated type I interferon signalling, microglial damage of neurons 
may be mediated by IDO-dependent ROS production.

TBI induces strong immediate damage and a neuroinflammatory response that 
is detrimental to the long-term recovery via secondary injury processes. Although 
complex and multifaceted, the neuroinflammatory response is characterised by type I 
interferon signalling, albeit not exclusively. Yet, blockade of the pathway in preclinical 
models and the parallels seen in human suggest that targeting this pathway in human 
may hamper the aberrant neuroinflammatory process and may improve neurocogni-
tive outcomes by reducing neurodegenerative processes.

4.5  HIV/AIDS-associated neurocognitive disorders

Human Immunodeficiency Virus (HIV) is the devastating virus that causes 
acquired immunodeficiency syndrome (AIDS), and which affects an estimated 39 
million people worldwide. HIV uses the CD4 surface protein and either the CXCR4 or 
CCR5 receptors to gain entry into cells, thereby infecting them, and killing them in 
the replication process [402, 403]. Over time, this causes systemic immunosuppres-
sion as CD4 T cells, dendritic cells, monocytes, and macrophages become depleted. 
Due to advancements in the standard of care, which relies on antiretroviral therapy 
(ART), AIDS has become a secondary concern as viral replication is inhibited and 
infected individuals live longer lives without developing immunosuppression. While 
viral replication is effectively hampered, infection persists.

HIV/AIDS-associated neurocognitive disorders (HAND) are a common occur-
rence among people with HIV. Meta-analyses suggest a combined prevalence of 
50% among all infected individuals, presenting with at least one neurocognitive 
sign among all seropositive individuals. Of those, cognitive-motor disorder (60%), 
major depression (15-40%), and delirium (17%) [404] are some of the neurologic 
complications of HIV. The prevailing theory is that infected cells serve as a ‘Trojan 
horse,’ transporting HIV to the brain, and causing infection of microglia [405], and 
astrocytes by cell-to-cell transfer [406, 407]. Remarkably, while ART can reduce the 
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prevalence of HAND, incidence remains abnormally high and a concern for virtually 
all HIV patients, a fact probably explained by increased longevity [408, 409]. This 
suggests that neurocognitive decline in HIV patients despite controlled viral load may 
have similar mechanisms as age-related cognitive decline.

A complete picture of the pathological mechanism behind neurocognitive disease 
in HIV is lacking. Its pathogenesis is attributed to persisting viral load in the brain, 
unabated neuroinflammation, and neuronal loss due to pro-inflammatory cytokines. 
Microglia and brain infiltrating macrophages serve as the main reservoirs follow-
ing HIV neuroinvasion, typically within two weeks after infection. Gene expression 
profiling of brain samples from seropositive individuals that had neurocognitive 
impairment reveals strong type I interferon-response genes such as OASs, IFITs, 
IFITMs, and CXCL10 across multiple studies [410–414]. While this is not surprising 
for a viral infection, uncontrolled inflammation can become detrimental causing 
neuroinflammation and neurocognitive impairments [415]. This is exemplified in 
mice overexpressing IFNα in the brain, which are both protected from viral encepha-
litis, but also develop progressive neurodegeneration as a consequence of persistent 
neuroinflammation [416]. Importantly, IFNAR signalling is required for neurocognitive 
decline and neuroinflammation due to HIV, in vivo [417, 418]. Recognition is thought 
to occur via stimulation of nucleic acid sensors TLR7 and TLR9 [419], IFI16 and STING 
[420], RIG-I [421], all converging on type I interferon production. This is paralleled in 
HIV infected individuals as IFNα is detectable in CSF [422] and correlating with viral 
load [423, 424] as well as NfL [425] providing further credence to the neurotoxic effect 
of sustained type I interferon production in brain following HIV infection.

Evidence also exists that while ART may inhibit viral replication, neuroinflamma-
tion remains unabated. In a brain organoid model, HIV infection leads to upregula-
tion of type I interferon, interferon-signatures, and of other inflammatory mediators 
in microglia, the main infected cell in brain, causing elevated inflammatory outcomes 
also in non-microglial cells [426]. This further reflects the extent of damaging 
responses to HIV in cells not directly infected. Importantly, while ART causes ablation 
of the expression of HIV proteins, microglia become a persistent reservoir of HIV 
[405] exemplified by continuous production of interferon-response CXCL10 and che-
mokine CCL2 despite ART [426] suggesting that intracellular viral recognition and 
response sustain a replication-independent inflammatory response. Consolidating 
the observation that ART does not abolish HAND incidence is the fact that, while it 
suppresses viral replication, it does not affect latent virus [427]. This is reflected by 
the persistence of interferon-response gene expression in patients undergoing ART 
[413]. Hence, it is reasoned that the microglial viral reservoir alone may be sufficient 
to perpetuate neuroinflammation and HAND, even at low or undetectable viraemic 
loads. It is important to note that not all ART display the same CNS penetrance. The 
structure of the BBB coupled with organised efflux mechanisms block or severely 
limit the access of ART to this reservoir and argues for the development of new 
generation ART with improved brain penetrance [428, 429].

Beyond HIV, there may be parallels to other viral infections. Cognitive deficits 
have been recorded in patients recovering from COVID-19 following SARS-CoV-2 
infection [430–433]. The virus is known to infect the choroid plexus as viral entry fac-
tors including the receptor ACE2 are highly expressed by its epithelial cells [335, 434]. 
The interferon signatures [335] were found to parallel what is seen in neurodegen-
erative diseases [216–221] as well as choroid plexus during ageing [267], lending to 
the hypothesis of a type I interferon-associated cognitive dysfunction pathway in 
COVID-19 [334].
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5.  Mechanisms of neurologic dysfunction

Research on the rare type I interferonopathies, which typically present in infants, 
has been challenging. Case studies and small patient cohorts account for most of our 
knowledge of this family of diseases. Understanding the mechanisms by which type 
I interferon causes neurologic disease can have substantial impact on treatment of 
interferonopathies. Type I interferons are also implicated in other non-mendelian 
diseases which are often accompanied by a predominant neurological component. 
Therefore, a better mechanistic understanding could have important implications 
for more common neurological diseases. The following section describes some of the 
better-known effects in the brain, linking together different disorders and emerging 
concepts, and highlights some of the remaining open questions.

5.1  Local source of interferons in the brain

Type I interferons can be produced by almost every cell in the CNS, despite 
lacking dedicated – or “professional” – producers of these cytokines. Being most 
prominently produced in response to nucleic acids, expression patterns of nucleic acid 
sensors therefore dictate for the most part whether any specific cell type produces 
interferons. Some, basally express virtually all nucleic acid sensors, such as microglia, 
whereas others, such as astrocytes, express a more specialised subset of sensors.

Astrocytes have been proposed as a major producer and responder in AGS caused 
by TREX1 or RNASEH2 mutations [435–437]. Immunohistochemical staining of post-
mortem brain sections revealed that astrocytes were the main producers of IFNα and 
CXCL10, a typically interferon-responsive chemokine. Mutations in the genes associ-
ated with AGS cause aberrant accumulation of DNA which becomes the trigger for 
production in astrocytes [438, 439]. Moreover, chronic exposure to IFNα was found 
to cause aberrant activation of astrocytes making them reactive, while simultaneously 
inducing gene expression changes reminiscent of AGS [436].

Microglia are thought of as the main producer in more common neurodegenerative 
diseases. In Alzheimer’s disease, both Aβ oligomers [232, 247, ] and amyloid-associ-
ated nucleic acids [228, 229], as well as soluble tau [237, 239, 240, 440] are capable of 
triggering production from microglia. This is also the case for HIV-associated neu-
rocognitive disorders, which is less surprising given that microglia are the main CNS 
reservoir for HIV [405].

Neurons and oligodendrocytes can also produce type I interferons, albeit to a lesser 
extent than astrocytes and microglia. They have been found to express TLR3 and to be 
capable of producing IFNβ in response to dsRNAs [441, 442]. Neurons also express cGAS-
STING and respond to mtDNA by triggering the production of IFNβ [287]. They are also 
found to express TLR9 [443, 444], TLR8 [445], TLR7 [446, 447], RIG-I [448], though 
evidence of their involvement in production of interferons remains for now limited.

Brain vascular endothelial cells form an important direct interface between 
the brain parenchyma and the circulation. The cGAS-STING pathway plays an 
important role in vascular endothelial cells, as exemplified by the observation that 
mutations in the STING1 gene cause overt production of type I interferons leading 
to vasculopathy [449]. Brain endothelial cells produce type I interferons [282, 450] 
and they are known to be able to do so via STING [281, 451], via RIG-I [452, 453], or 
also in response to TNF through IRF1 [454]. While more research is needed on the 
endothelial cell contribution to type I interferon production specifically in the brain, 
convincing evidence exists that they are capable of it.
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In addition to nucleic acid sensors, surface pattern recognition receptors are also 
expressed by cells in the brain. It is well-described that TLR2 and TLR4 respond to 
disparate triggers including viral proteins, protein aggregates, and bacterial lipids 
initiating production of pro-inflammatory cytokines. This includes type I interferons 
which are produced through TLR2-MyD88 and TLR4-TRIF [455, 456]. TLR2 and 
TLR4 are known to be expressed on microglia, astrocytes, and brain endothelial cells, 
and neurons are described to express TLR4. It is important to note that induction of 
type I interferons is also mediated through pathways other than nucleic acid sensing 
during neuroinflammation.

Direct evidence for type I interferon production in vivo is difficult to obtain. High, 
ubiquitous expression of the IFNAR causes low bioavailability of these cytokines, 
but also results in interferon-related signatures that are powerful surrogate mark-
ers. Despite this, technologies that allow the direct detection of IFNα and IFNβ have 
enabled the quantification of significant increases in the CSF of HAND, neurolupus, 
and AGS patients, suggesting high continuous CNS production. Ultimately, which 
cells in the CNS produce type I interferons is often context and disease dependent. 
Another important consideration is that some nucleic acid sensors can also be induced 
by type I interferons themselves, thereby initiating a chain reaction of production 
which can be self-sustained for as long as stimuli are present. In some cases, produc-
tion is initiated in the periphery causing multiorgan diseases with sometimes promi-
nent CNS involvement.

5.2  Systemic source of interferon

Interferons produce systemically are also capable of signalling to the brain [457]. 
In mice, it was demonstrated that delivery of systemic interferons stimulates the 
induction of interferon-response genes in brain parenchymal cells [458], and that 
microglia become strongly activated and to upregulate complement alongside classi-
cal pro-inflammatory interferon-responses [459].

The exact mechanisms by which peripheral type I interferons signal to the 
brain are not fully understood. From research on the cross-talk between peripheral 
inflammation and the CNS, it is reasoned this can happen in any of four different 
ways [460]: (1) passively across the BBB and through brain regions called circum-
ventricular organs, which are devoid of a BBB and highly permeable to permit rapid 
communication between CNS and circulation [457, 458], (2) through induction of 
BBB leakiness via downregulation of adherens and tight junctions [166, 277, 450], 
(3) by active uptake through the choroid plexus endothelial cells [166, 267], or (4) 
through cell migration across the BBB, such as activated monocytes attracted to a 
microglial CCL2 gradient [361] which may carry type I interferon signalling. Though 
less is known about the latter mechanism, it is thought that this is a primary mecha-
nism contributing to depression [460–462].

The most obvious example of systemic production of type I interferons is lupus. In 
SLE, plasmacytoid dendritic cells (pDCs) and monocytes are thought to be primary 
sources [463–467] however, despite being a systemic disease, it is difficult to posit 
that there is no production in the brain.

Type I interferons form an important innate immune defence barrier, and are, 
as such, capable of being produced by all cell types, depending on the inflamma-
tory context. They can be produced in response to viral or bacterial infections, or 
in response to damage associated signals, either locally in the brain or systemically, 
and to freely traverse the BBB. It is probable that interferon production in both the 
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circulation and the CNS concomitantly contribute to neuroinflammation, even when 
the source appears predominantly either systemic or central.

5.3  Cellular responses to interferon in the brain

While sources of interferon can be various, all type I interferon signalling con-
verges through a single surface receptor, the IFNAR. This ubiquitously expressed 
dimeric receptor, formed of an IFNAR1 and an IFNAR2 chain, allows for a wide range 
of cellular responses, affecting various cell types. Microglia, astrocytes, neurons, and 
endothelial cells are known to respond strongly and in specific ways.

Microglia assume a hyper-ramified morphology [468], a typical change signifying 
activation and immune surveillance mechanisms. Microgliosis is strongly induced 
by type I interferons, and across neuroinflammation models, whether AD, AGS, or 
lupus, it is dependent on IFNAR signalling. Concurrently, increased processes and 
complexity are also induced, which typically signify increased synaptic pruning. 
Short-lived proliferation and apoptosis following long-term stimulation are also 
observed. Lastly, their antigen presentation capacities are enhanced by upregulation 
of MHC I and II genes and of activation markers CD68, CD40, CD80, and CD86 
[228, 459, 468–470]. This is further exemplified in single cell studies across human 
AD and mouse models, where interferon-response signatures overlap with antigen 
processing and presentation genes.

Astrocytes also respond to type I interferons, though their interferon-response 
gene expression is less pronounced than that of microglia [469]. It also seems that, 
in AD models, astrocytosis is not dependent on interferons. This is in contrast 
to AGS, where astrocytes are thought of as the primary involved cell type [436]. 
Intriguingly, like microglia, they also upregulate genes related to the antigen presen-
tation machinery, though they are not classically thought of as APCs. Yet, reactive 
astrocytes display antigen presentation characteristics, as well as astrocytic toxicity 
markers.

Endothelial cells of the brain vasculature are major responders to type I interfer-
ons. They respond by producing chemokines, allowing cell infiltration, and succumb-
ing to apoptosis leading to vascular dysfunction. An AGS mouse model driven by 
astrocyte promoter-dependent production of IFNα recapitulates microangiopathy, 
perivascular T-cell infiltration, perivascular calcification, and capillary calibre and 
formation of aneurysms seen in human patients [44]. Importantly, endothelial 
cell-specific ablation of IFNAR causes near-complete rescue of cerebral vascular 
disease [44], suggesting that endothelial cells are the principal responders in AGS 
and a major target for type I interferon-driven neuroinflammation. Endothelial cells 
exposed to type I interferons display reduced mobility and invasion [471], in line with 
their cancer inhibiting properties [472]. In fact, IFNAR signalling inhibits vascular 
endothelial cell growth factor (VEGF)-induced proliferation [452] highlighting the 
anti-angiogenic potency of these cytokines. It was shown that CXCL10 can inhibit 
endothelial cell proliferation in a CXCR3-dependent [473] and -independent [474] 
pathway. Interferon-inducible IFI35 is also described as an important inhibitor of 
endothelial cell proliferation and migration [475], indicating that multiple parallel 
pathways exist. Further accentuating the importance of type I interferons in endo-
thelial cell biology is the surprising discovery of basal interferon-response express-
ing endothelial cells across different organs including the brain [476] suggesting a 
regulatory and homeostatic role of tonic type I interferon signalling, though research 
is needed to characterise these cells and their roles.
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5.4  Immune cell infiltration

Certain chemokines such as CXCL9, CXCL10, and CXCL11 are known to be 
preferentially interferon-inducible, while others, such as CCL2, CCL5, and CCL20, 
are also induced by interferons but not exclusively. While microglia also display 
important chemokine production in response to interferons, vascular endothelial 
cells are particularly suited to the task by virtue of their position at the interface 
between tissue and circulation. Chemokine gradients and presentation at the lumen 
side allows for efficient recruitment of immune cells expressing cognate chemokine 
receptors. In brain endothelial cells, IFNβ treatment causes upregulation and pro-
duction of CXCL9, -10, -11, CCL2, and -5 which are also able to signal in the brain 
parenchyma [166]. They bind CXCR3, CCR2, and CCR5 which are predominantly 
expressed on T-cells, NK cells, monocytes, and dendritic cells, among others.

It has been reported that IFNβ can also inhibit monocyte infiltration by down-
regulation of adhesion molecules during experimental autoimmune encephalomy-
elitis (EAE) [477], a model of MS, supporting the anti-inflammatory characteristics 
observed in MS. It is unclear whether this is disease- or tissue-context specific, as 
subcutaneous administration of IFNβ in MS patients causes upregulation of the 
aforementioned chemokines accompanied by extensive T-cell and macrophage 
perivascular infiltrates [478]. IFNα overexpressing mice show extensive perivascular 
infiltrates in the brain [416, 479] which depend specifically on endothelial cell IFNAR 
signalling [44]. Despite having elevated interferon-responses, ADAR1 mutation-
carrying mice do not, display perivascular infiltrates [480], while a different nuclease 
deficiency, RNASET2, leads to IFNAR-driven T-cell and monocyte infiltration [481]. 
In the context of brain injury, IFNAR-signalling enhances T-cell and monocyte 
recruitment [382]. This suggests that type I interferon-driven immune cell infiltration 
is context dependent and requires more research to fully elucidate the underlying 
differences that set the final outcomes apart.

5.5  Vascular dysfunction

As a consequence of inhibition of normal endothelial cell proliferation and func-
tion, it is not surprising that type I interferons can also cause pathogenic vascular 
dysfunction. IFNAR signalling in endothelial cells specifically causes development of 
BBB disruption, microangiopathy, calcification, neuron loss and premature death in 
an AGS mouse model [45]. There is also clinical evidence supporting this observation. 
Exogenous interferon therapy has been associated with thrombotic microangiopathy 
in a dose dependent manner [168, 482]. Type I interferons cause abnormal brain 
vascular morphology, displaying smaller size microvasculature, sections of widened 
vessel formation, and microaneurysms. Specifically, vascular lumen narrowing is 
seen diffusely across the brain [168]. The interferon-inducible IFITM1 protein has 
been discovered to be implicated in the formation of stable vascular lumen during 
angiogenesis through stabilisation of endothelial cell-to-cell interactions [483]. While 
loss of IFITM1 leads to abnormal vessel formation, it is for now unknown whether 
upregulation can also disturb endothelial cell-to-cell contacts resulting in inappropri-
ate vascular lumen formation and dysfunction.

Certain contexts, such as viral infection, can greatly inhibit normal function and 
healing until viral stimuli are cleared. In endothelial cells, it is found that viral sensing 
through MDA-5 triggers IFNβ production. This thereby blocks vascular repair, angio-
genesis, and BBB restoration following injury, causing a failure to recover normal 
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neurological function [280, 484]. It is likely that even milder neurovascular damage, 
in the presence of overactive interferon signalling, can cause similar outcomes. In a 
mouse model of AD, IFNβ correlates with BBB disruption and contributes to it by 
downregulating adherens junctions and tight junctions causing leakiness [277]. Both 
IFNβ and IFNAR1 expression is markedly increased in vascular endothelial cells in 
vivo compared to non-AD-prone mice, indicating an induced hyper-sensitivity to 
type I interferons which is likely caused in some form by amyloids. While Aβ can 
trigger microglia to produce type I interferons by multiple mechanisms, it is unknown 
whether similar mechanisms take place in endothelial cells. Importantly, upregula-
tion of IFNAR can be a key sensitisation step that needs further research. Cerebral 
amyloid angiopathy (CAA) is a condition where amyloids deposit along the walls 
of cerebral blood vessels [485]. This causes microhaemorrhaging which further 
precipitates cognitive decline [486, 487]. Furthermore, current generation anti-
amyloid therapies are known to cause amyloid-related imaging abnormalities (ARIA), 
essentially aggravated haemorrhaging induced by the amyloid targeting therapies. It 
is for now unknown whether there is a direct link between CAA and type I interferon 
signalling, and whether they participate in the induction of ARIA.

Following BBB disruption, leakage of blood products containing DAMPs of vari-
ous sources gain access to the brain parenchyma and trigger damage sensors. One such 
activator is fibrin, a powerful trigger of CD11b/CD18 surface heterodimers expressed 
on microglia and which is gaining emerging interest as the full extent of its involve-
ment in CNS diseases and neurodegeneration [488]. During AD progression, mice 
lacking fibrinogen, a plasma protein required to create fibrin, show reduced gliosis, 
neuronal damage and cognitive decline and suggest that vascular damage synergises 
with amyloid pathology [489]. The type I interferon pathway is found to be strongly 
triggered by fibrin [490] indicating that a leaky BBB can also directly trigger this neu-
roinflammatory pathway and suggesting a self-sustained feedforward mechanism of 
interferon-BBB leakage-interferon. The exact trigger for type I interferon production, 
whether indirect or direct, remains to be elucidated – whether indirectly through 
induction of DNA release following mitochondrial or cell damage, or directly through 
a potentially novel pathway. Yet, if not properly regulated, this is likely a mechanism 
through which neurodegeneration-inducing neuroinflammatory events can propagate 
throughout the brain.

As for how exactly type I interferons cause calcifying microangiopathy, this is still 
an open question. One hypothesis is that subclinical disruption of microvessels may 
be sufficient to cause continuous deposition of calcium along vessel walls. Evidence of 
direct induction of calcification also exists in vitro, as IFNα precipitates calcification 
at concentrations in the range found in CSF patients [491]. Finally, it is thought that 
cell senescence is linked to calcification, but it is unclear which one causes the other 
and how [41]. While type I interferons are known to cause both calcification and cell 
senescence, it remains to be discovered how this mechanism is mediated and whether 
through senescence.

5.6  Phagocytosis and synaptic pruning

Overall, type I interferons have been found to both inhibit appropriate microglial 
removal of aggregated proteins and debris, but also to enhance synaptic engulfment 
and neuronal elimination.

While in the context of AD it is still debated whether amyloid plaque forma-
tion is truly detrimental by enhancing neuronal network disruption or whether it 
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renders reactive amyloid peptides unreactive in extracellular clumps, amyloid plaque 
deposition is generally accepted as a sign of exhausted phagocytosis. In vitro, both 
IFNα and IFNβ significantly reduce phagocytosis in a dose-dependent manner [262]. 
Furthermore, IFNAR signalling interferes with normal Aβ phagocytosis. This coin-
cides with an increased pro-inflammatory state including increased cytokine produc-
tion. This suggests that type I interferon drives mitochondria away from a phagocytic 
clean-up function towards a hyper-reactive pro-inflammatory state.

In vivo, there are some contradictory results, however [229, 262]. In APP/PS1 
mice, plaque deposition seems grossly unaltered [262] whereas a different group 
could demonstrate decreased plaques [229]. Importantly, this was observed in mice 
lacking IFNAR specifically in non-microglial cells, but not in mice lacking microglial 
IFNAR. This seems to suggest that the phagocytic activity against plaques in microglia 
may be driven by unalterable genetic drivers which can, at best, be modulated by 
changes in neuronal interferon-inducible IFITM3. Likely, these results do not rule out 
clearance of reactive oligomeric amyloids, which may act by decreasing the overall 
inflammatory state. These results cannot rule out a possible effect in human LOAD 
where genetic drivers for amyloid deposition should be other than aberrant process-
ing of amyloids.

Complicating matters further is the observation that type I interferons upregulate 
phagocytic markers [492] and promote synaptic pruning leading to neurodegenera-
tion [228, 229, 233, 249, 352, 493]. Synapses are specialised junctions through which 
neurons signal to each other. They consist of three parts: the presynaptic terminal of 
the signalling neuron, the synaptic cleft, and the postsynaptic terminal of the target 
cell. Synaptophysin is a membrane glycoprotein present in presynaptic vesicles and is 
involved in the regulation of neurotransmitter release. Postsynaptic density protein 
95 (PSD-95) is a scaffolding protein located in the postsynaptic density of excitatory 
synapses and it plays a critical role in anchoring and clustering neurotransmitter 
receptors and other signalling complexes at the synaptic membrane. Synaptic prun-
ing mechanisms occur via phagocytic microglia and astrocytes in a complement-
dependent mechanism [494, 495]. During synaptic pruning, certain synapses are 
tagged for removal by complement proteins such as C1q and C3. These proteins 
bind to the synapses and mark them for elimination. Microglia express complement 
receptors that recognise these tagged synapses. Once bound, microglia can engulf and 
digest the synaptic material, effectively pruning the synapse. This mechanism ensures 
the refinement of neural circuits and is essential for proper brain development and 
function. Dysregulation of this process leads, however, to neurodegenerative diseases. 
Type I interferons are found to induce complement-dependent synaptic pruning 
across multiple neurodegeneration models, but also in normal healthy development 
[496, 497] suggesting that this is a conserved mechanism and that it requires delicate 
regulation. Inducing the expression of complement components, such as C1q, C3, and 
C4, to mark synapses for elimination is perhaps only part of the mechanism, and it is 
still unclear whether interferons can also enhance the activity of complement recep-
tors binding to complement-opsonized synapses, such as CR3 and CR4, and facilitate 
their engulfment.

Overall, type I interferons activate microglia to become reactive and pro-inflam-
matory, and to poise them for complement-driven synaptic pruning and neuronal 
engulfment, while rendering them unable to clean up reactive aggregated proteins. 
Whether this is a result of task overload, or a preferential outcome due to a switch in 
signalling remains to be determined and the underlying mechanisms discovered.
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5.7  Mediating neuroinflammation-induced neurodegeneration

TBI is perhaps the most typical display of neuroinflammation features [498–500] 
which are associated with development of dementia [501, 502]. The neurodegen-
eration process persists long after the concussive event where reactive microglia 
morphology and upregulation of CD68 can be observed years after injury along 
with white matter atrophy [503]. Single nuclei RNA sequencing reveals an interferon 
signature in oligodendrocytes [377], the specialised glial cell type forming the myelin 
sheath typical of the white matter and allowing the efficacious saltatory nerve 
conduction between neurons.

These observations have been corroborated in bona fide mouse models of TBI 
which have been used to expand on the mechanistic link between brain injury, type 
I interferon signalling, reactive microglia, and neurodegeneration. Sustained type I 
interferon signatures are found strongly upregulated during TBI in both microglia 
and astrocytes, alongside genes related to glial reactivity [374]. Reactive microglia 
morphology and CD68 expression were also found to be induced by type I inter-
ferons directly in vivo [228]. Importantly, inactivation of IFNAR leads to reduced 
neuronal loss and protection of white matter resulting in improved neurocognitive 
function [382, 383]. STING-deficient animals lose most of the type I interferon 
signatures [385], hence the trigger itself can be speculated to be massive release 
of nucleic acids from damaged cells. Remarkably, neuronal STING-derived IFNβ 
alone is sufficient for promoting neuroinflammation [384, 395], in part through 
a decrease in NOX2, an important inflammatory mediator of post-traumatic 
neurodegeneration [396, 398]. IFNβ also initiates a CXCL10-driven white matter 
injury process, through CXCR3-dependent and -independent neurotoxic activi-
ties, and through induction of Th1 cell infiltration [395]. Yet, this does not account 
for the sustained interferon production succeeding acute trauma. Perhaps type I 
interferons cause a feed-forward loop of aberrant neuronal engulfment as explored 
in the previous section: nucleic acid sensing, accrued interferon production, more 
neuronal engulfment – rinse and repeat. While this remains to be demonstrated, an 
immune cell infiltration feed-forward loop exists which explains the self-sustained 
pathogenic interferon signatures [362, 378]. Monocytes in the meninges are found 
to produce CCL2 and to strongly upregulate interferon signatures [378]. That 
causes a CCR2-dependent recruitment process which is also remarkably required 
to propagate the type I interferon signatures during TBI [362], thus together 
suggesting a feed-forward loop of unabated interferon-response and immune cell 
infiltration.

Type I interferon initiates a potent neuroinflammatory response to brain injury, 
causing direct neuron and oligodendrocyte damage, and instigating monocyte and 
T-cell infiltration that potentiates and prolongs detrimental responses. The mecha-
nisms identified validate targeting type I interferon or its downstream effectors 
as a therapeutic strategy in TBI. Inhibiting type I interferons leads to an ordered 
conclusion of the self-sustained inflammatory process, thereby promoting favourable 
neurocognitive outcomes.

Put together, the mechanisms by which type I interferons are known to affect the 
brain are numerous and act by perturbing multiple key processes required for neu-
ronal function. From promoting neurodegeneration, to causing microangiopathy, to 
precipitating premature ageing, to promoting depressive states, type I interferons are 
an important neuroinflammatory target (Figure 3).
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Figure 3. 
Putative mechanisms of concerted psychocognitive disturbance by pathogenic type I interferon dysregulation. 
Neurodegeneration in the context of Alzheimer’s disease-related proteinopathies implicates type I interferon 
at multiple levels. DNA associated with amyloid plaques triggers the production of type I interferons by 
microglia, which become reactive in response to paracrine IFNAR signalling [228, 229]. Activation of IFNAR 
signalling in microglia causes upregulation of DNA sensors amplifying the response and promoting self-sustained 
activation [266]. CXCL10, produced in response to type I interferons, signals to CXCR3-expressing neuronal 
presynaptic terminals. This causes hyperexcitability and initiates chronic responses, leading to the impairment of 
new memory formation [286, 288, 504]. Interferon also activates complement driven neuronal synapse pruning 
by astrocytes contributing to loss of existing memory networks and cognitive decline [228, 229, 352]. They also 
induce direct effects on neurons. Neurons upregulate IFITM3, which enhances γ-secretase activity, increasing 
APP processing, and Aβ production [229, 275]. Aβ triggers type I interferon production by microglia [228] and 
neurons [247] while contributing to amyloid plaque formation when coupled with interferon-induced defective 
phagocytosis from microglia [262]. MEF2C, a cognitive resilience transcription factor, is downregulated in 
microglia and neurons. This leads to dysfunctional pro-inflammatory responses in microglia and the initiation of 
a premature cell senescence programme, promoting neuronal loss [233, 249, 268]. Interferons trigger mitochondrial 
destabilisation in neurons, contributing to neuronal cell death [263–265] and through concurrent activation of 
upregulated nucleic acid sensors [266] and mitochondrial DNA release, they cause neuronal type I interferon 
production [505–507]. Signalling to oligodendrocytes [239] leads to as yet undefined consequences, and in 
neurons promotes neuronal tau hyperphosphorylation and seeded aggregation [237] further contributing to the 
neurodegeneration process. Type I interferons also contribute to significant changes in the blood-brain barrier. 
Endothelial cells respond to type I interferons by producing chemokines CCL2 and CXCL10 which mediate 
perivascular immune cell infiltration [166, 168, 171, 294–296]. Recruited immune cells are activated by interferons 
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6.  Therapeutic approaches

There are numerous existing approaches for targeting type I interferons and their 
downstream signalling, with great therapeutic application potential.

6.1 Targeting the receptor

The entire type I interferon pathway is dependent on a single juncture point, the 
IFNAR. This effectively acts as a central hub controlling all its downstream signalling. 
The advantage of targeting IFNAR over individually targeting any of its 13 IFNα sub-
types, IFNβ, IFNε, IFNκ or IFNω, or combinations thereof, is evident. The generation 
of a mouse anti-IFNAR1 blocking monoclonal antibody [509] was a turning point for 
the field and for the pharmaceutical industry, both by facilitating research in vivo and 
elucidating the role of the pathway outside of genetic manipulation, and by providing 
a surrogate for the potential of therapeutic targeting in human. A fully human mono-
clonal IgG1κ antibody targets IFNAR1 with high affinity and specificity, neutralising 
its receptor activity [510]. Anifrolumab is now approved in most countries for the 
treatment of SLE following breakthrough improvement in disease scores, higher rate 
of achievement of remission, high retention rate and low immunogenicity and side 
effects [92, 93, 511–514]. It is important to note that the percentage of herpes zoster 
reactivation was increased by anifrolumab compared to placebo, surprisingly no other 
notable adverse events were seen up to 3-years after treatment initiation [512, 515]. 
Furthermore, an indirect analysis of results from the TULIP-1 and TULIP-2 phase 
III trials of anifrolumab, and BLISS-52 and BLISS-76 trials, two phase III trials 
randomised, double-blind, placebo-controlled tials of belimumab, an anti-BAFF 
monoclonal antibody, reveals that treatment with anifrolumab was associated with 
significantly greater benefits [516]. Belimumab had been a revolution in the treatment 
of SLE [517, 518], and is the only other and first approved biologic for SLE. Its potent 
B-cell survival inhibitory effect is being leveraged in combination therapies with 
tacrolimus [519] and rituximab [520, 521]. While no head-to-head comparisons have 

to upregulate ROS via NOX2 and IDO1, contributing to neuronal and BBB damage [156, 384, 387, 396–399, 401]. 
Vascular endothelial cells from the BBB are concurrently activated by IFNAR-induced mediators CXCL10 and 
CCL2 to downregulate adherens and tight junctions, resulting in a leaky barrier and promoting microangiopathy 
[279–282, 300]. The mechanism by which type I interferons cause calcification of vessels in the systemic circulation 
and basal ganglia is unknown, but it is thought to be related to premature ageing. MEF2-family of transcription 
factors are gatekeepers of cellular senescence. Cognitive resilience-associated MEF2C is downregulated by IFNAR 
signalling, precipitating loss of endogenous retroviral element regulators such as TREX1, thereby inducing 
aberrant triggering of nucleic acid sensors and leading to self-amplified type I interferon production associated 
with the senescence-associated secretory phenotype (SASP) [258, 268, 348–352] as is the loss of MEF2A which also 
causes unabated IFNβ production through increased DNA:RNA hybrid accumulation [508]. Type I interferon-
induced CCL2 and CCL11 are thought to be linked to induction of cell senescence [166, 171, 359–362] though 
the exact mechanisms remain to be fully elucidated. Finally, inhibition of NRF2 by IFNAR signalling leads 
to increased ROS which exacerbates the inflammaging process [339–341]. Put together, these mechanisms are 
responsible for ageing-related cognitive decline. These outcomes are overly apparent at the choroid plexus and 
likely take place diffusely across the brain parenchyma. Type I interferon is also well known to be an inducer 
of depression through metabolite, inflammatory, and hormonal mechanisms. IDO is induced in response to 
interferon and perturbs the balance between the excitotoxic quinolinic acid metabolite and the neuron protective 
kynurenic acid and serotonin, causing excessive NMDAR agonism [104–114, 156]. Cyclooxygenase inhibition 
via NSAIDs also attenuates IFNα-induced depression through undescribed mechanisms [173]. Concurrently, 
the interferon-inducible CXCL10 is also known to lead to weakened synaptic long-term potentiation in the 
hippocampus, resulting in a depressive phenotype [166, 171]. It remains to be elucidated whether the protective 
effects of COX1, -2, and PLA2 inhibition are acting through inhibition of the interferon-induced synaptic 
CXCL10-CXCR3 signalling. Together, all these mechanisms likely act in concert to cause the detrimental 
neuropsychiatric effects caused by type I interferons.
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been made between anifrolumab and belimumab, warranting caution on conclusions 
drawn, anifrolumab far exceeds the efficacy outlook for the current approved treat-
ment landscape for SLE. That includes sifalimumab and rontalizumab, two anti-IFNα 
monoclonal antibodies, which have shown efficacy and good tolerability profiles 
[90, 522–524], but which lack the broad efficacy achieved by the complete blockade of 
type I interferon signalling.

The approval of anifrolumab, only the second biologic for lupus, reinvigorated the 
field and validated a long-known central role of type I interferons in SLE. This 
created excitement beyond the lupus field, as trials are being conducted for other 
indications including for Rheumatoid Arthritis (NCT03435601), Primary Sjögren’s 
Syndrome (NCT05383677), Systemic Sclerosis (NCT05925803), Progressive Vitiligo 
(NCT05917561), and Hidradenitis Suppurativa (NCT06374212). Regarding mono-
genic type I interferonopathies, as of yet, only one single patient carrying a DNASE2 
mutation has received anifrolumab, with remarkable amelioration [525]. While 
neurological involvement is frequent in DNASE2 loss-of-function interferonopathies, 
this patient had normal neurologic status at the time of their treatment, thus it is not 
known whether this approach may be useful for treating psychocognitive symptoms.

6.2  JAK inhibitors

Inhibitors targeting the JAK/STAT signalling pathway have shown efficacy and 
promising results in various diseases. JAK inhibitors like tofacitinib, filgotinib, and 
upadacitinib have been approved for use in multiple disorders, modifying treatment 
algorithms across a range of disease states, including myeloproliferative neoplasms, 
rheumatoid arthritis, and various inflammatory dermatological disorders. The rapid 
and broad bench-to-bedside translation is a testament to the importance of this path-
way to different disease mechanisms. For neurological diseases, however, there has 
been slower adoption, despite promising preclinical results. Notably, inhibition of JAK/
STAT signalling in mouse models of DS resulted in attenuated interferon-response 
signatures [307]. Dp16 mice, which harbour a duplication of murine chromosome 16 
and which is orthologous to human chromosome 21, show upregulation of inflamma-
tory and interferon responses in brain, along with other tissues [307]. Treatment with 
the JAK1/2 inhibitor baricitinib caused attenuation of many dysregulated signatures of 
Dp16, including of interferon-response genes, and including in the brain. Importantly, 
a patient treated with tofacitinib for an underlying alopecia areata [526] displayed 
marked inhibition of interferon-response signatures in the circulation to levels similar 
to euploid and healthy individuals, including abrogation of the major signalling chemo-
kines CXCL9 and CXCL10 [307]. Beyond neuroinflammation due to genomic aberra-
tions specifically associated with DS, JAK/STAT signalling inhibition using ruxolitinib 
was also capable of inhibiting type I interferon-driven neurodegeneration in a model 
of ALS-FTD [527]. Specifically, C9orf72-mutation associated FTD and ALS are found 
to accumulate cytoplasmic dsRNAs which trigger production of type I interferons, and 
culminate in JAK/STAT-mediated neuronal cell death. Proof-of-concept evidence exists 
that the interferonopathy in DS and nucleic acid accumulation in FTD and ALS can 
be modulated pharmacologically by JAK/STAT inhibitors, and taken together with the 
mouse model assessments suggests that neurocognitive protection may be possible.

There are still questions about the efficacy of JAK/STAT inhibition for neurologi-
cal disease. In both AGS [528–532], SPENCD [533], and SAVI [530] JAK1/2 inhibitors 
caused systemic amelioration of dermatologic or pulmonary disease, including of 
systemic type I interferon signatures, but neurological improvement was limited 
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or absent. Frequent infections are also seen, as essentially all cytokine signalling is 
inhibited, and is an important consideration especially for paediatric patients lacking 
fully developed adaptive immunity relying on innate immunity. Often, this has led to 
transient discontinuation of therapy, which may have impacted outcomes. This suggests 
that targeted therapy, particularly one specifically targeting type I interferons, may be 
more efficacious. A handful of case studies have reported better success for neurologic 
signs in AGS [534–536], of which one demonstrated reduced type I interferon in CSF 
for one patient [534], arguing perhaps in favour of early and uninterrupted therapy. 
Assessment of CSF exposure of the inhibitors reveals levels below 10% that of plasma, 
which is reflected by poor biomarker responses in CSF compared to circulation [531] 
indicating a need for brain penetrant molecules for consistent responses.

6.3  Experimental therapeutic approaches

Few other interferon-targeting treatment approaches exist, and most remain for now 
experimental. Reverse-transcriptase inhibitors were found to strongly inhibit interferon-
responses in circulation and in CSF in AGS [537]. It is thought that repressing expression 
of otherwise uncontrolled endogenous retroelements may be sufficient to regulate type I 
interferons, but perhaps not all patients may benefit similarly. These changes were most 
efficacious in patients carrying mutations in components of the RNASEH2 complex, and 
signatures were reversed upon discontinuation indicating specificity of the signal to the 
treatment. It is unclear if this treatment approach could be used for lasting responses 
with favourable clinical outcome, especially in the brain. It is also difficult to extrapolate 
from the clinical course of HAND where, despite anti-retroviral therapy, neurocognitive 
deterioration continues, as pathological mechanisms are different. Interestingly, trials 
are being conducted in Alzheimer’s disease (NCT04552795) which may yield better 
understanding of how retroelements are implicated in neuroinflammation [538].

Synthetic nucleotides for gene silencing are being intensely researched for drug 
development [539]. Antisense oligonucleotides (ASOs) hybridise cellular RNA 
and modulate processing, splicing, cause competitive inhibition, block the transla-
tional machinery, or degrade the bound target mRNAs. Treatments based on ASOs 
have already reached the clinic for genetic disorders such as Duchenne muscular 
dystrophy [540] and SOD1 mutation-associated ALS [541]. In a type I interferonopa-
thy mouse model, intrathecal delivery of ASOs targeting the Ifnar1 gene rescued 
neuropathological phenotypes by reducing type I interferon-responses, which led to 
reduced gliosis, immune cell infiltration in brain, reduced neuronal death and tissue 
destruction, and prevention of BBB leakage [542]. Such an approach lends itself well 
to monogenic type I interferonopathies and, coupled with a rationale-driven adminis-
tration method, may benefit patients based on their personalised symptomatology.

7.  Conclusion and future directions

7.1  Summary and implications

Type I interferons are cytokines that play a crucial role in the innate immune 
response against viral infections and in anti-tumour activities within the CNS. 
Overactivity of this pathway, however, results in aberrant responses that cause neurode-
generation. Concrete examples of this are persistent viral infections of the brain causing 
HAND, neurocognitive symptoms in archetypically type I interferon-driven diseases 
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such as SLE and AGS, and the profound psychocognitive effects of therapies with IFNα 
and IFNβ. Type I interferons are also found aberrantly overexpressed in more common 
diseases such as major depression, AD and dementia attributed to TBI, DS, and ageing, 
giving rise to the hypothesis that they may be detrimental more widely across neurode-
generation. With compelling evidence from preclinical models in all aforementioned 
disorders, there is interest in further developing therapeutics that target this pathway.

This also has implications for current clinical practice. The historical significance, 
extensive clinical experience, and diverse applications of IFNα and IFNβ therapies 
contribute to their sustained use in treatment practices. These once pioneering 
biologics remain relevant due to their foundational role in immunology and their 
proven benefits in some clinical indications. However, their long-lasting effects on the 
brain are an important consideration, and perhaps even more so due to their seeming 
implication in natural and disease-associated cognitive decline.

7.2  Limitations, challenges, and open questions

Open questions remain on the therapeutic potential of targeting type I interferon 
signalling for neurological disorders. SLE, a disease caused by systemic type I inter-
ferons, leads to neuropsychiatric symptoms, including depression, in a substantial 
proportion of patients, mirroring exogenous therapy with IFNα or IFNβ. It will 
therefore be important to evaluate if blockade of type I interferon signalling affects 
neuropsychiatric outcomes in lupus. The most direct evidence for this may come 
with the now marketed IFNAR1-targeting anifrolumab. Though trials performed to 
date were not powered for addressing this, long-term follow-up and more extensive 
clinical experience should clarify this. Also, it is unclear whether targeting the IFNAR 
systemically will be sufficient to influence the CNS. This may depend on the CNS-
penetrance of anifrolumab, which has not been evaluated. Typical CNS penetrance 
of antibodies is 0.1%, so for a dose of 300 mg it may be conceivable that sufficient 
antibody reaches the brain parenchyma, but not necessarily that sufficient target 
is neutralised. High, ubiquitous, target expression explains a short half-life of the 
antibody, meaning lower amounts of free antibody capable of reaching the brain. PK/
PD relationship studies from the TULIP-1 trial reveal that only the 300 mg dosing 
schedule allowed for approximately IC90 inhibition of interferon-response [513]. The 
lower dose group receiving 150 mg had sub-optimal or no inhibition of the systemic 
21-IFNGS when the C average concentration in plasma was below 11.5 μg/mL, and at 
least 32 μg/mL plasma exposure was necessary to consistently and durably achieve 
IC90 [513]. This indicates that the current 300 mg IV Q4W regimen, while sufficient 
to block type I interferon signalling in circulation, may not be sufficient to achieve an 
effect in brain, and higher doses may be needed. Importantly, this problem applies 
to all neurologic and neurodegenerative diseases caused by type I interferons, so it 
remains to be determined whether anifrolumab in its current format may be sufficient 
to treat type I interferonopathies, AD, TBI, or depression.

Delivery of antibodies across the BBB is a hot research topic and remains a current 
challenge. Brain shuttling technologies are being developed [543], and higher brain 
penetrance is being achieved by adding shuttle peptides [544], receptor-mediated 
transcytosis mechanisms [545], and exosome [546] or viral [547] vector-mediated 
expression. Developing brain-penetrant IFNAR-inhibiting therapeutic compounds may 
be required to achieve neuropsychiatric or neurodegenerative improvement in type I 
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interferon-driven diseases. Small molecules targeting upstream or downstream elements 
of the type I interferon pathway exist, and may be easier to be made brain penetrant.

Achieving clinical efficacy for neurologic disorders often requires long trials because 
of the inherent complexity of the nervous system and length of disease progression. 
Trials with anifrolumab have confirmed the importance of the type I interferon path-
way in viral defence. Thus, further safety considerations may need to be addressed by 
future type I interferon-directed therapies, especially if made brain-targeting. Herpes 
zoster screening and patient selection may be needed to stave off serious adverse events, 
particularly in long trials. From a personalised medicine perspective, it may also become 
important to evaluate whether wider viral screening could inform response rates and 
side effects, as other immunological mechanisms may take over antiviral function.

In recent years there has been enormous advance in the use of neurological bio-
markers, particularly NfL, following regulatory approval by the FDA as a surrogate 
marker of neurodegeneration in ALS [548, 549]. Unsurprisingly, the number of clini-
cal trials of CNS diseases utilising this biomarker has been steadily increasing [548]. 
Broadened clinical use may also give further clues about the relationship with type I 
interferons and whether interferon-targeting therapies lead to any meaningful change 
in plasma or CSF NfL. NfL has already been shown to be correlated with IFNα in 
HAND [425]. It is unknown whether type I interferonopathies – archetypical neuro-
inflammatory diseases – display NfL release in plasma or CSF. This assessment could 
allow a better understanding of the mechanisms of neurodegeneration in a purely 
type I interferon-driven group of diseases In SLE, a disease characterised by systemic 
type I interferons, elevated NfL levels, particularly in patients with neuropsychiatric 
symptoms [83, 84, 86], may correlate with CSF or plasma IFNα or interferon-
response signatures. As neuropsychiatric amelioration has for the most part not 
correlated well with general disease response, another interesting metric will be the 
assessment of NfL during therapy, and especially with the IFNAR pathway targeting 
therapies.

An important current consideration is whether it will be feasible to move away 
entirely from IFNα and IFNβ therapies. For MS, emerging treatments are proving 
to be more effective than IFNβ therapy, indicating a potential shift in therapeutic 
approaches [550]. In the context of chronic HCV, patients report better quality of life 
with oral antivirals than antivirals plus IFNα [551]. Newer generation antivirals may 
slowly phase out the need for interferons in viral infection [182, 183]. For cancer, new 
interest in the tumour microenvironment has created excitement leading to reticence 
in phasing out interferons from clinical care [552]. Some use may still remain for 
exogenous interferon therapies, particularly for high-risk patients in low-survivable 
diseases [553] where long-term neurocognitive effects may be less relevant or man-
aged for the survival duration. Nevertheless, checkpoint blockade inhibitors [184], 
and immunomodulating therapies [155, 185] have allowed for advances in our under-
standing of cancer biology, and the creation of new classes of therapeutics.

Rare diseases can often inform findings relevant to more common diseases. 
Neurologic disorders are no exception. A prominent example is the role that early 
onset familial Alzheimer’s disease, a very rare monogenic form of Alzheimer’s, has 
had on shaping the understanding of sporadic disease. Perhaps the most important 
open question is whether our understanding of these relatively newly discovered type 
I interferonopathies may help develop therapeutics for more common, or equally 
devastating, neurologic diseases.
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Chapter 3

Preclinical Validation of FTY720 
and FTY720-Mitoxy in Mouse 
Models of Parkinsons Disease and 
Multiple System Atrophy (MSA): 
Evidence for Treating Lewy 
Body Disease Synucleinopathies 
Including MSA
Guadalupe Vidal-Martinez, Haiyan Lou and Ruth G. Perez

Abstract

We assessed FTY720 and our patented-mitochondria-localizing-FTY720-derivative, 
FTY720-Mitoxy, in mouse models of Parkinson’s disease (PD) and MSA. FTY720 
and FTY720-Mitoxy were given by gavage, injection, or osmotic pump. We used 
symptomatic transgenic alpha-Synuclein (aSyn) PD mice (A53T aSyn) and MSA 
mice (CNP-aSyn), as well as transgenic GM2 +/− PD mice. We also tested toxin PD 
and MSA models. We measured movement, constipation, gut motility, sweat ability, 
and bladder function. We counted blood lymphocytes 24 h after FTY720 or FTY720-
Mitoxy. We measured Brain Derived Neurotrophic Factor (BDNF), Glial Cell Line 
Derived Neurotrophic Factor (GDNF), and Nerve Growth Factor (NGF) mRNA and 
protein. We assessed aSyn insolubility in gut, brain, and spinal cord by sequential 
protein extraction and immunoblot. We assessed fecal genomic DNA using 16S 
rRNA sequencing. In PD mice FTY720 normalized body and gut movement, urinary 
bladder function while increasing trophic factors and eliminating synucleinopathy. 
In MSA mice FTY720-Mitoxy normalized body and gut movement, sweat ability, 
mitochondrial function, improved microbiota while increasing trophic factors and 
eliminating synucleinopathy. FTY720 and FTY720-Mitoxy improve function and 
counteract synucleinopathy. As FTY720-Mitoxy is not immunosuppressive, it may be 
safer for treating PD and/or MSA.

Keywords: alpha-synuclein (aSyn), multiple system atrophy (MSA), Parkinson’s 
disease (PD), transgenic (Tg) mice, A53T aSyn PD mouse model (A53T), aSyn MSA 
mouse model (CNP-aSyn), GM2 PD mouse model (GM2 +/−), toxin model of PD 
(6-OHDA), toxin model of MSA (3NP).



Rare Neurodegenerative Disorders – New Insights

108

1.  Introduction

PD and MSA are progressive neurodegenerative disorders with overlapping 
 movement and autonomic symptoms that typically manifest over time during the 
aging process. Fortunately, there are mouse models that manifest symptoms of both 
diseases which allows for modeling them for drug testing. PD and MSA are both what 
are called “synucleinopathies” because they occur after the small chaperone-like 
protein, alpha-synuclein (aSyn), accumulates primarily inside neurons in PD and 
glial cells in MSA, leading to brain and body dysfunction [1, 2]. But one may wonder, 
why does the aSyn aggregation induce mainly neuronal problems in PD [3] and glial 
abnormalities followed by neuronal loss in MSA [4, 5]?

One clue about how this happens arises from data showing that PD motor 
impairment occurs only after a marked loss of substantia nigra dopaminergic 
neurons [6, 7], while surviving nigral neurons typically contain intracellular aSyn 
aggregates known as Lewy bodies (LBs) [8]. Only rare PD cases are associated 
with aSyn mutations and/or multiplications that are causative of the disease [9]. 
Recent evidence has shown that there are different conformationally and biologi-
cally distinct strains of pathological aSyn in PD and MSA [10]. Regardless of its 
strong association with PD and MSA, it is also very well documented that aSyn has 
important normal functions, some of which are especially vital for dopaminergic 
neurons where aSyn interacts with key proteins that modulate not only dopamine 
synthesis [11, 12] but also dopamine release [13, 14]. This modulation occurs, at 
least in part, because aSyn binds to and stimulates the activity of protein phos-
phatase 2A (PP2A), a major Ser/Thr phosphatase that regulates the phosphoryla-
tion state of the enzyme tyrosine hydroxylase (TH), the rate-limiting enzyme in 
dopamine synthesis, and also key proteins that modulate cell signaling [15, 16]. 
Significantly, in vivo silencing of aSyn expression in mature nigrostriatal neurons 
in vivo causes neuronal dysfunction and subsequent brain neuroinflammation to 
occur [17]. Additionally, when aSyn aggregates in human brains and tissues from 
animal models, dysregulation of PP2A activity occurs [18] which can lead to an 
excess of intracellular and extracellular dopamine, reactive oxygen species, and 
dopamine quinones, which are highly toxic to the nigral dopaminergic neurons 
[19–21]. Furthermore, another major enzyme, monoamine oxidase B, which helps 
degrade dopamine, is modulated by interaction with aSyn [22]. Together these data 
confirm that aSyn plays a key role in regulating brain pathways that control normal 
body movement.

In MSA, aSyn accumulates inside the myelinating glial cells of brain, the oligo-
dendrocytes, which then forms two different types of lesions (1) glial cytoplasmic 
inclusions (GCI) and (2) glial nuclear inclusions (GNI) [23–25]. When this occurs, 
neuronal demyelination occurs along with a loss of trophic factors required to 
support neurons, ultimately impairing function [26–28]. MSA can manifest as 
two different forms, (1) a condition that primarily affects the basal ganglia, thus 
producing Parkinsonian symptoms (MSA-P) or (2) primarily as cerebellar dysfunc-
tion and ataxia (MSA-C) [27]. Because transgenic PD and MSA mouse models 
recapitulate many of the age-onset changes associated with PD and MSA [29–35] 
they have been used to assess potential therapies [36–43]. While many therapeutics 
for PD and MSA are in development [44, 45], the focus of this review is on our pre-
clinical validation of FTY720 (along with data from other laboratories who studied 
FTY720), and our patented derivative, FTY720-Mitoxy, as possible therapies for 
PD and MSA.
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Because many symptoms of PD and MSA arise over time in humans and can be 
modeled in aging mice, drugs can be evaluated over time for their ability to slow, halt, 
or reverse PD or MSA symptoms. For the purposes of review in this chapter, we focus 
on the symptoms that are labeled in red font and underlined in Figure 1.

To test the efficacy of FTY720 and FTY720-Mitoxy as potential therapies for PD 
and MSA we, and others, evaluated several mouse models and tested multiple methods. 
Though this chapter is a review of our published data, we included an abbreviated Materials 
and Methods section below (Section 2) to help more clearly summarize all of the models and 
methods employed over many years of study, in order to simplify data interpretation.

2.  Materials and methods

2.1  Mice as models of PD and MSA

Briefly, all of the mice studied in our laboratories were housed in barrier cages on 
ventilated racks in temperature and humidity-controlled rooms on 12-h light/dark 
cycles with food and water available ad libitum. Mice underwent behavioral testing in 

Figure 1. 
PD and MSA both manifest after the onset of motor symptoms (listed on the left) and/or nonmotor symptoms 
(listed on the right), with symptoms in red and underlined, occurring in aging PD and MSA mouse models. Figure 
created with BioRender.com.
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clean quiet test rooms after acclimation as previously described. Ethical treatment of 
mice followed AALAC, ARRIVE, and NIH guidelines on approved protocols at Texas 
Tech University Health Sciences Center or at Shandong University as also previously 
described.

2.2  PD mouse models

2.2.1  A53T aSyn Tg mice

Mice expressing the A53T mutant form of human aSyn were generated in the 
 laboratory of Dr. Virginia Lee (University of Pennsylvania, Philadelphia, PA) [46]. 
We purchased the heterozygous (B6:C3-Tg-Prnp/SNCA*A53T/83Vle/J) breeders from 
the Jackson Laboratories (Bar Harbor, ME). Our cohort of Tg mice thus consisted 
of WT non-transgenic littermates as well as and heterozygous and homozygous 
offspring that overexpressed either one or two copies of mutant human A53T aSyn 
driven by a prion promoter [46]. Genotyping was performed as described [47]. Onset 
of PD-like symptoms were verified prior to drug treatment.

2.2.2  GM2 Tg mice

Mature gangliosides are ligands for myelin associated glycoprotein (MAG) [48] 
that act to enhance myelin stability [49] and contribute to normal brain function. It 
has been shown that immature GM3 gangliosides are elevated in PD brain [50], while 
mature GM1 ganglioside levels are significantly lower in PD patients and in PD mouse 
models [51, 52]. Transgenic B4galnt1 heterozygous mice, gift of Drs. Ledeen and Wu 
(Rutgers New Jersey Medical School), were used to generate our colony of wild type 
mice (WT, +/+) with two normal copies of the GM2 Synthase gene, and heterozygous 
mice with a single GM2 Synthase gene (GM2, +/−). Genotyping was performed as 
described [53, 54]. Thus, the GM2+/− heterozygous mice, with excess GM3 and 
reduced GM1 levels, closely model human PD. Onset of PD-like symptoms were veri-
fied prior to drug treatment.

2.2.3  6-OHDA toxin model

6-OHDA has been widely used to model PD in which striatal injections produce 
nigral dopamine neuron loss over 1–3 weeks’ time, allowing for longitudinal assess-
ment of the mice [55]. Briefly, C57BL/6 mice were pretreated with 0.5 mg/kg FTY720 
or vehicle by intraperitoneal injection for 7 days prior to 6-OHDA. On the 7th day, 1 h 
after final FTY720 dosing, mice were placed in a stereotaxic apparatus under anesthe-
sia and injected with 6 μg of 6-OHDA (prepared in 2 μL of normal saline with 0.02% 
ascorbic acid) or saline alone into two different sites of the right striatum. All mice 
were assessed at 7-, 14-, or 21-days post injection [56].

2.2.4  1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model

Two different laboratories studied the impact of FTY720 in the MPTP toxin model 
of PD. Komnig et al. [57], used a subacute dose of MPTP, while Motyl et al. [58] used 
an acute MPTP treatment to induce PD like changes. Komnig found no benefit with 
FTY720 while Motyl and colleagues reported significant protection against MPTP 
toxicity using FTY720.
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2.2.5  Rotenone model

Zhao et al. [59], used rotenone to induce PD-like symptoms in their mice, which 
caused systemic mitochondrial impairment, oxidative damage, microglial activa-
tion, selective nigrostriatal dopaminergic degeneration, L-DOPA-responsive motor 
deficits, aSyn aggregation and formation of Lewy body-like inclusions. FTY720 was 
reported to be highly protective in this model. Another laboratory tested FTY720-
Chitosan against a rotenone model and also saw protection [60].

2.3  MSA mouse models

2.3.1  CNP-aSyn Tg mice

CNP-aSyn mice (B6:C3-Tg-CNP-SNCA-M2Vle) were obtained from a reposi-
tory established by Dr. Virginia Lee at the Jackson Laboratories (Bar Harbor, ME). 
Heterozygous, non-littermate Tg mice were used to generate our CNP-aSyn mouse 
colony. Heterozygous or homozygous Tg mice express either one or two copies of WT 
human SNCA with expression driven by a CNP promoter in the myelinating cells of 
CNS (oligodendroglia) and peripheral nervous system (PNS, Schwann cells) [61, 62]. 
This CNP-aSyn model develops progressive motor and autonomic problems as well 
as neuronal and white matter damage in response to aSyn overexpression, similar to 
what occurs in subjects suffering with MSA-P and MSA-C [39, 63]. Onset of MSA-like 
symptoms was verified prior to drug treatment.

2.3.2  The 3NP toxin model of MSA

MSA models can also be generated using the mitochondrial toxin 3-nitropropionic 
acid (3NP) (Cat # N5634, Sigma-Aldrich, St. Louis, MO, USA), which inhibits mitochon-
drial succinate dehydrogenase (SDH) activity, also known as mitochondrial Complex II 
resulting in MSA like symptoms [64]. We prepared 3NP with sterile saline (pH 7.4) and 
sterile saline used along as the control. Aging CNP-aSyn mice (8.5 mo) were given subcu-
taneous injections of 3NP twice daily at escalating doses—10 mg/kg (day 9.5), 20 mg/kg 
(days 11 and 12), and 30 mg/kg (days 13 and 14) exactly as described [39, 65].

2.4  Drugs evaluated

All FTY720 and FTY720-Mitoxy (Figure 2) used in our studies, were evaluated 
for purity and stability prior to use [39, 66]. FTY720 is a synthetic sphingosine-
1-phosphate receptor modulator approved to treat relapsing remitting multiple 
sclerosis (MS) [67]. MS patients benefit from FTY720 by both its anti-inflammatory 
and neuroprotective effects, which we have also demonstrated to occur in response to 
FTY720-Mitoxy, both in vitro and in vivo [68, 69].

Notably, both drugs increase the expression of brain derived neurotrophic factor 
(BDNF), while FTY720-Mitoxy also significantly increases the expression of nerve 
growth factor (NGF) and glial-cell-line derived neurotrophic factor (GDNF) in 
neuronal and oligodendroglial cells [39, 53, 68, 70, 71].

The major difference between the drugs is the fact that FTY720, which is phos-
phorylated in vivo by Sphingosine Kinase, causes immunosuppression. In stark 
contrast, FTY720-Mitoxy, which also rapidly crosses the blood brain barrier but is not 
phosphorylated [66] does not suppress the immune system [72].
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2.5  Behavioral tests to assess drug efficacy in mice

2.5.1  Movement tests

• Rotarod (Cat # LE8200, Harvard Apparatus, Holliston, MA), measures balance, 
coordination, and endurance. Timing as “latency to fall” from the apparatus was 
recorded in sec using established methods [46, 73]. Briefly, mice were familiarized 
with the rotarod during initial trainings of 2 sessions on 2 consecutive days. Each 
training session consisted of 2 runs lasting 2 min each, one at 4 revolutions per min 
(rpm) and the other at 8 rpm. Experimental data were collected in 3 runs/day on 
2 different days for each mouse, with rotation increasing from 4 to 40 rpm over 
5 min. A minimum 5 min rest period was allowed between runs for all mice [39, 71].

• Open field locomotor activity was monitored using the TruScan™ open field 
apparatus (Coulbourn Instruments, Whitehall, PA, USA). Mice were acclimated 
to the test room for 15 min prior to being placed individually in the center of the 
arena with total movement monitored for 15 min. Total movement was measured 
as successive coordinate movements made across the floor plane while mice were 
continuously active. Mice were tested in random order on two independent occa-
sions with established methods [53, 74].

• Apomorphine-induced rotations were monitored over 3 weeks’ time, from 1 week 
post 6-OHDA lesioning as before [11]. Apomorphine was  subcutaneously 
injected into mice at a dose of 0.1 mg/kg (Sigma), with mice placed  individually 
in plastic beakers (diameter: 13 cm), and videotaped from above for 30 min. 
Quantitative analyses of completed (360°) left and right rotations were made 
off-line by an investigator blinded to the experimental conditions.

• Hindlimb reflex tests were performed as follows. Each mouse was suspended by 
the tail for 5 sec during which the position of the hindlimbs was scored. Data 
were collected over 3 trials performed on 2 different days, with short breaks 
given between trials. Scores ranging from impaired to normal were as follows: 
0 = one or both hindlimbs paralyzed, 1 = hindlimbs and paws close to the body 
with clasping toes, 2 = loss of flexion of hindlimbs, 3 = hindlimbs extended <90° 
angle, and 4 = hindlimbs extended >90° angle.

2.5.2  Gut function and gut health

• Fecal pellets. When food moves through the gut slowly, the colon absorbs more 
water, so consequently the feces become dryer and hardened. Thus, water 

Figure 2. 
FTY720 and FTY720-Mitoxy chemical structures. Figure is reprinted with permission of Elsevier Science and 
Technology Journals, Experimental Neurology [39] from the Copyright Clearance Center.



113

Preclinical Validation of FTY720 and FTY720-Mitoxy in Mouse Models of Parkinsons Disease…
DOI: http://dx.doi.org/10.5772/intechopen.1005448

content in feces was measured using methods described by Taylor et al., with 
total stool collected in the afternoon from individual mice placed in clean cages 
for 1 h. Feces were immediately transferred to 1.5-mL Eppendorf tubes that 
were labeled, capped, and weighed. Tubes were opened to allow fecal desic-
cation, and heated at 65°C overnight. Tubes were capped and weighed again, 
with water content calculated by computing the difference between wet and dry 
weights [47, 71].

• Gastrointestinal transit time. Whole gut transit time was assessed after oral gavage 
of a 0.2-mL volume of 6% (w/v) carmine red dye in 0.5% methylcellulose 
(Sigma-Aldrich). Post-gavage, all mice were observed up to 9 h for excretion 
of the first red stool, with the time recorded for each mouse. Mice that had not 
passed any red stool by 9 h scored >9 h [47, 75].

• Colonic motility was measured in old mice using the bead expulsion test. Briefly, 
a glass bead (3 mm; Sigma-Aldrich, Z143928-1EA) was gently pushed 2.0 cm into 
the colon using the smooth end of a plastic inoculating loop (Nunc, 253287). The 
total time from bead insertion to bead ejection was recorded for each mouse [47].

• Microbiota were analyzed by 16S rRNA sequencing at Texas Tech in Lubbock 
after extracting fecal genomic DNA in our laboratory at Texas Tech in El Paso. 
Briefly, human subjects collected their own fecal samples at home into a con-
tainer filled with stool DNA stabilizer (PSP® Spin Stool DNA PlusKit, Stratec 
Molecular). After transfer to the laboratory, samples were stored at −80°C until 
processing. Mouse feces were collected into sterile tubes during 1 h periods in 
the morning, with feces preserved and stored exactly as above. Total fecal DNA 
was extracted using QIAamp fast DNA stool Mini kits (Cat # 51604, Qiagen Inc., 
Valencia, CA) followed by 16S rRNA analysis as described [76].

2.5.3  Sweat function

• The starch iodine test was used to assess sweating in mice with MSA-like changes. 
Sweat droplets were measured using established methods [77] with minor 
modifications. Specifically, mice were gently and firmly manually restrained 
by one experimenter throughout each test. Another experimenter cleaned the 
left hind paw with a water-moistened cotton tipped swab then painted that paw 
using a small artist brush dipped in a freshly prepared solution of 2% iodine (Cat 
# 207772, Sigma-Aldrich, St. Louis, MO, USA) in ethanol. After the paw dried, 
it was then painted with a starch solution prepared in castor oil (1 g/mL, Cat # 
S9765 in Cat # 259853, Sigma-Aldrich, St. Louis, MO, USA). The paw was then 
photographed through a 10X magnifier lens at 0.0, 2.5 and 5 min timepoints to 
record the presence of dark purple precipitates. Digital images were blind coded 
and the main paw areas (excluding digits) were analyzed using ImageQuant 5.2 
(GE Healthcare, Waukesha, WI) to quantify droplets in arbitrary units [39].

2.5.4  Bladder function

• Water intake was confirmed for individually housed mice with water being 
delivered using a 50 mL conical tube sealed with a #7, single hole rubber stopper 
and a double-ball water sipper. Tubes were weighed before tests and again the 
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next morning to calculate water intake for all mice [53]. This was done to assure 
that mice were hydrated for urine pattern tests.

• Urine patterns were assessed as a measure of autonomic function. Collection of 
urine. Food and water were removed during tests. Five independent tests were 
conducted per mouse at each time point. Each mouse was individually placed in 
a clean cage for 1 h (10:00–11:00 am) with the cage bottom covered with a fitted 
white filter paper (Bio-Rad, Hercules, CA, USA, cat# 1650962). Filter papers 
were collected, labeled, and dried. Analysis. Urine spots were illuminated by UV 
light and categorized as small (<0.2 cm2) or large (>0.2 cm2). Counting was done 
by individuals blinded to genotypes. If overlapping urine spots were detected, 
those were excluded from counts (Table 1) [53, 71].

2.6  aSyn solubility to measure synucleinopathy

• Sequential protein extraction was performed using tissues from treated mice 
by well-established methods [18, 78]. This method does not isolate cellular or 
subcellular fractions but rather soluble from insoluble proteins using a series of 
buffers and ultracentrifugation with pellet re-extractions. The concentration 
of protein was confirmed by bicinchoninic acid assay (BCA, Thermo Pierce, 
Rockford, IL, USA). Laemmli buffer was added to samples, that were then heated 
to 95°C for 5 min before SDS-PAGE, with the exception of SDS/Urea samples, 
which were not boiled before gel loading. Proteins were transferred to nitrocel-
lulose, with equivalent protein loading verified by Ponceau S stain.

• Immunoblots. Blots were blocked 1 h in 10% milk-PBS then incubated overnight at 
4°C in aSyn antibody (sc-7011R, Santa Cruz Biotechnologies, Santa Cruz, CA, USA), 
610786 (BD Biosciences, San Jose, CA, USA). Infrared signal was obtained using 
anti-mouse, anti-goat, or anti-rabbit secondary antibodies coupled to IgG IRDye680 
or IgG IRDye800 (1:5000–1:10,000; Rockland Immunochemical, Boyertown, PA, 
USA) with blots imaged using Odyssey (LiCor Biosciences, Lincoln, NB, USA).

2.7  Trophic factor expression

• Total mRNA was extracted from brain or paw sweat glands using RNeasy Plus 
Mini Kit (Cat # 74134, Qiagen Inc., Valencia, CA) followed by retrotranscrip-
tion with a RNA-to-cDNA Kit (Cat # 4387406, Thermo Fisher Scientific), as per 
manufacturer. Total miRNA from brain was extracted using miRNeasy Mini Kits 

Symptom evaluated Test employed

Postural instability Hindlimb reflexes

Walking and gait problems Rotarod, open field, apomorphine induced rotation

Sweat function Starch iodine

Gastrointestinal (GI) function/GI health Fecal pellets, GI transit time, bead expulsion, microbiota

Bladder function Urinary patterns

Table 1. 
Summary of symptoms evaluated and tests employed.
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(Cat # 217004, Qiagen). Mature miRNAs were retrotranscribed with miScript II 
RT Kit (Cat # 218160, Qiagen). RNA concentrations and purity were confirmed 
by NanoDrop 2000 spectrophotometry (Thermo Fisher Scientific). Integrity of 
RNAs and assessment of genomic DNA contamination were done by evaluating 
28S/18S rRNAs band ratios on RNA “bleach” gels as previously described [39].

• BDNF, GDNF, and NGF Protein were assessed on immunoblots loaded with 
equivalent amounts of total protein for each condition, as determined using the 
BCA assay as described in Section 2.5.

2.8  Mitochondrial assessment

• Dounce homogenization of 200 mg cerebellum/mouse was performed on ice to 
isolate brain mitochondria using a kit (Cat # 89801, Thermo Fisher Scientific). 
Protease inhibitors: 17 μg/mL aprotinin, 1 mM benzamidine, and 1 mM AEBSF 
were added to all solutions. The final pellet contained mitochondria suspended 
in 50 μL sterile PBS. Total protein concentrations of isolated mitochondria were 
determined by BCA as described in Section 2.5.

• Succinate dehydrogenase (SDH) activity was measured using 60 μg of purified 
mitochondria and a colorimetric assay (Cat # MAK1971KT, Sigma-Aldrich, St. 
Louis, MO USA), as previously described [39].

3.  Results

3.1  Benefits of FTY720 and FTY720-Mitoxy in PD and MSA mouse models

Data from multiple publications are summarized below in tabular and graphic 
format confirm that FTY720, whose international patent recently expired and is now 
available in generic form, as well as our patented derivative FTY720-Mitoxy, show 
that both are extremely protective in PD and MSA mouse models. Both drugs reverse 
symptoms of abnormal body and gut movement as well as autonomic dysfunction 
including constipation, abnormal sweating, and abnormal urination. Both drugs also 
reduce or eliminate synucleinopathy as measured by sequential protein extraction 
evaluated by aSyn immunoblot (Figure 3 and Table 2).

3.1.1  Trophic factors

Both drugs increase the expression of brain derived neurotrophic factor (BDNF), 
while FTY720-Mitoxy also significantly increases expression of nerve growth fac-
tor (NGF) and glial-cell-line derived neurotrophic factor (GDNF) in neurons and 
oligodendroglia cells [39, 53, 68, 70, 71].

3.1.2  Safety

A major difference between FTY720 and FTY720-Mitoxy is the fact that FTY720 
becomes phosphorylated in vivo by Sphingosine Kinases, which leads to its immu-
nosuppressive effects. Having FTY720 act in an immunosuppressive manner, while 
beneficial for MS patients with that autoimmune disorder, could be problematic for 
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aging individuals suffering with PD or MSA as will be further described below. In 
stark contrast, FTY720-Mitoxy, which also rapidly crosses the blood brain barrier but 
is not phosphorylated [66] does not suppress the immune system [72], making it a 
potentially safer drug for treating patients with PD or MSA aSyn pathology.

3.1.3  Microbiota

We saw an increase in Ruminococcus in all mice after FTY720-Mitoxy, but an 
increase in Bacteroides only in FTY720-Mitoxy treated CNP-aSyn MSA mice (Figure 4). 

Figure 3. 
Summary of FTY720 and FTY720-Mitoxy data that support taking the necessary next steps to test the safety 
and efficacy of FTY720 and FTY720-Mitoxy to slow PD or MSA. Top row: drawings and images illustrating 
tests and variables used to assess body movement, constipation, sweating, incontinence, and aSyn pathology in 
PD and MSA mouse models. Middle row: models of PD (A53T, GM2 +/−, 6-OHDA) and MSA (CNP-aSyn, 
3NP), showing drugs tested in that model, in parentheses. Bottom row: drug effects on body movement, gut/bowel 
activity, sweat function, bladder function, and ability to sustain soluble aSyn and counteract synucleinopathy. 
Figure was created using BioRender.com.

Mice studied Modeling Variable measured FTY720 FTY720-Mitoxy Reference

A53T aSyn PD Movement (body/gut) Protects NT [47]

GM2 +/− PD Movement (body) Protects NT [53]

Bladder function Protects NT [53]

Rotenone PD Movement (body) Protects NT [59]

MPTP PD Movement (body) Protects NT [58]

6-OHDA PD Movement (body) Protects NT [56, 59]

CNP aSyn MSA Movement (body/gut) NT Protects [39]

3NP MSA Mitochondrial SDH NT Protects [39]

Control mice Normals Immunosuppression Positive Negative [72]

Rotenone/
Chitosan-FTY

PD aSyn phosphorylation, 
PP2A modulation Protects NT [60]

Table 2. 
Data confirming FTY720 and FTY720-Mitoxy protection in vivo. PD or MSA onset was confirmed before 
initiating drugs (NT = not tested).
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Ruminococcus is considered beneficial. Bacteroides are considered “friendly commensals” 
when residing in the gut, where they act to functionally out-compete other bacteria 
and/or viruses to prevent infection [79]. Because all FTY720-Mitoxy treated CNP-aSyn 
MSA mice appeared healthy and had improved behavioral functions [39, 76], it is 
believed that Bacteroides in their gut were also beneficial.

3.1.4  Succinate dehydrogenase (SDH) activity

After FTY720-Mitoxy treatment of 3NP treated MSA mice, we isolated cerebellar 
mitochondria and measured their SDH activity relative to freshly prepared standards 
using established protocols. FTY720-Mitoxy significantly enhanced mitochondrial 
function in both WT and CNP-aSyn MSA 3NP mice. Specifically, 3NP treatment 
alone reduces SDH activity in WT and CNP-aSyn mitochondria. 3NP + FTY720-
Mitoxy double treatment returns SDH activity to normal baseline values in WT 
and CNP-aSyn mitochondria as did FTY720-Mitoxy in WT mitochondria, but most 
significantly, FTY720-Mitoxy treatment improved SDH activity in the mitochondria 
isolated from transgenic CNP-aSyn MSA mice [39].

4.  Discussion/conclusions

Herein, we demonstrate robust in vivo protection by FTY720 and FTY720-Mitoxy 
in several different mouse models of PD and/or MSA. Both drugs significantly slowed 
or even reversed disease progression while nearly totally counteracting aSyn pathol-
ogy, also known as synucleinopathy. These are key requirements for drugs that are 
urgently needed for treating PD and MSA. Notably, FTY720 (fingolimod, Gilenya) 
could now be used off-label for PD or MSA should a doctor choose to prescribe it. 
It is worth noting that we used low dose FTY720 when treating our mice, and low 
dose FTY720 has been made available for treating children with multiple sclerosis. 
However, a major concern for using FTY720 for PD or MSA still remains because its 
immunosuppressive effects sometimes induce the opportunistic infection known as 
progressive multifocal leukoencephalopathy (PML) [73], which can be fatal.

Figure 4. 
Data from wild type (WT) control mice and CNP-aSyn MSA littermate mice collected 8–12 weeks post  
FTY720-Mitoxy treatment. This figure from Vidal-Martinez et al. [76], is re-printed with permission of  
iospress.nl.
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This concern is what encouraged us to create novel FTY720-derivatives, 
FTY720-C2 and FTY720-Mitoxy, that are not phosphorylated and do not cause 
immune suppression [72]. And although FTY720-Mitoxy is not an oral drug, it very 
rapidly enters the brain when given by injection or when delivered over time and it 
also is highly stable, which allowed long-term delivery (over several weeks). Thus, we 
have demonstrated the preclinical proof of concept for FTY720-Mitoxy, which like 
insulin could be given by injection, transdermal patch, or pump to help improve a 
patient’s quality of life [75].

Our preclinical findings with FTY720-Mitoxy show that it is highly beneficial in 
MSA models, which supports taking the necessary next steps in drug development 
to move this patented compound toward the clinic. While ours is currently the only 
laboratory to have published preclinical data regarding FTY720-Mitoxy, others now 
have the opportunity to test the drug in their own laboratories, as several vendors now 
offer FTY720-Mitoxy for sale.

Prior to embarking on Phase I safety or pharmacodynamics studies in healthy 
human subjects and/or affected subjects, FTY720-Mitoxy requires further charac-
terization to verify its safety and dosing requirements. Importantly, because MSA 
is an Orphan disorder, with MSA patients often progressing rapidly, such steps to 
add FTY720-Mitoxy to the arsenal of potential therapies for MSA would be highly 
beneficial not only for MSA but perhaps also for more common synucleinopathies like 
PD, dementia with Lewy bodies, and even for Alzheimer’s disease.

5.  Patents

The corresponding author holds patents “Compositions and Methods for 
the Treatment of Parkinson’s Disease” in the USA (#10,391,066) and Canada 
(#2,888,634) for the FTY720-derivatives, FTY720-C2 and FTY720-Mitoxy.
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Abstract

The development of a treatment strategy for neurodegenerative disorders is a 
serious issue for the healthcare world and a crucial subject of discussion. In the past 
two decades, a lot of focus has been placed on identifying the pathophysiological 
processes involved in neuronal death linked to neurodegenerative disorders and 
developing a variety of treatment options for neuroprotection. Numerous research 
teams have studied the use of peptides as neuroprotective treatments for different 
types of neurodegenerative disorders for a long time. The review aims to provide 
details about the roles of erythropoietin (EPO), glucagon-like peptide-1 (GLP-1), 
granulocyte colony-stimulating factor (G-CSF), and oxytocin (OXT) in neurodegen-
erative disorders as well as what cellular and molecular mechanisms they trigger to 
elicit the neuroprotective action, with a focus on neurodegenerative disorders.

Keywords: erythropoietin, glucagon-like peptide-1, granulocyte colony-stimulating 
factor, oxytocin, peptides, neurodegenerative disorders, neuropeptides, neuroprotection

1. Introduction

It is becoming more well-accepted that secondary biochemical alterations that 
result in tissue loss, which are secondary to acute neurodegenerative disorders, 
play a significant role in the development of chronic neurological impairment. 
Neurodegenerative disorders such as motor neuron disease, Alzheimer’s disease 
(AD), Parkinson’s disease (PD), ataxia, spinal muscular atrophy, autism, amyotrophic 
lateral sclerosis, Huntington’s disease, epilepsy, ischemic brain diseases, and central 
nervous system (CNS) diseases, such as stroke have also been linked to molecular 
pathways that contribute to cell damage and cell loss. Due to a lack of clinical efficacy 
or unpleasant side effects, several neuroprotective therapies intended to reduce 
neuronal death have been ineffective. This prompted researchers to investigate 
alternative therapeutic applications, such as peptides as neuroprotective agents [1–5]. 
Notably, several peptides have been applied in clinical settings, including erythropoi-
etin (EPO), glucagon-like peptide-1 (GLP-1), granulocyte colony-stimulating factor 
(G-CSF), and oxytocin (OXT) [6–12]. Figure 1 shows the synergistic neuroprotective 
effects of G-CSF, GLP-1, and EPO.
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2. Neuroprotective properties of erythropoietin

Human erythropoietin (EPO) is a 34 kilodalton (kDa) glycoprotein hormone 
formed up of four-helix loops. The gene for it is found on chromosome 7q11.22 and 
produces a 193-amino acid polypeptide chain [13]. The approaches of glycosylation 
and sialylation are also required for EPO to operate normally as they increase EPO’s 
molecule’s longevity and prolong its stay in circulation. The liver is the main site of 
EPO synthesis in individuals during fetal and neonatal life, but renal EPO messenger 
ribonucleic acid levels rise exponentially following 30 weeks of gestation, demonstrat-
ing the shift from the liver to the kidneys as the EPO production zone [14]. Also gener-
ated by cells from numerous organs, with the heart, spleen, lung, testis, ovaries, retina, 
and brain, where it exerts non-erythropoietic roles [15]. The discovery that the brain is 
one of these EPO-producing locations has captured the most interest. It is worth noting 
that prior line analyzing research has found that the pericytes in the brain and kidney 
both are transformed from the neural crest, which might also explain why they serve 
the same role in separate locations. The hippocampus, cortex, and midbrain were all 
reported to yield and express EPO inside the CNS. EPO has also been shown to have a 
crucial role in fostering and boosting neurogenesis, which is important for the growth 
of the brain and blood system [16], restricts cell damage, and prevents oxidation reac-
tions. The peptide may have a favorable impact on the reduction of neuronal disorder 
due to its protective effects and ability to reduce reactive oxygen species (ROS) [6].

Figure 1. 
The synergistic neuroprotective effects of G-CSF, GLP-1, and EPO promote neurogenesis, axon growth, and 
synaptic functioning while decreasing cell apoptosis, inflammation, and oxidative stress. Individually, G-CSF 
stimulates neural stem cells, EPO enhances angiogenesis, and GLP-1 decreases microglial activity.



129

Neuroprotective Properties of Peptides
DOI: http://dx.doi.org/10.5772/intechopen.109967

Erythropoietin receptor (EPOR) has a 225-amino acid subunit, a 23-amino-acid 
outer membrane segment, and a 235-amino-acid intracellular subunit. EPO activates 
secondary chemical signals like the signal transducer and activator of transcription 5 
(STAT5), phosphatidylinositol 3-kinase (PI3K), and mitogen-activated protein kinase 
(MAPK) through the hematopoietic system’s attachment of EPO to its target, which 
proceeds in homodimerization [17]. EPO is a bioactive molecule that is formed in the 
brain and has an essential function in neural growth and synapse formation control. 
EPOR has been detected in vitro grown rat oligodendrocytes and astrocytes, and 
recombinant human EPO (rhEPO) treatment increases their development and repro-
duction, hinting that the EPO/EPOR linkage is vital in angiogenesis after trauma. The 
four specific EPOR versions that are present in various tissues are described [18].

1. The brain has the canonical isoform, which is primarily expressed in the hema-
topoietic system. EPO activates this subunit, which modulates EPO’s activity in 
inflammation and hypoxia in neurons [19].

2. Neuronal cell safeguard is an expression of EPOR’s second form. In this scenario, 
the EPOR monomer connects the beta common receptor (βcR; CD131), a char-
acteristic target portion of interleukin (IL)-3, IL-5, and granulocyte-macrophage 
colony-stimulating factor (GM-CSF). The most prominent theory is that di-
merization causes the development of a particular tissue-building receptor. The 
classical homodimer upregulating tends to be activated by the stimulation of this 
sensor in an identical method [20].

3. The substantia nigra’s dopaminergic neurons have a tertiary version of the 
receptors, which is shorter than the full-length form and causes an alteration in 
the known to possess subdomain. The absence of STAT phosphorylation in the 
EPOR abridged isoform raises the possibility of another, as of before unidenti-
fied, mode of action [7].

4. Finally, it has been confirmed that the rat brain has a periplasmic soluble form of 
the receptor. Besides the subsequent mediators being activated, this isoform engag-
es with EPO. Therefore, EPO’s contact with other EPOR forms is limited due to its 
decreased accessibility. When there is ischemia, this isoform’s translation is signifi-
cantly suppressed, which starts a process that fights comprehensive EPOR [19].

EPO’s main purpose is to manage the growth of hematopoietic cells, so it is 
essential to identify if targeting neural cells may have a strong effect. The modulatory 
effects of EPO on neuroplasticity may affect neural precursor cells of other sources as 
well. These actions may include rapid maturation and enhanced progenitor growth, 
which has been seen in hypoxic mesencephalic progenitor cells [21]. Additionally, 
brain stem cells generated from the spinal cord exhibited EPO-driven neurogenesis. 
Brain-derived neurotrophic factors can be induced by EPO to potentially stimulate 
neurogenesis. EPO promotes regeneration while also assisting in the suppression of 
apoptosis. Apoptosis is diminished by the engagement of the cascade EPOR molecules 
Janus kinase 2 and PI3K and the control of the regulatory protein Bad (the Bcl-2 
associated agonist of cell death) [22].

EPO is synthesized in the kidneys and released into circulation in response to hypoxia. 
By focusing on EPO as a cascade protein controlled by hypoxia, the hypoxia-inducible 
factor-1 alpha (HIF-1α) was in effect discovered [19]. Conversely, it currently appears 
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that HIF-2α, also known as endothelial PAS domain protein 1, is much more essential 
than HIF-1 in driving the overexpression of EPO under deprivation [23]. The finding 
is that EPO and EPOR are generated in the brain’s hippocampus and telencephalon, 
the two areas particularly vulnerable to hypoxia. Hence, it is theoretical to assume 
that EPO has a biological process in the brain that serves as a defense against hypoxia 
and perhaps ischemia [18]. In several additional neurodegenerative disorders, ROS 
also plays a role in causing cell damage and neuronal loss. In a rat model of vascular 
dementia reported by Erbas et al., EPO anti-oxidative capabilities particularly 
decrease beta-amyloid-induced apoptosis and boost tyrosine hydroxylase (TH) 
positive neural cells [24]. A crucial additional point in the stability of HIF and, thus, 
the synthesis of EPO is the creation of ROS generation in both hypoxia and hyperoxia. 
Although enhanced prolyl hydroxylation and thus reduced HIF function are heavily 
related to ROS blocking, it is unclear how extra or insufficient oxygen affects cell 
damage in the brain [25].

EPO has become a versatile tissue-protective mediator, in part because of its anti-
inflammatory characteristics [26]. In fact, rhEPO penetrates the blood–brain barrier 
(BBB) whenever given to rats with localized ischemic injury, reducing the extent 
of the lesion by 50 to 75% [27]. In a laboratory autoimmune encephalitis form of 
multiple sclerosis, rhEPO inhibited the production and secretion of proinflammatory 
cytokines and growth factors, as well as the migration of cytokines through into the 
site of inflammation [23].

The second most prevalent neurodegenerative disorder is PD. Bradykinesia, 
stiffness, and tremor are only a few examples of motor and nonmotor features. 
Alpha-synuclein clusters, which are essential parts of Lewy bodies, and the growth of 
dopaminergic neurons in the atrophied substantia nigra pars compacta are two crucial 
pathogenic indicators [28]. According to a particular report of autophagy signals 
along with AMP-activated protein kinase and Unc-51-like autophagy activating kinase 
1, EPO therapy stimulates the autophagy mechanism in rotenone-treated SH-SY5Y 
neurons (a neuroblastoma cell line called SK-N-SH that has triple-subcloned) [29]. 
EPO has various neuroprotective effects on astrocytes, microglia, and synapses and 
is implicated in the control of neuroinflammation. In fact, EPO prevents the death of 
vascular endothelium and the arousal of astrocytes, which maintains the BBB [30]. 
According to studies, EPO reduces levels of tumor necrosis factor-alpha (TNF-α) and 
increases levels of TH in rats that have had parkinsonism brought on by rotenone or 
6-hydroxydopamine. This suggests that EPO may function through modulating neuro-
inflammation in order to achieve its goals [24]. In a lipopolysaccharide-induced autistic 
rat model, EPO was also effective in enhancing cognition and neurochemistry [31].

The most prevalent kind of dementia, AD, is clinically defined by a memory defi-
cit that worsens with time and a deterioration in cognitive abilities. Extracellular neu-
ritic plaques induced by amyloid-beta (Aβ) formation and internal neuro-fibrillary 
bundles caused by hyperphosphorylation of the tau protein are the disease’s defining 
features. The earliest signs that EPO could help with cognitive skills came from stud-
ies on non-neurological diseases when individuals receiving EPO during hemodialysis 
showed an increase in their mental abilities. Traditional pharmaceutical therapy for 
AD comprises acetylcholinesterase inhibitors, N-methyl-D-aspartate antagonists, 
and their potential combinations since no cure has been discovered [32]. EPO’s health 
benefits have first been investigated at the molecular scale, employing both robust cell 
cultures and primary hippocampus neurons [16]. The chemical appears to be effec-
tive by blocking the apoptotic mechanism and protecting against Aβ toxicity [33]. 
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Additionally, it is probable to notice a decline in the inflammatory activity and an 
elevation in antioxidant responses. EPO seemed to minimize cell damage, inflamma-
tion, and tau hyperphosphorylation while enhancing neurogenesis [25]. On abnor-
malities in neuroplasticity, the chemical appears to have a repair impact [33]. This, in 
addition to the fact that EPOR is present in the hippocampus, raises the prospect that 
EPO may have clinical benefits in this situation [31].

Acute ischemic stroke is caused by a temporary or irreversible decrease in cerebral 
blood flow that is typically related to the blockage of a cerebral artery, an emboliza-
tion, or localized thrombosis. A protective effect against ischemia injury is provided 
by the stimulation of HIFs, which stimulates downstream factors including EPO and 
vascular endothelial growth factor [23]. In hypoxic in vitro models, EPO expression 
levels in both rat astrocytes and neurons. EPO begins to act on frontal neuron progen-
itor cells, implying its role in neurogenesis. Bioactivity rises after EPO administration 
in primary hippocampal and cortical neurons exposed to cerebral ischemia, indicat-
ing its role in apoptosis and cell healing. By recovering hippocampal CA1 neurons 
from deadly ischemic damage, rhEPO treatment reduced ischemia-induced memory 
deficit. Other researchers reported that the indigenous EPO/EPOR system protects 
hypoxic astrocytes and oligodendrocyte progenitor cells, indicating that suppressing 
endogenous EPO in astrocytes results in diminished preservation of oligodendrocyte 
precursor cells and cell apoptosis [34].

High EPO dosages are beneficial in term neonates with hypoxic–ischemic 
encephalopathy (HIE) when the damage has not yet been established [35]. Animal 
studies have revealed that EPO can be given at high dosages around 6 hours after the 
beginning of brain damage to have a meaningful neuroprotective role. EPO poten-
tially impacts the processes of cerebral flow restitution, angiogenesis, and neurore-
generation in this environment, reducing ischemia damage. Research data also show 
that EPO can be used as an adjuvant therapy with hypothermia or as a supplement for 
hypothermia in HIE [2].

3. Neuroprotective properties of glucagon-like peptide-1

The glucagon-like peptide-1 (GLP-1), a 30-amino acid peptide hormone, is 
synthesized in the intestinal endocrine L-cells by differential processing of the 
proglucagon gene. It is a member of the incretin subfamily. The “incretin effect” is 
when incretins cause the pancreas to release more insulin when blood sugar levels 
are high. Even before it leaves the gut, the hormone GLP-1 is quickly digested and 
rendered inactive by the enzyme dipeptidyl peptidase IV. This raises the probability 
that GLP-1 receptor (GLP-1R)-expressing sensory neurons in the liver and intestine 
communicate GLP-1 effects [36, 37]. There are the highest concentrations of GLP-1R 
in the pancreas, the gut, and the CNS, although they are also found in small amounts 
in the heart, the vasculature, the kidneys, and the lungs [38].

The GLP-1 is a complex hormone with a wide range of metabolic effects, includ-
ing the glucose-dependent stimulation of insulin secretion, a reduction in stomach 
emptying and food intake, an increase in natriuresis and diuresis, and a modification 
of rodent B-cell proliferation. GLP-1 primarily acts as an incretin hormone by stimu-
lating insulin secretion and inhibiting glucagon release, which together help to reduce 
postprandial glucose excursions. It has consequences for learning and memory, 
reward behavior, and palatability and has cardio-neuroprotective effects, reducing 
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inflammation and apoptosis. In addition to many GLP-1-based pharmacotherapies 
being tested in clinical settings for the treatment of obesity, GLP-1R agonists are 
successfully used in the clinic to treat type 2 diabetes mellitus (T2DM) and its related 
complications such as diabetic nephropathy [37, 39, 40].

Different from the intestinal system, GLP-1 is also produced in the brain, notably 
in the nucleus tractus solitarius (NTS) in the brainstem in particular. The paraven-
tricular nucleus and arcuate nucleus are two regions of the hypothalamus that have 
GLP-1-expressing neurons. The management of appetite is aided by GLP-1 release, 
which also promotes a feeling of satiety [8, 41].

GLP-1 receptors are found in the substantia nigra, amygdala, hippocampus, 
hypothalamus, and NTS, as well as in cortical regions such as the lateral prefrontal 
cortex. These receptors may be stimulated to promote neurogenesis and synaptogen-
esis and to guard against oxidative stress, neuroinflammation, and apoptosis [41–44]. 
It is important to note that while blood-borne GLP-1 and GLP-1R agonists rapidly 
penetrate the BBB, incretins and their receptors are expressed in the CNS [3, 9].

In both humans and animals, GLP-1 modulates autonomic function and the stress 
response by activating the hypothalamic–pituitary–adrenal axis. It has antiapoptotic, 
neuroprotective, and neuromodulatory properties. GLP-1 agonism may have neuro-
protective effects by lowering microglial activation, which in turn lowers the release 
of M1 macrophages (e.g. TNF-α and IL-1β). GLP-1 affects synaptic transmission 
and plasticity in the rat hippocampus, at least in part through glutamate absorption. 
Additionally, it has been shown that astrocytes express the GLP-1R, which is linked 
to the suppression of neural inflammation. In cell cultures, activation of the GLP-1R 
was associated with neurite outgrowth and neurotrophic impacts, such as hippocam-
pus neurogenesis. Additionally, the receptor’s upregulation in the hippocampus was 
connected to improvements in learning and memory [44]. On the other hand, GLP-1R 
expression in the hypothalamus was reported to be reduced in people with T2DM [45].

Preproglucan and consequently GLP-1 are mostly produced by proprotein con-
vertase 1/3 expressing neurons in the caudal region of the dorsal vagal complex’s 
(DVC) medial NTS and, to a lesser extent, the area postrema. Afferent vagal inputs, 
such as gastric distention, the activation of peripheral GLP-1Rs, or the release of the 
satiety-related hormones leptin and cholecystokinin, enhance the activity of prepro-
glucagon-expressing neurons in the NTS. The NTS neurons create proglucagon and/
or GLP-1-positive projections that are directed into the olfactory bulb, several hypo-
thalamic nuclei, the bed nucleus of the stria terminalis, the lateral and medial septal 
nuclei, the amygdaloid complex, the septohippocampal area, the nucleus accumbens, 
and, less frequently, the medullary reticular formation, dorsal motor nucleus of the 
vagus, and the cortex. The GLP-1R is broadly distributed in the CNS, in contrast to 
the NTS, where GLP-1 production and distribution are limited [4].

In the treatment of stroke and neurodegenerative disorders such as AD, PD, 
amyotrophic lateral sclerosis, autism, schizophrenia, and other diseases such as 
diabetic retinopathy, ocular hypertension, and glaucoma, GLP-1 and GLP-1R have 
demonstrated remarkable neuroprotective effectiveness [3, 46–50].

GLP-1 analogs (including liraglutide, lixisenatide, semaglutide, exendin-4, and 
NLY01) exhibit strong anti-inflammatory effects. GLP-1R/gastric inhibitory polypep-
tide receptor (GIPR) dual agonists inhibited microgliosis, astrogliosis, and the expres-
sion of toll-like receptor-4 in a manner comparable to GLP-1 mimetics, however, they 
had a greater impact. Analogs of the GLP-1R (such as oxyntomodulin and exenatide) 
promote synaptogenesis, preserve synapses, increase hippocampus synaptic plastic-
ity, and improve learning and memory [4, 49].
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Alzheimer’s disease and PD, both kinds of neurodegenerative disorders, have been 
linked to impaired insulin signaling [51]. The main clinical sign of AD is progressive 
ongoing dementia, which can be distinguished from other forms of dementia by 
intellectual symptoms such as memory loss and behavioral issues as well as cognitive 
symptoms such as reduced cognition. Similarities between AD and T2DM, which 
is thought to be a high-risk factor. Neurofibrillary tangles, which are shaped by 
hyperphosphorylated tau protein and can build up into oligomers and/or Aβ plaques, 
are one of the neuro-pathological characteristics of AD. Aβ buildup in AD has the 
potential to damage synapses and cause neuroinflammation by triggering astroglia 
and microglia cells [4, 52, 53].

Additionally, in vivo research using PD models has shown that unusually ele-
vated levels of TNF-α and interferon-gamma (IFN-γ) secretion support the TNF-α/
Janus kinase/signal transducer and activator of transcription and IFN-γ/MAPK/
extracellular signal-regulated kinase-mediated activation of nuclear factor kappa-B 
in microglia and astroglia, respectively. Therefore, chronic neuroinflammation in 
AD and PD results in the permeabilization of the BBB by TNF-α and IL-1β; immune 
cell infiltration into the CNS; mitochondrial and axonal abnormalities; synaptic 
damage; and insulin resistance in the brain, as well as microglial, astrocyte, and 
neuronal malfunction and death [4].

GLP-1 directly promotes neurite development and synaptogenesis, in addition to 
shielding synapses from amyloid and oxidative damage. Additionally, GLP-1R activa-
tion has demonstrated synapto-protective qualities by promoting cytoskeletal actin/
tubulin polymerization to induce neurite multiplication, branching, outgrowth in 
cell cultures (PC12, SH-SY5Y), and adult sensory neurons. It has been demonstrated 
in the rat model that lixisenatide, a GLP-1R agonist, also inhibits synaptic dam-
age brought on by Aβ buildup, supporting spatial memory by influencing the PI3K 
pathway [4, 54].

Exenatide (exendin-4, a synthetic peptide containing 39 amino acids) was 
shown in studies to protect against ischemia-induced neuronal death by upregu-
lating GLP-1R expression, primarily in gamma-aminobutyric acid–releasing 
(GABAergic) interneurons or astrocytes in the gerbils’ hippocampal CA1 region. 
After a stroke in mice, it reduced neurological impairments. When administered 
4 weeks before and 2–4 weeks after generating stroke in diabetic rats, a clinical 
dose of exendin-4 also decreased cell damage, stopped microglial infiltration, and 
enhanced stroke-induced neuroblast production and proliferation of neural stem 
cells [3]. GLP-1 and GLP-1R agonists provide protection for many systems as well 
as CNS, by promoting neurogenesis and synaptogenesis and preventing oxidative 
stress, neuroinflammation, and apoptosis.

4. Neuroprotective properties of granulocyte colony-stimulating factor

Granulocyte colony-stimulating factor (G-CSF), now referred to as colony-stim-
ulating factor 3 (CSF-3), is a 25-kDa glycoprotein that is encoded by the Csf3 gene on 
the human chromosome 17 [55]. It is a growth factor that promotes the proliferation, 
differentiation, and survival of hematopoietic progenitor cells. G-CSF is essential for 
the migration of hematopoietic stem cells as well as the proliferation and differentia-
tion of granulocyte progenitors. It promotes the differentiation of hematopoietic 
progenitor cells into neutrophils and modulates neutrophil migration, as well as 
having trophic effects on several cell types, including neurons [56–58].
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G-CSF typically influences myeloid cell development from progenitor cells to mature 
neutrophil granulocytes during hematopoiesis [59–61]. It functions via a homodimeric 
granulocyte colony-stimulating factor receptor (GCSF-R) and is expressed on myeloid 
cells ranging from myeloblasts to mature neutrophils. GCSF-R is found at a low den-
sity on the cell surface (700–1500 per cell) and has a strong affinity for G-CSF. Low 
occupancy at the receptors is adequate to achieve the maximum biological response. 
G-CSFR is composed of a single extracellular domain, a transmembrane domain, and an 
intracellular domain [62, 63]. The extracellular domain contains immunoglobulin (Ig)-
like domains, a cytokine receptor homologous (CRH) domain, and three fibronectin 
(FN)-III-like repeats. The Ig-like domains and the CRH domain are important in G-CSF 
binding, whereas the FN-III-like repeats are involved in receptor dimer stability [64]. 
Numerous cells, including bone marrow, fibroblasts, macrophages, endothelial cells, 
glial cells, and neurons of various brain regions, all contain G-CSFRs [65–67]. G-CSF 
regulates hematopoietic cell proliferation, differentiation, and survival primarily via 
activating the Janus kinase/STAT, Ras/MAPK, and AKT/PI3K pathways [58].

G-CSF has been demonstrated to increase neutrophil chemotaxis and phagocy-
tosis, as well as increase bactericidal and fungicidal activities, antibody-induced cell 
toxicity, and complement receptor expression (CD11b, CG18b, CD35) [67]. G-CSF 
administration stimulated monocytes to produce IL-10 and mobilizes T helper type 2 
cells, promoting dendritic cells, which may contribute to the reduction of T cell reac-
tivity [68]; G-CSF also increases the survival of neutrophils and their progenitors, 
including stem cells. Clinical studies have shown that the duration of severe neutrope-
nia following chemotherapy is shortened and neutrophil counts recover more quickly 
when G-CSF is administered to cancer patients who have had both allogeneic and 
autologous bone marrow transplantation [69].

Recent research has demonstrated the neuroprotective impact of G-CSF treatment, 
which is due to its high antioxidant, anti-inflammatory, and antiapoptotic properties 
[10, 11]. In a number of ischemic rodent models, G-CSF has been demonstrated to 
provide long-term neuroprotection by encouraging somatic growth and improving 
sensorimotor and neurocognitive skills [70, 71]. The neuro-regenerative and neu-
roprotective properties of G-CSF have also been demonstrated in preclinical studies 
in a number of neurodevelopmental disorders, including autism, spinal cord injury, 
cerebral ischemia, PD, and AD [5, 10, 72–74]. To investigate the possibility of using 
G-CSF for AD treatment, two different Aβ protein aggregate-induced AD mice models 
were used. Interestingly, they found that G-CSF-induced bone marrow stem cell 
release enhanced neurogenesis around Aβ plaques in mouse brains and greatly restored 
the neurological function of AD mice [75]. Recombinant human G-CSF (filgrastim) 
was authorized for use by the Food and Drug Administration in 1991 to treat cancer 
patients receiving myelotoxic chemotherapy [76]. According to a wealth of research, 
the G-CSF molecule and its recombinant form, filgrastim, have the potential to treat 
cerebral ischemia, stroke, and neurodegenerative disorders such as Huntington’s dis-
ease, amyotrophic lateral sclerosis, AD, and PD [58, 77]. The therapeutic efficacy and 
safety of G-CSF are supported by all available clinical and preclinical research data, 
establishing its value as a treatment for neurodegenerative disorders.

5. Neuroprotective properties of oxytocin

The CNS’s glial, microglial, and neuronal interactions are incredibly dynamic and 
responsive to various stimuli. As chemical messengers that communicate both within 
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the brain and between the brain and the body, hormones are essential for the body’s 
homeostasis. OXT is a nonapeptide generated in the hypothalamic paraventricular 
(PVN), supraoptic (SON), and accessory nuclei (AN) [78, 79]. Via G-protein-coupled 
receptors, OXT affects the central and peripheral nervous systems. Various peripheral 
tissues, including the pancreas, blood vessels, ovary, thymus, skin, placenta, testis, 
heart, adipocytes, and kidney, also generate it [80]. OXT is crucial for aggression, sex-
ual and maternal behavior, neuromodulation, social memory, and bonding. It helps in 
the evacuation of milk from the mammary gland during breastfeeding and is a power-
ful stimulator of uterine contractions [81]. The structure of vasopressin, a similar 
nonapeptide with only two amino acid differences from OXT, is extremely similar to 
that of OXT. Oxytocin receptor (OXTR), which together with the related V1a, V1b, 
and V2 vasopressin receptor subtypes form a subfamily of the large G protein-coupled 
receptor superfamily, is the sole receptor for OXT that is currently known [82].

Studies have shown that lower levels of central endogenous OXTergic activity are 
related to social behavior profiles that are compromised [83, 84]. Several psychiatric 
disorders such as social anxiety, major depressive disorder, autism spectrum dis-
order, addiction, depression, and schizophrenia have been connected to disturbed 
brain OXTergic signaling [78, 85]. Numerous animal experiments published in 
the literature demonstrate OXT’s neuroprotective properties. The immune system 
regulation, social neuroprotection, antiapoptotic, anti-inflammatory, and antioxida-
tive actions of the OXT hormone are among its neuroprotective properties. It also 
controls the immunological and autonomic nervous systems in addition to the brain 
and reproductive system [86]. There are several medicines that have side effects 
including autotoxicity, neurotoxicity, and nephrotoxicity. Since oxidative stress 
and inflammation are important in the pathogenesis of neurological disorders, and 
the antioxidant/anti-inflammatory properties of OXT are widely recognized, there 
has been numerous research on OXT’s positive effects in neurotoxicity prevention 
[85, 87]. Microglia, the brain, and the spinal cord’s resident macrophages are the 
innate immune system’s main line of defense. Microglia and astrocyte intercom-
munication controls the inflammatory response in the brain. TNF-α, IL-1, IL-6, and 
IL-12 are a few proinflammatory cytokines that are produced and secreted in relation 
to M1 microglia polarization, which in general react to defend tissue and increase 
the elimination of infections. Overactivation or dysregulation of the M1 microglia 
phenotype, on the other hand, may increase neuronal damage caused by pathogenic 
stimuli and toxins, resulting in more extensive damage to neighboring neurons. 
Recent studies showed that OTX is important in the regulation of microglial reactiv-
ity in the growing brain [88, 89]. The relationship between neuroinflammation, 
microglial activation, and neuronal death has also been explored in several neurode-
generative disorders, including autism, frontotemporal dementia (FTD), ALS, PD, 
AD, and Huntington’s disease. Recent research has revealed that autistic brains have 
activated microglia. OXT treatment has been shown to diminish activated microglia 
in the hippocampus and amygdala and enhance the behaviors of autistic mice, 
lowering anxiety, depression, and repetitive behavior, as well as improving social 
contact [90]. According to a study, depending on the type of memory test and the 
psychobiological importance of the stimuli, the effects of intranasally administered 
OXT in humans revealed that the hormone selectively affected memory performance 
[91]. In their research, Erbaş et al. investigated the neuroprotective effects of OXT 
on rotenone-induced PD in rats. According to their research, oxytocin may protect 
dopaminergic neurons from rotenone-induced injury while also restoring them 
[92]. Postmortem brain tissue from patients with Huntington’s disease with varying 
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Vonsattel grades (grades 2–4) that had been immunohistochemically processed 
showed a selective 45% loss of OXT neurons and smaller cell sizes in the remain-
ing OXT neurons [93]. Individuals with the mutant HTT gene had a significant 
38% reduction in OXT cerebrospinal fluid levels, according to a recent study [94]. 
Patients with motor manifest and premanifest Huntington’s disease have been found 
to have a positive correlation between OXT plasma levels and depression in a clinical 
study [95]. Additionally, a selective OXT loss in HD, ALS, and FTD has been linked 
to hypothalamic pathology [96]. OXT’s anti-inflammatory and neuroprotective 
effects suggest that it may represent a possible therapeutic approach for the treat-
ment of neurodegenerative and neurodevelopmental disorders.

Table 1 summarizes the functions and neuroprotective properties of peptides 
(EPO, GLP-1, G-CSF, and OXT).

6. Conclusion

Although neurodegenerative disorders are pathological conditions linked to aging, 
neurodegeneration frequently goes undetected for a long time and neuronal death 
happens gradually over the course of a lifetime before the first clinical signs can be 
observed. Increasing preclinical and clinical evidence demonstrating the efficacy 
of EPO, GLP-1, G-CSF, and OXT in treating various brain diseases shows that these 
molecules are versatile and have strong immunomodulatory, anti-inflammatory, anti-
apoptotic, and neuroprotective properties. Given their beneficial effects on the brain, 
immunological system, reproductive system, and autonomic nervous system, these 
peptides hold promise as potential future treatments for neurodegenerative disorders.
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Chapter 5

Genetic Treatments for Rare 
Neurodegenerative Disorders
Christina A. Kousparou

Abstract

Rare neurodegenerative disorders encompass a diverse group of conditions 
characterized by the progressive degeneration of the nervous system. Usually, 
a combination of genetic, biochemical, and clinical features characterizes these 
disorders. An overview, classification, and investigation of the genetic mutations 
and variants linked to rare neurodegenerative diseases are included in this chapter 
on genetic therapy for these diseases. The article discusses novel approaches to 
treating genetic illnesses, including gene therapy, CRISPR-based interventions, and 
RNA-based therapeutics. It includes case studies and particular instances of effective 
genetic treatments as well as ongoing clinical trials. In addition, difficulties and moral 
issues are discussed, covering issues like delivery strategies, side effects, and moral 
questions about the use of gene editing in the treatment of various illnesses. Lastly, 
future outlooks and conjectures regarding possible developments, avenues for fur-
ther study, and the prospects for genetic therapies in the treatment of uncommon 
 neurodegenerative illnesses are discussed.

Keywords: rare, neurodegenerative, genetic, gene therapy, CRISPR, RNA, ethics,  
gene delivery, adeno-associated virus

1.  Introduction

Rare neurodegenerative diseases represent a critical area of study in biomedical 
research due to their profound impact on individuals’ lives and the broader health-
care landscape. Despite their rarity, these conditions collectively affect a significant 
number of people worldwide, often leading to debilitating symptoms and premature 
death.

Understanding the underlying causes of these illnesses offers prospective options 
for therapeutic action in addition to fundamental understanding of neurobiology. 
Furthermore, research on rare neurodegenerative illnesses can reveal common path-
ways with more prevalent neurological disorders, which can guide the development 
of treatments across a spectrum of conditions. Furthermore, new genetic abnormali-
ties linked to various illnesses have been found thanks to developments in genomic 
technologies, which have made it easier to classify diseases accurately, diagnose 
patients early, and develop individualized treatment plans.

Figure 1 shows a simplified flowchart to outline a generic overview and the 
general process for diagnosing and managing rare neurodegenerative disorders.



Rare Neurodegenerative Disorders – New Insights

150

Classification of these disorders can be based on a number of criteria, including 
disease onset and progression. Early-onset diseases are those that manifest symptoms 
at a young age, frequently before adulthood. Tay-Sachs disease, Niemann-Pick disease, 
and juvenile Huntington’s disease [1] are a few examples. The genetic foundation, 
pathophysiology, and clinical manifestations of Tay-Sachs disease, Niemann-Pick 
disease, and juvenile Huntington’s disease are summarized in Figure 2. The figure 

Figure 1. 
The process begins with the identification of presenting symptoms suggestive of a neurological disorder. These 
may include motor or cognitive impairment, sensory changes, or autonomic dysfunction. A comprehensive 
neurological examination is conducted to assess motor function, sensation, reflexes, coordination, and cognitive 
status. Imaging studies such as MRI or CT scans may be performed to visualize structural abnormalities in the 
brain or spinal cord. Blood tests, cerebrospinal fluid analysis, or other laboratory investigations may be conducted 
to assess metabolic, infectious, or autoimmune factors that could contribute to neurological symptoms. In cases 
where a genetic cause is suspected, genetic testing may be performed to identify specific mutations associated 
with neurodegenerative disorders. Additional tests or procedures may be necessary to confirm the diagnosis, 
such as muscle biopsy, nerve conduction studies, or specialized imaging techniques. A multidisciplinary team, 
including neurologists, geneticists, neuropsychologists, and other specialists, may be involved in the evaluation 
and management of rare neurodegenerative disorders. Patients may receive supportive care to address symptoms 
and improve quality of life, including physical therapy, occupational therapy, speech therapy, and psychological 
support. If available, disease-specific treatments or therapies targeting the underlying cause of the disorder may be 
initiated. Patients may be eligible to participate in clinical trials investigating novel therapies or interventions for 
rare neurodegenerative disorders. The process concludes with ongoing monitoring, management of symptoms, and 
support for patients and their families.



151

Genetic Treatments for Rare Neurodegenerative Disorders
DOI: http://dx.doi.org/10.5772/intechopen.1005439



Rare Neurodegenerative Disorders – New Insights

152

also provides the genes linked to each disease, the consequences of mutations on 
enzyme or protein function, and the symptoms that result from each disorder. Each 
gene is depicted with its normal function, mutation, and the effect of the mutation on 
nervous system performance.

Contrary to disorders that typically occur later in life, such as some forms of 
atypical Parkinsonism or certain types of hereditary ataxias, which are classified as 
late-onset. An alternative way of approaching these disorders is through their clinical 
manifestations. Conditions affecting motor functions, including Parkinson’s disease, 
Huntington’s disease, and certain forms of ataxia, are termed movement disorders; 
these are diseases primarily characterized by cognitive decline and dementia, like 
frontotemporal dementia, certain forms of familial Alzheimer’s disease, and prion 
diseases are presenting cognitive impairment. And finally, there are those who mani-
fest mixed phenotypic profiles, such as amyotrophic lateral sclerosis (ALS), which 
present with a combination of motor impairment and cognitive decline.

The genetic basis of the disease varies, and the number of genes involved. Polygenic 
or multifactorial disorders, like sporadic forms of Alzheimer’s disease, which are influ-
enced by multiple genetic and environmental factors, are more complex to understand 
than monogenic conditions (conditions caused by a single genetic mutation), such as 
Huntington’s disease or familial forms of ALS. Nevertheless, there are differences in the 
involvement of cellular components. For instance, disorders like Tay-Sachs disease and 
Niemann-Pick disease, which arise from the build-up of substances within lysosomes, 
differ from protein aggregation disorders, which are marked by the aggregation of pro-
teins in the brain, such as prion diseases, Parkinson’s disease, and Alzheimer’s disease.

Other examples of diseases featuring abnormal aggregation of the protein tau, 
including conditions like frontotemporal dementia and certain forms of atypical par-
kinsonism (tauopathies), are classified differently from synucleinopathies, which are 
marked by the accumulation of alpha-synuclein, like Parkinson’s disease and multiple 
system atrophy.

This classification is wide and subject to change when new genetic and molecular 
pathways underlying various illnesses are discovered through continued research. A 
range of distinct diseases with their own clinical manifestations, underlying genetic 
causes, and modes of disease progression may fall under each classification.

2.  Genetic mutations and rare neurological diseases: understanding the 
underlying conditions

Understanding the genetic alterations associated with rare neurological disorders 
is essential for creating targeted treatments and precision medicine methodologies. 

Figure 2. 
Three genetic disorders: Tay-Sachs disease, Niemann-Pick disease, and Juvenile Huntington’s disease, along with 
the associated mutations and their effects on neurological function. HEXA gene (Tay-Sachs disease): results from 
mutations in the HEXA gene, leading to deficient or non-functional Hex-A enzyme. Accumulation of GM2 
gangliosides in neurons causes progressive neurological dysfunction. Individuals with Tay-Sachs disease experience 
developmental regression, muscle weakness, seizures, and early death. SMPD1 gene (Niemann-Pick disease): 
caused by mutations in the SMPD1 gene, resulting in deficient or non-functional acid sphingomyelinase (ASM) 
enzyme. Accumulation of sphingomyelin in cells leads to progressive neurological dysfunction. Niemann-Pick 
disease is characterized by hepatosplenomegaly, progressive neurological decline, and early death. HTT gene 
(Juvenile Huntington’s disease): disease arises from mutations in the HTT gene, causing an abnormal expansion 
of CAG repeats and production of mutant huntingtin protein. Accumulation of mutant huntingtin protein in 
neurons leads to progressive neurological dysfunction. The disease manifests with movement disorders, cognitive 
decline, and behavioral changes, typically starting in childhood or adolescence.
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New gene variants and molecular pathways are being found by means of advanced 
genetic sequencing technology, which opens up new avenues for the development of 
therapeutic medicines targeted at reducing or repairing the underlying genetic defects 
responsible for these debilitating neurological illnesses.

All are characterized by the progressive degeneration of the nervous system due 
to mutations and variations in specific genes which play a pivotal role in the system’s 
pathogenesis. These underpinnings are crucial for accurate diagnosis, prognosis, and 
the development of targeted treatments.

Trinucleotide repeat expansions are a prominent class of uncommon neurological 
illnesses in which the amplification of particular DNA sequences results in aberrant 
protein synthesis and cellular malfunction. A classic example is Huntington’s disease 
(HD), which is defined by an expanded CAG repeat in the chromosome 4 HTT gene. 
The age at which symptoms appear and the severity of the disease are correlated with 
the length of this repeat sequence. Similar to this, a CGG repeat expansion in the 
FMR1 gene causes fragile X syndrome, which manifests as a variety of neurological 
and behavioral problems along with intellectual incapacity.

Spinal Muscular Atrophy (SMA) is primarily caused by mutations in the Survival 
Motor Neuron 1 (SMN1) gene, which is located on chromosome 5q13.2 [2]. The SMN1 
gene encodes the survival motor neuron (SMN) protein, which is essential for the 
maintenance and function of motor neurons in the spinal cord. Without adequate levels 
of SMN protein, motor neurons degenerate, leading to muscle weakness and atrophy 
characteristic of SMA. The most common mutation associated with SMA is a deletion 
of exon 7 in the SMN1 gene. Exon 7 deletion results in a truncated or non-functional 
SMN protein. Individuals with SMA typically have two copies of the SMN1 gene, one 
inherited from each parent. However, in SMA patients, both copies of the SMN1 gene 
are usually affected by mutations, leading to a deficiency in functional SMN protein.

In addition to SMN1 gene mutations, there is a closely related gene called SMN2, 
which is nearly identical to SMN1 but differs in a critical region that affects alternative 
splicing. The SMN2 gene produces a smaller amount of full-length SMN protein com-
pared to SMN1 due to alternative splicing events that often exclude exon 7. However, 
some portion of SMN2 transcripts retain exon 7, resulting in the production of func-
tional SMN protein. The severity of SMA is influenced by the number of copies of the 
SMN2 gene and the level of functional SMN protein produced. Generally, individuals 
with more copies of the SMN2 gene tend to have milder forms of SMA due to higher 
levels of functional SMN protein. However, other genetic and environmental factors 
can also modulate disease severity.

Another group comprises lysosomal storage disorders, such as Tay-Sachs Disease 
and Niemann-Pick Disease, resulting from mutations in genes involved in lysosomal 
function [3–5]. Tay-Sachs Disease is caused by mutations in the HEXA gene, leading 
to the accumulation of GM2 gangliosides in nerve cells and subsequent neurode-
generation [6]. Niemann-Pick Disease involves mutations in NPC1 or NPC2 genes, 
causing impaired lipid metabolism and the buildup of lipids in cells, particularly in 
the brain [7].

Neurodegenerative conditions like Alzheimer’s Disease (AD) and Parkinson’s 
Disease (PD) are associated with protein misfolding and aggregation. AD involves 
mutations in genes like APP, PSEN1, and PSEN2, resulting in the aberrant process-
ing of amyloid precursor protein and the accumulation of beta-amyloid plaques in 
the brain. PD, while often sporadic, can be linked to mutations in genes like SNCA 
(alpha-synuclein), LRRK2, and Parkin, leading to the formation of Lewy bodies and 
dopaminergic neuron degeneration.
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Polyglutamine disorders, exemplified by various Spinocerebellar Ataxias (SCAs), 
are characterized by CAG repeat expansions in different genes (e.g., ATXN1, ATXN2, 
ATXN3), resulting in ataxia, movement impairment, and other neurological symp-
toms. These disorders exhibit genetic anticipation, wherein successive generations 
tend to have earlier disease onset and increased severity due to repeat expansion.

Amyotrophic Lateral Sclerosis (ALS) is a motor neuron disease with both sporadic 
and familial forms. Familial ALS can result from mutations in genes like C9orf72, 
SOD1, FUS, and TARDBP, impacting motor neuron function and survival. These 
mutations disrupt cellular processes, including RNA metabolism, protein quality 
control, and cytoskeletal dynamics, leading to motor neuron degeneration and 
subsequent muscle weakness and paralysis.

Prion diseases, such as Creutzfeldt-Jakob Disease (CJD), involve the misfolding of 
the prion protein (PRNP gene), leading to the accumulation of abnormal prion pro-
teins in the brain. This results in rapid neurological deterioration, cognitive decline, 
and movement abnormalities.

3.  Emerging therapeutic approaches

Emerging and novel therapy modalities for rare neurological illnesses are varied 
and always changing. They show the increasing sophistication and diversity of 
solutions being created to deal with difficult situations. Research in these areas needs 
to continue receiving substantial funding in order to improve patient outcomes and 
quality of life.

Gene therapy involves delivering functional copies of a gene to compensate for 
mutations causing the disorder. In rare neurological disorders, this approach aims to 
correct genetic defects responsible for the condition. Techniques such as viral vectors, 
including adeno-associated viruses (AAV), are often used to deliver therapeutic genes 
to target cells. Recent advancements in gene editing technologies like CRISPR-Cas9 
hold promise for precise gene correction.

Onasemnogene abeparvovec (Zolgensma) is an innovative gene therapy approved 
by the FDA for the treatment of pediatric patients less than 2 years of age diagnosed 
with SMA [8–15]. It works by delivering a functional copy of the SMN1 gene to 
replace the defective gene responsible for SMA, addressing the root cause of the 
disease. This therapy is administered via a one-time intravenous infusion. Clinical tri-
als and real-world experiences have shown promising results with Zolgensma. Many 
infants treated with this gene therapy have demonstrated significant improvements in 
motor function, increased muscle strength, and milestone achievements that would 
not have been possible without treatment. Some children who received Zolgensma 
have achieved the ability to sit, stand, or even walk independently, depending on the 
severity and type of SMA.

However, a number of variables, such as the age at which treatment is started, 
the severity of the illness, and other individual characteristics, may affect how each 
person reacts to Zolgensma. It is important to remember that, despite Zolgensma’s 
impressive efficacy, it might not always fully reverse the symptoms of SMA or restore 
motor function, particularly in situations where irreversible motor neuron loss has 
already taken place.

As patients are followed up after treatment, researchers are still examining the 
long-term effects and durability of Zolgensma to assess the therapy’s long-term safety, 
efficacy, and influence on the course of the disease. CRISPR-based interventions have 
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shown significant potential in addressing rare neurodegenerative diseases by offering 
precise genome editing capabilities. While this technology is still in its early stages 
for clinical use in treating these conditions, research and preclinical studies have 
demonstrated promising results in targeting genetic mutations associated with these 
disorders.

In precision editing of mutations, CRISPR/Cas9 technology enables precise modi-
fication of the DNA sequence, allowing for targeted correction of disease-causing 
mutations responsible for various rare neurodegenerative disorders [16]. Researchers 
are exploring ways to utilize CRISPR to edit out or correct genetic mutations linked 
to conditions such as Huntington’s disease, certain forms of familial ALS, and other 
monogenic neurodegenerative diseases. One potential approach involves correcting or 
modifying the genetic mutations responsible for these diseases in affected cells or tis-
sues. For instance, in Huntington’s disease, researchers aim to reduce or eliminate the 
production of the mutant huntingtin protein using CRISPR-based strategies. Another 
approach involves modifying the expression of genes associated with disease progres-
sion to potentially slow down or halt neurodegeneration.

However, efficiently getting CRISPR components into the brain and into particular 
types of neurons is a big hurdle. For CRISPR-based therapeutics to be safe and effec-
tive, precise editing without unwanted genomic modifications is essential (prevention 
of off-target effects). Furthermore, regulation and careful consideration must be 
given to the ethical concerns of germline editing, potential unexpected consequences, 
and long-term impacts of genetic modifications.

Clinical trials assessing the use of CRISPR/Cas9 technology in treating certain 
neurodegenerative diseases, are being planned or are in early stages to assess safety 
and therapeutic potential [17–22]. Specifically, Leber congenital amaurosis 10 
(LCA10) is a rare genetic disorder causing early-onset blindness. EDIT-101, developed 
by Editas Medicine, is a CRISPR-based gene editing therapy designed to treat LCA10 
by targeting mutations in the CEP290 gene. Editas Medicine has initiated clinical 
trials for EDIT-101. In Huntington’s disease, CRISPR-based gene editing approaches 
are being investigated to selectively silence or correct the mutant HTT gene. However, 
clinical trials specifically using CRISPR-Cas9 for Huntington’s disease are still in 
the very early stages. In ALS, CRISPR-Cas9 technology has been used in preclinical 
research to target genes associated with ALS, such as C9orf72 or SOD1, for potential 
therapeutic intervention. Clinical trials involving CRISPR-Cas9 for ALS are not yet 
underway, but the technology holds promise for future treatments.

Short, synthetic nucleic acid molecules that target RNA are used in antisense 
oligonucleotide treatment (ASO), which modifies gene expression [23]. This method 
is especially helpful for conditions like spinal muscular atrophy (SMA) and differ-
ent types of muscular dystrophy that are brought on by abnormal RNA processing 
or splicing. Small compounds can interact with particular targets, such as enzymes 
or receptors, to regulate biological processes. Finding new targets or repurposing 
current medications for different applications are common steps in the development 
of small-molecule treatments for uncommon neurological illnesses. These treatments 
can focus on a number of pathways, including neurotransmitter signaling, protein 
aggregation, and neuroinflammation, that are implicated in the pathophysiology of 
disease.

Stem cell-based therapies hold promise for rare disorders by replacing damaged 
or lost cells, promoting tissue repair, or modulating the immune response. These 
approaches involve transplanting stem cells, either from exogenous sources or through 
the reprogramming of patient-derived cells, into the affected tissues. Stem cell therapy 
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is being explored for conditions like Parkinson’s disease, Huntington’s disease, and 
certain types of leukodystrophies. Enzyme Replacement Therapy (ERT) is a treatment 
approach used for rare neurological disorders caused by enzyme deficiencies, such as 
lysosomal storage disorders (e.g., Gaucher disease, Pompe disease). It involves admin-
istering recombinant enzymes to replace the deficient enzyme and restore normal 
metabolic function [24]. ERT can improve symptoms and slow disease progression in 
affected individuals. RNA Interference (RNAi) is a mechanism for silencing specific 
genes by targeting complementary RNA sequences. RNAi-based therapies utilize small 
interfering RNAs (siRNAs) or short hairpin RNAs (shRNAs) to degrade target mRNAs, 
thereby reducing the expression of disease-causing genes. This approach is being 
investigated for various rare neurological disorders, including amyotrophic lateral 
sclerosis (ALS) and Huntington’s disease. And lastly, immunotherapy strategies aim to 
modulate the immune system’s response to treat neuroinflammatory and autoimmune 
disorders. Approaches include monoclonal antibodies targeting specific immune cells 
or cytokines, as well as immune checkpoint inhibitors to enhance immune responses 
against pathogens or tumor cells. Immunomodulatory therapies are being explored 
for conditions like multiple sclerosis, neuromyelitis optica, and certain autoimmune 
encephalitides.

4.  Challenges and considerations

There are several hurdles such as delivery methods, off-target effects, and ethical 
considerations related to gene editing in the context of treating rare neurological 
diseases.

Regarding delivery modalities, a significant challenge is delivering gene edit-
ing tools across the BBB to target specific cells within the central nervous system 
(CNS). Various strategies are being explored, including viral vectors, nanoparticles, 
exosomes, and cell-penetrating peptides, to facilitate efficient delivery into the CNS. 
Achieving cell specificity and ensuring that gene editing tools reach the desired cell 
types without affecting non-targeted cells is also extremely critical. Selective target-
ing methodologies, such as engineered viruses or nanoparticles with cell-specific 
ligands, are under investigation to enhance precision. Furthermore, developing tech-
niques that allow direct in vivo delivery of gene editing tools to specific regions of the 
brain or spinal cord while minimizing systemic side effects is proving difficult [25].

Unintended genetic modifications causing off-target effects must be avoided, 
in turn to avoid unintended non-specific alterations in the genome. Enhancing the 
precision and accuracy of gene editing technologies, such as CRISPR/Cas systems, 
to minimize off-target effects must be of primary focus. A comprehensive assess-
ment of potential long-term consequences, including genomic stability, unintended 
mutations, and potential tumorigenesis, is essential before the widespread clinical 
application of these technologies. Scientists are investigating involving modified Cas 
enzymes and guide RNAs to enhance the specificity of gene editing tools, reducing 
off-target effects while maintaining on-target efficiency.

Ethically, germline editing raises concerns regarding the permanent alteration of 
the genome and potential heritability of edited genes, impacting future generations. 
Stringent ethical guidelines and regulatory frameworks are essential to address the 
ethical implications of germline editing in the context of rare (and other) diseases. 
Ensuring informed consent and respecting patient autonomy, particularly in vulner-
able populations or pediatric cases, is crucial when considering experimental gene 
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editing therapies. But it does not stop there: ethical considerations extend to ensuring 
equitable access to gene editing therapies disparities in availability, affordability, and 
distribution of these treatments across different populations.

Addressing these hurdles requires collaborative efforts among researchers, 
clinicians, regulatory bodies, and ethicists for developing innovative, safe, and 
effective gene editing approaches diseases. Rigorous preclinical studies continued 
advancements in delivery technologies, thorough assessment of safety profiles, and 
transparent ethical frameworks are essential in navigating these challenges and 
ensuring responsible development and implementation of gene editing therapies for 
neurodegenerative disorders.

5.  Conclusion

Rare neurodegenerative diseases encompass a heterogeneous group of disorders 
characterized by progressive degeneration of the nervous system, resulting in debili-
tating neurological symptoms. Despite their rarity individually, and collectively, 
these disorders pose significant challenges to patients, families, and healthcare 
systems worldwide. Over the past few decades, substantial progress has been made in 
understanding the underlying pathophysiology, genetic mechanisms, and potential 
therapeutic strategies for these conditions. In this conclusive scientific section, we 
will explore recent advancements, challenges, and future directions in the field of 
rare neurodegenerative diseases.

Recent advancements in rare neurodegenerative diseases have been propelled 
by breakthroughs in genetics, molecular biology, and neuroscience. The advent of 
next-generation sequencing technologies has revolutionized the identification of 
disease-causing genetic variants, enabling the discovery of novel genes associated 
with rare neurodegenerative disorders. Furthermore, advancements in animal models 
and induced pluripotent stem cell (iPSC) technology have facilitated the elucidation 
of disease mechanisms and the development of preclinical models for drug discovery 
and testing. One of the most significant advancements in recent years has been the 
emergence of gene therapy as a promising treatment approach for rare neurodegen-
erative diseases. Gene therapy holds great potential for correcting underlying genetic 
defects, slowing disease progression, or even providing a cure for some disorders. 
Clinical trials utilizing gene therapy vectors, such as adeno-associated viruses (AAVs) 
[26–29], have shown promising results in diseases like spinal muscular atrophy 
(SMA), Batten disease, and familial amyloid polyneuropathy (FAP), among others. 
In addition to gene therapy, other therapeutic modalities, such as small molecule 
drugs, antisense oligonucleotides (ASOs), and monoclonal antibodies, are also being 
investigated for their potential to target specific pathways implicated in rare neuro-
degenerative diseases. These advancements highlight the growing momentum in the 
field and the increasing hope for effective treatments for patients with these devastat-
ing disorders.

Despite significant progress, rare neurodegenerative diseases continue to present 
formidable challenges to researchers, clinicians, and patients alike. One of the most 
pressing challenges is the heterogeneity of these disorders, both in terms of clinical 
presentation and underlying genetic etiology. The rarity of individual diseases poses 
difficulties in conducting large-scale clinical trials and accruing sufficient patient 
cohorts for meaningful research studies. Another major challenge is the lack of disease-
modifying treatments for many rare neurodegenerative diseases. While symptomatic 
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therapies may help alleviate some symptoms and improve quality of life, they do not 
address the underlying cause of the disease or halt its progression. Developing effec-
tive disease-modifying therapies requires a deeper understanding of the molecular 
pathways involved in neurodegeneration and the identification of druggable targets. 
Furthermore, the translation of promising preclinical findings into clinically viable 
treatments faces numerous hurdles, including regulatory approvals, manufacturing 
challenges, and cost considerations. The high cost of developing and delivering novel 
therapies poses significant barriers to access for patients, particularly those in resource-
limited settings or without adequate healthcare coverage.

Looking ahead, several promising avenues hold potential for addressing the 
challenges posed by rare neurodegenerative diseases and advancing the field toward 
effective treatments and cures. Collaborative efforts among researchers, clinicians, 
patient advocacy groups, and industry partners are essential for accelerating the pace 
of discovery and translation. Precision medicine approaches, leveraging advances in 
genomics, proteomics, and imaging technologies, offer the promise of personalized 
therapies tailored to individual patients’ genetic and molecular profiles. Biomarker 
discovery and validation are critical for identifying disease progression markers, 
monitoring treatment response, and stratifying patients for clinical trials. Moreover, 
the continued development of innovative therapeutic modalities, such as RNA-
based therapies, gene editing technologies (e.g., CRISPR-Cas9), and gene silencing 
approaches, holds tremendous potential for addressing the underlying genetic defects 
in rare neurodegenerative diseases [30]. Strategies for optimizing drug delivery to the 
central nervous system (CNS) and overcoming the blood-brain barrier are also being 
actively pursued to enhance therapeutic efficacy. In addition to therapeutic interven-
tions, efforts to improve patient care and support services are essential for addressing 
the holistic needs of individuals and families affected by rare neurodegenerative 
diseases. Multidisciplinary care teams, including neurologists, genetic counselors, 
physical and occupational therapists, and social workers, play a crucial role in provid-
ing comprehensive care and support across the continuum of the disease.

In conclusion, rare neurodegenerative diseases represent a complex and challeng-
ing group of disorders with significant unmet medical needs. While recent advance-
ments have provided hope for effective treatments, numerous challenges persist, 
including disease heterogeneity, lack of disease-modifying therapies, and barriers 
to translation. However, with continued investment in research, collaboration, 
and innovation, there is optimism for the future of rare neurodegenerative disease 
research and the development of transformative therapies that will improve the lives 
of patients and families affected by these devastating conditions.
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Abstract

Nervous system problems affect around 600 million people worldwide. Among 
these, neurodegenerative illnesses are often distinguished by a late adult start, a pro-
gressive clinical course, and a localized loss of neurons in the central nervous system. 
These include, among others, multiple sclerosis, Parkinson’s disease, amyotrophic 
lateral sclerosis (ALS, also known as Lou Gehrig’s disease), Huntington’s disease, Prion 
diseases, encephalitis, epilepsy, genetic brain disorders, hydrocephalus, stroke, and 
Alzheimer’s and other less common dementias. The brain stem, cerebellum, thala-
mus, hypothalamus, basal ganglia, cerebral cortex, and intracranial white matter are 
among the areas that neurodegeneration typically affects. Mendelian inheritance is 
well-established, despite the fact that most neurodegenerative illnesses are sporadic. 
The neuropathological findings and clinical symptoms in hereditary neurodegenera-
tive disorders are intriguing. Regretfully, there are few neurodegenerative diseases for 
which no effective treatments are available. The rare hereditary types of neurodegener-
ative diseases, such as ataxias, multiple system atrophy, spastic paraplegias, Parkinson’s 
disease, dementias, motor neuron diseases, and uncommon metabolic disorders, are 
highlighted in this chapter along with their clinical and genetic characteristics.

Keywords: genetic diagnosis, neuromuscular, metabolic disorders, dementia, ataxia, 
movement disorders

1.  Introduction

Rare neurodegenerative diseases are a group of disorders characterized by 
the progressive degeneration of the structure and function of the nervous sys-
tem. These conditions are considered rare because they affect a small number 
of individuals in comparison to more common neurodegenerative diseases like 
Alzheimer’s or Parkinson’s. Many of these diseases are genetic in nature, resulting 
from mutations in specific genes. Here are some examples and basics about neuro-
degenerative diseases.

Neurodegenerative diseases are a subset of degenerative diseases that primarily 
affect the structure and function of the nervous system, leading to the progressive 
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degeneration of neurons. These conditions often result in cognitive decline, motor 
dysfunction, and, in many cases, a reduced quality of life. Here are some examples 
and basics about neurodegenerative diseases [1, 2]:

1. Common neurodegenerative diseases

• Alzheimer’s disease (AD): It affects memory, thinking, and behavior. It is the 
most common cause of dementia.

• Parkinson’s disease (PD): It involves the malfunction and death of certain 
nerve cells in the brain, leading to movement-related symptoms.

• Huntington’s disease (HD): It is a genetic disorder that causes the progres-
sive breakdown of nerve cells in the brain, leading to motor and cognitive 
impairments.

• Amyotrophic lateral sclerosis (ALS): It affects nerve cells in the brain and 
spinal cord, leading to the loss of voluntary muscle control [1, 2].

2. Common features

• Progressive degeneration: Neurodegenerative diseases are characterized by the 
gradual and irreversible loss of neurons and their function.

• Accumulation of abnormal proteins: Many neurodegenerative diseases are 
associated with the buildup of abnormal protein that aggregates in the brain, 
such as beta-amyloid plaques in AD or Lewy bodies PD.

• Inflammation: Neuroinflammation is often present, contributing to the 
progression of the disease [1, 2].

3. Symptoms

• Symptoms vary depending on the specific disease but may include memory 
loss, cognitive decline, tremors, muscle stiffness, difficulty with movement 
and coordination, and changes in mood or behavior.

• As the diseases progress, individuals may experience worsening symptoms and 
a decline in overall functioning [1, 2].

4. Causes

• While the exact causes of neurodegenerative diseases are often complex and 
not fully understood, genetic factors, environmental influences, and the 
accumulation of abnormal proteins are commonly implicated.

• Some neurodegenerative diseases have a genetic component, with mutations in 
specific genes increasing the risk of developing the condition [1, 2].
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5. Diagnosis

• Diagnosis involves a thorough medical history, neurological examinations, 
cognitive assessments, and often imaging studies (MRI, CT scans) to detect 
structural changes in the brain.

• In some cases, genetic testing may be employed to identify specific mutations 
associated with familial forms of the diseases [1, 2].

6. Treatment

• Most neurodegenerative diseases have no cure, however, treatment focuses on 
managing symptoms and improving the individual’s quality of life.

• Medications, physical therapy, occupational therapy, and supportive care are 
common approaches [1, 2].

7. Research and advances

• Ongoing research aims to understand the underlying mechanisms of neu-
rodegenerative diseases, identify potential biomarkers, and develop novel 
therapeutic strategies.

• Clinical trials explore new medications, gene therapies, and interventions 
aimed at slowing or halting disease progression.

It is important to note that the field of neurodegenerative diseases is rapidly evolv-
ing, and ongoing research is critical for advancing our understanding and developing 
effective treatments.

Rare neurodegenerative diseases, also known as rare neurologic disorders, are a 
diverse group of conditions that affect the nervous system and are characterized by 
progressive degeneration. These diseases are considered rare because they affect a 
small number of individuals within the population. While each rare neurodegenera-
tive disease is unique, there are some common features and considerations [1, 2]:

1. Limited prevalence

• Rare neurodegenerative diseases are defined by their low prevalence, often 
affecting a small number of people within a population.

• The rarity of these conditions can pose challenges for diagnosis, research, and 
the development of treatments due to limited awareness and resources [1, 2].

2. Heterogeneity

• There is a significant heterogeneity among rare neurodegenerative diseases. 
Each disorder has distinct clinical features, genetic underpinnings, and disease 
progression.

• Some examples of rare neurodegenerative diseases include Niemann-Pick disease, 
Batten disease, Ataxia-telangiectasia, and various forms of leukodystrophies [1, 2].
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3. Genetic basis

• Many rare neurodegenerative diseases have a genetic component, resulting 
from mutations in specific genes.

• In some cases, these conditions follow an autosomal recessive, autosomal 
dominant, or X-linked inheritance pattern [3].

4. Early onset

• Some rare neurodegenerative diseases manifest early in life, often during 
childhood or adolescence.

• Early-onset forms may present unique challenges in terms of diagnosis, man-
agement, and the impact on the affected individuals and their families [3].

5. Multisystem involvement

• Several rare neurodegenerative diseases involve multiple organ systems, 
not just the nervous system. This can lead to a wide range of symptoms and 
complications.

• Examples include disorders affecting the nervous system, muscles, metabo-
lism, and other organs [3].

6. Diagnostic challenges

• Diagnosing rare neurodegenerative diseases can be challenging due to their 
low prevalence, the diversity of symptoms, and limited awareness among 
healthcare professionals.

• Genetic testing and advanced imaging techniques may be crucial for accurate 
diagnosis [3].

7. Limited treatment options

• Due to the rarity and often poorly understood nature of these diseases, treat-
ment options are limited, and there may be no cure.

• Management typically focuses on alleviating symptoms, providing supportive 
care, and improving the individual’s quality of life [3].

8. Research and collaboration

• Ongoing research efforts aim to understand the genetic basis, underlying 
mechanisms, and potential therapeutic targets for rare neurodegenerative 
diseases.

• Collaboration between researchers, clinicians, and patient advocacy groups is 
essential for advancing knowledge and developing treatments.
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Given the rarity and complexity of these diseases, specialized clinics and research 
centers often play a crucial role in the diagnosis, management, and research efforts 
related to rare neurodegenerative diseases.

These diseases pose significant challenges for both patients and their families 
due to their rarity, limited treatment options, and often rapid progression. Research 
efforts are ongoing to better understand the underlying mechanisms and develop 
potential therapies for these conditions [3, 4].

2.  Pathogenesis of Alzheimer’s disease (AD)

The pathogenesis of AD is complex and involves multiple factors, including 
genetic, environmental, and molecular contributors. While the exact mechanisms are 
not fully understood, several key features are associated with the development and 
progression of AD [5]:

1. Amyloid beta (Aβ) accumulation

• One of the hallmarks of AD is the accumulation of abnormal protein aggre-
gates called beta-amyloid plaques in the brain.

• Aβ is a protein fragment derived from the larger amyloid precursor protein 
(APP). In AD, there is an imbalance in the production and clearance of Aβ, 
leading to its accumulation in the brain [6].

2. Tau protein pathology

• Tau is a protein that plays a crucial role in maintaining the structural integrity 
of neurons by stabilizing microtubules.

• In AD, abnormal modifications of tau lead to the formation of neurofibril-
lary tangles inside neurons. These tangles disrupt the normal functioning of 
neurons and contribute to their degeneration [7].

3. Neuroinflammation

• Chronic inflammation in the brain is associated with the progression of AD. 
Immune cells, such as microglia, become activated and contribute to the 
inflammatory response.

• Inflammation may exacerbate the accumulation of Aβ and tau pathology and 
contribute to neuronal damage [7].

4. Genetic factors

• While most cases of AD are sporadic, a small percentage is associated with 
specific genetic mutations. Mutations in genes such as APP, PSEN1, and PSEN2 
are linked to familial forms of AD.

• These genes are involved in the production and processing of Aβ [3, 5].
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5. Mitochondrial dysfunction

• Impaired mitochondrial function has been observed in AD. Mitochondria play 
a crucial role in energy production and maintenance of cellular health.

• Dysfunction in mitochondria may contribute to increased oxidative stress and 
damage to neurons [3, 5].

6. Synaptic dysfunction and neuronal loss

• Synaptic dysfunction occurs early in the course of AD, leading to impaired 
communication between neurons.

• Progressive neuronal loss, particularly in regions critical for memory and 
cognitive function, is a characteristic feature of AD [3, 5].

7. Vascular factors

• Vascular risk factors, such as hypertension and atherosclerosis, have been 
associated with an increased risk of developing AD.

• Vascular dysfunction may contribute to decreased blood flow and nutrient 
supply to the brain, impacting neuronal health [3, 5].

8. Environmental and lifestyle factors

• Several environmental factors, such as education, diet, physical activity, and 
social engagement, may influence the risk of developing AD.

• Chronic stress, traumatic brain injury, and exposure to certain toxins have also 
been studied in relation to AD risk.

The interaction and interplay of these factors likely contribute to the complex 
pathogenesis of AD. Research is ongoing to better understand these mechanisms, and 
potential therapeutic strategies are being explored to target various aspects of the 
disease process. Early diagnosis and intervention remain important areas of focus for 
improving outcomes and developing effective treatments for AD [3, 5].

3.  Pathogenesis of Parkinson’s disease (PD)

PD is a neurodegenerative disorder characterized by the progressive degenera-
tion of dopamine-producing neurons in the brain. The exact cause of PD is not 
fully understood, and it likely involves a combination of genetic and environmental 
factors. Here are key aspects of the pathogenesis of PD [5].

1. Dopaminergic neuron degeneration

• PD primarily affects a region of the brain called the substantia nigra, 
where dopaminergic neurons are located. These neurons are responsible 
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for producing dopamine, a neurotransmitter crucial for motor control and 
coordination.

• Progressive degeneration of these dopaminergic neurons leads to a reduc-
tion in dopamine levels, resulting in the motor symptoms characteristic  
of PD [3, 5].

2. Alpha-synuclein accumulation

• The abnormal accumulation of a protein called alpha-synuclein in the form of 
Lewy bodies is a pathological hallmark of PD.

• These aggregated proteins are believed to interfere with normal cellular 
 function and contribute to the degeneration of dopaminergic neurons [3, 5].

3. Mitochondrial dysfunction

• Mitochondria, the cellular organelles responsible for energy production, play a 
role in the pathogenesis of PD.

• Dysfunction in mitochondrial activity, including oxidative stress and 
impaired energy metabolism, may contribute to neuronal damage and cell 
death [3, 5].

4. Genetic factors

• While most cases of PD are sporadic, a small percentage is associated with 
specific genetic mutations. Mutations in genes such as SNCA (encoding alpha-
synuclein), LRRK2, PARK2, and PINK1 have been linked to familial forms of 
PD.

• Genetic factors can influence the susceptibility to PD and may contribute to its 
pathogenesis [3, 5].

5. Oxidative stress

• Increased oxidative stress, resulting from an imbalance between the produc-
tion of reactive oxygen species (ROS) and the ability of cells to neutralize 
them, is implicated in PD.

• Oxidative stress can damage cellular structures, including proteins, lipids, and 
DNA, leading to neuronal dysfunction and death [3, 5].

6. Inflammation

• Neuroinflammation, involving the activation of microglia and other immune 
cells in the brain, is associated with PD.

• Inflammatory processes may contribute to the degeneration of dopaminergic 
neurons and the progression of the disease [3, 5].
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7. Environmental factors

• Exposure to certain environmental toxins has been implicated in the develop-
ment of PD. For example, pesticides, herbicides, and industrial chemicals may 
contribute to an increased risk.

• Traumatic brain injury and viral infections have also been suggested as poten-
tial environmental triggers [3, 5].

8. Autophagy dysfunction

• Autophagy, a cellular process responsible for removing damaged or dysfunc-
tional cellular components, is impaired in PD.

• Dysregulation of autophagy may contribute to the accumulation of alpha-
synuclein and other cellular abnormalities.

Understanding the multifaceted nature of PD pathogenesis is essential for the 
development of targeted therapies. Research efforts continue to investigate these 
mechanisms and identify potential interventions to slow or halt the progression of the 
disease. Early diagnosis, symptomatic management, and ongoing research are critical 
components of PD care [7, 8].

4.  Pathogenesis of Huntington’s disease (HD)

Huntington’s disease (HD) is a hereditary neurodegenerative disorder caused by 
a mutation in the HTT gene, leading to the production of an abnormal form of the 
huntingtin protein. The pathogenesis of HD involves a range of cellular and molecular 
mechanisms that result in progressive damage to specific areas of the brain. Here are 
key aspects of the pathogenesis of HD [5]:

1. Genetic mutation

• HD is caused by an expanded CAG repeat sequence in the HTT gene. The CAG 
repeat leads to an abnormally long polyglutamine stretch in the huntingtin protein.

• Individuals with a higher number of CAG repeats tend to exhibit an earlier 
onset and more severe symptoms [3, 5].

2. Mutant huntingtin protein aggregation

• The mutant huntingtin protein has a tendency to misfold and aggregate, form-
ing insoluble clumps within neurons. These aggregates are known as inclusion 
bodies.

• The accumulation of these aggregates is believed to interfere with normal cel-
lular function and contribute to neuronal dysfunction and death [9].
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3. Neuronal degeneration

• The regions of the brain most affected by HD include the striatum (especially 
the caudate nucleus and putamen), cerebral cortex, and other subcortical 
structures.

• Progressive degeneration of neurons in these brain regions, particularly 
GABAergic medium spiny neurons in the striatum, is a characteristic feature of 
the disease [7].

4. Excitotoxicity

• Dysregulation of neurotransmitters, particularly excessive release of glu-
tamate, may lead to excitotoxicity. Excessive glutamate can overstimulate 
neurons, causing damage and cell death.

• The imbalance in neurotransmitter signaling contributes to the neurodegen-
erative process [7].

5. Mitochondrial dysfunction

• HD is associated with mitochondrial dysfunction, including impaired energy 
production and increased oxidative stress.

• Dysfunctional mitochondria may contribute to neuronal damage, especially in 
regions with high energy demands [3, 5].

6. Impaired axonal transport

• The mutant huntingtin protein disrupts the normal intracellular transport of 
various cellular components, including vesicles and organelles, along neuronal 
axons.

• Impaired axonal transport contributes to the dysfunction of neuronal pro-
cesses and the accumulation of toxic substances [7].

7. Transcriptional dysregulation

• Mutant huntingtin affects gene transcription, leading to alterations in the 
expression of various genes involved in neuronal function and survival.

• Transcriptional dysregulation contributes to the overall disruption of cellular 
processes in HD [9].

8. Autophagy impairment

• Autophagy, a cellular process responsible for clearing damaged or dysfunc-
tional cellular components, is impaired in HD.
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• Dysfunction in autophagy contributes to the accumulation of mutant huntingtin 
protein and other cellular abnormalities.

Understanding the intricate details of HD pathogenesis is crucial for developing 
targeted therapies. While there is currently no cure for HD, ongoing research aims to 
identify potential interventions that could modify the course of the disease or allevi-
ate symptoms. Genetic testing and counseling are important components of manag-
ing the risk of HD within families [7].

5.  Pathogenesis of amyotrophic lateral sclerosis (ALS)

Amyotrophic Lateral Sclerosis (ALS), also known as Lou Gehrig’s disease, is a 
progressive neurodegenerative disorder that primarily affects motor neurons in the 
brain and spinal cord. The pathogenesis of ALS is complex and involves a combina-
tion of genetic and environmental factors. Here are key aspects of the pathogenesis of 
ALS [10]:

1. Motor neuron degeneration

• ALS is characterized by the selective degeneration of both upper motor 
neurons (located in the brain) and lower motor neurons (located in the spinal 
cord and brainstem).

• The loss of these motor neurons disrupts the communication between the 
brain and muscles, leading to muscle weakness, atrophy, and eventually 
paralysis [7].

2. Genetic factors

• Approximately 5–10% of ALS cases are considered familial, meaning they have 
a clear genetic component. Mutations in several genes have been associated 
with familial ALS, including:

• C9orf72: The most common genetic cause of familial ALS.

• SOD1 (superoxide dismutase 1): Mutations in this gene are associated with a 
significant proportion of familial ALS cases.

• TARDBP (TDP-43): Abnormalities in the TDP-43 protein are found in both 
familial and sporadic ALS cases [3, 5].

3. Protein aggregation

• Misfolded and aggregated proteins, including TDP-43 and FUS, are found in 
the cytoplasm of affected motor neurons in many ALS cases.

• These protein aggregates may disrupt normal cellular function and contribute 
to neurodegeneration.
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4. Excitotoxicity

• Dysregulation of glutamate, a neurotransmitter, can lead to excitotoxicity, 
where excessive glutamate signaling causes damage to motor neurons.

• Glutamate-mediated excitotoxicity is thought to play a role in the selective 
vulnerability of motor neurons in ALS [9, 10].

5. Mitochondrial dysfunction

• Impaired mitochondrial function and energy metabolism have been implicated 
in ALS.

• Mitochondrial dysfunction may contribute to oxidative stress, a process that 
damages cells through the production of reactive oxygen species [3, 5].

6. Oxidative stress

• Elevated levels of oxidative stress, resulting from an imbalance between the 
production of reactive oxygen species and the body’s ability to neutralize them, 
are observed in ALS.

• Oxidative stress contributes to cellular damage and may be involved in the 
death of motor neurons [3, 5].

7. Glia involvement

• Glial cells, including astrocytes and microglia, play a role in ALS pathology. 
Dysfunction in these support cells can contribute to neuroinflammation and 
the progression of the disease.

• The activation of astrocytes and microglia may contribute to the release of 
inflammatory molecules and the removal of damaged neurons [3, 7].

8. RNA processing abnormalities

• Disruptions in RNA processing and transport have been implicated in ALS 
pathogenesis.

• Mutations in genes like C9orf72 can lead to abnormal RNA processing, affect-
ing the function of motor neurons [3, 7].

9. Neuroinflammation

• Activation of the immune system within the central nervous system contrib-
utes to neuroinflammation in ALS.

• Inflammatory processes involving microglia and astrocytes may exacerbate 
neuronal damage and accelerate disease progression [7].
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Understanding the underlying mechanisms of ALS is crucial for developing effec-
tive therapies. While there is currently no cure for ALS, research is ongoing to identify 
potential targets for intervention and improve the management of the disease. 
Multidisciplinary care, supportive therapies, and assistive devices are currently used 
to enhance the quality of life for individuals living with ALS [8, 11, 12].

Although rare neurodegenerative diseases are particularly challenging for both 
research and drug development, encouraging progress has been made in the develop-
ment of drugs for many of these diseases.

6.  Amyotrophic lateral sclerosis (ALS)

So far, only four drugs have been used, Riluzole (an antiglutamatergic drug), 
dextromethorphan hydrobromide and quinidine sulfate (DHQ ) (a non-competitive 
NMDA receptor antagonist), edaravone (an antioxidant drug), and sodium phen-
ylbutyrate and Taurursodiol (PB/TUDCA) is a cellular stress signaling blocker 
approved by the FDA for ALS [13].

6.1  Current treatment options

6.1.1  Riluzole

Riluzole is the only treatment available for people with ALS. The goal is to reduce 
excitotoxicity, specifically glutamate. Riluzole was approved by the FDA in 1995 and 
then by the EMA in 1996. Riluzole is an effective drug and side effects such as fatigue, 
nausea, stomach problems, and elevation of intestinal and liver enzymes have been 
detected [14].

6.1.2  Edaravone

Following the approval of Riluzole, no new drugs entered the market for several 
years until edaravone was approved in Japan and South Korea in 2015. FDA approval 
in 2017 was followed by the Chinese NMPA and Switzerland, followed by entry in 
2019, Indonesia in 2020, and finally Malaysia and Thailand in 2021. Edaravone has 
been used for many years in Japan for stroke prevention, reducing oxidative depres-
sion and neuroinflammation by eliminating free radicals. Common side effects of 
edaravone treatment are bruising, gait disturbance, headache, and skin irritation [15].

To date, the dose of edavalone is 60 mg/day. Once the first dose was given for a 
period of 14 days, it was given for 10 days each subsequent month. However, this 
treatment is less suitable than oral medication. A total of 105 mg/day oral suspension 
will be approved by the FDA in 2022. Meanwhile, Ferrer (TRICALS) is conducting a 
Phase III trial evaluating the safety and effectiveness of FNP122, another oral form of 
edaravone [15].

6.1.3  Sodium phenylbutyrate and taurursodiol

Recently, sodium phenylbutyrate and Taurursodiol (also known as PB-TURSO or 
PB-TUDCA) have been introduced in a combination. The drug is currently approved 
by the FDA and Canada, both of which have previously been approved for medi-
cal use. Both have been identified as inhibitors of neuronal apoptosis, and their 
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synergistic effects are thought to reduce cell death and oxidative stress by reducing 
endoplasmic reticulum (ER) stress and mitochondrial dysfunction [15].

The most common side effects in the Phase II trial were diarrhea, abdominal pain, 
nausea, and upper respiratory tract infection. Gastrointestinal tract-related adverse 
events occur more frequently in the first 3 weeks of treatment [13].

Sodium phenylbutyrate/ Taurursodiol is formulated as an oral suspension and 
powder to be mixed with hot water. The dose is 3 g of sodium phenylbutyrate and 1 g 
of Taurursodiol; start taking it once a day for 3 weeks, then twice a day [15].

6.1.4  Anakinra and Fingolimod

Arterial inflammation is now recognized as a possible pathology in ALS. 
Therefore, inhibitors of neuroinflammatory pathways may be helpful [16].

Anakinra is an IL-1 receptor inhibitor whose protective effects have been studied 
in experimental and clinical studies. Anakinra has been shown to extend life expec-
tancy in SOD1-G93A mice [17].

Additionally, Fingolimod (Gilenya) acts as an anti-inflammatory drug by inhibit-
ing lymphocyte influx from lymphoid tissue and reducing circulating lymphocytes 
associated with sphingosine-1-phosphate receptor (S1PR) inhibition. Experimental 
studies in SOD1-G93A mice showed that fingolimod improved survival. In addition 
to its effects in multiple sclerosis (MS), fingolimod is a safe and tolerable drug in ALS 
patients. Side effects include bradycardia at the initial dose, mild decrease in FEV1, 
macular edema, and progressive multifocal leukoencephalopathy [18].

6.1.5  Masitinib

Masitinib is a selective tyrosine kinase inhibitor that exerts neuroprotective effects 
by modulating the immune system and microglia activity [19].

Masitinib is a selective tyrosine kinase inhibitor and is unique compared to other 
ALS drugs in targeting the immune system in the central and peripheral nervous 
system, including microglia, macrophages, and mast cells. It is used orally and has 
antitumor, neuroprotective and anti-inflammatory activities. It regulates mast cell 
survival, migration, and degranulation by inhibiting important growth and differen-
tiation pathways (and indirectly regulating various proinflammatory and vasoactive 
mediators that cells can release) [20].

Masitinib has a favorable safety profile with no significant toxicity at a daily 
dose of 7.5 mg/kg. Side effects of masitinib are similar to other tyrosine kinase (TK) 
inhibitors. Long-term use of masitinib may cause gastrointestinal (nausea, vomit-
ing), hematological (anemia, lymphopenia, neutropenia, thrombocytopenia), 
dermatological (eyebrow and facial edema, rash) and other disorders (fever, jaundice, 
dehydration, symptoms, deterioration of body health, hypokalemia and thrombosis). 
Liver function should be carefully controlled in these patients [13].

7.  Alzheimer’s disease (AD)

The goal of therapy in AD is to symptomatically treat cognitive impairment and 
preserve patient’s function for as long as possible. Other goals include managing psy-
chiatric and behavioral sequelae. Current treatments for AD do not seem to prolong 
life, cure AD, or halt or reverse the pathophysiologic processes of the disease [21].
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7.1  FDA-approved therapies

Many medications can cause psychosis in people with dementia, but some 
medications are more common. Benzodiazepines and other sedative-hypnotics, 
anticholinergics, and antipsychotics have been associated with cognitive impairment. 
Additionally, H2 receptor antagonists, corticosteroids, and opioids such as pethidine 
have been associated with delirium or altered consciousness. Because medication use 
is associated with a return of cognitive symptoms, medication review and manage-
ment are important [22].

The US Food and Drug Administration (FDA) has approved six drugs for treat-
ment: tacrine, donepezil, rivastigmine, galantamine, memantine, and lecanemab. 
Although aducanumab was quickly approved by the FDA on June 7, 2021, its long-
term safety and tolerability require further monitoring and approval. The above 
FDA-approved treatments are intended to improve symptoms only. Therefore, 
treatment-modifying strategies are needed to slow, modify, and control the progres-
sion of AD [23].

There is interest in developing various drugs that address many aspects of AD 
pathology, including prevention of Aβ accumulation, tau phosphorylation, oxidative 
stress, and mitochondrial autophagy dysfunction. Many of these drugs are currently 
in clinical trials [24].

7.2  Drugs under investigation

7.2.1  β-Secretase inhibitor

Beta-secretase inhibitors often reduce beta-amyloid production. However, clinical 
trials of β-site APP-cleaving enzyme 1 (BACE1, also known as β-secretase 1) have 
been unsuccessful. Verubecestat, Lanabecestat, and Atabecestat are some of the acyl-
guanidine class molecules that have entered late clinical trials. However, they failed to 
reach the market due to toxicity or lack of appropriate treatment [25].

7.2.2  γ-Secretase inhibitors

Semagacestat is a non-selective small molecule γ-secretase inhibitor whose 
mechanism of action is identical to that of a β-secretase inhibitor and is designed to 
reduce Aβ amyloid deposition. In a later phase III trial, the trial was stopped due to 
greater weight loss in patients taking semaacestat compared to the placebo group and 
side effects such as skin cancer and infection. Similarly, a phase II study of avagacestat 
in patients with mild-to-moderate AD was discontinued due to AEs such as cerebral 
microbleeds, diabetes, and cancer [26].

7.2.3  Anti-tau drugs

The role of Tau is not fully understood, but studies have shown that it plays an 
important role in the assembly and stability of cytoskeletal microtubules. Abnormal 
hyperphosphorylation of Tau (p-tau) reduces its binding affinity to microtubules, 
and abnormal phosphorylation of Tau causes aggregation and formation of NFTs. 
Anti-tau therapy mainly involves three aspects: preventing excessive phosphoryla-
tion and accumulation of tau, stabilizing microtubules, and ensuring the removal of 
tau [23].
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7.2.4  GSK-3β inhibitor

GSK-3β inhibitors prevent hyperphosphorylation of tau protein. Studies have 
shown that GSK-3β can reduce abnormal Tau phosphorylation and amyloid produc-
tion in vitro and in vivo, making it a promising treatment-modifying therapy for AD. 
Lithium was first used in psychiatry, discovered by Australian psychiatrist John Cade 
in 1949 and was widely used in the treatment of manic episodes [27].

In recent years, lithium has been shown to be an inhibitor of GSK3, which is 
involved in glucose metabolism, cell signaling and proliferation, and control of glial 
cell function. Lithium prevents amyloid formation and tau hyperphosphorylation. 
Long-term use of lithium therapy is associated with serious adverse events (SAEs), 
and it requires constant monitoring of lithium concentration in the blood. There is a 
medical need for safer and better lithium [23].

7.2.5  Tau aggregation inhibitor

Tau protein accumulation is associated with neuron loss. Tau aggregation 
 inhibitors such as methylene blue chloride (methblue) and hydromethanesulfonate 
(LMTM) can reduce Tau accumulation. Methylene blue chloride (methylene blue) is 
also a drug with a long history of use, mainly in the treatment of malaria, hyperfer-
remia and carbon monoxide poisoning, and as a histological stain.

In a 24-week phase II study, methylene blue chloride failed to show clinical benefit 
in AD [28].

7.2.6  “Multi-target” agents on AD

7.2.6.1  γ-Carbolines

Dimebon is a gamma-carboline derivative compound combined with methylene 
blue. Dimebon is a multi-purpose drug. Its activities include protecting neurons from 
death, reducing protein synthesis, and increasing autophagy [23].

However, owing to a lack of statistically significant efficacy, the use of dimebon 
for AD was not confirmed through a phase II clinical trial [29].

7.2.6.2  Phenothiazine

Phenothiazine-based theranostic compounds inhibit Aβ aggregation in a double 
transgenic mouse model of AD and can serve as near-infrared fluorescence (NIRF) 
imaging probes of amyloid plaques in AD [30].

Unfortunately, there are currently no reports of phenothiazine studies for the 
treatment of AD in the PubMed database.

7.2.6.3  Carbazoles

P7C3 is a neuroprotective aminopropylcarbazole found during postnatal 
 hippocampal neurogenesis studies. P7C3, named P7C3 because it is the third com-
pound (C3) in the seventh pool (P7), protects young hippocampal neurons and 
prevents neuron death. It has also been shown to inhibit cognitive function in termi-
nally aged mice. Unfortunately, there are no reports of clinical studies of P7C3 in the 
treatment of AD in the PubMed database [23].
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7.2.6.4  5-HT

Idalopirdine is a novel selective 5-HT6 receptor antagonist that binds to ChEI, 
improving central acetylcholine levels and neuronal activity and improving cogni-
tion in animal models. A phase II proof of concept (PoC) study combining successful 
treatment of AD with idalopirdine plus donepezil showed significant improvement in 
cognitive functions in AD, such as ADAS-implant and MMSE scores [31].

On the other hand, Phase III development of idalopidine (“OLEX”, idalopidine 
alone and “MEMOLEX”, idalopidine plus memantine) for the treatment of AD did 
not demonstrate significant benefit. AVN-101 is a potent 5-HT7 receptor antagonist. 
AVN-101 shows good oral bioavailability, increases blood-brain barrier permeability 
and has low toxicity and reasonable efficacy in animal models of central nervous 
system disease [23].

7.2.6.5  Tyrosine kinase inhibitor

Masitinib is an oral tyrosine kinase inhibitor that exerts neurodegenerative effects 
in neurodegenerative diseases such as multiple sclerosis by inhibiting mast cell and 
microglia/macrophage activity [32].

Recently, a phase III clinical trial of masitinib in AD was completed and showed 
that masitinib improved ADAS-cog and ADCS-ADL scores [33].

8.  Huntington’s disease (HD)

8.1  Current therapeutic options for Huntington’s disease

The most commonly used HD medications are designed to reduce chorea. One of 
the main features of HD is degeneration of the basal ganglia, especially the striatum, 
which is associated with the development of chorea [34].

Patients with chorea whose daily activities are not affected should be recognized 
and educated. If chorea requires medical treatment, drug options may be considered. 
Dopamine receptor blockers such as haloperidol, risperidone, and olanzapine have 
been used in the past and have additional benefits in treating depression and behav-
ioral disorders. However, the disadvantage of atypical and atypical drugs is that they 
increase the risk of sudden death and the use of drugs for PD [35].

Since its approval, tetrabenazine has been frequently used to treat chorea, but its 
use is generally limited due to the risk of side effects. In a clinical trial, deutetrabena-
zine, approved by the FDA in April 2017, showed a statistically significant improve-
ment in chorea in 90 HD patients compared to placebo [36].

The most common side effect in the deutetrabenazine group was drowsi-
ness. Events such as depression and akathisia were similar between the drug and 
placebo groups. Amantadine has also been reported to have an effect on chorea. 
Anticholinergic drugs, such as benztropine, do not help treat chorea because they are 
actually prodopinergic drugs [34].

Depression is the most common symptom associated with HD, and most 
experts agree that it can be treated with serotonin reuptake inhibitors. Patients 
with obsessive-compulsive disorder, anxiety, and depression may also respond to 
this medication. Valproic acid and carbamazepine can help reduce anxiety and 
 depression [37].
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Both typical and atypical antipsychotics may be useful in treating mental illness, 
mood swings, and anxiety, but doses should be kept to a minimum to minimize the 
risk of extrapyramidal side effects [38].

Riluzole is a CNS glutamate neurotransmission inhibitor that exhibits neuropro-
tective effects in clinical models of HD and HD transgenic mice [39].

Ifenprodil, a specific antagonist of NR2B (NMDAR isoform), reduces excitotoxic 
cell death in medium spiny neurons in HD transgenic and wild-type mice after 
exposure to NMDA [40].

Minocycline, a second-generation tetracycline that inhibits the caspase pathway, 
has shown some benefit in mouse models of HD. Meclizine exerts neuroprotective 
effects and inhibits apoptosis in mouse models [41].

9.  Parkinson’s disease (PD)

PD is a neurodegenerative disease caused by the death of a type of neuron that 
plays a fundamental role in the production of dopamine in the brain. There is no cure 
for PD, but therapies including drugs, surgery and rehabilitation can reduce symp-
toms. The medicine that increases the amount of dopamine in the brain, is the most 
common medication for PD [42].

9.1  Management of motor symptoms

Current treatment is mainly based on restoring dopamine levels, with levodopa 
considered the main option. However, levodopa administration has limitations due to 
the occurrence of side effects, of which dyskinesia is a significant problem [43].

Additionally, as the disease progresses, patients become less responsive to dopa-
minergic medications and require increasingly frequent doses of dopaminergic 
 medications [44].

Therefore, current levodopa formulations contain decarboxylase inhibitors, either 
carbidopa or benserazide. Decarboxylase inhibitors work by preventing the periph-
eral metabolism of dopamine and increasing the bioavailability of the drug [45].

However, to avoid problems caused by using too much of one drug, it is recom-
mended to give levodopa simultaneously with other drugs [46].

These medications include rasagiline, safinamide, selegiline, and monoamine oxi-
dase B (MAOB) inhibitors, which have been shown to increase dopamine levels [47].

Catechol-O-methyltransferase (COMT) inhibitors such as entacapone and tolca-
pone have also been used. These tools improve dopamine levels and increase physical 
activity because they promote the absorption of levodopa in the intestine, where most 
of this enzyme is located [43].

Another class of drugs are dopamine agonists, such as ropinirole and pramipexole, 
which have been described as safe and effective as monotherapy and in combina-
tion with levodopa. In this group, rotigotine is available as a transdermal patch that 
provides continuous dosing, while apomorphine is available as an injection or subcu-
taneous infusion to rescue potency change in patients with systemic disease [43].

9.1.1  Invasive treatment options for motor symptoms

Advanced treatments are available for patients with motor disorders or dyskinesias 
that cause dysfunction and do not improve even with appropriate drug therapy. Deep 
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brain stimulation (DBS), levodopa-carbidopa enteral suspension, and continuous 
subcutaneous infusion of apomorphine are the best-known alternatives [43].

DBS reduces downtime and improves patients’ quality of life more than any other 
treatment. National Institute for Health and Care Excellence (NICE) guidance recom-
mends use in the final stages of the disease [48].

Although concurrent dopaminergic therapy is necessary, sometimes the dose can 
be reduced by 60% after starting treatment [49].

Currently, DBS has proven to be one of the most promising and safe methods 
of treating PD. Although proven to be safe, surgery is not without risks; the most 
important being seizures associated with DBS implantation [50].

However, this technology has changed a lot in the last 20 years, the number of 
side effects has decreased and more targeted treatment of the needed areas has been 
enabled, supported by clinical pathology. Therefore, DBS appears to be an improved 
treatment modality for various neuropathologies, including PD [51].

Moreover, Levodopa-Carbidopa Enteral Suspension is another surgical method 
that can provide safety by placing a permanent tube through percutaneous endo-
scopic gastrostomy (PEG) connected to a portable external device. This treatment 
prevents changes in levodopa levels, thus shortening drug withdrawal times and 
reducing the risk of dyskinesia. However, adverse outcomes and costs led 34% of 
patients to discontinue the study after 4 years [52].

Finally, continuous subcutaneous infusion of apomorphine allows continuous 
administration and has the advantage of not requiring surgery. Additionally, this 
type of treatment does not require the use of high doses of levodopa every day, and 
some cases in which levodopa administration is not necessary are described. However, 
a study found that after the first year, half of patients abandoned treatment due to 
ineffectiveness and poor quality [49].

9.2  Management of nonmotor symptoms

Cognitive impairment, depression, sleep disorders, and functional impairments 
are non-motor problems in PD. The most common medications used to treat psycho-
sis are acetylcholinesterase inhibitors such as donepezil, galantamine, and rivastig-
mine [43].

For depression, people with PD are often treated with serotonin/norepinephrine 
reuptake inhibitors (SNRIs), such as duloxetine, desvenlafaxine, milnacipran, and 
venlafaxine. Other treatments include benzodiazepines (e.g., alprazolam, clonaz-
epam, diazepam, and lorazepam), selective serotonin reuptake inhibitors (SSRIs) 
(e.g., fluoxetine and sertraline), tricyclic compounds such as amitriptyline (e.g. 
amitriptyline, imipramine, and other antitriptyline), imipramine and nortriptyline), 
buspirone, propranolol, quetiapine and trazodone) [53].

For sleep disorders, amitriptyline, clonazepam, doxepin, eszopipine, melatonin, 
mirtazapine, and trazadone are frequently used in affected patients. But it is impor-
tant to consider behavioral therapy as a good option to improve sleep hygiene, reduce 
stress pressure, and improve depression [54].

Patients with orthostatic hypotension can be treated with fludrocortisone, pyr-
idostigmine, and droxidopa. There are four main groups of medications for reducing 
urinary incontinence: anticholinergics such as darifenacin, oxybutynin, solifenacin, 
and tolterodine; Beta-3-agonists, mainly mirabegron; Alfuzosin, silodosin, tamsu-
losin and more importantly, Alpha-1A Blockers; and SNRIs such as duloxetine. In 
people with PD, on the other hand, salivation usually occurs due to slow swallowing 
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and can be treated with atropine drops, botulinum toxins A and B, glycopyrrolate, or 
scopolamine patches [55].

Finally, digestive problems such as constipation are often treated primarily with 
non-pharmacological measures such as dietary changes (such as consuming high-
fiber foods and plenty of fluids). However, in cases where this does not work, medica-
tions such as lubiprostone and polyethylene glycol can be given. For other conditions 
such as nausea and vomiting, the most common treatment options are ondansetron 
and trimethobenzamide [56].

9.3  Treatments under investigation

Recent research into the genetic basis of PD has led to a better understanding of 
the pathophysiology of the disease, leading to new therapeutic targets and possible 
treatments. The difficulty in diagnosing PD is an important problem in terms of its 
treatment. PD is diagnosed when symptoms occur. As mentioned earlier, not every-
one with PD may show symptoms, at least in the early stages of the disease [43].

Additionally, PD can cause symptoms similar to dementia. In this sense, the 
specific dementia caused by PD should not be confused with the development of AD. 
It has even been said that the combination of Lewy pathology and Alzheimer’s pathol-
ogy (beta-amyloid plaques and neurofibrillary tangles) is the strongest correlate of 
PD dementia [57].

The pathophysiological relationship between these two diseases has led to numer-
ous clinical studies examining the combination of the two diseases (PD and AD) [43].

On the other hand, another limitation of PD treatment is the difficulty of drugs 
reaching dopaminergic neurons in the nigrostriatal region. The blood-brain barrier 
filters molecules into the brain, allowing molecules that are smaller or have specific 
pathways to enter [58].

This phenomenon limits the pharmacological options available for the treatment 
of neurological diseases. Much research now focuses on increasing the permeability of 
this barrier to allow entry of molecules that cannot enter the central nervous system. 
In this sense, the use of forced ultrasound to open the blood-brain barrier to deliver 
the virus to alpha-synuclein and improve the child’s neurotrophin has been shown 
to reduce PD-related pathology in the trial model, but the results of this study are 
limited [43].

One of the biggest problems hindering the control of these diseases is the lack of 
more complete animals that include important factors such as aging and peripheral 
diseases, which can also reduce the value of preclinical results [59].

As a result, clinical trials testing potential drugs to alter the progression of PD 
have yielded mixed results. These results can be attributed to many factors, including 
the diversity of pathophysiology and clinical manifestations of PD, the difficulty of 
identifying PD in the early stages, and the lack of targets and outcomes to evaluate 
drug use [60].

Moreover, we can now only evaluate the effects of the disease by observing the 
symptoms that are the result of neuronal degeneration (motor and non-motor) and 
the indirect signs of degeneration (e.g., visual function). Similarly, patients in clinical 
trials often receive dopaminergic drugs with significant symptoms, making it difficult 
to see the disease-modifying effects of other treatments. These limitations make it 
difficult for studies to demonstrate disease modification [61].
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