
Heinrich-Heine-Universität Düsseldorf 

Different means of glial activation in 

neurodegenerative diseases 

Inaugural-Dissertation

zur Erlangung des Doktorgrades 

der Mathematisch-Naturwissenschaftlichen Fakultät 

der Heinrich-Heine-Universität Düsseldorf 

vorgelegt von 

JOEL GRUCHOT 

aus Wickede (Ruhr) 

Düsseldorf, Mai 2023 



I 

Gedruckt mit der Genehmigung der 

Mathematisch-Naturwissenschaftlichen Fakultät der 

Heinrich-Heine-Universität Düsseldorf 

Berichterstatter:

1. Prof. Dr. Patrick Küry 

2. Prof. Dr. Hermann Aberle 

Tag der mündlichen Prüfung: 30.10.2023 

aus dem Labor Neuroregeneration der Neurologischen Klinik 
der Heinrich-Heine-Universität Düsseldorf 



Summary 

II 

Summary 

Neurodegenerative disorders, such as multiple sclerosis (MS), are described as one of the 

leading cause for clinical disabilities and death worldwide. Besides peripheral immune cells, 

activated glial cells are a relevant effector in the pathology of neurodegenerative diseases. 

However, the pathomechanism and etiology of neurodegenerative disorders are still far from 

being understood. So far, immune inhibitory therapies were shown to improve disease 

symptoms in the short term, but effectiveness decreases in the long run. To this end, there is 

a clear scientific need to further characterize neurodegenerative diseases in order to establish 

new therapeutic approaches. Furthermore, recent findings have demonstrated that human 

endogenous retroviruses (HERVs), such as HERV-W, might play a regulatory role in the onset 

and progression of neurodegenerative diseases. In general, HERVs are endogenous viral 

entities that were integrated into the genome of superior primates million years ago. Especially 

the envelope protein (ENV) is regularly described to induce immune activation and 

inflammation, particularly in MS. 

This thesis therefore aims to identify new mechanisms in the complex pathology of 

neurodegenerative diseases, by characterizing different aspects of glial activation, primarily in 

reactive microglial and astroglial cells. Furthermore, a contribution to the understanding on 

HERV’s mode of action in disease onset and progression will be made, focusing on the 

characterization of reactive astroglial and microglial cells, but also on myelination and 

neurodegeneration. 

In order to improve the understanding of the contribution of glial activation to 

neurodegenerative diseases, different MS mouse models were analyzed 

immunohistochemically. Additionally, diverse primary glial cell cultures experiments were 

performed in order to gain knowledge on the polarization mechanisms of neuroglia in the 

context of neurodegeneration but also in the context of HERVs. In order to characterize the 

effects of HERV-W ENV in MS, a novel HERV-W ENV expressing transgenic mouse line was 

established and different MS mouse models were applied, in which the four major cell 

populations: microglia, astrocytes, oligodendrocytes and oligodendroglial precursor cells 

(OPCs) were analyzed. 

Initially, reactive microglia in the enlarged choroid plexus of MS patients as well as of murine 

MS models were found indicating that activated microglial cells play important roles in the 

choroid plexus enlargement and blood-brain-barrier integrity. Furthermore, siponimod, an 

orally administered drug used to treat progressive forms of MS, was shown to modulate 

microglial activation to an immune modulatory phenotype. Regarding the activation of HERV 

expression in health and diseases, it was found, that these viral entities are buried behind a 
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strong epigenetic barrier that might lead to more complex activation mechanisms. Before 

HERV expression can be initiated, these epigenetic barriers need to be unlocked and then 

might lead to the onset of neurodegenerative diseases. Lastly, HERV-W could be shown to 

block OPC differentiation in a direct and/or indirect manner, as HERV-W induced microglial 

and astroglial activation in vitro and in vivo, resulting in increased demyelination and 

neurodegeneration. 

This thesis therefore provides new insights into the complex pathomechanisms of glial 

activation in neurodegenerative disorders. Both, the microglial contribution to the loss of blood-

brain-barrier (BBB) integrity as well as the immune modulatory effects of siponimod, display 

new findings that improve our understanding in the role of glial cells in neurodegenerative 

diseases. Furthermore, a long expected functional proof on HERV-W’s mode of action in the 

context of MS is offered as a strong overall glial activation that is associated with the occurring 

demyelination and neurodegeneration could be identified. The here presented data about 

HERV-W’s mode of action provide a proof of principle for the recently completed phase 2b 

clinical study (ANGEL-MS). Similar to the here presented results, the outcome of the clinical 

trial using a neutralizing anti-HERV-W ENV antibody (Temelimab) also suggested glial 

pathological reactions to be responsible for the reduced brain atrophy rates as well as 

preserved myelin integrities that was observed. 
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Zusammenfassung 

Neurodegenerative Erkrankungen, wie Multiple Sklerose (MS), gelten weltweit als eine der 

häufigsten Ursachen für klinische Behinderungen und Todesfälle. Neben peripheren 

Immunzellen sind aktivierte Gliazellen ein relevanter Effektor in der Pathologie 

neurodegenerativer Erkrankungen. Der Pathomechanismus und die Ätiologie 

neurodegenerativer Erkrankungen sind jedoch noch lange nicht aufgeklärt. Bisher zeigte sich, 

dass immunhemmende Therapien die Krankheitssymptome kurzfristig verbessern, die 

Wirksamkeit allerdings langfristig abnimmt. Aus diesem Grund besteht ein klarer 

wissenschaftlicher Bedarf, neurodegenerative Erkrankungen weiter zu charakterisieren, um 

neue Therapieansätze zu etablieren. Darüber hinaus haben neuere Erkenntnisse gezeigt, 

dass humane endogene Retroviren (HERVs), wie HERV-W, möglicherweise eine 

regulatorische Rolle bei der Entstehung und dem Fortschreiten neurodegenerativer 

Erkrankungen spielen. Im Allgemeinen handelt es sich bei HERVs um endogene virale 

Entitäten, die sich vor Millionen Jahren in das Genom höherer Primaten integrierten. Vor allem 

das Hüllprotein (ENV) wurde regelmäßig beschrieben Immunaktivierung und Entzündungen 

zu induzieren, insbesondere bei MS. 

Ziel dieser Arbeit ist es daher, neue Mechanismen in der komplexen Pathologie 

neurodegenerativer Erkrankungen zu identifizieren, indem verschiedene Aspekte der glialen 

Aktivierung, vor allem in reaktiven Mikroglia- und Astrogliazellen, charakterisiert werden. 

Darüber hinaus soll ein Beitrag zum Verständnis der Wirkungsweise von HERVs bei 

Krankheitsentstehung und -progression geleistet werden, wobei der Schwerpunkt auf der 

Charakterisierung reaktiver Astroglia- und Mikrogliazellen, aber auch auf Myelinisierung und 

Neurodegeneration, liegt. 

Um das Verständnis des Beitrags der glialen Aktivierung zu neurodegenerativen 

Erkrankungen zu verbessern, wurden verschiedene MS-Mausmodelle immunhistochemisch 

analysiert. Darüber hinaus wurden diverse Experimente mit primären Gliazellkulturen 

durchgeführt, um Erkenntnisse über die Polarisationsmechanismen von Neuroglia im Kontext 

von Neurodegeneration, aber auch im Kontext von HERVs, zu gewinnen. Um die 

Auswirkungen von HERV-W ENV bei MS zu charakterisieren, wurde eine neuartige HERV-W 

ENV-exprimierende transgene Mauslinie etabliert und verschiedene MS-Mausmodelle 

angewendet, in denen die vier Hauptzellpopulationen Mikroglia, Astrozyten, Oligodendrozyten 

und oligodendrogliale Vorläuferzellen (OPCs) analysiert wurden. 

Zunächst wurden reaktive Mikroglia im vergrößerten Plexus choroideus von MS-Patienten 

sowie in murinen MS-Modellen gefunden, was darauf hindeutet, dass aktivierte 

Mikrogliazellen eine wichtige Rolle bei der Vergrößerung des Plexus choroideus und der 
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Integrität der Blut-Hirn-Schranke spielen. Darüber hinaus wurde gezeigt, dass Siponimod, ein 

oral verabreichtes Medikament zur Behandlung progressiver Formen der MS, die Mikroglia-

Aktivierung zu einem immunmodulatorischen Phänotyp moduliert. Im Hinblick auf die 

Aktivierung der HERV-Expression bei Gesundheit und Krankheiten wurde herausgefunden, 

dass diese viralen Einheiten hinter einer starken epigenetischen Barriere verborgen sind, die 

zu komplexeren Aktivierungsmechanismen führen könnten. Bevor die HERV-Expression 

eingeleitet werden kann, müssen diese epigenetischen Barrieren durchbrochen werden, was 

dann zum Ausbruch neurodegenerativer Erkrankungen führen kann. Schließlich konnte 

gezeigt werden, dass HERV-W die OPC-Differenzierung auf direkte und/oder indirekte Weise 

blockiert, da HERV-W in vitro und in vivo eine mikrogliale und astrogliale Aktivierung 

induzierte, was zu einer erhöhten Demyelinisierung und Neurodegeneration führte. 

Diese Arbeit liefert daher neue Einblicke in die komplexen Pathomechanismen der glialen 

Aktivierung bei neurodegenerativen Erkrankungen. Sowohl der mikrogliale Beitrag zum 

Verlust der Blut-Hirn-Schranken (BHS)-Integrität als auch die immunmodulatorischen 

Wirkungen von Siponimod stellen neue Erkenntnisse dar, die unser Verständnis der Rolle von 

Gliazellen bei neurodegenerativen Erkrankungen verbessern. Darüber hinaus wird ein seit 

langem erwarteter funktioneller Beweis für die Wirkungsweise von HERV-W im 

Zusammenhang mit MS erbracht, da eine starke allgemeine gliale Aktivierung identifiziert 

werden konnte, die mit der vorkommenden Demyelinisierung und Neurodegeneration 

verbunden ist. Die hier präsentierten Daten zur Wirkungsweise von HERV-W liefern einen 

Grundsatzbeweis für die kürzlich abgeschlossene klinische Phase-2b-Studie (ANGEL-MS). 

Ähnlich wie die hier präsentierten Ergebnisse deutete auch das Ergebnis der klinischen Studie 

mit einem neutralisierenden Anti-HERV-W-ENV-Antikörper (Temelimab) darauf hin, dass 

gliale pathologische Reaktionen für die verringerten Hirnatrophieraten sowie die beobachtete 

Erhaltung der Myelinintegrität verantwortlich sein könnten. 
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Abbreviations 

AD Alzheimer's disease 
ALS amyotrophic lateral sclerosis  
ALV avian leucosis virus  
ApoE apolipoprotein E 
APP amyloid precursor protein 
ASCT1 neutral amino acid transporter A  
ASCT2 neutral amino acid transporter 

B(0) 
Aβ β-ameloid 
BBB blood-brain-barrier 
BD bipolar disorder 
C1qa complement C1q 

subcomponent subunit A 
C3 complement C3 
CD cluster of differentiation 
ChP choroid plexus 
CIDP chronic inflammatory 

demyelinating polyneuropathy  
Clec7a C-type lectin domain family 7 

member A 
CNS central nervous system 
CPZ cuprizone 
Cre Cre recombinase 
CSF cerebrospinal fluid  
DAM disease associated microglia 
EAE experimental autoimmune 

encephalomyelitis  
EBV Eppstein-bar virus 
ENV envelope protein 
ERV endogenous retroviruses 
FUS RNA-binding protein FUS/TLS 
GM grey matter 
HERV human endogenous retrovirus 
HHV human herpesvirus 
HIV human immunodeficient virus 
ICAM intercellular adhesion molecule 
IFN interferon 
IL interleukin 
iNOS inducible NO synthetase 
ITAM immunoreceptor tyrosine-based 

activation  
Lcn lipocalin 
LINE long interspersed nuclear 

elements  
LONG long interspersed nuclear 

elements 
LPS lipopolysaccharide 

LTR long terminal repeats 
MBP myelin basic protein 
MCT monocarboxylat-Transporter 
MFSD major facilitator superfamily 

domain-containing protein 
MHC major histocompatibility 

complex  
MLV murine leukemia virus  
MOG myelin oligodendrocyte 

glycoprotein 
MRI magnet resonance imaging 
MS multiple sclerosis 
MSRV multiple sclerosis associated 

retrovirus 
NF-H neurofilament heavy chain 
NF-κB nuclear factor kappa light chain 

enhancer of activated B-cells 
NG2 nerve/glial antigen 2 
NO nitric oxide 
NSC neural stem cell 
OPC oligodendroglial precursor cell 
PD Parkinson's disease 
PET-
CT 

positron emission tomography-
computed tomography 

PNS peripheral nervous system 
PP primary progressive 
PSEN presenilin 
ROS reactive oxygen species 
RR relapse-remitting 
RT reverse transcriptase 
S1PR sphingosine-1-phosphate 

receptor 
SAg superantigen 
SCZ schizophrenia 
SINE short interspersed nuclear 

elements  
SOD superoxide dismutase 1  
SP secondary progressive 
SYK spleen associated tyrosine 

kinase 
SYP synaptophysin 
TDP TAR DNA binding protein  
TE transposed elements 
Th1 T helper cell type 1  
TLR toll-like receptor 
TNF tumor necrosis factor 
WM white matter 
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1. Introduction 

1.1 Cellular composition of the central nervous system 

The mammalian nervous system can be divided into a peripheral and a central nervous system 

(PNS and CNS, respectively). The PNS senses environmental and organ specific stimuli and 

forwards the information via afferent nerve fibers to the CNS, where the information is 

processed. Subsequently, efferent signals propagate back into the periphery, transmitting the 

processed information back to the muscles and organs. The CNS consists of the eye, spinal 

cord and cerebrum, which can be furthermore classified into multiple sub regions such as the 

cerebellum, hippocampus, corpus callosum, motor- and sensory cortex. Although in both 

compartments, information are forwarded by electro-chemical signaling, the cellular 

composition is different. While the PNS is mainly composed of neurons and Schwann cells, 

the CNS consists of a variety of different cells types. A fact that was first recognized in the 

20th century by Golgi and Cajal, two neuroanatomists that were awarded with the Nobel Prize 

for Physiology or Medicine in 1906. For the first time, they divided central nervous system cells 

into neurons and a “variety of supporting cells”. These cells are meanwhile known as neuroglia 

that can be subdivided into micro- and macroglia, while the latter can be further differentiated 

in oligodendrocytes, NG2-glia and astrocytes. 

Neurons are typically characterized by a cell body harboring the nucleus and other 

fundamental organelles, a connected dendritic tree and often a single axon that transmits the 

electrochemical signal to other neurons or muscles. The dendritic tree but also the cell body 

itself serves as input regions to receive information from neighboring neurons. This signal 

transmission between neurons is conducted by so-called synapses, membrane 

protuberances, which are designed to release neurotransmitters from the presynapsis that 

eventually bind to specific postsynaptic receptors, initiating downstream signal transmission. 

This downstream signaling leads at the axon hillock to action potential generation, 

characterized by the active depolarization of the membrane. The resulting electric signal will 

then be propagated along the axon and might lead to the release of neurotransmitters at the 

next synapse. In order to conduct complex brain functions, the propagation of action potentials 

needs to be quick, which can be ensured by an increased axon diameter as seen in giant 

squids or by a so-called saltatory signal transduction (Zalc et al., 2008). The saltatory signal 

transduction is warranted due to the insulation of axons with myelin sheaths produced by 

oligodendrocytes or Schwann cells (Cohen et al., 2020).  

In the CNS, mature oligodendrocytes extend multiple processes, each of which repeatedly 

enwraps axonal segments leading to a dense insulation, which manly consist of lipids and 
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myelin proteins (Bunge, 1968). Of note, the equivalent of axon-ensheathing cells in the PNS 

are Schwann cells, which in contrast to oligodendrocytes, are only capable of ensheathing a 

single axon. Besides the isolating role of oligodendrocytes, it is meanwhile known that these 

cells also support the neuronal integrity as well as facilitate trophic support (Nave, 2010). In 

the adult CNS of vertebrates, regions can be classified as grey and white matter (GM and WM 

respectively). In this context, the WM mainly consist of myelinated axons and insulating 

oligodendrocytes, which is leading to the “white” color. In contrast, the unmyelinated cell 

bodies of neurons are resident in the GM.  

In general, the regeneration of the CNS is very limited. Although, recent studies have shown 

that the number of oligodendrocytes continues to expand until adulthood, indicating that the 

formation of newly generated oligodendrocytes is continuously taking place (Hill et al., 2018), 

the regeneration of functional oligodendrocytes but also neurons in a damage scenario is 

inefficient (Fawcett, 2020). This leads to certain problems, since the loss of function often 

cannot be restored completely or only very slowly. However, when the renewal of myelination 

is taking place the primary source may be oligodendrocyte precursor cells (OPCs) or 

nerve/glial antigen (NG2)-glia. OPCs or NG2-glia are a very dynamic cell type that has the 

capability to self-renew but also to differentiate into other CNS cells. In contrast to 

oligodendrocytes, OPCs can migrate throughout the whole brain and are equally present in all 

brain regions. In the adult brain, OPCs only give rise to oligodendrocytes, however, during 

development of the brain, as well as in vitro it is described that NG2-glia can also give rise to 

astrocytes (Dimou & Gallo, 2015). Although this function will eventually get lost during 

oligodendrocyte differentiation, OPCs are, in general, immune competent cells as they 

express a variety of immune regulatory proteins including pattern recognition receptor toll-like 

receptor (TLRs), antigen presenting proteins such as major histocompatibility complex (MHC) 

class I and II and are also capable to phagocytose (Falcao et al., 2018; Kirby et al., 2019). In 

the event of an infection or injury, OPCs are therefore able to react by the expression of various 

cytokines and chemokines and thereby get recruited to the injury site, which induces the 

migration, proliferation and eventually differentiation into newly myelinating oligodendrocytes 

(Zeis et al., 2016). 

Astrocytes are the second major macroglial cell type that provide structural and metabolic 

support to neurons. Furthermore, by contributing to the function of synapses as well as in the 

formation of the blood-brain-barrier (BBB; Sofroniew & Vinters, 2010), astroglia play important 

roles in the development of the CNS. Similar to OPCs, astroglial cells are evenly distributed 

in the brain and spinal cord, however, already in the late 19th century, astrocyte morphologies 

have been characterized into two main subtypes: protoplasmic and fibrous. These two main 

types keep their validity as protoplasmic astrocytes can be found in the gray matter, exhibiting 
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a morphology of numerous stem branches that branch out to many finely branching processes 

in an even globoid distribution and fibrous astrocytes can be found throughout all white matter, 

displaying a morphology of many long fiber-like processes (Sofroniew & Vinters, 2010). In 

contrast to the healthy CNS, astroglial morphology is characterized by a larger cell body and 

a thickening of processes in disease states often referred as astrogliosis and/or glial scar 

(Zhou et al., 2019). This already indicates that astroglia are immune competent cells and they 

express a variety of receptors involved in innate immunity, such as TLRs, nucleotide-binding 

oligomerization domains, double-stranded RNA-dependent protein kinase, scavenger 

receptors, mannose receptor etc. (Farina et al., 2007). Furthermore, astrocytes are a major 

source of the complement system proteins, such as of the third complement component (C3) 

and they stand out as a very prominent player of the complement-mediated innate immune 

processes (Pekna & Pekny, 2021). These pathways can get activated by damage and/or 

infection, leading to a change in astroglial polarization that is often referred as reactive 

astroglia. In the past, these activated astrocytes were characterized in anti-

inflammatory/neuroprotective, A2 astrocytes and pro-inflammatory/neurotoxic A1 astrocytes. 

However, it is meanwhile proposed that the boundaries of this classification are fluent (Escartin 

et al., 2021) – probably an achievement of the advances in transcriptome analysis. 

Microglial cells are the macrophages of the CNS and their main task is the constant surveying 

and scavenging of CNS tissue. They have a ramified morphology, a small soma with fine 

cellular processes in the healthy mature CNS and, similar to OPCs and astrocytes, are evenly 

distributed in all regions of the CNS. In contrast to neurons and macroglia, they are of 

mesodermal origin and originate from the yolk sac. Microglia enter the brain during prenatal 

development before the BBB is closed and instead of constantly being replaced by myeloid 

progenitor cells, they maintain their status quo by itself. Of note, in the mid-20th century Sir 

Peter Medawar showed, that the BBB limits the entrance of immune cells by their adhesion 

molecules, cytokines and chemokines, and their receptors (Carson et al., 2006; Owens et al., 

2008), which first described the so-called “immune privilege” of the CNS. Since then, microglia 

are described as the primary immune cells of the CNS. A cardinal dogma that has been 

revised, as multiple studies were able to provide evidences that the CNS is no longer an 

immune privileged organ (Negi & Das, 2018), although microglia still represent the majority of 

immune cells within the CNS. To this end, infection, trauma, ischemia, neurodegenerative 

diseases, or altered neuronal activity, anything that leads to the disturbance or loss of brain 

homeostasis evokes a rapid and profound change in the microglial cell shape, gene 

expression and the functional behavior, which summarily is defined as “microglial activation” 

(Block et al., 2007; Colton & Wilcock, 2010; Streit et al., 2005). Phenotypically, the complexity 

of the cellular processes is reduced, a microglial morphology that is referred to as amoeboid. 
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Furthermore, microglial cells can become motile and actively migrate towards a lesion or herd 

of infections following chemotactic gradients. In the past, this activated microglia were 

classified by M1 (pro-inflammatory), M2 (anti-inflammatory) and resting microglia, however 

also this classification is meanwhile outdated (Ransohoff, 2016). Instead, large scale 

transcriptome analyses are continuously uncovering of disease specific as well as 

physiological microglial genetic signatures (Paolicelli et al., 2022; Stratoulias et al., 2019; 

Wishart et al., 2023) and future publications will show whether a particular key disease 

signature can be established. 

1.2 Neurodegenerative diseases 

Neurodegenerative disease are characterized by a progressive loss of neural function most 

often as a result of neuronal cell death within the CNS. Since the mammalian CNS has lost 

most of its ability to regenerate damaged neurons and severed axons (reasons for this are 

reviewed by (Blackshaw, 2022)), neurological deficits in human often show only limited 

improvements over time, resulting in permanent clinical disabilities and progressive 

worsening. In general, neurodegenerative disorders are often classified by their primary 

pathological characteristic, leading to the scientific characterization of amyloidoses, primarily 

associated with prion disease and Alzheimer’s disease (AD); taupathies, also characterized 

by AD; synucleinopathies, associated with Parkinson’s disease (PD) and TAR DNA-binding 

protein (TDP)-43 proteinopathies, which is associated with amyotrophic lateral sclerosis (ALS; 

Dugger & Dickson, 2017; Mey et al., 2023). Although demyelination is described as the 

primary cause for neuronal death in multiple sclerosis (MS), this disease also belongs to 

neurodegenerative disorders (Trapp & Nave, 2008).  

1.2.1 Prevalence of neurodegenerative diseases 

Neurological disorders, in general, are currently seen as the leading cause of disability and 

the second leading cause of death worldwide. In the past 30 years, the absolute numbers of 

deaths and people with disabilities owing to neurological diseases have risen substantially, 

resulting in about 276 million people suffering from disabilities and nine million people dying 

(Feigin et al., 2020). Additionally, it is proposed, that the number of non-communicable 

neurological disorders, in particular of neurodegenerative nature, are increasing significantly 

(Feigin et al., 2020; Fereshtehnejad et al., 2019). In Europe, four of five neurological disorders 

are of neurodegenerative nature such as Alzheimer’s disease (prevalence increase between 

1996 and 2017: ~61%), Parkinson’s disease (prevalence increase between 1996 and 2017: 

~64%), motor neuron disease (prevalence increase between 1996 and 2017: ~69%) and 

multiple sclerosis (prevalence increase between 1996 and 2017: ~39%). In comparison, 

stroke, which is still responsible for more than 50% of deaths due to neurological disorders, 



Introduction 

5 

only shows an increase in prevalence of about 32% (Deuschl et al., 2020). Since the leading 

risk factor for the development of neurodegenerative disease such as AD and PD is still 

increasing age, it is proposed that the cause for the prevalence increase in these neurological 

disorders is based on the fact that the world population is currently changing and people 

become much older than before (Lee & Gilbert, 2016; Mayeux & Stern, 2012).  

Besides aging, there are many more risk factors associated with the development of 

neurodegenerative diseases. Other risk factors include gender, endocrine conditions, 

oxidative stress, inflammation, stroke, hypertension, diabetes, smoking, head trauma, 

depression, infection, tumors, vitamin deficits, immune and metabolic conditions and exposure 

to chemicals (summarized by (Brown et al., 2005)., indicating the complexity of 

neurodegenerative disorders. Furthermore, most of the neurodegenerative diseases also 

show a genetic component in their pathology, as many diseases have a sporadic as well as 

familial form of the disease as well as show implications of genetic polymorphisms (Brown et 

al., 2005). 

In conclusion, neurodegenerative diseases are a leading cause for progressing disabilities 

and death. Besides their effects onto the patients suffering from these diseases, it also highly 

affects the health system. In order to mitigate the effects of neurodegenerative diseases, it 

should be a duty of future science to further research the complex pathomechanisms leading 

to the permanent neuronal disabilities. 

1.2.2 Pathologies of neurodegenerative diseases 

Although neurodegenerative disorders have similar risk factors, the primary pathomechanism 

differs between the diseases. To this end, one of the most complex and multiclausal 

neurodegenerative disease is proposed to be Alzheimer’s disease (AD). AD is currently the 

major cause of dementia. Besides the memory loss in AD patients, common symptoms can 

include problems with language, disorientation, mood swings, loss of motivation, self-neglect, 

and behavioral issues. Yet, pathological studies have generated overwhelming evidence for 

the complexity and multicausality of dementia (Boyle et al., 2013). However, the strongest 

evidence is still pointing to β-amyloid (Aβ) accumulation and tau inclusions although the 

causative comes from studies of familial Alzheimer's disease cases with mutations in amyloid 

precursor protein (APP), presenilin (PSEN) 1, or PSEN2 (Karch & Goate, 2015). On the one 

hand, mutations in the APP gene affect Aβ cleavage that can lead to aggregation of the 

protein. On the other hand, mutations in the PSEN1 and PSEN2 genes, that account as the 

catalytic subunit to the γ-secretases and cleave APP, lead to less efficient processing of APP 

and the generation of longer and more hydrophobic Aβ peptides (Karran et al., 2011). 

However, Tau is also known as a prerequisite for the diagnosis of AD, although mutations in 
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the tau gene cause frontotemporal dementia without amyloid plaques (Small & Duff, 2008). 

Tau is a microtubule-associated phosphoprotein present in axons involved in promoting 

polymerization and stabilization of microtubules (Binder et al., 1985; Buee et al., 2000; 

Mandelkow & Mandelkow, 2012). In addition to phosphorylation, tau undergoes other 

posttranslational modifications, such as ubiquitination, nitration, glycation, and acetylation, all 

of which have been linked to abnormal tau that can accumulate within neurons (Alonso et al., 

2008; Cook et al., 2014; Martin et al., 2011; Morishima & Ihara, 1994). Although pathological 

modifications of tau were thought to be downstream events of Aβ aggregation, it is also 

plausible that tau and Aβ act in parallel pathways, both causing AD and enhancing each 

other's toxic effects (Small & Duff, 2008). However, in this context it needs to be highlighted, 

that the so called Aβ hypothesis is highly debated (Makin, 2018; Piller, 2022). It is criticized 

that the whole theory is based only on findings in familial forms of AD (Makin, 2018) and some 

inconsistencies were found in the analysis of key data that cast doubt on the theory (Piller, 

2022), leading to great criticism of this dogma.  

Another leading neurodegenerative disease is Parkinson’s disease (PD). PD is a chronic 

neurodegenerative disorder that is characterized by the loss of neurons in certain brain regions 

(Dickson et al., 2009). Neurodegeneration in PD is proposed in certain subsets of neurons, 

primarily dopaminergic neurons in the substantia nigra (Kordower et al., 2013), but also 

glutaminergic neurons in the presupplementary cortex (MacDonald & Halliday, 2002) and 

glutaminergic neurons in the caudal intralaminar thalamus (Henderson et al., 2000). Early 

symptoms include tremor, rigidity, slowness of movement, and difficulty with walking 

(although, non-motor symptoms can emerge in later stages). The neuropathology of PD is 

characterized by the formation of so called Lewis bodies due to the accumulation of the 

presynaptic protein α-synuclein within the neuron but also within oligodendrocytes (Dugger & 

Dickson, 2017). Furthermore, a defined set of peptides from α-synuclein can act as possible 

antigenic epitopes and drive helper and cytotoxic T-cell responses as well as microglial 

activation (Kim et al., 2013; Sulzer et al., 2017). However, the α-synuclein theory appears to 

be critical, since α-synuclein levels in the brain of PD patients do not show any substantial 

increase compared to other synucleinopathies (McCann et al., 2016; Tong et al., 2010; Zhou 

et al., 2011). Furthermore, only about 40% of PD patients show immune responses against α-

synuclein (Sulzer et al., 2017), further underscoring the concerns about therapy. 

In contrast to PD, motor neuron diseases are characterized by the progressive loss of motor 

neurons in different parts of the brain and/or spinal cord (Wijesekera & Leigh, 2009). In 

general, they are described as a group of diseases in which amyotrophic lateral sclerosis 

(ALS) is the most common. Classical symptoms of ALS are muscle weakness, atrophy and 

muscle spasms, whereas sensory nerves are unaffected. About 5% of all ALS cases are 
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classified as familial forms of ALS mostly having autosomal dominant pattern (Gros-Louis et 

al., 2006). 20% of these show mutations in superoxide dismutase (SOD)-1 or RNA-binding 

protein FUS (FUS; Chio et al., 2018). Furthermore, mutations in the TDP gene were also found 

and linked to familial as well as sporadic forms of ALS (Kabashi et al., 2008; Sreedharan et 

al., 2008; Yokoseki et al., 2008). The major histopathological features of ALS are intra 

neuronal inclusion such as: i) Bunina bodies: small eosinophilic, hyaline intracytoplasmic 

inclusions that stain positive for cystatin and transferring bodies (Mizuno et al., 2006; Okamoto 

et al., 2008); ii) Ubiquitinated inclusions: major constituent is TDP-43 (Arai et al., 2006; 

Neumann et al., 2006; Tan et al., 2007) and iii) a depletion of ≥50% of spinal motor neurons 

in combination with microglial and astroglial activation in grey and white matter of the spinal 

cord (Hardiman et al., 2017). 

In contrast to the previous neurodegenerative diseases, multiple sclerosis (MS) is 

characterized primarily by the progressive loss of myelination as a result of oligodendroglial 

cell death. The occurring neuronal death is seen as a result from the massive loss in 

oligodendroglia, although recent studies suggest that neurodegeneration can also occur 

directly mediated by inflammatory microglia and astrocytes (Muzio et al., 2021; Zhou et al., 

2019). Demyelination and neurodegeneration arise focally in MS and are often referred as MS 

lesions. Because these lesions can occur everywhere in the CNS, the symptoms of MS are 

very diverse and therefore include the loss of sensitivity, muscle weakness, blurred 

vision/blindness, problems with speech and/or swallowing etc. (Lassmann et al., 2012). In 

principle, demyelinated areas have the potential to remyelinate due to the differentiation of 

resident OPCs and neural stem cells (NSCs), however, this process remains overall inefficient 

(Kotter et al., 2011). Furthermore, MS is characterized by different progressive forms, most 

commonly in which patients suffer from alternating relapses followed by phases of recovery 

known as relapsing-remitting MS (RRMS). Approximately 60-70% of those patients will 

develop a secondary progressive MS (SPMS), leading to a progressive worsening of the 

symptoms. About 10% of MS patients suffer from a primary progressive form of MS (PPMS), 

which is characterized by a progressive course of the disease already in the early stages 

(Dutta & Trapp, 2014; Hauser & Oksenberg, 2006; Trapp & Nave, 2008). Furthermore, MS is 

mostly affecting young adults in the age between 20 and 40 years and the ratio of incidence 

between men and women is 1:2 (Koch-Henriksen et al., 2018; Kurtzke, 2000). In contrast to 

AD and PD, MS is therefore not seen as an age related disease, however, similar to all 

neurodegenerative disorders, the etiology of MS is far from being understood. Interestingly, 

prevalence and migration data clearly show that environmental influences play a role (Kurtzke, 

2000; Pugliatti et al., 2002; Rosati, 2001) and viral infections, such as with Epstein-Barr virus 
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(EBV) and human herpesvirus (HHV) 6, have also been suggested to trigger MS development 

(Alvarez-Lafuente et al., 2004; Wagner et al., 2004). 

1.2.3 Parallels in the pathomechanism of neurodegenerative diseases 

Although different neurodegenerative diseases develop in diverse brain sites and exhibit 

distinct primary pathologies, they are characterized by similar cellular and molecular 

mechanisms.  

One of these mechanisms is the activation of either the innate as well as the adaptive immune 

system (Amor et al., 2010). The activation of the innate immune system is a crucial first line of 

defense, to opsonize and clear apoptotic cells. However, innate immune responses can also 

lead to the recruitment of the adaptive immune system. In this process, cytokines and 

chemokines lead to the induction of adhesion molecules expression on the BBB, supporting 

peripheral immune cells to enter the CNS (Amor et al., 2010). In general, this notion, which is 

regularly taking place in the CNS, is crucial for the elimination of infectious agents as well as 

for clearing debris and should be considered as beneficial (Campbell, 2004). However, in 

neurodegenerative diseases, it often comes to a complete breakdown of the BBB, leading to 

massive immune cells infiltrates and the loss of protection from the periphery (Amor et al., 

2010). Furthermore, the increasing expression and secretion of cytokines leads to strong 

inflammation that over time turns into a chronic state and thereby losing its beneficial purpose 

(Block & Hong, 2005; Tansey et al., 2007). Although chronic inflammation and immune 

activation in neurodegenerative diseases are triggered by different primary pathologies, 

similar features are well described. In this context, it is shown for all neurodegenerative 

diseases that peripheral immune cell infiltrates can be found as a hallmark in CNS pathology 

(Doty et al., 2015; Rezai-Zadeh et al., 2009). However, the role of peripheral immune cell 

infiltration is still highly debated, since either beneficial as well as destructive functions are 

described in the context of neurodegenerative diseases (Yang et al., 2020).  

In detail, recent advances in transcriptome analysis show three main players in relation to 

neurodegenerative diseases: microglia, astrocytes and lymphocytes, which influence each 

other within the framework of a complex interactome (Absinta et al., 2021). A central player of 

this interactome is C1q, a known protein complex of the complement pathway. Furthermore, 

a comparative bioinformatics approach, analyzing multiple myeloid transcriptomic datasets, 

was able to identify 192 common macrophage genes as well as 119 microglial genes to be 

upregulated upon all neurodegenerative diseases and animal models of neurodegeneration 

(Wishart et al., 2023). One of these genes is meanwhile seen as a key marker for reactive 

microglia in neurodegenerative diseases, named C-type lectin domain family 7 member A 

(Clec7a; Stratoulias et al., 2019). Of note, C-type lectin receptors belong to the class of 
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signaling pattern recognition receptors, which are involved in immune responses to a broad 

repertoire of pathogens such as bacteria, viruses, but also nematodes and fungi. 

Another feature that is common to neurodegenerative diseases is oxidative stress, which has 

been proposed as one of the key factors inducing neurodegeneration (Niedzielska et al., 

2016). In general, oxidative stress is the result of the disruption in the pro-/antioxidant 

homeostasis, leading to the formation of reactive oxygen species (ROS) such as hydrogen 

peroxide (H2O2), nitric oxide (NO), peroxynitrite anions (ONOO−), superoxide (O2-), and the 

highly reactive hydroxyl radicals (HO•; Metodiewa & Koska, 2000; Popa-Wagner et al., 2013). 

Moderate concentrations of ROS play a regulatory role as mediators in signaling processes, 

as it is able to regulate vascular tone, sense oxygen tension, enhance the signal transduction 

from various membrane receptors including the antigen receptor of lymphocytes, and 

modulate oxidative stress responses in order to maintain redox homeostasis (Dröge, 2002). 

However, high oxygen consumption, relatively low antioxidant levels and low regenerative 

capacity result in pathophysiological levels of ROS, which can promote tissue damage by 

directly activating apoptosis via intrinsic mitochondrial pathways (Circu & Aw, 2010; Sinha et 

al., 2013).  

In addition, oxidative stress is often associated with immune defense mechanisms, as the 

immune cells use oxidative radicals as part of their instrument to kill pathogens. Indeed, 

reactive oxygen species are proposed to be critically involved in the inflammatory processes 

of multiple sclerosis (Ohl et al., 2016), but also other neurodegenerative diseases (Teleanu et 

al., 2022). However, certain neurodegenerative diseases also show different associations with 

oxidative stress than mediated via immune defense mechanisms. In AD, β-amyloid 

accumulation as well as the build-up of intracellular tau neurofibrillary tangles originated from 

oxidative stress generation (Li et al., 2013). In this regard, three mechanisms were proposed 

that affect cells homeostasis, ROS generation and the up-regulation of Aβ and phosphorylated 

tau formation: macromolecule peroxidation, Aβ metal ion redox potential, and mitochondrial 

dysfunction (LoGerfo et al., 2014). Of note, a characteristic feature of the substantia nigra is 

that neurons accumulate neuromelanin with age (Marsden, 1983). In PD, however, these 

neuromelanin-containing cells are the first that get lost during progression of the disease 

(Barnham et al., 2004; Hirsch et al., 1988). Although the precise mechanism of neuromelanin 

formation is not known, yet, it was shown, that it consists primarily in products from dopamine 

redox chemistry (Wakamatsu et al., 2003; Zecca et al., 2003). In ALS, mutations of SOD1 are 

described to be the reason for many cases (Hardiman et al., 2017). Interestingly, SOD1 is a 

cupro-enzyme that detoxifies the ROS superoxide, when mutated, however, it can convert the 

protein from an anti-oxidant to a pro-oxidant that might lead to oxidative insults. Furthermore, 
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this evidence is supported by the observation that copper chelators inhibit the course of the 

disease in both cell culture and mouse models (Azzouz et al., 2000; Hottinger et al., 1997). 

In conclusion, understanding the joint process of chronic inflammation, immune activation and 

oxidative stress will be an important step towards fully elucidating the pathologies of these life-

threatening diseases. 

1.3 Endogenous Retroviruses in health and disease 

In 1950, Edward B Lewis and Barbara McClintock first described (retro)-transposable 

elements in Drosophila melanogaster and maize as DNA sequences that are capable of 

transposition (Lewis, 1950; Mc, 1950). At that time, no one suspected that 50 years later, with 

the completion of the human genome project (Lander et al., 2001), it would be found that 40% 

- 50% of the human genome consists of transposed elements (TEs). In general, TEs are 

(retro)-transposable elements that have been rendered immobile due to truncation and 

mutation (Faulkner & Carninci, 2009) and primarily consists of long interspersed nuclear 

elements (LINEs), short interspersed nuclear elements (SINEs), and DNA transposons. A 

fourth group of TEs is described as Long Terminal Repeat (LTR)-retrotransposons in particular 

endogenous retroviruses (ERVs; Venter et al., 2001).  

Endogenous retroviruses were first described in the late 1960s and early 1970s (Weiss, 2006). 

Within a few years, three types of ERVs were reported by independent groups: avian leucosis 

virus (ALV; Weiss, 1969a, 1969b), murine leukemia virus (MLV; Aaronson et al., 1971), and 

murine mammary tumor virus (MMTV; Bentvelzen et al., 1970). Human endogenous 

retroviruses (HERVs), on the other hand, were not discovered until ten years later (Martin et 

al., 1981). While ERVs comprise approximately 10% of the mammalian genome, the human 

genome consists of 5% - 8% (Lander et al., 2001; Stocking & Kozak, 2008). Furthermore, 

ERVs are usually classified into three classes (I, II and III) based on their similarities to the 

exogenous gammaretrovirus, betaretrovirus and spumaretrovirus (Gifford et al., 2018). In the 

past years, TEs including ERVs were often referred as “junk DNA”, due to the fact that these 

genetic elements are highly mutated and no protein expression could be detected. However, 

it is meanwhile known that some of these elements were domesticated and can fulfill important 

functions within the human body. On the other hand, activation of certain pathological retroviral 

elements can lead to immune activation and thereby contribute to the development of certain 

neurodegenerative and neuropsychiatric diseases (Küry et al., 2018). 
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1.3.1 Human endogenous Retroviruses 

To date, over 20 HERV families have been discovered during the past two decades (Nelson 

et al., 2003). The tRNA binding to the viral primer binding site to initiate reverse transcription 

had traditionally been used for HERV classification and the current nomenclature still often 

relies on the tRNA type associated recognition of different HERV types (e.g., HERV-K for 

lysine tRNA, HERV-W for tryptophan tRNA, etc.). However, if the primer binding site sequence 

of the retroviral entities was not available, the names based on neighboring genes (e.g. HERV-

ADP), clone number (e.g. HERV-S71), or amino acid motifs (e.g. HERV-FRD) were used 

(Gifford et al., 2018). The current knowledge suggests that over time multiple independent 

infection events have taken place, which created a distinctive genomic ERV content in different 

species. Additionally, genetic recombination has taken place, resulting in more than 100.000 

ERV loci identified in humans and led to extensive interindividual variations (Nellaker et al., 

2012; Thomas et al., 2018). Although many of these retroviral elements accumulated defects 

within their coding sequence, such as mutations, deletions, and termination signals, a limited 

number of HERVs have still the potential to produce viral proteins and even viral-like particles 

(Küry et al., 2018).  

However, the fact that these retroviral elements have survived in our genome also suggests a 

certain degree of symbiosis or domestication (Küry et al., 2018). The best examples for 

domesticated retroviral elements are syncytin-1 and -2, as the two proteins are thought to be 

derived from previous human endogenous retroviruses (HERV-W and HERV-FRD, 

respectively). Both proteins play regulatory roles in the placentogenesis and are proposed to 

be involved in the fetal-maternal immune tolerance (Xiang & Liang, 2021). Many researchers 

have also emphasized the role of HERVs in shaping the evolution of the human genome solely 

through their retrotransposonal properties (Grandi & Tramontano, 2018). In this regard, the 

thousands of HERV sequences that are integrated in our DNA provide an abundant source of 

regulatory elements. It is well known that our genetic information is organized in regulatory 

networks, involving both cis- regulatory sequences and trans-acting genes, and that their 

interaction is at the base of cellular plasticity and evolution (Göke & Ng, 2016; Hua-Van et al., 

2011). In fact, HERVs also participate to this complex interplay, being able to regulate the host 

genes' activity in several ways and at different expression levels (Grandi & Tramontano, 2018). 

Additionally, HERVs are also thought to shape the immunological landscape of an individual, 

as e.g. cells infected with a certain virus become resistant to superinfections. It is therefore 

proposed that ERV expression could potentially influence to inherent host defense 

mechanism, leading to resistance against superinfections (Villarreal, 2011). Such beneficial 

effects of HERVs are possible due to the fact that endogenous and exogenous entities reveal 

strong parallels in their protein and nucleic acid sequences (Grandi & Tramontano, 2017) and 
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might therefore compete with the same receptors  exogenous viral proteins (Spencer et al., 

2003). In contrast to HERVs’ beneficial roles, numerous studies described the activation and 

expression of these viral entities in different neurodegenerative as well as neuropsychiatric 

diseases such as MS, ALS, but also AD as well as schizophrenia (SCZ) and bipolar disorder 

(BD; Römer, 2021). 

Although small leaks at the transcriptional level can still occur (Leung & Lorincz, 2012), under 

physiological conditions most HERVs are silenced due to various epigenetic processes that 

are relevant to the control of ERV expression (Deaton & Bird, 2011; Lavie et al., 2005; Ohtani 

et al., 2018; Szpakowski et al., 2009). Moreover, HERVs flanking LTR sequences are 

described to feature strong regulatory properties by containing binding sites for the pro-

inflammatory transcription factor nuclear factor kappa light chain enhancer of activated B-cells 

(NF-κB; Manghera & Douville, 2013; Thompson et al., 2016). Given that NF-κB regulates 

various aspects of innate and adaptive immunity and can be activated by numerous pro-

inflammatory cytokines such as tumor necrosis factor (TNF) α, interleukin (IL)-1β, IL-6 and 

interferon (IFN) γ, binding of NF-κB to flanking LTR sequences may readily provide a direct 

mode of action of how inflammation can drive HERV transcription (Liu & Wang, 2017). 

While inflammation is one of the factors that can stimulate ERV expression, endogenous 

retroviral proteins can induce inflammatory responses in different cell types as well. One of 

the first studies supporting this notion showed that the HERV-W ENV protein is able to 

activating human monocytes in a toll-like receptor (TLR) 4 dependent manner (Rolland et al., 

2006). Furthermore, dendritic cells were similarly triggered by HERV-W ENV protein, leading 

to an increased T helper cell type 1 (Th1) differentiation. This concept was later supported by 

another study that used a genetically modified HEK-Blue cell line to prove that HERV-W ENV 

signaling is mediated by TLR4 (Charvet et al., 2018). 

Taken together, although some HERVs have been domesticated and perform beneficial 

functions in the human body, the ever-increasing number of pathology-associated HERVs 

suggests that they may also have harmful effects. 

1.3.2 Pathology of the Human endogenous retrovirus type W in multiple sclerosis 

One of the first associations between HERVs and neurodegenerative disorders was made by 

the initial discover of HERV-W viral particles in leptomeningeal cell cultures from MS patients 

(Perron et al., 1989). While it was initially termed multiple sclerosis associated retrovirus 

(MSRV), it was later identified as a human endogenous retroviruses and named HERV-W 

according to its tryptophan tRNA binding site (Dolei, 2018). Follow-up investigations showed 

that RNA- as well as protein levels of HERV-W ENV are increased in the cerebrospinal fluid 

(CSF) and serum of MS patients compared to healthy individuals (Garson et al., 1998; Mameli 
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et al., 2007; Mameli et al., 2009; Perron et al., 2012). Of note, similar correlations were 

observed in chronic inflammatory demyelinating polyneuropathy (CIDP), an inflammatory, 

demyelinating disease of the PNS (Faucard et al., 2016). 

In general, HERV-W belongs to the gammaretroviruses and in contrast to its pathological form, 

syncytin-1 exerts physiological roles in placentogenesis. The pathological HERV-W, however, 

might therefore be either a non-ubiquitous replication-competent member, or a partly 

defective, non-ubiquitous copy of the HERV-W family. Either way, Charvet and colleagues 

have recently identified important biochemical differences between syncytin-1 and HERV-W 

ENV and could thereby clearly demonstrate that the HERV-W ENV protein isolated from MS 

lesions is not syncytin-1 (Charvet et al., 2021).  

It is meanwhile proposed, that the activation and expression of otherwise silenced HERV-W 

and the following production of the ENV protein can trigger an immune response (Perron et 

al., 2001; Rolland et al., 2006). In particularly, HERV-W ENV protein can activate TLR4 and 

cluster of differentiation (CD) 14 on human monocytes, inducing to the production and 

secretion of pro-inflammatory cytokines (Rolland et al., 2006). In addition, ENV protein 

triggered dendritic cells to promote Th1 differentiation. Further activation of the immune 

system was found, when HERV-W ENV protein was used as an adjuvant in a model of 

experimental autoimmune encephalomyelitis (EAE), leading to autoimmune reactions against 

myelin producing cells. This, in turn, was rescued by the treatment of a HERV-W ENV-

neutralizing therapeutic IgG4 antibody called Temelimab (Perron et al., 2013). 

Histopathological analysis of autopsy material from MS patients revealed that the HERV-W 

ENV protein is most likely expressed by myeloid cells and some astrocytes (Kremer et al., 

2013; van Horssen et al., 2016). Subsequent in vitro studies revealed that HERV-W ENV 

protein has an influence onto TLR4- expressing OPCs that are present in the rim of MS 

lesions, leading to impaired differentiation capacity (Kremer et al., 2013). This effect was 

mediated by the induction of nitrosative stress, resulting in a subsequent reduction in myelin 

protein expression. 

In conclusion, particularly for MS, there is strong evidence that HERV-W ENV plays a crucial 

role in the onset as well as progression of the neurodegenerative disease by blocking OPC 

differentiation as well as by activating peripheral immune cells. 

1.3.3 Pathology of the Human endogenous retrovirus K in amyotrophic lateral sclerosis 

ALS is another neurodegenerative disease that is associated with the expression of human 

endogenous retroviruses, in particular HERV-K. Phylogenetically, the HERV-K group belongs 

to the ERV2, Class II or betaretrovirus-like supergroup. Currently, the HERV-K clade contains 

ten subgroups (from HML-1 to HML-10) of which HML-2 is primarily associated with the onset 
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and progression of ALS. However, the nomenclature of the HERV-K family is very complex 

and has many different designations for the same, ALS-associated group: HLM-2, HML-2, 

HERV-K10, HTDV/HERV-K, HERV-K (HML-2), HERV-K, HERVK or ERVK (Garcia-Montojo 

et al., 2018). Apart from its role in cancer (Grabski et al., 2019), HERV-K is proposed to be 

associated with the onset and progression of subpopulation of patients with sporadic ALS. 

Initially, several groups found increased reverse transcriptase (RT) activities in the serum and 

CSF of human immunodeficiency viruses (HIV)-negative patients diagnosed with ALS 

(MacGowan et al., 2007; McCormick et al., 2008; Steele et al., 2005). The first direct proof of 

HERV-K’s implication in ALS pathology was provided three years later as qPCR analysis of 

brain autopsy tissue identified an increased expression of HERV-K transcripts in cortical and 

spinal neurons of ALS patients compared to healthy control individuals (Douville et al., 2011). 

Although the evidence for such an involvement of HERV-K in ALS is increasing (Meyer et al., 

2017), it was recently challenged by an independent study that did not find increased HERV-

K RNA levels in cortical ALS tissue (Garson et al., 2019). Despite the contradictory statements 

regarding HERV-K detection, it must be highlighted that HERV-K expressing transgenic mice 

display progressive motor dysfunction and motor cortex volume loss (Li et al., 2015). 

Furthermore, and in contrast to HERV-W, two loci were identified in the 7q34 and 7q36.1 

regions that can lead to the expression of HERV-K elements (Frank et al., 2005). Additional 

evidence comes from the fact that HIV infected patients rarely develop ALS. Although HIV 

infection has been associated with increasing levels of HERV-K, when these patients were 

treated with antiretroviral drugs early in the course of the neurological manifestations, ALS 

symptoms could be reversed or slowed in a subset of patients (Alfahad & Nath, 2013). 

Furthermore, the activation of HERV-K found in the blood of some of these patients decreased 

following treatment with antiretroviral drugs (Bowen et al., 2016). 

1.4 Aim of this thesis 

Neurodegenerative diseases are among the most debilitating life-threatening diseases 

worldwide that lead to permanent neurological deficits. Despite their prevalence for the human 

being, their pathologies are far from being understood. Multiple environmental as well as 

genetic factors might play a role, of which human endogenous retroviruses have been 

repeatedly associated with onset and progression of neurodegenerative diseases as well with 

immune modulating function. In order to gain knowledge in the understanding of the underlying 

pathomechanism, the aim of this work is the analysis and characterization of 

neurodegenerative associated processes particularly in the context of multiple sclerosis. Since 

resident immune competent glial cells are the first line of defense, this work will investigate 

the four major glial cell types: microglia, astroglia, oligodendroglia and OPCs. Therefore, this 

thesis will focus on: I.) The characterization of novel mechanisms related to microglial 
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activation responses in neurodegenerative diseases, and in particular multiple sclerosis, as 

well as how these responses can be modulated using immunomodulating therapeutics. II.) In 

order to gain a deeper insight into the effects of HERV-W on glial cells, this thesis investigates 

how this viral entity contributes to the onset and progression of neurodegenerative diseases 

such as multiple sclerosis. In this context, this work will address the complex (re)awakening 

processes necessary for the expression of endogenous retroviruses and focus on the analysis 

of HERV-W ENV-specific glial responses leading to reactive phenotypes, associated with 

demyelination and neurodegeneration. 
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2. Results – Publications 

2.1 pHERV-W envelope protein fuels microglial cell-dependent damage of 

myelinated axons in multiple sclerosis 

David Kremer, Joel Gruchot, Vivien Weyers, Lisa Oldemeier, Peter Göttle, Luke Healy, Jeong 

Ho Jang, Yu Kang T Xu, Christina Volsko, Ranjan Dutta, Bruce D Trapp, Hervé Perron, Hans-

Peter Hartung, Patrick Küry 

Abstract 

Axonal degeneration is central to clinical disability and disease progression in multiple 

sclerosis (MS). Myeloid cells such as brain-resident microglia and blood-borne monocytes are 

thought to be critically involved in this degenerative process. However, the exact underlying 

mechanisms have still not been clarified. We have previously demonstrated that human 

endogenous retrovirus type W (HERV-W) negatively affects oligodendroglial precursor cell 

(OPC) differentiation and remyelination via its envelope protein pathogenic HERV-W (pHERV-

W) ENV (formerly MS-associated retrovirus [MSRV]-ENV). In this current study, we 

investigated whether pHERV-W ENV also plays a role in axonal injury in MS. We found that 

in MS lesions, pHERV-W ENV is present in myeloid cells associated with axons. Focusing on 

progressive disease stages, we could then demonstrate that pHERV-W ENV induces a 

degenerative phenotype in microglial cells, driving them toward a close spatial association 

with myelinated axons. Moreover, in pHERV-W ENV-stimulated myelinated cocultures, 

microglia were found to structurally damage myelinated axons. Taken together, our data 

suggest that pHERV-W ENV-mediated microglial polarization contributes to 

neurodegeneration in MS. Thus, this analysis provides a neurobiological rationale for a 

recently completed clinical study in MS patients showing that antibody-mediated neutralization 

of pHERV-W ENV exerts neuroprotective effects. 

 

Approximated total share of contribution: 35% 
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Contribution on experimental design, realization and publication 

Establishment, execution and analysis of an ex vivo co-culture model via qPCR, enzyme-

linked immunosorbent assay and immunocytochemistry. Contribution to the analysis of human 

immunohistochemistry. Preparation of manuscript (Material and Method) and figure design. 



Results – Publications 

18 

 



Results – Publications 

19 

 



Results – Publications 

20 

 



Results – Publications 

21 

 



Results – Publications 

22 

 



Results – Publications 

23 

 



Results – Publications 

24 

 



Results – Publications 

25 

 



Results – Publications 

26 

 



Results – Publications 

27 

 



Results – Publications 

28 

2.2 Neural Cell Responses Upon Exposure to Human Endogenous Retroviruses 

Joel Gruchot, David Kremer, Patrick Küry 

Abstract 

Human endogenous retroviruses (HERVs) are ancient retroviral elements, which invaded the 

human germ line several million years ago. Subsequent retrotransposition events amplified 

these sequences, resulting in approximately 8% of the human genome being composed of 

HERV sequences today. These genetic elements, normally dormant within human genomes, 

can be (re)-activated by environmental factors such as infections with other viruses, leading 

to the expression of viral proteins and, in some instances, even to viral particle production. 

Several studies have shown that the expression of these retroviral elements correlates with 

the onset and progression of neurological diseases such as multiple sclerosis (MS) and 

amyotrophic lateral sclerosis (ALS). Further studies provided evidence on additional roles for 

HERVs in schizophrenia (SCZ). Since these diseases are still not well understood, HERVs 

might constitute a new category of pathogenic components that could significantly change our 

understanding of these pathologies. Moreover, knowledge about their mode of action might 

also help to develop novel and more powerful approaches for the treatment of these complex 

diseases. Therefore, the main scope of this review is a description of the current knowledge 

on the involvement of HERV-W and HERV-K in neurological disease specifically focusing on 

the effects they exert on neural cells of the central nervous system. 

 

Approximated total share of contribution: 45% 

Published: Frontiers in Genetics 11 (2019) 
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Contribution on conceptualization, realization and publication 

Literature research, conceptualization and preparation of the manuscript including figure 

design. 
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2.3 The Molecular Basis for Remyelination Failure in Multiple Sclerosis 

Joel Gruchot, Vivien Weyers, Peter Göttle, Moritz Förster, Hans-Peter Hartung, Patrick Küry, 

David Kremer 

Abstract 

Myelin sheaths in the central nervous system (CNS) insulate axons and thereby allow saltatory 

nerve conduction, which is a prerequisite for complex brain function. Multiple sclerosis (MS), 

the most common inflammatory autoimmune disease of the CNS, leads to the destruction of 

myelin sheaths and the myelin-producing oligodendrocytes, thus leaving behind demyelinated 

axons prone to injury and degeneration. Clinically, this process manifests itself in significant 

neurological symptoms and disability. Resident oligodendroglial precursor cells (OPCs) and 

neural stem cells (NSCs) are present in the adult brain, and can differentiate into mature 

oligodendrocytes which then remyelinate the demyelinated axons. However, for multiple 

reasons, in MS the regenerative capacity of these cell populations diminishes significantly over 

time, ultimately leading to neurodegeneration, which currently remains untreatable. In 

addition, microglial cells, the resident innate immune cells of the CNS, can contribute further 

to inflammatory and degenerative axonal damage. Here, we review the molecular factors 

contributing to remyelination failure in MS by inhibiting OPC and NSC differentiation or 

modulating microglial behavior. 
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Contribution on conceptualization, realization and publication 

Literature research, conceptualization and preparation of the manuscript. 
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2.4 Human endogenous retroviruses: ammunition for myeloid cells in 

neurodegenerative diseases? 

Joel Gruchot, David Kremer, Patrick Küry 
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Contribution on conceptualization, realization and publication 

Literature research, conceptualization and preparation of the manuscript including figure 

design. 
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2.5 Translational value of choroid plexus imaging for tracking neuroinflammation 

in mice and humans 

Vinzenz Fleischer, Gabriel Gonzalez-Escamilla, Dumitru Ciolac, Philipp Albrecht, Patrick Küry, 

Joel Gruchot, Michael Dietrich, Christina Hecker, Thomas Müntefering, Stefanie Bock, 

Mohammadsaleh Oshaghi, Angela Radetz, Manuela Cerina, Julia Krämer, Lydia Wachsmuth, 

Cornelius Faber, Hans Lassmann, Tobias Ruck, Sven G Meuth, Muthuraman Muthuraman, 

Sergiu Groppa 

Abstract 

Neuroinflammation is a pathophysiological hallmark of multiple sclerosis and has a close 

mechanistic link to neurodegeneration. Although this link is potentially targetable, robust 

translatable models to reliably quantify and track neuroinflammation in both mice and humans 

are lacking. The choroid plexus (ChP) plays a pivotal role in regulating the trafficking of 

immune cells from the brain parenchyma into the cerebrospinal fluid (CSF) and has recently 

attracted attention as a key structure in the initiation of inflammatory brain responses. In a 

translational framework, we here address the integrity and multidimensional characteristics of 

the ChP under inflammatory conditions and question whether ChP volumes could act as an 

interspecies marker of neuroinflammation that closely interrelates with functional impairment. 

Therefore, we explore ChP characteristics in neuroinflammation in patients with multiple 

sclerosis and in two experimental mouse models, cuprizone diet-related demyelination and 

experimental autoimmune encephalomyelitis. We demonstrate that ChP enlargement-

reconstructed from MRI-is highly associated with acute disease activity, both in the studied 

mouse models and in humans. A close dependency of ChP integrity and molecular signatures 

of neuroinflammation is shown in the performed transcriptomic analyses. Moreover, 

pharmacological modulation of the blood-CSF barrier with natalizumab prevents an increase 

of the ChP volume. ChP enlargement is strongly linked to emerging functional impairment as 

depicted in the mouse models and in multiple sclerosis patients. Our findings identify ChP 

characteristics as robust and translatable hallmarks of acute and ongoing neuroinflammatory 

activity in mice and humans that could serve as a promising interspecies marker for 

translational and reverse-translational approaches. 
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Contribution on experimental design, realization and publication 

Planning and realization of animal experiments (CPZ and EAE). Establishment and realization 

of tissue isolation for transcriptome and histological analysis. Establishment and performance 

of histological analysis of the diseased choroid plexus. 
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2.6 Siponimod Modulates the Reaction of Microglial Cells to Pro-Inflammatory 

Stimulation 

Joel Gruchot, Ferdinand Lein, Isabel Lewen, Laura Reiche, Vivien Weyers, Patrick Petzsch, 

Peter Göttle, Karl Köhrer, Hans-Peter Hartung, Patrick Küry*, David Kremer* 

Abstract 

Siponimod (Mayzent®), a sphingosine 1-phosphate receptor (S1PR) modulator which 

prevents lymphocyte egress from lymphoid tissues, is approved for the treatment of relapsing-

remitting and active secondary progressive multiple sclerosis. It can cross the blood–brain 

barrier (BBB) and selectively binds to S1PR1 and S1PR5 expressed by several cell 

populations of the central nervous system (CNS) including microglia. In multiple sclerosis, 

microglia are a key CNS cell population moving back and forth in a continuum of beneficial 

and deleterious states. On the one hand, they can contribute to neurorepair by clearing myelin 

debris, which is a prerequisite for remyelination and neuroprotection. On the other hand, they 

also participate in autoimmune inflammation and axonal degeneration by producing pro-

inflammatory cytokines and molecules. In this study, we demonstrate that siponimod can 

modulate the microglial reaction to lipopolysaccharide-induced pro-inflammatory activation. 

 

Approximated total share of contribution: 45% 

Published: International Journal of Molecular Science 23 (2022) 
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Contribution on experimental design, realization and publication 

Experimental conceptualization and realization of the characterization of primary rat microglial 

cells via qPCR, enzyme-linked immunosorbent assay, immunocytochemistry and 

transcriptome analysis. Co-conceptualization and preparation of the manuscript and figure 

design. 
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2.7 Interplay between activation of endogenous retroviruses and inflammation as 

common pathogenic mechanism in neurological and psychiatric disorders 

Joel Gruchot*, Felisa Herrero*, Ulrike Weber-Stadlbauer, Urs Meyer†, Patrick Küry† 

Abstract 

Human endogenous retroviruses (ERVs) are ancestorial retroviral elements that were 

integrated into our genome through germline infections and insertions during evolution. They 

have repeatedly been implicated in the aetiology and pathophysiology of numerous human 

disorders, particularly in those that affect the central nervous system. In addition to the known 

association of ERVs with multiple sclerosis and amyotrophic lateral sclerosis, a growing 

number of studies links the induction and expression of these retroviral elements with the 

onset and severity of neurodevelopmental and psychiatric disorders. Although these disorders 

differ in terms of overall disease pathology and causalities, a certain degree of (subclinical) 

chronic inflammation can be identified in all of them. Based on these commonalities, we 

discuss the bidirectional relationship between ERV expression and inflammation and highlight 

that numerous entry points to this reciprocal sequence of events exist, including initial 

infections with ERV-activating pathogens, exposure to non-infectious inflammatory stimuli, 

and conditions in which epigenetic silencing of ERV elements is disrupted. 
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Literature research, conceptualization and preparation of the manuscript. 
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2.8 Transgenic expression of the HERV-W envelope protein leads to polarized glial 

cell populations and a neurodegenerative environment 

Joel Gruchot, Isabel Lewen, Michael Dietrich, Laura Reiche, Mustafa Sindi, Christina Hecker, 

Felisa Herrero, Benjamin Charvet, Ulrike Weber-Stadlbauer, Hans-Peter Hartung, Philipp 

Albrecht, Hervé Perron, Urs Meyer and Patrick Küry 

Abstract 

The human endogenous retrovirus type W (HERV-W) has been identified and repeatedly 

confirmed as human-specific pathogenic entity affecting many cell types in multiple sclerosis 

(MS). Our recent contributions revealed the encoded envelope (ENV) protein to disturb myelin 

repair by interfering with successful oligodendroglial precursor differentiation and by polarizing 

microglial cells towards an axon-damage phenotype. Indirect proof of ENV’s anti-regenerative 

and degenerative activities has been gathered recently in clinical trials using a neutralizing 

anti-ENV therapeutic antibody. Yet direct proof of its mode of action can only be presented 

here based on transgenic ENV expression in mice. Upon demyelination we observed myelin 

repair deficits, neurotoxic microglial and astroglial cells and increased axon degeneration 

traits. Experimental autoimmune encephalomyelitis activity progressed faster in mutant- as 

compared to wildtype litter mates equally accompanied by activated glial cells. This study 

therefore provides for the first time direct evidence on HERV-W ENV’s contribution to the 

overall negative impact of this activated viral entity in MS. 

 

Approximated total share of contribution: 50% 
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Impact Factor: 12.779 

 

Contribution on experimental design, realization and publication 

Establishment, execution and analysis of an ex vivo co-culture model via qPCR and 

immunocytochemistry. Planning and realization of animal experiments (CPZ and EAE). 

Establishment and realization of tissue isolation for qPCR and histological analysis. 

Establishment and realization of histological analysis of the diseased corpus callosum and 

spinal cord. Conceptualization and preparation of a manuscript including figure design. 
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3. Discussion 

Neurodegenerative diseases are the leading cause of disability and the second leading cause 

of death worldwide, making them a heavy burden for affected individuals and the health 

system. Therefore, in order to contribute to the improvement of putative treatment strategies 

for neurodegenerative diseases, the studies presented in this thesis address two major 

problems: I.) The CNS is one of the most important structures in the human body as it controls 

not only a behavior but also warrants movement, interaction with the environment and 

vegetative function. However, the human (diseased) brain is difficult to access and studies on 

humans and human samples come with well-founded ethic concerns. Animal models must 

therefore be used on a large scale, which of course can only be transferred to a limited extent 

– not only because laboratory animals mostly do not live as long as certain diseases need to 

progress to exert symptoms. The complex pathomechanisms of diverse neurodegenerative 

disorders are therefore far from being understood, leading to the fact that similar therapeutic 

approaches have been used to treat the same involved mechanisms for decades. Current 

therapeutic approaches still loose effectiveness in the long-term treatment, probably because 

the targeted mechanisms are rather universal. In order to improve future treatment strategies, 

the first aim of this thesis is to characterize mechanisms in more detail, which lead to the onset 

and progression of different neurodegenerative diseases. II.) The beginning of 

neurodegenerative diseases can hardly be recognized, since the first symptoms emerge after 

the neurodegeneration on a cellular level has already taken place. As a result, the reasons 

that led to the onset of many of the diseases have not been conclusively described, yet. In this 

context, however, an association between the expression of endogenous retroviruses and the 

development of neurological diseases has been often described. Therefore, the second aim 

that is addressed by the studies of this thesis is to develop a more detailed picture on the 

effects HERV-W ENV exerts on glial cells in order to understand whether this viral entity 

contributes to the onset of the diseases or whether it is a part of their pathomechanisms. In 

conclusion, the results of both aims will contribute to a better understanding of 

neurodegenerative diseases and thereby may help to improve current and future treatment 

strategies. 

3.1 New insights into the microglial biology in the context of multiple sclerosis and 

other neurodegenerative diseases 

Microglia are the primary source of immune cells in the CNS and therefore build the first line 

of defense when it comes to CNS infection and/or injury. In this context, reactive microglia 

setting the basis for the many different beneficial, but also harmful processes. They are 

involved in the tissue clearing and debris phagocytosis, the secretion of pro- and anti-
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inflammatory cytokines to attract peripheral immune cells as well as to induce regeneration of 

the damaged tissue, but also to induce oxidative stress, chronic inflammation as well as the 

induction of BBB leakiness (Muzio et al., 2021). So far, it is highly debated whether microglia 

exhibit primarily beneficial or harmful functions in neurodegenerative disorders (Du et al., 

2017). Understanding the complex biological role of microglia in neurodegenerative diseases 

will therefore also contribute to possible treatment strategies.  

Up to now, the diagnosis of neurodegenerative diseases, such as MS, is based on established 

clinical criteria that are designed to assess cognitive impairment in patients (Gomez-Rio et al., 

2016). However, the differential diagnosis between disorders can be difficult, especially in 

early phases or atypical variants. Furthermore, disease progression is also analyzed based 

on this system, leading to the problem that changes can only be detected when clinical 

disability has already advanced. To solve this issue, clinicians use an arsenal of diagnostic 

tests, including (functional) brain imaging techniques as well as invasive analysis of biomarker 

expression to gain an advantage in the fight against neurodegenerative diseases. A constant 

improvement of techniques is mandatory in order to start treatment as early as possible. A 

part of the research is focusing on assessing biomarkers that can be measured in CSF and/or 

blood of the patients, which, however, does have negative side effects as they are highly 

invasive (lumbar puncture) and not widely available, especially not outside of specialist centers 

(Hansson, 2021). Others focus on improving imaging techniques or defining the 

characterization of via brain imaging techniques accessible parameters for different stadia of 

neurodegenerative diseases (Barthel et al., 2022). 

Over the last years, high-field structural magnetic resonance imaging (MRI) has become a 

powerful tool in deciphering and predicting specific brain pathology patterns (Calabrese et al., 

2015; Steenwijk et al., 2016) and disease courses such as e.g. MS (Krämer et al., 2019). In 

particular, advances in brain imaging acquisition and post-processing have improved the field 

and made strong contributions to our understanding of the progression of neuroinflammation 

and neurodegeneration (Ciccarelli et al., 2014). The strength of MRI comes from its ability to 

provide quantifiable markers with high spatial accuracy that can trace disease trajectories both 

for research and for clinical studies (Cortese et al., 2019).  

In the current study (Fleischer et al., 2021), our colleagues identified an early association 

between enlargement of the choroid plexus (ChP) and disease severity in two large cohorts 

of MS patients, including both treatment-naïve patients and patients under immunomodulatory 

treatment. The ChP is a highly vascularized tissue that extends on the floor of the lateral 

ventricles as well as the roof of the third and fourth ventricles (Talhada et al., 2020) and 

produces most of the CSF (Lun et al., 2015). The choroid plexus consists of modified 

ependymal cells surrounding a core of capillaries and loose connective tissue (Lun et al., 
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2015). Furthermore, they established a method to measure the ChP enlargement in two 

mouse models of MS (cuprizone-mediated demyelination as well as experimental autoimmune 

encephalomyelitis). Both models displayed ChP enlargement that correlated with the numbers 

of myeloid as well as astroglial cells in the cortex. In order to contribute to the understanding 

of the mechanism of ChP enlargement, we were able to show elevated numbers of reactive 

Clec7a positive myeloid cell as well as CD3 positive T lymphocytes within the ChP 

parenchyma. This was of high interest, since cuprizone mode of action is mostly described in 

the whiter matter tracts of the brain and in some parts of the cortex (Zhan et al., 2020), similar 

to the EAE, where most of its effects can be seen in the lumbar spinal cord (Constantinescu 

et al., 2011) – both regions are far away from the ChP analyzed here. In addition, we were 

able to isolate ChP tissue from diseased mice (CPZ or EAE) for the first time in order to carry 

out a transcriptome analysis. The results revealed that the cuprizone model of demyelination 

as well as the EAE change the transcriptome of the ChP in a way that supports increased 

leukocyte adhesion, migration and activation. This indicates, that ChP enlargement in 

combination with the elevated presence of activated microglia and peripheral T lymphocytes 

is contributing to increased immune cell trafficking across the BBB. It is widely accepted that 

different compartments can regulate the peripheral immune cell infiltration across the epithelial 

cells of which the meninges, the perivascular regions as well as the ChP play the biggest role 

(Benarroch, 2016; Yakimov et al., 2019). Furthermore, the data obtain in the animal models 

go in line with the literature, as peripheral immune cell infiltration as well as BBB permeability 

are also well described in both models (Baxter, 2007; McMahon et al., 2002; Shelestak et al., 

2020). It is thought, that astrocytes create a local inflammatory milieu that likely participates in 

destabilizing the BBB integrity mediated by down-regulation of tight junction proteins (Berghoff 

et al., 2017). In addition to infiltrating immune cells, a reduction in BBB integrity can also allow 

a variety of toxic molecules such as inflammatory cytokines and oxidative stress to enter the 

brain microenvironment from the periphery. These mediators can (directly and indirectly via 

neuronal damage) further activate microglial and astroglial cells, which in turn leads to the 

induction of neuroinflammatory damage and loss of BBB integrity (Hanisch & Kettenmann, 

2007; Haruwaka et al., 2019), resulting in a positive feedback loop. However, in most cases, 

it is not possible to determine whether barrier compromise is causal in disease onset or a 

result of neurological disease progression. Nevertheless, it can often be seen that a barrier 

disorder contributes to the development of a pathology and aggravates it (Persidsky et al., 

2006). In order to limit BBB permeability, recruitment of peripheral immune cells as well as 

microglia toxicity is seen as an important mechanism to regulate inflammatory lesion formation 

in early disease stages (Lassmann et al., 2012). 
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In the past, many treatments for MS aimed to suppress the immune system. However, it turned 

out that the suppression of the immune system has strong side effects and that most 

medications lose their effect after a short time. This leads to the fact that more and more 

medication is needed or the therapies have to be changed constantly (Vargas & Tyor, 2017). 

Therefore, current research is focusing on immune modulatory therapies in order to change 

the immune systems direction without blocking it completely (Vargas & Tyor, 2017). 

In this context, siponimod (BAF312), an orally administered sphingosine-1-phophate receptor 

(S1PR) modulator that selectively binds to S1PR1 and S1PR5, is used to treat RRMS (Kappos 

et al., 2016a). It has proven in clinical trials that reduces relapse rate as well as inflammatory 

disease activity and is seen as one of the few drugs that can also be used in SPMS as it still 

slows down disease progression and brain atrophy (Kappos et al., 2018). Additionally, several 

studies have confirmed that siponimod reduces oligodendroglial death in organotypic slice 

cultures (O'Sullivan et al., 2016) and prevents synaptic loss in the MS animal model 

experimental autoimmune encephalomyelitis (EAE; Gentile et al., 2016). In general, 

sphingosine-1-phosphate (S1P) is a biologically active sphingolipid that regulates a wide 

range of physiological processes, e.g. lymphocyte circulation, cardiac function, or the 

maintenance of the BBB (Wang et al., 2020). Most S1P effects are mediated through one of 

the five G protein-coupled S1P receptor subtypes called S1PR1–5 (An et al., 1997). These 

receptors are expressed differently on cell types, such as lymphocytes, dendritic cells, 

cardiomyocytes, endothelial cells, smooth vascular muscle cells, or fibroblasts (Kipp, 2020), 

but also CNS cells such as astrocytes (Brana et al., 2014; Nishimura et al., 2010), microglia 

(Noda et al., 2013; Tham et al., 2003), and oligodendrocytes (Brana et al., 2014; Coelho et 

al., 2007). 

Despite the fact that receptors are expressed by CNS cells, so far no one has investigated 

any effects of siponimod onto microglia, although a putative effect on CNS cells is highly 

debated (Kipp, 2020). In order to analyze the effects of siponimod onto reactive microglial 

cells, primary rat microglial cell were stimulated with LPS and siponimod (Gruchot et al., 2022). 

Our findings showed that siponimod protects microglia from LPS reactivity as it prevents 

microglial cells from adopting activated cytoskeletal architecture and morphologies, reduces 

iNOS protein expression, modulates microglial cytokine expression and decreases microglial 

immunological pathways and points therefore to specific effects of siponimod on microglial 

cells. These results go in line with previous experiments performed with another S1PR 

modulator, named fingolimod. Fingolimod, which acts via S1PR1, 3, and 5, was shown to 

modulate microglia to exert neuroprotective and remyelinating effects (Jackson et al., 2011; 

Noda et al., 2013), which could be further verified by PET-CT imaging of MS lesions 

(Sucksdorff et al., 2017). In contrast to fingolimod, siponimod exerts a more specific receptor 
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modulation as it only affects S1PR1 and S1PR5 (Kappos et al., 2016b). It is therefore tempting 

to hypothesize that S1PR mediated effects on microglia are primarily driven by S1PR1 and 

S1PR5, but not by S1PR3. To prove this hypothesis, possible experiments could include 

specific S1PR antagonists, such as W146, for the inhibition of S1PR1 signaling, CAY10444 

for S1PR3 mediated effects and compound 15, a novel selective S1P5 antagonist (Ma et al., 

2021). Although S1PR modulators are well tolerated by the patients, its receptors are still 

widely expressed by many cell types of the CNS as well as in the periphery, leading to potential 

side effects (Kipp, 2020). It is therefore important to continue focus on the effects of S1P 

modulators, such as siponimod, onto other cells such as e.g. astroglia as well as Schwann 

cells in the PNS.  

Interestingly, we were able to characterize that siponimod stimulation specifically changes the 

pattern of microglial gene expression that cannot be assigned to a “classic” M1 or M2 

characterization and appears to be more complex, as siponimod generates a completely new 

cytokine signature in LPS challenged pro-inflammatory microglia. The interplay of different 

cytokines is thought to be crucial for the onset and progression in MS, although it is not always 

clear yet, whether cytokines in general participate primarily in beneficial or harmful functions 

in neurodegenerative disorders (Becher et al., 2017). Therefore, having found an activated 

microglial subtype that cannot be classified as M1 or M2 and has an undescribed cytokine 

profile, this study is consistent with recent RNA sequencing and genome-wide association 

studies suggesting the existence of disease-specific microglial, often referred to as disease-

associated microglia (DAMs; Deczkowska et al., 2018; Keren-Shaul et al., 2017; Pulido-

Salgado et al., 2018; Tay et al., 2018). As in vivo single cell transcriptome techniques are 

developed and improved, future studies will reveal whether the putative DAM signatures 

described here are indeed disease specific and/or perhaps corroborate to mechanisms for a 

group of diseases. 

In summary a causal correlation between ChP enlargement, BBB integrity and microglial 

activation is provided here for the first time. This knowledge might lead to the use of ChP 

measurement techniques via MRI in future diagnosis and prognosis of neurodegenerative 

diseases and, above all, MS. In addition, it could be shown that siponimod, a drug that is used 

to treat RR and SPMS, is not only affecting peripheral immune cell or oligodendrocytes 

(Dietrich et al., 2022; Gentile et al., 2016) but also microglia, by modulating their immune 

reaction. In the end, it is tempting to speculate that siponimod might also have beneficial 

effects onto the BBB integrity, as it modulates microglial cytokine expression as well as the 

production of nitrosative stress. Both factors are known to induce BBB permeability (Haruwaka 

et al., 2019). Although other immunomodulatory therapies are also able to effectively prevent 

or mitigate early disease progression in MS, siponimod is still of high interest, as it is one of 



Discussion 

130 

the few drugs that is approved for the treatment of active secondary progressive MS patients. 

As it is known from MS histopathology, microglia can be primed by invading peripheral immune 

cells during initial disease relapses, leading to a milieu of smoldering inflammation behind an 

intact BBB in SPMS (Giovannoni et al., 2022), which might be prevented by siponimod, if the 

here presented data are taken into account. 

3.2 New insights onto the effects of HERV-W ENV onto glial cells 

Human endogenous retroviruses are proposed to play important roles in health and disease. 

While some of them have been domesticated over time such as syncytin-1, others have kept 

their viral character and are thought to induce pathological effects (Küry et al., 2018; Xiang & 

Liang, 2021). Over time many different pathologies were found that show implications of HERV 

expression and the number is steadily increasing (Küry et al., 2018). This includes 

neurodegenerative diseases such as multiple sclerosis and amyotrophic lateral sclerosis, 

neurodevelopmental disorders such as attention deficit hyperactivity syndrome and autism, as 

well as neuropsychiatric diseases, such as schizophrenia bipolar disorder (Balestrieri et al., 

2019; Balestrieri et al., 2014; Karlsson et al., 2001; Li et al., 2015; Perron et al., 1989; Tamouza 

et al., 2021; Yolken et al., 2000). As it is not completely clear how and via which CNS cells 

HERV-ENV exerts its neuropathological effect, the aim of this thesis was the investigation of 

HERV-W ENV’s effects onto different cell types of the CNS as well as onto de- and 

remyelination and neurodegeneration.  

3.2.1 Complex (re)awakening events leading to the expression of endogenous 

retroviruses 

Although neurodegenerative diseases share certain commonalities in their pathomechanism, 

the exact mechanism leading to the activation and expression of HERVs is far from being 

understood. As part of this thesis, it was aimed to summarize the complex (re)awakening 

processes that lead to the expression of endogenous retroviruses. 

Under physiological conditions, the majority of HERVs, particularly those with primarily 

pathological functions, are proposed to be in a dormant state and suppressed by molecular 

mechanisms of epigenetic silencing (Gruchot et al., 2023). The mechanism of epigenetic 

silencing include the localization of proviruses in the heterochromatin, blocking LTR access, 

CpG methylation and histone deacetylation. This, however, also implies that endogenous 

retroviral elements need to be epigenetically unlocked before they can be activated. To this 

end, several environmental factors, including infections, nutrition, and certain drugs were 

summarized (Gruchot et al., 2023) as putative key players in modulating epigenetic status 

quo. Altogether, the combination of these environmental factors together with the unique 
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interindividual setup of HERVs might lead to the complex prevalence in neurodegenerative, 

but also other neurological disorders. 

Apart from unlocking the epigenetic barrier, a direct induction of HERV expression is also 

known. In this context, it was found that LTR sequences act as a key activator of HERV 

expression, as they can bind to inflammatory transcription factors leading to the expression of 

these viral entities (Manghera & Douville, 2013). Furthermore, infections were shown to induce 

HERV expression, such as with HHV6 and EBV (Küry et al., 2018). Although, it has to be 

stated clear, that numerous studies demonstrated that EBV has a direct mode of action on 

HERV activation (Mameli et al., 2013; Mameli et al., 2012), there is still a problem in the 

differentiation between viral or inflammation driven activation of HERVs. A direct induction of 

HERV expression by viral infections is often indistinguishable from an indirect activation 

through inflammatory, i.e. NF-κB signaling pathways, since both entities will activate similar 

signaling pathways. As a matter of fact, most of available studies were correlative in nature 

and therefore, fall short in answering the question whether infectious agents exert direct 

effects on HERV expression, or whether these effects are indirectly mediated by pro-

inflammatory pathways and/or epigenetic unlocking processes discussed above. Indeed, 

because systemic inflammation and viral infections share similar signaling pathways, it is 

difficult to distinguish temporally between those two HERV effectors. As part of this thesis, it 

was therefore proposed that more longitudinal studies on HERV activation in 

neurodegenerative diseases have to be performed in order to better understand the complex 

sequence of events.  

Similar to HERVs, the exact mechanism leading to the onset of neurodegenerative diseases 

is far from being understood. A recent study has set a milestone by conducting a longitudinal 

study within the US military. In this study, it was found that there is a 32-fold increased risk to 

develop MS after an infection with EBV (Bjornevik et al., 2022). In addition to the fact that EBV 

infections are known to induce an arsenal of epigenetic modulators as well as systemic 

inflammation, it is also proposed to be a regulatory mechanism of HERV activation (Küry et 

al., 2018). Interestingly, EBV also represent a risk factor for the development of certain HERV-

associated diseases, including MS (Römer, 2021). This notion is supported by the fact, that 

the exposure of B cells to EBV was found to cause a genome-wide activation of LTR 

sequences in these cells and the EBV-mediated activation of LTRs was further associated 

with local DNA hypomethylation (Leung et al., 2018). As it was multiple times shown, EBV 

infection itself is able to change host epigenetics on the long-term, thereby counteracting the 

immune reaction and might further unlock endogenous retroviral elements (Buschle & 

Hammerschmidt, 2020). In the end, additional longitudinal studies are again warranted to 

decipher the temporal sequences of molecular events acting on inserted viral elements and 
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leading to their release – prior or concomitant to disease onset and development. Since none 

of the available studies have ascertained the epigenetic status quo, it remains unclear whether 

prior epigenetic de-repression is a necessary step to prime cells for HERV responses, thereby 

enabling HERV activation in response to infection and/or inflammation. It was therefore 

proposed, that future studies should not only focus on the detection of HERV expression, but 

rather also include information on the current epigenetic state. Although such approaches are 

very labor intensive, lengthy and expensive, it goes in line with the current literature as recent 

articles also demand the inclusion of epigenetic and longitudinal analyses in 

neurodegenerative disorders (Kashani et al., 2021; Koulousakis et al., 2023; Leng et al., 2019; 

Martinez-Iglesias et al., 2021). 

Finally, it can be concluded that this work made a detailed summary on the complex activation 

mechanism of HERVs. Moreover, clear future suggestions were made that correlate with the 

scientific view in other fields of neurodegenerative diseases. 

3.2.2 Effects of HERV-W ENV onto oligodendroglial lineage cells 

Mature oligodendrocytes are mandatory for the electrical isolation of CNS neurons thereby 

warranting the saltatory signal transduction (Zalc et al., 2008). In multiple sclerosis, 

oligodendrocytes are attacked by immune cells and die focally, leading to demyelinating 

lesions. In general, oligodendroglial precursor cells would be able to replace the attacked 

oligodendrocytes and remyelinate demyelinated axons, however this process was shown to 

be very limited and inefficient at least in MS ((Kremer et al., 2011; Kuhlmann et al., 2008) as 

well as reviewed by (Gruchot et al., 2019b)). It was therefore of high interest, to understand 

whether HERV-W ENV exerts an effect onto oligodendroglial linage cells. In 2013, Kremer 

and colleagues were able to show in MS patients that HERV-W ENV is present in close 

proximity to TLR4-expressing oligodendroglial progenitor cells. Furthermore it was found, that 

the ENV protein itself could inhibit oligodendroglial differentiation in vitro in a TLR4 dependent 

manner (Kremer et al., 2013). Follow up studies showed, that this effect can be prevented 

when OPCs were co-incubated with an ENV neutralizing antibody named Temelimab (Kremer 

et al., 2015) and that HERV-W ENV is not only blocking the differentiation of OPCs, but also 

the myelination (Göttle et al., 2019). In order to analyze HERV-W ENV dependent effects onto 

oligodendroglial lineage cells in a more complex cellular structure, the de- and remyelination 

processes in an ENV expressing mouse model (CAG-Env) were analyzed upon exposure to 

the demyelinating agent cuprizone (CPZ; Gruchot et al., submitted). Upon CPZ feeding, CAG-

Env mice showed an induction in demyelination processes and upon withdrawal of the CPZ 

diet transgenic animals were impaired in remyelination processes. While the increased 

demyelination processes are most likely due to increased inflammation and immune cell 
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activation as already indicated by Kremer and colleagues in 2019 (Kremer et al., 2019), 

another effect of HERV-W ENV protein onto oligodendroglial cells could be revealed, as the 

decreased remyelination capacity of CAG-Env mice turned out to be not only based on 

impaired OPC differentiation but also on decreased OPC recruitment. An effect that was most 

likely mediated by decreased OPC proliferation. This refined our view of the viral protein’s 

impact on myelin repair, as ENV appears to induce multiple effects onto oligodendroglial 

lineage cells. One the one hand HERV-W ENV protein interferes with oligodendroglial 

maturation as demonstrated before (Göttle et al., 2019; Kremer et al., 2019; Kremer et al., 

2013), but on the other hand its presence also caused a lack of OPC recruitment. This was 

not seen in previous ex vivo studies due to the use of post-mitotic primary cells. As a matter 

of fact, however, it remains to be shown whether the lack in OPC recruitment is only based on 

impaired OPC proliferation or whether OPC migration and infiltration of the corpus callosum 

is impaired as well. It is well described that the lack of trophic input and the inhibitory milieu 

generated by microglia and astrocytes can also lead to a lack of OPC recruitment (Galloway 

et al., 2020). Indeed, in the coming chapters it will be shown that astrocytes and microglia are 

also activated by HERV-W ENV expression. Therefore, it is even very likely that the effects 

described here have multiple casualties consisting of direct and indirect effects on 

oligodendroglial lineage cells. 

Interestingly, these findings go in line with recent transcriptome and histological analysis from 

MS patients (Jäkel et al., 2019), as Jäkel and colleagues were able to show that the number 

of OPCs is decreased in rim of MS lesions compared to normal appearing white matter 

(NAWM). Furthermore, they suggest that a proportion of mature oligodendrocytes might be 

able to contribute to remyelination in MS (Jäkel et al., 2019). It would be therefore of high 

interest to perform fate mapping studies of CPZ challenged CAG-Env mice in order to identify 

additional reasons for the deficit in remyelination capacity. The usage Cre recombinase (Cre) 

inducible OPC specific reporter mice (such as PDGFRα-CreER x Rosa26-eYFP or NG2-CreER 

x Rosa26-tdTomato mice) would enable it to fate trace oligodendroglial lineage cells and 

therefore to analyze whether the differentiation is blocked at a certain stages. Furthermore, it 

could be investigated whether oligodendroglial lineage cells get lost or whether there is an 

impaired infiltration of OPCs during the course of cuprizone-mediated demyelination as well 

as in remyelination phases. 

Moreover, not only OPCs contribute to the total remyelination capacity of the brain, but also 

brain resident neural stem cells (NSCs), primarily of the subventricular zone, have the ability 

to contribute to remyelination (Moyon et al., 2023). Although recent findings suggest, that 

OPCs are the primary source for maturing oligodendrocytes in the cuprizone model of 

demyelination (Moyon et al., 2023), a blockage of OPC differentiation led to a significant 
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increase in the recruitment and differentiation of NSC-derived cells into the demyelinated 

corpus callosum. Therefore, in order to refine our current results of the HERV-W dependent 

remyelination deficit, it would be of high interest to include the analysis of NSC derived 

remyelination in future studies.  

Taken together, this thesis improves our view on the effects of HERV-W ENV onto 

oligodendroglial lineage cells as it identified an OPC recruitment deficit upon HERV-W ENV 

expression. This effect together with the described oligodendroglial differentiation deficit upon 

HERV-W ENV stimulation resulted in a decreased remyelination capacity. These findings 

might therefore contribute to the discovery of novel drug targets thereby further supporting 

treatment strategies and improving patient health. 

3.2.3 Effects of HERV-W ENV onto microglia 

Microglia are described as an important cell type, as their expression and secretion of pro-

inflammatory cytokines as well as their phagocytosis ability contribute to the onset and 

progression of neurodegenerative diseases (Lassmann et al., 2012). Furthermore, microglia 

express either the HERV-W ENV receptor TLR4 as well as HERV-W ENV itself in the rim of 

MS lesions (Kremer et al., 2013; Rolland et al., 2006; van Horssen et al., 2016). It was 

therefore considered of high interest to analyze the effects HERV-W ENV has onto microglial 

cells. In the initial study (Kremer et al., 2019) we were able to proof once again that HERV-W 

ENV is expressed in microglia. Moreover, it was also found that these ENV positive myeloid 

cells were in a very close proximity to myelinated axons (Kremer et al., 2019), leading to the 

hypothesis that these cells contribute to neurodegeneration. The following in vitro studies then 

revealed that microglia increasingly express pro-inflammatory cytokines as well as nitrosative 

stress markers and suppress anti-inflammatory cytokines as well as phagocytosis upon ENV 

protein exposure. Similar to our findings, Rolland and colleagues showed, that HERV-W ENV 

leads to an increased expression and secretion of pro-inflammatory cytokines in PBMC 

cultures (Rolland et al., 2006). However, the role of cytokines in neurodegenerative diseases 

is highly debated (Kany et al., 2019). Upon a damage or infection event, cytokines are 

necessary to guide the immune reaction and thereby leads to the clearance of damaged 

tissues or cells, as well as to regeneration. On the other side, chronic long-term inflammation 

is associated with a number of different devastating diseases such as neurodegenerative 

diseases (Murakami & Hirano, 2012). In this case, cytokines not only lead to the clearance of 

injured or infected tissues and/or cells but also damages healthy tissue (Murakami & Hirano, 

2012). In contrast to cytokines, nitrosative stress has been described more clearly. While it is 

seen to be important at low levels in physiological processes, higher levels, such as detected 

in neurodegenerative disorders, lead to neuronal dysfunction and death (Butterfield, 2006). In 



Discussion 

135 

order to proof this hypothesis, myelinated co-cultures with microglia were stimulated with 

recombinant HERV-W ENV. Similar to the MS histology, it was found, that HERV-W ENV 

leads to an increased association of microglia with myelinated axons. Furthermore, ELISA 

secretion assays were able to show increased levels of MBP, NF-H and SYP in the media of 

co-cultures with microglia and HERV-W ENV - an effect that was only seen when microglia 

and HERV-W ENV were present in the culture, indicating that neurodegeneration and 

demyelination upon HERV-W exposure is dependent on microglia. However, since the co-

culture used in these experiments also contained astrocytes, but an effect was only seen when 

microglia and HERV-W ENV were present, it is tempting to speculate that astrocytic cells do 

not contribute the same amount to the occurring neurodegeneration and demyelination as 

microglia. However, the next chapter will look at this thoughts from a different perspective and 

might therefore come to a more complex result. 

At this point, it is worth mentioning that microglia are well described of being able to induce 

neuronal death. Important molecules that are expressed by microglia and are associated with 

the induction of neurodegeneration are TNFα (Kitaoka et al., 2006) as well as NO (Butterfield, 

2006) – two effectors that were also detected in the co-culture experiments. Although TNFα 

can have beneficial roles, the literature clearly indicates that this cytokine is mediating 

neurodegeneration upon chronic long-term exposure (Jayaraman et al., 2021). This process 

is most likely mediated by TNF receptor-1-mediated necroptosis pathway, via phosphorylation 

of RIPK3 and MLKL (Jayaraman et al., 2021). In contrast, however, the inhibition of TNFα 

resulted in increased disease activity and lesion load progression (The Lenercept Multiple 

Sclerosis Study Group and The University of British Columbia MS/MRI Analysis Group, 1999), 

indicating that certain amount of cytokines is necessary. Nitrosative stress mediated by nitric 

oxide, on the other hand, is also well described to induce neuronal degeneration (Smith et al., 

2001). Furthermore, multiple studies have demonstrated a significant involvement of NO in 

neurodegenerative diseases such as AD (Duda et al., 2000), PD (Good et al., 1998) but also 

MS (Smith & Lassmann, 2002). However, the exact mechanism on how NO leads to 

neurodegeneration remains to be shown. 

As a next step, the polarization of microglial cells was analyzed in a HERV-W ENV expressing 

transgenic mouse line (CAG-Env), challenged with different MS models. Upon cuprizone-

mediated demyelination as well as experimental autoimmune encephalomyelitis, transgenic 

mice displayed an elevated area of microglia/myeloid cells in the respective regions of interest. 

In general, infiltration of microglial cells into the corpus callosum (upon CPZ treatment) or 

within EAE lesions of the spinal cord, are well described in both models (Montilla et al., 2023; 

Zhan et al., 2020). However, our observation that HERV-W ENV amplifies these effects 

indicates the occurrence of increased inflammation. These finding also go in line with our in 



Discussion 

136 

vitro analysis, as we have seen in the mono- as well as in co-culture model, that microglia 

exhibit enlarged morphologies and increased cell numbers upon HERV-W ENV stimulation. 

Of note, a limitation of our EAE studies still lies in the lack of markers to distinguish between 

microglia and macrophages. Therefore, while in CPZ experiments Iba1 positive cells are 

primarily characterized by microglia, Iba1 positive cells of EAE experiments cannot be 

differentiated between microglia and macrophages and are therefore referred as myeloid cells. 

Our results, furthermore, revealed an increased myeloid expression of Clec7a, which is a 

transmembrane protein containing an immunoreceptor tyrosine-based activation (ITAM)-like 

motif on its intracellular tail and was shown to be induced in microglia in many different 

neurodegenerative disorders such as MS, ALS, AD and PD (Keren-Shaul et al., 2017; 

Krasemann et al., 2017; Paolicelli et al., 2022; Stratoulias et al., 2019). Furthermore, it is 

thought that Clec7a signaling can be activated by amyloid beta, myelin debris and apoptotic 

cells leading to the induction of a neurodegenerative microglial phenotypes via spleen tyrosine 

kinase (SYK)-dependent pathways (Schafer & Stillman, 2022). However, a different group 

showed that Clec7a deficient mice have decreased axonal regeneration in a model of LPS 

induced optic neuritis (Baldwin et al., 2015), indicating that the exact molecular mechanism 

leading to neurodegeneration remains to be identified. Moreover, our experiments were not 

able to identify, whether Clec7a expression is a direct consequence of HERV-W ENV 

exposure leading to neuronal death or a secondary effect that is induced by the increased 

neurodegeneration. A recently published study showed, that Clec7a expression in monocytes 

can be induced by the TLR4 agonist LPS (Wang et al., 2022). In this context, it is tempting to 

speculate, that HERV-W ENV might also be able to induce Clec7a expression, although future 

experiments should focus on a proof of principle. 

Additionally, we found increased expression of complement component 1q A chain (C1qa) as 

well as CD74 upon cuprizone mediated demyelination. C1q is a polyprotein complex 

composed of 18 polypeptide chains: six A-chains, six B-chains, and six C-chains. It is 

considered as a central part of the complement system and the adaptive immune system. In 

the CNS, it is primarily expressed by microglial cells (Fonseca et al., 2017) and besides other 

cytokines leads to the activation of reactive neurotoxic astrocytes (Liddelow et al., 2017). 

CD74 on the other hand, is involved in the antigen presentation and is a marker for highly 

activated microglia in neurodegenerative diseases (Jin et al., 2021). In addition, similar 

findings were shown by a different group that was able to identify increased CD74 expression 

in microglia upon stimulation with LPS – an effect that could be rescued by TGFβ co-

stimulation (Jahn et al., 2022). 

In summary, this work provides first principle evidence that HERV-W ENV stimulates 

microglia-dependent functions such as decreased phagocytes, expression of pro-
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inflammatory cytokines, and down-regulation of anti-inflammatory cytokines. These effects not 

only lead to a negative milieu leading to OPC differentiation (Galloway et al., 2020) but are 

also associated with increased neurodegeneration and disease progression. It is very likely 

that the observed effects of HERV-W ENV onto OPCs are rather mixed effects of direct and 

indirect inhibition of OPC differentiation. Furthermore, analyzing novel microglial polarization 

marker, it could be shown, that HERV-W ENV challenged microglia express 

neurodegenerative associated proteins such as Clec7a and CD74 in two distinct models of 

MS. This finding contributes significantly to the characterization of HERV-W ENV triggered 

microglia in the context of neurodegenerative diseases. 

3.2.4 Effects of HERV-W ENV onto astroglia 

Besides microglial cells, astrocytes are also described as important immune-competent cells 

of the CNS, contributing to the onset and progression of neurodegenerative diseases (Absinta 

et al., 2021). Although astroglia express TLRs (Gorina et al., 2009), the knowledge about the 

effects of HERVs onto astrocytic cells is very limited. Observations on the related syncytin-1 

displayed increased astrocytic release of redox reactants, which are known to have cytotoxic 

effects onto oligodendrocytes (Antony et al., 2007). Furthermore, syncytin-1 overexpression 

in human astroglia was reported to activate the inflammatory marker CRP via TLR3 signaling, 

notably a receptor that is known to bind double-stranded RNA but is prone to nucleic acid 

artifacts in transfection experiments (Wang et al., 2018). However, it is highly debated whether 

the physiological expressed syncytin-1 and the pathogenic form of HERV-W ENV exert similar 

effects. At least at biochemical level, these two proteins display important differences that 

might also interfere with receptor activation (Charvet et al., 2021), indicating that there is a 

clear need for more and in depth analysis of the effects of HERV-W ENV onto astrocytes. 

To this end, astroglial polarization upon CPZ treatment as well as after induction of the EAE 

was analyzed. The results indicated an elevation in cleaved C3 (C3d) and Lcn2 positive 

reactive astrocytes upon cuprizone mediated demyelination as well as experimental 

autoimmune encephalomyelitis in transgenic vs wildtype brains (Gruchot et al., submitted). 

This marker combination in astrocytes is highly associated with neurodegeneration as well as 

impaired remyelination (Al Nimer et al., 2016; Bi et al., 2013; Liddelow et al., 2017). As we 

have already identified e.g. C1qa expression in microglia that could lead to an activation of 

astrocytes, a closer look was taken in order to identify whether these effects are specific for 

an interaction between astroglia and HERV-W ENV or just a correlation of microglial activation. 

To this end, an astroglial-microglia co-culture model was established in which it was found, 

that these cells appear to be sensitive to both, a direct impact of the ENV protein as well as to 

signals emanating from polarized microglial cells (Gruchot et al., submitted). Of note, since 
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the cell types were separated by cell culture inserts, a direct cell-cell contact was not 

necessary for this type of polarization. Similar interactions were recently described by Absinta 

and colleagues who described a strong interaction between microglia, astrocytes and 

peripheral immune cells (Absinta et al., 2021) and therefore contributes to the understanding 

of the emerging pathological role of astrocytes in MS and related disorders (Ponath et al., 

2018). Moreover, our data provided here go in line with the literature, as C3 expression and 

cleavage to C3d was shown for many neurodegenerative diseases such as AD, PD, ALS and 

MS (Ingram et al., 2014; Loeffler et al., 2006; Mantovani et al., 2014; Rogers et al., 1992; 

Watkins et al., 2016). It is therefore seen as an important candidate for the identification and 

treatment of neurodegenerative activated astroglia (Schartz & Tenner, 2020). While C1qa 

expression and secretion, by e.g. microglia, are described to have a direct influence onto the 

expression of C3 and cleavage to C3d (Schartz & Tenner, 2020), Liddelow and colleagues 

have shown that C1qa signaling alone is not sufficient to induce Lcn2 expression in astrocytes 

(Liddelow et al., 2017). In contrast, they were able to show that Lcn2 expressing astrocytes 

can be induced by LPS stimulation – a known agonist of TLR4 signaling (Bohannon et al., 

2013). Since TLR4 is also considered to be an important receptor for HERV-W ENV-mediated 

effects (Rolland et al., 2006), our data fit very well into the scientific literature. Furthermore, it 

can be hypothesized that Lcn2-positive astrocytes are most likely not induced by microglial 

C1qa secretion but by the HERV-W ENV protein itself. Similar to the complement activation, 

secreted Lcn2 is detected in the serum and/or CSF of patients suffering from 

neurodegenerative disorder such as AD, ALS and MS, where it is often described as an 

important biomarker and signaling pathway (Al Nimer et al., 2016; Berard et al., 2012; Naude 

et al., 2012; Petrozziello et al., 2020). However, it must also be considered that the boundaries 

of astroglial classification are fluid (Escartin et al., 2021) and although our proposed data here 

are more indicative of a neurotoxic astroglial phenotype, it could also be true that 

neuroprotective markers point in a different direction. In this context, recent studies have 

shown astroglial subpopulations that are thought to contribute to myelin repair (Silva et al., 

2023) and thereby suggested to have a closer look into cell-specific modularity approaches 

aiming at novel therapeutic opportunities. As suggested by Escartin and a consortium of 

astroglial researchers, future studies should therefore focus on a multilevel analysis of the 

astroglial polarization including bulk and/or single cell transcriptome analysis (Escartin et al., 

2021). Since astroglia contribute to the integrity of the BBB (Sofroniew & Vinters, 2010), it is 

tempting to speculate that HERV-W ENV will also have an influence on the infiltration of 

peripheral immune cells via astroglial polarization. Of note, Duperray and colleagues have 

already shown that HERV-W ENV has pro-inflammatory effects onto endothelial cells 

(Duperray et al., 2015). This effect was mediated by TLR4 signaling and lead to an increased 
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expression of intercellular adhesion molecule (ICAM)-1, a major mediator of lymphocyte 

adhesion to endothelial cells. 

In conclusion, this thesis describes for the first time a direct effect of HERV-W ENV on 

astrocytes. Exposure of astrocytes to HERV-W ENV protein resulted in a reactive neurotoxic 

phenotype that was independent from microglial activation but can be potentiated by microglia. 

Since this was the first description of an effect of HERV-W onto astrocytic cells, future studies 

should focus on an in depth characterization, e.g. using transcriptome analysis. 

3.2.5 HERV-W ENV contributes to neurodegeneration 

Since the mammalian CNS lacks any regeneration, dying neurons are very likely not been 

replaced, leading to the progression of the diseases as well as to permanent worsening of the 

clinical disabilities. To this end, a wide variety of different methods was used to detect HERV-

dependent neurodegeneration. 

Initially, the MS histology provided first insights into HERV-W ENV mediated 

neurodegeneration, as ENV positive microglia could be shown in a close proximity to 

myelinated axons that displayed a swollen morphology (Kremer et al., 2019) – a phenotype 

often described for axonal transections (Coleman & Perry, 2002). This axonal swelling in the 

brain was increased compared to other neurodegenerative diseases such as ALS and control 

patients without neurological disorders, which suggests a fundamental involvement of ENV-

positive microglia in MS pathology. Additionally, a microglia and HERV-W ENV dependent 

increase in neurofilament levels in the media of a myelinated co-culture was observed (Kremer 

et al., 2019). HERV-W ENV expressing mice (CAG-Env) also showed an increased number 

of amyloid precursor protein (APP) positive spheroids upon cuprizone mediated demyelination 

(Gruchot et al., submitted) – an indicator of axonal transection in vivo (Coleman & Perry, 

2002). Interestingly, a rather gentle and regenerative lesion set-up, as mediated via cuprizone 

feeding, led to significantly increased neurodegeneration in transgenic mice, which can be 

seen as a remarkable consideration for this model system (Zhan et al., 2020). Similar is true 

for the clinical EAE score, which was significantly increased in CAG-Env mice. The clinical 

EAE score is highly associated with spinal cord inflammation and neurodegeneration (Liu et 

al., 2008). Therefore, it is tempting to speculate that the observed worsening in clinical 

symptoms in the EAE model also result (in part) from enhanced neurodegenerative processes. 

Our results provided here, along with published knowledge, open up various possibilities of 

direct and indirect mechanisms leading to neurodegeneration. In this context, it was previously 

shown, that HERV-K, a retroviral entity associated with ALS, can be expressed by neurons 

and upon expression leads to the death of neurons (Li et al., 2015). This process is described 

to be mediated by TDP-43 signaling (Douville & Nath, 2017). While Li and colleagues were 
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able to show direct effects of an endogenous viral entity, our model, showed no spontaneous 

induction of neurodegeneration in control transgenic animals (Gruchot et al., submitted). 

However, taken into account that impaired de- and remyelination processes were observed 

(Gruchot et al., submitted), it is well described that impaired myelination leads to 

neurodegeneration (Ettle et al., 2016). While most of this evidence is based on studies on MS, 

also other neurodegenerative diseases are characterized by myelin dysfunction or 

demyelination, such as AD (Bartzokis, 2004), indicating that proper myelin function is essential 

for the neuronal integrity and hence long-term neuronal survival. 

Although this effect was not described in our ex vivo studies from 2019, we were also able to 

provide strong evidence that also astroglial cells contribute to the occurring neurodegeneration 

as our recent results clearly demonstrate an increased expression of the neurotoxic marker 

Lcn2 (Bi et al., 2013). The exact mechanism on how Lcn2 induces neurodegeneration is, 

however, not fully understood, yet. One possible mechanism could be related to Egr1, as a 

recent publication showed Lcn2 dependent upregulation of Egr1 in oligodendrocytes (Li et al., 

2022). In neurons, Egr1 is known as a stress signal associated with neuropsychiatric diseases 

(Brito et al., 2022; Tallafuss et al., 2022). Of note, it was also recently shown by Johannson 

and colleagues that HERV-W ENV stimulated hippocampal slice cultures exhibit a deficit in 

glutamate synapse maturation and when it is transfected postnatal in mice it leads to altered 

behaviors associated with psychosis. This effect, however, was shown to be mediated by glial 

cells, similar to our observations (Johansson et al., 2020). Although they did not analyze Lcn2 

expression, they identified increased levels of pro-inflammatory cytokines to be responsible 

for the deficiency in glutamate synapse maturation (Johansson et al., 2020). 

A third possibility that is described in this thesis points towards microglial cells that induce 

neurodegeneration. In general, it is well described that microglia can induce neuronal death, 

and this thesis identified different pathways such as mediated by cytokines, oxidative stress 

and/or via Clec7a signaling. Of note, Perron and colleagues could show a different 

mechanism, which is dependent on peripheral immune cells. In 2013, they were able to show 

that HERV-W ENV can be used as adjuvant for the induction of EAE that exceed the clinical 

scores in classically induced mice (Perron et al., 2013). This effect could be rescued by the 

treatment with an ENV blocking antibody named Temelimab (Perron et al., 2013). However, 

the authors hypothesized that these effects were mediated by an activation of T lymphocytes, 

as they were able to show, that cultured T cells of MOG/ENV immunized mice responded with 

a significant secretion of IFNγ, compared to cells of immunized control animals (Perron et al., 

2013). Similarly, previous reports have shown a Th1-like type of Th cell differentiation or 

superantigen-like (SAg) activation of T cells (Perron et al., 2012; Rolland et al., 2006). 

Although it cannot be excluded that peripheral immune cells contribute to the here described 



Discussion 

141 

neurotoxic effects, our data primarily point towards microglia, astrocytes as well as increased 

demyelination as mediators for neurodegeneration.  

In conclusion, the data shown in this thesis indicate that multiple pathways could mediate the 

effects of HERV-W ENV on neurodegeneration. Although a direct effect of HERV-W ENV onto 

neurons as well as effects of peripheral immune cells cannot be excluded, this thesis provides 

unequivocal evidence that microglial and astrocytic cells play a significant role in this context. 

3.3 The importance of these results and future perspectives 

Both, the experimental work studying the influence of microglia onto the BBB integrity in MS 

(Fleischer et al., 2021) as well as analyzing the effects of siponimod onto reactive microglia, 

(Gruchot et al., 2022) together with the review that summarizes the current mechanisms 

leading remyelination failure (Gruchot et al., 2019b), contribute to a more detailed knowledge 

on the biology of neurodegenerative diseases. Within the framework of the two experimental 

studies, it was possible to have a direct influence on the elucidation of the reasons for 

remyelination errors summarized in the review. 

Regardless of extensive research efforts on neurodegenerative diseases, the causative 

mechanisms are still obscure. With the here provided study (Fleischer et al., 2021) that 

analyzed the correlation of BBB enlargement and BBB integrity in MS an unmet need for novel 

molecular, cellular, and imaging biomarkers predicting loss of BBB integrity is addressed, 

thereby aiming in characterizing the disease onset and severity in patients with 

neurodegenerative diseases. With the better understanding of how microglia and peripheral 

immune cells contribute to BBB leakiness during the course of MS, this thesis may also be 

able to improve the prognosis and medication of MS patients. However, BBB integrity is not 

only important for MS pathology, as described above, increased peripheral immune cell 

infiltration is reported for all neurodegenerative diseases (Doty et al., 2015; Rezai-Zadeh et 

al., 2009). Furthermore, an improved knowledge in the dynamics of BBB integrity might lead 

to a better understanding in how therapeutic molecules will be transported across the BBB. Of 

note, the protection of BBB integrity is not only important for the symptomatic improvement of 

neurodegenerative diseases, but also plays crucial roles in aging processes and the protection 

against infectious diseases (Knox et al., 2022), indicating the wide impact of this study. 

However, the success of this study is also reflected by its citations within the scientific field. 

As it could be shown, that ChP enlargement also plays significant roles in depression 

(Althubaity et al., 2022), and was shown to be associated with cognitive decline and 

Apolipoprotein E (ApoE) expression (Mantovani et al., 2014). Furthermore, choroid plexus 

volumetric are meanwhile proposed to be accepted as a predictor of MS treatment response 

(Murck et al., 2023).  
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Since siponimod has been shown to penetrate the intact BBB as well (Gentile et al., 2016), a 

significant contribution to the understanding on how reactive microglia can be targeted to 

prevent the smoldering inflammation known to also reside behind a closed BBB could be 

made. At this point, it should be emphasized that our RNAseq analysis went in line the 

proposed recommendations for the analysis of microglial cells (Paolicelli et al., 2022). The 

categorization of microglia with outdated terms like “dormant versus activated” or “M1 versus 

M2” led to widespread problems, so in this publication (Gruchot et al., 2022) we have taken a 

different approach that reflects the current technical advantages and thereby provides a larger 

scale of information. As the gene ontology analysis revealed that there is an increase in the 

reaction to unfolded proteins, it would be of interest to see to what extend siponimod has an 

influence onto the endoplasmic reticulum and whether siponimod has any effects onto the 

immune metabolism. All together, these would be important information to fully reveal the 

beneficial but also harmful effects of siponimod treatment and might improve future siponimod 

medication.  

Furthermore, based on the first two reviews (Gruchot et al., 2019a, 2020), together with the 

novel description of the HERV-W ENV-dependent activation of microglial and astroglial cells 

and how this leads to demyelination as well as neurodegeneration and impaired remyelination 

(Gruchot et al., submitted; Kremer et al., 2019), an important contribution to the field of HERVs 

but also neurodegenerative field could be made. Since recent single cell RNAseq experiments 

have shed light onto the high complexity of microglial and astroglial immune polarization 

(Escartin et al., 2021; Paolicelli et al., 2022), it would be an important next step to analyze the 

transcriptome of microglia and astrocytes derived from CAG-Env mice upon cuprizone-

mediated demyelination and/or EAE. These data would be a great benefit for the scientific 

community, as it could reveal the complex HERV-W ENV specific genetic signature that can 

be compared with already existing data on HERV-W independent activated microglia and 

astrocytes. This comparison would shed light on activation mechanisms that are either shared 

or CAG-Env specific. In addition, the bioinformatics community is evolving very rapidly, and 

once these data are released, other laboratories might be able to perform even deeper in silico 

analyses, which could potentially reveal new biomarkers for detecting early forms of e.g. MS 

and advance the field of human endogenous retroviral diseases. In addition, there is still very 

limited information about the effects of HERV-W onto stem cells niches, endothelial cells as 

well as pericytes, all of which are also functionally associated in autoimmune and 

neurodegenerative diseases (Hou & Hong, 2008; Lendahl et al., 2019; Yuan et al., 2023). 

Combined with the here provided ChP analysis and its implication in MS, it would be of interest 

to analyze ChP enlargement as well as BBB integrity in CAG-Env mice upon different MS 

models. In this context, it is proposed, that endothelial cells exert an inflammatory response 
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upon exposure to HERV-W ENV, characterized by an increased expression of ICAM-1 as well 

as cytokines, which in conclusion led to increased transmigration of activated immune cells 

(Duperray et al., 2015). 

Although we made great progress in the characterization of HERV-W’s effects onto glial cells, 

the EAE model provided evidence that also autoimmune processes might be altered. Given 

that the lesion formation in the EAE model was not found to be more frequent but larger in 

size and was thus containing more myeloid cells, it is very likely that also peripheral immune 

cells, that are known to infiltrate the CNS during the course of the EAE, play a significant role. 

It would therefore be of interest to analyze and compare the populations of peripheral immune 

cells inside vs outside of the CNS. As described above, HERV-W ENV can influence the T 

helper cell differentiation as well as the activation of T cells via the formation of SAgs (Perron 

et al., 2012; Rolland et al., 2006). However, a direct effect of HERV-W ENV onto lymphoid 

cells was not supported by the clinical trials (Hartung et al., 2022).  

While most reports (including our) point towards TLR4 mediated effects of HERV-W ENV 

others propose different signaling pathways such as mediated by major facilitator superfamily 

domain-containing protein (MFSD)-2 (Esnault et al., 2008), neutral amino acid transporter A 

(ASCT1; Antony et al., 2007), neutral amino acid transporter B(0) (ASCT2; Blond et al., 2000) 

and monocarboxylat-Transporter (MCT)-1 (Blanco-Melo et al., 2017). The question therefore 

remains which of these candidate receptors is important for the here described glial effects. 

Future experiments should therefor focus on different knock down/knock out experiments 

using e.g. TLR4-KO mice and/or apply specific blocking reagents in order to proof a specific 

signaling pathway. Interestingly, a recent study has shown that natalizumab treatment of MS 

patients modulates the expression of HERV-W as well as its response to it (Arru et al., 2015). 

In this context, other immunomodulatory therapies such as S1PR-modulators might also have 

beneficial effects onto the expression of HERV-W ENV. Of note and as indicated by this thesis 

the effects described for HERV-W ENV and LPS might be mediated by the same receptor 

signaling (TLR4). It is therefore tempting to speculate, that siponimod might also exert 

beneficial effects onto ENV triggered microglia. This underlines the fact that HERV-W ENV 

expression should be included in future serological analysis of treated MS patients. 

In the end, the epigenetic status quo of endogenous viral sequences as well as the activation 

mechanisms leading to the expression of endogenous retroviruses was summarized and 

thereby contributed to shape future suggestions in order to solve the current open questions 

in the field of endogenous retroviruses (Gruchot et al., 2023). In this context, we also shed 

light onto mouse endogenous retroviruses, which have a great potential for future analysis. 
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While most of the here described experiments were based on MS specific models, it should 

again be pointed out that there are many homologous pathways known between the different 

neurodegenerative diseases (characterized in the Introduction). Furthermore, recent 

transcriptome analyses are also aiming in the identification of common and different signatures 

in microglia, astroglia but also peripheral immune cells (Absinta et al., 2021; Escartin et al., 

2021; Paolicelli et al., 2022). Since HERVs can be found in many neurodegenerative diseases 

such as MS, ALS but also AD (Römer, 2021), it remains to be shown, whether these viral 

entities might characterize a common mechanism leading to chronic inflammation, 

autoimmunity as well as neurodegeneration. 

Of note, in late December 2019, an outbreak of an unknown disease later identified to be 

caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) quickly 

developed into a worldwide pandemic and caused high morbidity and mortality (He et al., 

2020). Besides the disease’s severity, numerous long-lasting post-infectious symptoms were 

observed among patients who suffered from SARS-CoV-2 infections (Lopez-Leon et al., 

2021). Apart from the direct effects mediated by the SARS-CoV-2 infection, a contribution of 

endogenous retroviruses in particular HERV-W ENV onto the severity as well as onto post-

infectious symptoms was recently described (Balestrieri et al., 2021; Charvet et al., 2023). A 

similar type of HERV activation was already described before, since induction of HERV-W 

expression was shown to be mediated by HHV-6 and CD46 receptor interaction (Charvet et 

al., 2018). Given the involvement of HERV-W in the pathogenesis of multiple sclerosis, as well 

as its association with the pathology of certain inflammatory neuropsychiatric diseases 

(Johansson et al., 2020; Tamouza et al., 2021), a correlation of the observed HERV-W ENV 

expression with neurological and cognitive symptoms is inevitable. Indeed, neurological 

symptoms and cognitive impairments are seen as a hallmark post-acute COVID-19 syndrome 

(Boldrini et al., 2021; Förster et al., 2020). It therefore remains to be shown, whether the here 

described effects of HERV-W onto the different glial cell populations might also play a role in 

post-acute COVID-19 syndrome as well as whether currently established therapeutic 

strategies such as for example treatment with the ENV neutralizing antibody Temelimab, might 

be applicable for post COVID-19 patients in the future. This, once more, underlines the 

importance of the here presented studies as there is first functional evidence that this viral 

entity contributes to impairments in neurological and cognitive symptoms of COVID-19 

patients. 
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3.4 Conclusion  

In conclusion, this thesis describes novel mechanisms on how microglia contribute to the onset 

and progression of neurodegenerative diseases and how immunomodulatory treatment 

strategies such as siponimod administration can influence microglial activation states. In 

addition, a better understanding about the molecular basis leading to remyelination failure in 

MS, as well as about the complex mechanisms of HERV activation in health and disease was 

provided here. By using latest glial polarization markers in combination with the novel HERV-

W ENV expressing mouse model, new insights of HERV’s mode of action could be described. 

In this context, it could be shown that HERV-W ENV protein exerts effects onto all four glial 

cell types, leading to severe impairments in de- and remyelination events as well as 

neurodegeneration. The fact that the expression of endogenous viral entities is associated 

with a constant rising numbers of highly inflammatory disorders underlines the importance of 

this research and it remains to be shown, whether future discoveries in the context of HERVs 

might lead to the development of more effective treatment strategies. 
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