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Summary

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
haufigsten Ursachen flir klinische Behinderungen und Todesfalle. Neben peripheren
Immunzellen sind aktivierte Gliazellen ein relevanter Effektor in der Pathologie
neurodegenerativer  Erkrankungen. Der Pathomechanismus und die Atiologie
neurodegenerativer Erkrankungen sind jedoch noch lange nicht aufgeklart. 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 Therapieansatze zu etablieren. DarUber hinaus haben neuere Erkenntnisse gezeigt,
dass humane endogene Retroviren (HERVs), wie HERV-W, mdglicherweise eine
regulatorische Rolle bei der Entstehung und dem Fortschreiten neurodegenerativer
Erkrankungen spielen. Im Allgemeinen handelt es sich bei HERVs um endogene virale
Entitaten, die sich vor Millionen Jahren in das Genom hoherer Primaten integrierten. Vor allem
das Hullprotein (ENV) wurde regelmafig beschrieben Immunaktivierung und Entziindungen

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.
Daruber hinaus soll ein Beitrag zum Verstandnis 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 Verstandnis des Beitrags der glialen Aktivierung zu neurodegenerativen
Erkrankungen zu verbessern, wurden verschiedene MS-Mausmodelle immunhistochemisch
analysiert. Darlber hinaus wurden diverse Experimente mit primaren Gliazellkulturen
durchgeflihrt, um Erkenntnisse Uber 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 Vorlauferzellen (OPCs) analysiert wurden.

Zunachst wurden reaktive Mikroglia im vergroRerten Plexus choroideus von MS-Patienten
sowie in murinen MS-Modellen gefunden, was darauf hindeutet, dass aktivierte

Mikrogliazellen eine wichtige Rolle bei der VergroRerung des Plexus choroideus und der
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Integritat der Blut-Hirn-Schranke spielen. Darliber hinaus wurde gezeigt, dass Siponimod, ein
oral verabreichtes Medikament zur Behandlung progressiver Formen der MS, die Mikroglia-
Aktivierung zu einem immunmodulatorischen Phanotyp 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 fuhren konnten. Bevor die HERV-Expression
eingeleitet werden kann, mussen diese epigenetischen Barrieren durchbrochen werden, was
dann zum Ausbruch neurodegenerativer Erkrankungen fuhren kann. SchlieBlich 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 erhéhten Demyelinisierung und Neurodegeneration fiihrte.

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)-Integritat als auch die immunmodulatorischen
Wirkungen von Siponimod stellen neue Erkenntnisse dar, die unser Verstandnis der Rolle von
Gliazellen bei neurodegenerativen Erkrankungen verbessern. Dariber hinaus wird ein seit
langem erwarteter funktioneller Beweis fir 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 prasentierten Daten zur Wirkungsweise von HERV-W liefern einen
Grundsatzbeweis fur die kurzlich abgeschlossene klinische Phase-2b-Studie (ANGEL-MS).
Ahnlich wie die hier prasentierten Ergebnisse deutete auch das Ergebnis der klinischen Studie
mit einem neutralisierenden Anti-HERV-W-ENV-Antikérper (Temelimab) darauf hin, dass
gliale pathologische Reaktionen fur die verringerten Hirnatrophieraten sowie die beobachtete

Erhaltung der Myelinintegritat verantwortlich sein kénnten.
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Introduction

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



Introduction

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 | and Il 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,
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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 B-amyloid (AB) 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 AR 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 y-secretases and cleave APP, lead to less efficient processing of APP
and the generation of longer and more hydrophobic AB 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 AR aggregation, it is also
plausible that tau and AR 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 AB 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 a-synuclein within the neuron but also within oligodendrocytes (Dugger &
Dickson, 2017). Furthermore, a defined set of peptides from a-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 a-synuclein theory appears to
be critical, since a-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 a-

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 250% 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 (H20y), nitric oxide (NO), peroxynitrite anions (ONOO"), superoxide (O27), 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 (Drége, 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, B-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 AR and phosphorylated
tau formation: macromolecule peroxidation, AR 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 (HERVSs), 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, Il and Ill) 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 fulfillimportant
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 (Kury 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
ERYV 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
(Kiry et al., 2018).

However, the fact that these retroviral elements have survived in our genome also suggests a
certain degree of symbiosis or domestication (Kiry 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 (Géke & 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 benéeficial
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; Rémer, 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-kB; Manghera & Douville, 2013; Thompson et al., 2016). Given that NF-kB regulates
various aspects of innate and adaptive immunity and can be activated by numerous pro-
inflammatory cytokines such as tumor necrosis factor (TNF) a, interleukin (IL)-183, IL-6 and
interferon (IFN) y, binding of NF-kB 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
(MSRYV), 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 1gG4 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 Il 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 gPCR 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 79q34 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. Il.) 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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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.
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Axonal degeneration is central to clinical disability and disease pro-
gression 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 pre-
viously 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.

multiple sclerosis | axonal degeneration | endogenous retrovirus |
myeloid cells | demyelination

As early as 1868, Jean-Martin Charcot described axonal de-
generation in multiple sclerosis (MS). However, this histo-
pathological hallmark of the disease was only rediscovered in the
late 20th century (1). Even though neurodegeneration is already
present in relapsing-remitting (RR) MS, it predominates in later
progressive MS stages, leading to severe neurological disability
(1-6). Among myeloid cells, microglia thal originate from the
yolk sac are part of the innate immune system of the central
nervous system (CNS) and survey its parenchyma responding to
various pathogens (7). However, they are not the only population
of myeloid cells that play a role in MS, as blood-borne monocytes
invading the brain through a leaky blood-brain barrier (BBB)
are present in MS lesions as well (8). In the inflamed MS brain, it
is therefore challenging to delineate microglia and invading
monocytes (9). In this regard, it remains to be shown whether the
recently identified transmembrane protein 119 (TMEM119)
might facilitate efforts in this direction (10), since there is evi-
dence that it is exclusively expressed in only a subset of microglial
cells (11). In addition, we here investigated predominantly pro-
gressive MS cases where the BBB is assumed to be mostly intact,
restricting peripheral cell infiltration (12). We therefore focused
on the brain-resident myeloid cell population of microglia for
our functional in vitro analyses. In MS, microglia participate in
both autoimmune inflammation and neurodegeneration by pro-
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ducing proinflammatory cytokines and molecules (4, 13-15). This
crucial role is underlined by experiments which found that
blocking microglial activation represses the experimental MS
model experimental autoimmune encephalomyelitis (16). Micro-
glia also seem to be linked to disease progression in MS: Positron
emission tomography (PET) studies in relapsing and progressive
MS using the mitochondrial translocator protein TSPO, which is
up-regulated in activated microglia, demonstrated that microglial
activation is a significant predictor of disability in progressive MS
(15, 17). However, microglia can also contribute to neurorepair,
inter alia, via myelin debris clearance, which is key for remyelination
and neuroprotection (18). Therefore, over the years, a distinct
nomenclature was established to capture the complex role of this
cell population in disease: A phenotype classically categorized as
“M1” produces reactive oxygen and nitrogen species, as well as

Significance

There is a broad repertoire of immunomodulatory drugs that
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to clinical disability in MS, it represents an unmet clinical need.
A recently completed phase llb study has demonstrated that
anti-pathogenic human endogenous retrovirus type W (pHERV-
W) envelope protein (ENV) treatment results in a significant
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proinflammatory cytokines, leading to myelin destruction and
subsequent neurodegeneration. In contrast, the so-called “M2”
phenotype is associated with the production of antiinflammatory
molecules and the clearance of myelin debris (18, 19). However,
M1 and M2 states never occur as pure phenotypes in vivo. As a
result, while this nomenclature may serve as a tool to simplify
data interpretation, this concept remains artificial and is in-
creasingly viewed as insufficient in the field (20). Accordingly, we
refrained from using this nomenclature in the work presented
here. In this study, we set out to investigate if the envelope protein
(pathogenic human endogenous retrovirus type-W [pHERV-W]
ENV, formerly MS-associated retrovirus [MSRV]-ENV) of the
HERV-W can drive microglia to promote axonal degeneration
in MS. HERVs represent 8% of the human genome and origi-
nate from mammalian germ-line retroviral infections millions
of years ago (21, 22). Usually epigenetically silenced, trans-
activation by exogenous viral infection such as Epstein-Barr vi-
rus or other viruses epidemiologically associated with MS may
lead to their (re)expression (23-25). Accordingly, in both clini-
cally isolated syndrome (CIS) and clinically definite (CD) MS, el-
evated concentrations of pHERV-W ENV protein, RNA, and/or
DNA can be found in the serum, cerebrospinal fluid (CSF),
and brain (26-28). In addition, pHERV-W positivity is corre-
lated with a more rapid clinical disease progression and in-
creased conversion rate to secondary progressive (SP) MS (29).
In previous studies, we demonstrated that the pHERV-W ENV
protein interferes with myelin repair by inhibiting oligoden-
droglial precursor cell (OPC) differentiation via the induction
of nitrosative stress through activation of Toll-like receptor 4
(TLR4) (27). This process can be rescued by the humanized anti-
ENV IgG4 monoclonal antibody GNbAC1 (30). In a recently
completed phase ITb clinical study, GNbAC1 was shown to
exert neuroprotective effects in MS patients (Clinical Trial
Assessing the HERV-W pHERV-W ENV Antagonist GNbAC1
for Efficacy in MS [CHANGE-MS]; ClinicalTrials.gov identifier
NCT02782858). MRI data demonstrated that anti-pHERV-W
ENV treatment results in a significant 31% reduction of cortical
atrophy and a 72% reduction of thalamic atrophy. Moreover,
GNbACI reduced the number of T1 hypointense lesions (so-
called “black holes”) by 63% within 1 y of treatment. Black
holes are considered an MRI correlate of permanent tissue de-
struction in the brain.

In the study presented here, we found that pHERV-W ENV
protein is present on TLR4-positive microglia in MS lesions
tightly associated with myclinated axons. In primary microglia,
pHERV-W ENV induces ameboid cell morphologies, increases
cell proliferation, promotes the secretion of proinflammatory
agents, reduces the expression of neuroprotective factors, and
diminishes myelin clearance capacity. Furthermore, in ENV
protein-stimulated myelinated cocultures, microglia are driven to
associate themselves with axons, resulting in the leakage of

Results — Publications

intraaxonal and myelin proteins. These observations suggest that
in the MS brain, pHERV-W ENV may induce myeloid celis to
cause damage of myelinated axons. Our work suggests that
pHERV-W ENV-mediated modulation of microglial cell polariza-
tion fuels and contributes to axonal damage and neurodegeneration
in MS. Thereby, this study provides a biomedical rationale for the
resulis of ihe above-meniioned CHANGE-MS siudy.

Results

In MS Lesions, pHERV-W ENV Is Present in Myeloid Cells and the
Extracellular Space. We studied pHERV-W ENV protein locali-
zation in brain tissue sections of 5 MS patients, 2 amyotrophic
lateral sclerosis (ALS) patients, and 2 healthy controls (HCs;
Table 1) using immunohistological analyses. In a first step, using
3,3'-diaminobenzidine (DAB) staining, we found that pHERV-
W ENV-positive cells were absent in HC brains (Fig. 1B), while
numerous pHERV-W ENV-immunoreactive cells could be detected
in chronic and acute active MS lesions (exemplarily shown for
primary progressive [PP] MS case MS 36 in Fig. 1 4, C, D, and
E). pHERV-W ENV-positive cells were found within the lesion
parenchyma (Fig. 1 A and E), but also as part of perivascular
cuffs (Fig. 1 C and D). Anti-major histocompatibility complex
class II (MHCII) DAB staining of serial sections confirmed that
the majority of pHERV-W ENV-positive cells featured a myeloid
phenotype (Fig. 1F). To confirm this morphology-based hypothesis,
we next performed fluorescent double immunostaining demon-
strating that pHERV-W ENV was present in a subpopulation of
ionized calcium binding adaptor molecule 1 (Ibal)/MHCII-positive
myeloid cells (Fig. 1 G-G" and H-H''). Moreover, abundant
extracellular pHERV-W ENV, conceivably from demised im-
mune cells (27), could be found in the lesion parenchyma (Fig. 1
G, right lower corner). Furthermore, we found that pHERV-W
ENV-positive myeloid cells also expressed the pHERV-W
ENV receptor TLR4 (Fig. 1 I-I'"). In contrast, Ibal-positive
myeloid cells in ALS brains, which were used as an other neu-
rological disease (OND) control, were pHERV-W ENV-negative
(Fig. 1J-K").

In a second step, we studied how pHERV-W ENV-positive
myeloid cells associate themselves with proteolipid protein (PLP)-
positive myelinated axons, focusing on the edges of chronic and
acute active lesions (exemplarily shown for case MS 36 in Fig. 2),
where scarce PLP reactivity allows for closer analysis of cell/cell
interactions (Fig. 24 and A"). Fluorescent double immunostaining
of serial sections of the same lesion demonstrated that pHERV-W
ENV-positive mycloid cclls were in dircet contact with PLP-positive
axons (Fig. 2 B-D) and even wrapped around them as revealed by
confocal microscopy (Fig. 2 B’, merged z-stack and C and D, single-
layer images). Furthermore, pHERV-W ENV-positive cells could
be found in direct vicinity to bulb-like axonal structures (Fig. 2B",
merged z-stack). Taken together, these data suggested that in the
MS brain, pHERV-W ENV modulates myeloid cell behavior,

Table 1. Clinical features of MS and ALS patients whose brain tissue was used for

immunohistochemistry

Case designation MS subtype Age, y Sex Disease duration, y EDSS Tissue (no. of lesions analyzed)

MS 25 SPMS 56 M
MS 36 PPMS 63 F
MS 141 SPMS 57 M
MS 147 RRMS 50 F
MS 150 SPMS 51 F
MS 100 HC 47 F
MS 61 HC 920 F
ALS 15 OND 616 M
ALS 16 OND 63.7 F

33 9.5 Chronic active (3)
9 7.5 Chronic active (4)
13 8 Chronic active (3)
31 1 Acute active (4)
23 7 Chronic active (3)
n/a n/a n/a
n/a n/a n/a
3.0 n/a n/a
2.1 n/a n/a

F, female; M, male; n/a, not applicable.

20f 10 | www.pnas.org/cgi/doi/10.1073/pnas.1901283116
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Fig. 1.
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PHERV-W ENV is present in myeloid cells in MS lesions. (A and C—E) Anti-pHERV-W ENV DAB staining of an MS lesion (case MS 36) showing pHERV-W

ENV-positive cells within the lesion parenchyma (A and E) and as part of perivascular cuffs (C and D). (B) Control tissue (case MS 100) negative for pHERV-W
ENV. A minority of cells feature astrocytic morphologies (£), but anti-MHCII DAB staining of a serial section reveals that the majority of pHERV-W ENV-positive
cells feature a myeloid phenotype (F). (Scale bars: D, 80 pm; A-C, E, and F, 50 um.) (G-H"") Double staining demonstrating that pHERV-W ENV (green) is present
in a subpopulation of Iba1/MHCII-positive (each in red) myeloid cells in MS lesions (case MS 36). (G) Note the extracellular pHERV-W deposits in the right lower
corner. Arrows in G indicate double-positive cells, and arrowheads point to pHERV-W ENV-negative cells. (Scale bars: G and H”, 30 ym; G”, 50 um.) (/-I"")
Double staining demonstrating the expression of pHERV-W ENV receptor TLR4 (red) in pHERV-W ENV-positive cells (green). (Scale bar: /”, 30 um.) (J-K’)
Double staining demonstrating that pHERV-W ENV (green) is absent in Iba1-positive (red) myeloid cells in ALS tissue (case ALS 15 in K and K’, case ALS 16 in J

and /). (Scale bars: J' and K’, 25 pm.)

driving the myeloid cells toward a physical interaction with axons.
Such axon-wrapping myeloid phenotypes were, however, significantly
less frequent in Ibal/PLP double-stained ALS tissue sections (Fig.
2 E-G).

pHERV-W ENV Induces a Proinflammatory Phenotype in Cultured
Microglia. Against the backdrop of the detection of myeloid
cell/axon interactions in chronic active lesions of progressive MS
cases where the BBB is mostly intact, we used primary rat and
human microglial cells for further functional analyses. Immu-
nofluorescent staining of purified CD11b-positive rat microglia
confirmed expression of the pHERV-W ENV receptor TLR4
(Fig. 3 A and A’). Based on previous studies, we stimulated
cultured microglia with 1,000 ng/mL recombinant full-length
pHERV-W ENV protein for various periods. Note that to con-
firm the observed effects were ENV- and TLR4-specific, several
control experiments have already been performed in previous
studies (27, 30, 31). Gene expression analysis revealed a strong
induction of proinflammatory markers such as tumor necrosis
factor-a (TNF-a), inducible nitric oxide synthase (iNOS), inter-
leukin (IL)-6, and IL-1p (Fig. 3 B, C, F, and G). We then corrob-
orated these results using a TNF-a enzyme-linked immunosorbent
assay (ELISA) and nitric oxide (NO) spectrometry, respectively,
which confirmed increased quantities of TNF-o protein (Fig. 3D)
and elevated NO levels (Fig. 3E) in pHERV-W ENV-stimulated
cell culture supernatants. NO and TNF-a are well-established
mediators of axonal injury and demyelination (32-35). Further
gene expression analysis showed that pHERV-W ENV also re-

Kremer et al.

duced the gene expression of triggering receptor expressed on
myeloid cells 2 (TREM2; Fig. 44) and protooncogene tyrosine-
protein kinase MER (MerTK; Fig. 4B), which are key for
microglial phagocytosis (36-38). This translated to a functional
deficit in myelin uptake capacity in pHERV-W ENV-stimulated
microglia as evidenced by diminished in vitro phagocytosis of
phRodo-decorated bovine myelin (Fig. 4 D-F). As outlined
further above, it is known that myelin debris is a major obstacle
to neurorepair both as a physicospatial impediment via the ex-
pression of axon growth inhibitory molecules and also via an
inhibition of OPC differentiation (18, 37-39). In doing so, myelin
debris inhibits remyelination (18) so that this microglial core
ability has recently become a new target for potential therapeutic
approaches (40, 41). Moreover, we observed that pHERV-W
ENV stimulation led to a pronounced morphological shift to
ameboid microglial phenotypes typical of proinflammatory acti-
vation already apparent after 1 and 2 d of pHERV-W ENV
stimulation (Fig. 4 G-I). In addition, we found that pHERV-W
ENV strongly induced microglial proliferation as revealed by Ki-
67 expression (Fig. 4C).

PHERV-W ENV Treatment Decreases Microglial Expression of Neuroprotective
Molecules. In addition to its properties as a proinflammatory agent,
we found that stimulation of microglia with pHERV-W ENV
protein led to a significant reduction of neuroprotective features
as exemplified by gene expression analysis of insulin-like growth
factor 1 (IGF-1; Fig. 54), colony stimulating factor 1 (CSF-1; Fig.
5C), and fibroblast growth factor 2 (FGF-2; Fig. 5D). This also
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Fig. 2. pHERV-W ENV-positive myeloid cells interact with PLP-positive axons in MS lesions. (A and A’, Inset) Anti-PLP DAB staining of the edge of a chronic
active MS lesion (case MS 36). Arrows in A indicate the lesion border. (Scale bars: A, 200 pm; A’, Inset, 100 pm.) (B-B"') Double immunostaining (merged z-
stack) of serial sections of the same lesion (PLP, red; pHERV-W ENV, green). (B’ and B”, Insets) pHERV-W ENV-positive myeloid cells are in direct contact with
PLP-positive axons. Arrows in B’ point to an axon completely wrapped by pHERV-W ENV-positive myeloid cells. The arrow in B” points to a bulb-like axonal
structure indicating damage. (Scale bars: B, 30 pm; B’ and B”, 10 pm.) (C and D) Single-layer confocal imaging showing that pHERV-W ENV-positive cells
completely wrap around PLP-positive axons (arrows). (Scale bars: 20 um.) Representative photographs of axon-wrapping (F) and nonwrapping (E) myeloid
cells in ALS sections (case ALS 15) are revealed by double immunostaining (Iba1, green; PLP red). (Scale bar: 10 pm.) (G) Quantification of myeloid cells with
axon-wrapping morphologies in MS and ALS tissue sections. Student’s 2-tailed t test, unpaired: **P < 0.01 (n = 5 for MS, n = 2 for ALS).

translated to decreased protein levels as exemplarily corroborated
by IGF-1 ELISA of cell culture supernatants (Fig. 5B). IGF-1 has
been described to protect OPCs from cell death (42) and to am-
plify the positive effects of FGF-2 on OPC proliferation (43).
Furthermore, it has been described as a stimulator of myelin
synthesis (44). CSF-1, on the other hand, decreases proinflammatory
cytokine expression, protects oligodendrocytes from apoptosis
(45), and exerts neuroprotective effects on neurons (46).

PHERV-W ENV Protein Induces a Proinflammatory Antiregenerative
Phenotype in Human Adult Microglia. To translate our findings to
the human paradigm, we investigated the key effects of pHERV-
W ENV on purified human adult microglia. As revealed by
phalloidin-fluorescein isothiocyanate (FITC) staining, stimula-
tion of these cells with pHERV-W ENV resulted in morpholog-
ical changes such as elongated and ameboid cell morphologies
(Fig. 6 A and B). This morphological shift was accompanied by
increased TNF-a and IL-6 transcript levels (Fig. 6 C and D), which
translated to significantly increased respective protein levels in the
culture supernatants (Fig. 6 G and H). In line with previous ob-
servations which have substantiated that iNOS/NO is not easily
induced in human myeloid cells (summarized in ref. 47), we found
no iNOS expression in human microglial cells following pHERV-
W ENV stimulation. In contrast, microglial expression of the
phagocytosis-associated genes TREM2 and MerTK was sig-
nificantly decreased in pHERV-W ENV-stimulated microglia
(Fig. 6 E and I). This was also the case for the neuroprotective
growth factors IGF-1 and CSF-1 as demonstrated by gene expres-
sion analysis (Fig. 6 F and J). Taken together, these observations

40f 10 | www.pnas.org/cgi/doi/10.1073/pnas.1901283116

in human adult microglia confirmed the results generated in
rodent cells.

pHERV-W ENV Induces a Microglia/Axon Association Resulting in
Axonal Injury. Taking into account that no ideal animal model
for progressive MS exists, and given the fact that transgenic ex-
pression of this particular HERV element is currently not
established, we used a primary rat coculture system to study in-
teractions between microglia and myelinated axons. To this end,
primary rat microglia were added to myelinated neuron/oligo-
dendrocyte cocultures shortly after the peak of their myelination
(Fig. 74). On the following day, pHERV-W ENV protein was
added to the medium. As revealed by anti-Ibal immunostaining,
pHERV-W ENV stimulation of microglia-containing cocultures
led to a shift of microglial phenotypes (Fig. 7 B-D’""") similar to
the morphological changes observed in rodent and human
microglial monocultures (Figs. 4 and 6). Double labeling of myelin
basic protein (MBP)-positive myelinated axons and Ibal-positive
microglial cells demonstrated a significant increase in activated
microglia physically associated with myelinated axons following
pHERV-W ENV stimulation throughout the whole observation
period (Fig. 7 E-G") providing an in vitro recapitulation of the
observations made in MS tissue (Fig. 2). Of note, pHERV-W
ENV stimulation did not lead to a reduction of the overall per-
centage of either Ibal-positive microglia or MBP-positive myelinated
axons in comparison to controls (Fig. 7 E’ and E”’). In addition,
pHERV-W ENV-stimulated microglia were found to induce neuro-
filament light chain (NFL), synaptophysin (SYP), and MBP
leakage from axons as revealed by ELISA of supernatants from
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Fig. 3. pHERV-W ENV induces a proinflammatory phenotype in TLR4-
positive microglial cells. (A and A’) TLR4-positive primary rat microglial
cells stimulated with pHERV-W ENV protein over a total period of 3 d feature
a strong induction of the proinflammatory markers TNF-« (B), iNOS (C), IL-6
(F), and IL-1B (G) compared with controls (ctrl). (Scale bar: 20 pm.) Multiple
Student'’s 2-tailed t test, unpaired: *P < 0.05, ***P < 0,001 (n = 6). (D and E)
ELISA-based quantification of TNF-a levels and spectrometry of NO in cell
culture supernatants of pHERV-W ENV-stimulated microglia confirms in-
creased levels of these proinflammatory agents after 24 h of pHERV-W ENV
stimulation. Student’s 2-tailed t test, unpaired: *P < 0.05, **P < 0.01 (n = 3).
Data are presented as mean + SEM.

pHERV-W ENV=timulated cocultures (Fig. 8 A, B, and D). Of
note, ENV alone did not lead to such effects, pointing to the key
role of microglia. This effect was likely mediated by increased
TNF-a concentrations (Fig. 8C).

Discussion

Based on histopathological studies, axonal injury is today widely
accepted as a core hallmark of MS (48). Mechanistically, re-
peated demyelination during the course of MS is thought to lead
to the degeneration of axon fibers (49). Accordingly, NFL levels
in the CSF of MS patients correlate directly with Expanded
Disability Status Scale (EDSS) scores (50), supporting histo-
pathological observations (3). MRI further corroborates the
importance of axonal degeneration in MS as gray matter atrophy
correlates with disability progression (51). Even though the exact
mechanisms underlying axonal degeneration in MS are currently
elusive, Wallerian degeneration initiated at lesion sites (52),
dysregulation of calcium homeostasis (53), cytotoxic CD8-
positive T cells (54), glutamate excitotoxicity (55), and direct
NO toxicity (56) are being discussed in this context. As both
histological studies and PET-computed tomography (CT) imag-
ing point to the relevance of myeloid cells such as microglia in
MS pathology, research has recently focused on their role in
axonal degeneration. As a continuation of our previous studies
in which we described how pHERV-W ENV inhibits oligoden-
droglial differentiation (27, 30), in this study, we propose a
mechanism by which axonal injury is driven by pHERV-W ENV-
activated microglia. While we found that pHERV-W ENV leads
to the loss of both myelin and axon integrity, it remains to be
demonstrated which of these structures constitutes the primary
target of this pathophysiological process. Despite this aspect, we
offer a biomedical rationale for the results of the clinical phase
IIb CHANGE-MS study (ClinicalTrials.gov identifier NCT(02782858)
in which anti-pHERV-W ENV (GNbACI, temelimab) treatment
of RRMS patients resulted in significant neuroprotective effects.
Among these effects, the 63% reduction in the number of “black

Kremer et al.
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holes,” an MRI correlate of permanent tissue damage, is partic-
ularly striking as, according to PET-CT studies, these structures
contain large numbers of microglia. Of note, the primary endpoint
of the CHANGE-MS study was the cumulative number of
gadolinium-enhancing lesions seen on brain MRI scans after 6 mo
(24 wk) of temelimab treatment. This endpoint was not met, and
all 48-wk neurodegenerative MRI analyses, including the above-
mentioned reduction in the number of “black holes,” as well as
brain volume and magnetization transfer ratio measurements, were
secondary/exploratory. That is why additional studies in a more ap-
propriate population (i.e., nonactive progressive MS patients) at
higher doses are currently in a planning stage.

In previous studies, pHERV-W ENV-positive myeloid cells
have been reported to be present in MS lesions (27, 28). Going
beyond that, we found here that pHERV-W ENV/TLR4-
double-positive myeloid cells are abundantly present in MS le-
sions, where they are tightly associated with myelinated axons at
sites of axonal damage. Whether these cells in the MS brain
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Fig. 4. pHERV-W ENV stimulation decreases the expression of phagocytosis-
associated microglial genes, results in diminished myelin phagocytosis ca-
pacity, promotes cell proliferation, and induces ameboid microglial mor-
phologies. (A and B) Gene expression analysis of microglia stimulated with
pHERV-W ENV protein shows a significant decrease of the phagocytosis-
associated genes TREM2 and MerTK in comparison to controls (ctrl) after
1 d of stimulation. Student’s 2-tailed t test, unpaired: ***P < 0.001 (n = 6).
(D-F) Phagocytosis assays with rhodamine-labeled bovine myelin confirm a
decreased phagocytosis capacity of microglia stimulated with pHERV-W ENV
protein in comparison to ctrl. Arrows indicate rhodamine/myelin-positive
cells. Student’s 2-tailed t test, unpaired: ***P < 0.001 (n = 3). (Scale bar:
40 pm.) (G-/) Phalloidin-FITC-based analysis demonstrating that pHERV-W
ENV induces an ameboid microglial phenotype already after 1 d of stimu-
lation. Multiple Student’s 2-tailed t test, unpaired: **P < 0.01, ***P < 0.001
(n =3). (Scale bar: 30 pm.) (C) Ki-67-based analysis following 3 d of stimulation
reveals that pHERV-W ENV increases microglial proliferation. Student’s 2-
tailed t test, unpaired: **P < 0.01 (n = 3). Data are presented as mean + SEM.
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Fig. 5. pHERV-W ENV decreases microglial expression of regenerative fac-
tors. Stimulation of microglia with pHERV-W ENV protein results in a sig-
nificant decrease of the transcription of the regenerative genes IGF-1 (A),
CSF-1 (C), and FGF-2 (D) exemplarily confirmed by IGF-1 ELISA showing de-
creased levels of this protein in cell culture supernatants (B). Student's 2-
tailed t test, unpaired: *P < 0.05, **P < 0.01, ***P < 0.001 (A, C,and D, n = 6;
B, n = 3). Data are presented as mean + SEM. ctrl, controls.

express pHERV-W ENV themselves or if they phagocytose ex-
tracellular pHERV-W ENV, possibly previously imported into
the CNS by other cells, is currently unclear. Mechanistically
however, this aspect is probably less important, given the fact
that the pHERV-W ENV receptor TLR4 has been described as
both a surface and intracellular receptor (57, 58). Of note,
TLR4 is also involved in the innate immune response to re-
spiratory syncytial virus through an interaction with the viral
envelope fusion protein (59, 60). The decisive finding of this
study is that pHERV-W ENV-activated microglia cause a
breakdown of both axonal and myelin sheath integrity leading to
leakage of intraaxonal and myelin proteins. Mechanistically, this
can be explained by our in vitro experiments in both rodent and
human microglia demonstrating that pHERV-W ENV induces a
cellular phenotype secreting noxious molecules such as TNF-a
and NO that are harmful to axons. Furthermore, we could
demonstrate that pHERV-W ENV drives microglia to associate
themselves with axons in myelinated neuron/oligodendrocyte
cocultures in vitro. In this context, the question arises as to
whether, in MS, pHERV-W ENV-positive microglia/monocytes
are a primary mediator of axonal injury or if they are merely
secondarily chemoattracted to axons that are already injured or
(partially) demyelinated. However, even if pHERV-W ENV-
positive activated cells were only to associate themselves with
axons “at risk” secondarily or parallel to occurring damage, they
contribute to further axonal demise as we demonstrate here. It
therefore remains to be shown whether future MS model systems
mimicking pHERV-W reactivation and expression will be able to
shed further light on the exact underlying kinetics. Finally, it is
intriguing that the CHANGE-MS trial results were obtained in
an RRMS population where classically inflammation is assumed
to outweigh degeneration. The results of this study therefore
underline once more the relevance of neurodegeneration even in
early MS. Mirroring this, beyond PPMS and SPMS brains, we
also found pHERV-W ENV-positive myeloid cells adjacent to
axons in an RRMS brain. Therefore, while future clinical studies
will have to assess the effect of anti-ENV treatment in pro-
gressive MS, targeting ENV in relapsing subtypes seems to be a
worthwhile approach as well.

6 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1901283116
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Materials and Methods

Experimental Design. The primary objective of this study was to establish
pHERV-W ENV as a mediator of axonal degeneration in MS. In this regard,
we could confirm its presence in myeloid cells in SPMS, PPMS, and RRMS
brains by immunohistochemical methods. Functional experiments demon-
strating that pHERV-W ENV induces a proinflammatory and antiregenerative
microglial phenotype were performed on both rodent and human primary
microglia. To clarify the observations made in the MS brain, we used mye-
linated neuron/glia cocultures to study the interaction between microglia and
axons. The number of replicates (n) per experiment is noted in each figure
legend. The quantitative analyses were performed blinded. One of the limi-
tations of this study consists of the fact that, unfortunately, an animal model
featuring transgenic expression of human pHERV-W ENV in microglia is still
unavailable. Such a model would have been ideal to study the interaction
between pHERV-W ENV-positive microglia and axons in the brain, which, in-
stead, had to be performed in neuron/glia cocultures. In addition, and as a
general limitation of most studies in our field, there is no established animal
model for progressive MS. A further limitation of this study lies in the fact that
it is not a comprehensive retrospective analysis systematically investigating
PHERV-W ENV positivity in different MS disease variants and lesion subtypes.

For instance, we did not study chronic inactive lesions where the in

flammatory process has virtually died out. However, neurodegeneration in
these regions has previously been reported to be comparable to levels seen in
non-MS control patients (61). Of note, this study was designed as a first
neurobiological proof-of-principle approach to establish the basic mecha-
nisms of pHERV-W ENV-induced axonal degeneration. Moreover, a definite
distinction between genuine microglia and infiltrating monocytes based on
cell surface markers is still challenging despite the recent description of TMEM119,
as there is evidence that it is expressed in only a subset of microglial cells.

Immunohistochemistry of Human Tissue Sections. Tissue sections from the
brains of 5 MS patients (3 SPMS, 1 PPMS, and 1 RRMS), 2 ALS patients, and 2
HCs were studied (Table 1). All brains were collected as part of the tissue
procurement program approved by the Cleveland Clinic Institutional Review
Board. All donors or their surrogates gave informed consent for their brains
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Fig. 6. pHERV-W ENV leads to a proinflammatory antiregenerative phe-
notype in human adult microglia. (A and B) Phalloidin-FITC-based analysis of
human adult microglia stimulated with pHERV-W ENV protein demonstrat-
ing an induction of ameboid phenotypes. (Scale bar: 100 pm.) pHERV-W ENV
induces the transcription of proinflammatory genes TNF-o and IL-6 (C and D),
which is mirrored by increased supernatant levels of the respective proteins
(G and H). Student’s 2-tailed t test, unpaired: *P < 0.05, **P < 0.01, ***P <
0.001 (n = 3 controls [ctrl], n = 4 ENV). (E and /) pHERV-W ENV stimulation
decreases the expression of phagocytosis-associated microglial genes
TREM2 and MerTK. (F and J) pHERV-W ENV also reduces the expres-
sion of the regenerative genes IGF-1 and CSF-1. Student’s 2-tailed t test,
unpaired: **P < 0.01, ***P < 0.001 (n = 3 ctrl, n =4 ENV). Data are presented
as mean + SEM.
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Fig. 7.

pHERV-W ENV stimulation induces microglia to associate themselves with myelinated axons. (4) Rat primary microglia (MG) were added to neuron/

oligodendrocyte cocultures shortly after the peak of myelination, and cultures were stimulated with pHERV-W ENV. (B-D"""’) Anti-Iba1 immunostaining shows
that, mirroring monoculture experiments, pHERV-W ENV leads to a persistent induction of tubular and ameboid microglial phenotypes after as early as 3 d of
stimulation in comparison to controls (ctrl). Multiple Student’s 2-tailed t test, unpaired: *P < 0.05, **P < 0.01, ***P < 0.001 (n = 3). (D-D"""") This effect is
sustained over a total period of 14 d. (Scale bars: 50 pm.) (E-G’) Double immunostaining of MBP-positive myelinated axons (red) and Iba1-positive microglia
(green) in cocultures following 14 d of pHERV-W ENV stimulation demonstrating that pHERV-W ENV leads to a significant increase in microglia associating
themselves with axonal structures (arrowheads in G and G’), mirroring the findings in MS tissue. Student’s 2-tailed t test, unpaired: **P < 0.01 (n = 3). ns., not

significant. (Scale bar: 25 pm.) Data are presented as mean + SEM.

to be used for research studies. All human immunohistochemistry experi-
ments were carried out in accordance with the Cleveland Clinic Institutional
regulations and guidelines.

Briefly, MS tissue was fixed in 4% paraformaldehyde (PFA), protected in
70% sucrose, placed on the stage of a sliding microtome, and frozen. Free-
floating sections (16-30 pm thick) were cut without exposure to solvents or
other embedding mediums. Sections were rinsed in phosphate-buffered
saline (PBS) 4 times for 5 min each time, microwaved once for 5 min
in 10 mM citrate buffer (pH 6.0), incubated in 3% hydrogen peroxide and
10% Triton X-100 for 30 min, and immunostained by the avidin-biotin
complex procedure and with DAB (Sigma-Aldrich) as described previously
(62). Sections for confocal fluorescence microscopy were pretreated as
described above, incubated with 2 primary antibodies, and then incubated
with secondary antibodies (Abcam) conjugated to either Alexa Fluor 594 or
Alexa Fluor 488 (Thermo Fisher Scientific). The following primary anti-
bodies were used: mouse anti-MHCII (1/250; Research Resource Identifier

Kremer et al.

[RRID]:AB_2313661; Dako, Agilent Technologies), rat anti-PLP (1/250, hy-
bridoma; a gift from W. Macklin, Department of Cell and Developmental
Biology, University of Colorado School of Medicine, Aurora, CO), mouse
anti-pHERV-W ENV (GN-mAB_03 [3B2H4], 1/1,000; provided by GeNeuro
SA), rabbit anti-TLR4 (1/1,000; RRID:AB_300457; Abcam), and rabbit anti-
Iba1 (1/500; RRID:AB_839504; WAKO Pure Chemical Corporation). Anti-
ENV/MHCII double staining was carried out sequentially with intermediate
blocking and washing steps. Sections were analyzed on a Leica Aristoplan
laser scanning microscope (Leitz) and on a Zeiss confocal CLSM 510 mi-
croscope. Analysis was performed using ImageJ and Zen 2012 software
(Zeiss), respectively. Individual confocal optical sections represented an
axial resolution of 0.5 pm. The entire thickness of the section was scanned.
Images consisted either of single layers or merged z-stacks combining
16-32 single layers. Fluorescence was collected individually in the green
(Alexa 488) and red (Alexa 594) channels to eliminate “bleed-through”
from either channel.

PNAS Latest Articles | 7 of 10

24

NEUROSCIENCE



vd
=
i

A o we B S
3 ik 800 AEE
a
= -] =
£ , E 600
: T b £3
-~ o . o
T 1 [ o o
z a ® 2001 Elge o
i i
MG +MG T MG +MG

(@]
@)

. . -
1.5 — 0.4 dekk
£ = o3 |
= E .31
1.0 E
=] % i ..%
li 0.5 a ® o % 01 e
= 14
X ol = =
T +MG TS +MG

Fig. 8 pHFRV-W FNV stimulation induces microglial-dependent injury of
myelinated axons. pHERV-W ENV protein-stimulated microglia (MG) induce
axonal NFL (A), SYP (B), and MBP (D) leakage as revealed by ELISA of co-
culture supernatants. Note that pHERV-W ENV protein and nonstimulated
MG alone were unable to exert such effects. (C) This was most likely medi-
ated by increased TNF-a levels as revealed by ELISA. Two-way ANOVA, fol-
lowed by Bonferroni’s post hoc test: *P < 0.05, **P < 0.01, ***P < 0.001 (n =
3-4). ctrl, controls.

Primary Rat Microglial Cell Culture. All animal procedures were performed
in compliance with the experimental guidelines approved by the regional
authorities (state agency for Nature, Environment and Consumer Protection
of North Rhine Westphalia) and conform to the NIH Guide for the Care
and Use of Laboratory Animals (63). The Institutional Review Board (IRB)
of the ZETT (Zentrale Einrichtung fur Tierforschung und wissenschaftliche
Tierschutzaufgaben) at the Heinrich Heine University Dusseldorf has approved
all animal procedures under licences 069/11 and 082/12. Briefly, dissociated
postnatal day 1 (P1) Wistar rat cortices were cultured on poly-p-lysine—
coated cell culture flasks in Dulbecco’s modified Eagle’s medium (DMEM;
Thermo Fisher Scientific) substituted with 10% fetal calf serum (FCS; Lonza),
4 mM L-glutamine (Invitrogen), and 50 U/mL penicillin/streptomycin (Invi-
trogen) as previously described (30, 64-67). After 10 d, flasks were shaken at
180 rpm for 2 h. Microglia-containing supernatants were transferred to bac-
terial dishes and kept in the incubator, allowing for cell attachment to the
surface. Culture flasks were again loaded with fresh DMEM and shaken for
another 24 h to increase the final cell yield. Afterward, supernatants were
again transferred to bacterial dishes to allow for attachment. Microglia-
containing bacterial dishes from the first and second shaking steps were
checked for viability via bright-field microscopy, medium was discarded, and
cells were rinsed with PBS. Microglia were dislodged by accutase (Thermo
Fisher Scientific), which was stopped by FCS-containing DMEM. Microglial cell
suspensions were then centrifuged for 5 min at 1,500 rpm at 4 °C. Cell-free
supernatants were discarded. Cell pellets were then resuspended in 80 pL of
magnetic activated cell sorting (MACS) buffer containing 0.5% bovine serum
albumin (BSA) in PBS, and 20 uL of CD11b/c microbeads (Miltenyi Biotec) was
added for 15 min at 2-8 °C to allow for binding. Cells were then washed
adding 2 mL of MACS buffer and spun down for 5 min at 1,500 rpm at 4 °C.
Supernatants were again discarded, and pellets were resuspended in 500 pL of
MACS buffer and subjected to MACS sorting according to the manufacturer’s
protocol (Miltenyi Biotec). The resulting cell suspension was again spun down
for 5 min at 1,500 rpm at 4 °C, pellets were resuspended in 1 mL of DMEM,
and cell viability and numbers were quantified using trypan blue staining.
Average cell purities as assessed by Iba1 positivity were consistently ca. 98%.
Microglia were seeded on cell culture dishes at different concentrations in
DMEM containing 10% FCS and 2 mM t-glutamine.

Microglial Culture Experiments. pHERV-W ENV stimulation of both human and
rat primary cells was carried out at a concentration of 1,000 ng/mL
recombinant full-length ENV protein with respective buffer volumes as
controls as previously described (27, 30). Recombinant ENV protein was
produced by Protein’eXpert according to quality control specifications of
GeNeuro SA. Endotoxin levels were below the detection limit (<5 endotoxin
units [EU)/mI) as measured by the limulus amebocyte lysate test. Control
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experiments to confirm ENV- and TLR4-specific effects were previously
published {27, 30, 31). NO spectrometry and TNI-a and IGF-1 ELISAs of rat
microglial cell culture supernatants were performed after 24 h of pHERV-W
ENV stimulation using a Nitric Oxide Assay Kit (Merck), a rat TNF alpha ELISA
Kit (Abcam), and a Quantikine ELISA Kit (R&D Systems), respectively,
according to the manufacturers’ protocols. ELISAs of human microglial cell
culture supernatants were performed after 24 h of pHERV-W ENV stimula-
tion using a TNF-a ELISA (catalog no. 555212; BD Biosciences), an IL-6 ELISA
(catalog no. 555220; BD Biosciences), and an IGF-1 ELISA (catalog no. DY291;
R&D Systems) according to the manufacturers’ protocols. Immunocyto-
chemistry was performed using previously described protocols (27, 30).
Briefly, microglia were fixed with 4% PFA, washed with PBS, blocked for
45 min using 2% normal goat serum (Sigma-Aldrich) and 0.5% Triton X-100
(Sigma-Aldrich) in PBS, and subjected to incubation at 4 °C overnight in 2%
normal goat serum (Sigma-Aldrich) and 0.1% Triton X-100 (Slgma—AIdrlch) in

4L 4 ~14L (1/000- RRID-AR JQCCEN- BO Rig nices), mouse
PBS with mouse anti-CD11b {1/500; RRID:AB_395560; BD Bio: iCES), Mouse

anti-TLR4 (1/1,000; RRID:AB_300457; Abcam), and rabbit anti-Ki67 (1/250;
RRID:AB_302459; Abcam). Following PBS washes, secondary anti-mouse and
anti-rabbit antibodies conjugated with Alexa Fluor 594 (1/500; Thermo Fisher
Scientific) were added for 2 h at room temperature. Nuclei were stained with
4, 6-diamidino-2-phenylindole (DAPI; Roche). Cells were mounted using Citi-
fluor (Citifluor) and analyzed with an Axio Cam HRc microscope (Zeiss). For
morphology experiments, microglial F-actin was visualized with FITC-
conjugated phalloidin (Sigma-Aldrich) according to the manufacturer’s pro-
tocol. Myelin phagocytosis experiments were carried out using purified bo-
vine myelin (68) and phRodo (Thermo Fisher Scientific). Briefly, 1 mg of myelin
was resuspended in 1 mL of PBS at pH 8. Afterward, 10 pL of phRodo was
added and the mix was incubated on a shaker for 1 h at room temperature.
The phRodo/myelin was then centrifuged at 1,500 rpm for 10 min. The pellet
was resuspended in 1 mL of fresh PBS (pH 8) and diluted to a final concen-
tration of 20 pg/mL. Twenty microliters of phRodo/myelin/PBS was then added
to pHERV-W ENV-stimulated and control cells, respectively. Upon a 3-h in-
cubation step at 37 °C, cells were rinsed 3 times with PBS and fixed with 4%
PFA. After staining with DAPI, phRodo/myelin-positive microglia were quan-
tified. Images (20x magnification; Zeiss Axionplan 2 microscope) were cap-
tured using the same light intensity and filters for all images to be compared
and were processed with Axiovision 4.2 software (Zeiss; RRID: SciRes_000111).
The analysis was done using Java software (ImageJ, RRID: nif-0000-30,467/
Wright Cell Imaging Facility, RRID:nif-0000-30,471). Immunopositive cells
were counted in 9 randomly chosen fields per coverslip. Two coverslips were
used per condition. The total number of cells per field was determined via
DAPI staining. For quantification, the number of immunopositive cells was
compared with the total cell number and expressed as a percentage (mean +
SEM) as previously described (67).

Primary Human Microglial Cell Culture. Adult microglia were derived from
surgical resection of brain tissue from pharmacologically intractable non-
malignant temporal lobe epilepsy cases, and secondary use of deidentified
tissues was approved and carried out in accordance with the guidelines set
by the McGill University Institutional Review Board in conjunction with the
McGill University Health Centre Ethics Board under protocol ANTJ1989. Tissue
provided was outside of the suspected focal site of epilepsy pathology,
histopathological changes were excluded by an experienced neuropathol-
ogist, and histologically healthy specimens were included. Human microglia
were isolated from this adult brain tissue using previously described proto-
cols (69, 70). Briefly, tissue was obtained in pieces <1 mm? and treated with
DNase (Roche) and trypsin (Thermo Fisher Scientific) for 30 min at 37 °C.
Following dissociation through a nylon mesh (37 pm), the cell suspension
was separated on a 30% Percoll gradient (GE Healthcare) at 31,000 x g for
30 min. Glial cells (oligodendroglia and microglia) were collected from un-
derneath the myelin layer, washed, and plated at a density of 2 x 10° cells
per milliliter in tissue-culture flasks. After 24 h in culture, microglia were
separated by the differential adhesion properties of the cells. Microglia
were grown for 4 d in flasks before gentle collection using 2 mM ethyl-
enediaminetetraacetic acid (Sigma-Aldrich), and were then plated in minimum
essential medium (MEM; Sigma-Aldrich) supplemented with 5% FBS (Wisent),
0.1% penicillin/streptomycin (Thermo Fisher Scientific), and 0.1% L-glutamine
(Thermo Fisher Scientific) at a density of 1 x 10° cells per milliliter in a 6-well
plate. pHERV-W ENV protein stimulation was carried out as specified for rat
microglial cells. For morphology experiments, microglial F-actin was visualized
with FITC-conjugated phalloidin (Sigma-Aldrich) according to the manufac-
turer’s protocol. ELISAs of human microglial cell culture supernatants were
performed after 24 h of pHERV-W ENV stimulation using TNF-« ELISA (catalog
no. 555212; BD Biosciences), IL-6 ELISA (catalog no. 555220; BD Biosciences)
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and IGF-1 ELISA (catalog no. DY291;
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manuracturers’ protocols.

R&D Systems) according to the

Myelinated Neuron/Glia Cocultures. Dissociated neuron/oligodendrocyte co-
cultures were obtained from embryonic day 16 Wistar rat cerebral cortices
(Wistar rats of either sex) as previously published (67, 71). Cells were plated
on 15-mm poly-b-lysine (0.1 mg/mL)-coated coverslips (65,000 cells per cov-
erslip) and kept in myelination medium consisting of N2 and neurobasal
medium (Thermo Fisher Scientific) and containing nerve growth factor (NGF)
(50 ng/mL) and NT-3 (10 ng/mL) (both from R&D Systems). After 10 d in vitro
(DIV10), insulin was removed and the ratio of the insulin-free N2 to neuro-
basal medium including B27 supplement (Thermo Fisher Scientific) was ad-
justed to 4:1. This myelination medium was further supplemented with 60 ng/mL
tri-iodo-thyronine (Sigma-Aldrich). Final concentrations of individual N2 me-
dium components (DMEM-F12-based, high glucose; Thermo Fisher Scientific)

were as follows: insulin (10 pg/mL), transferrin (50 pg/mlL), sodium selenite

(5.2 ng/mL), hydrocortisone (18 ng/mL), putrescine (16 pg/mL), progesterone
(6.3 ng/mL), biotin (10 ng/mL), and N-acetyl-.-cysteine (5 pg/mL) (all from
Sigma-Aldrich); BSA (0.1%; Roth); and penicillin/streptomycin (50 units/mL;
Thermo Fisher Scientific). At DIV30, cultures were supplemented with primary
rat microglial cells in the presence or absence of 1,000 ng/mL recombinant
PHERV-W ENV protein for another 3, 6, or 14 d. Then, coverslips were washed
with PBS, fixed with 4% PFA, and processed for immunofluorescent staining.
Media were changed every 72 h. PFA-fixed cocultures were blocked with PBS
containing 0.5% Triton X-100 and 2% normal goat serum, and then incubated
overnight in 0.1% Triton X-100 and 2% normal goat serum containing the
following primary antibodies: rat anti-MBP (1/250; catalog no. MCA409S;
Bio-Rad; RRID:AB_325004), rabbit anti-lba1 (1/500; WAKO Pure Chemical Corpo-
ration; RRID:AB_839504), and mouse antineurofilament (1/1,000; catalog no.
SMI-312R-500; BioLegend; RRID:AB_2314906). After 24 h, coverslips were
washed with PBS and then incubated in PBS for 2 h with secondary antibodies
conjugated to Alexa Fluor 488 (1/500; Thermo Fisher Scientific), Alexa Fluor
594 (1/500; Thermo Fisher Scientific), or Alexa Fluor 405 (1/500; Thermo Fisher
Scientific). NFL, SYP, MBP, and TNF-o ELISAs were performed on coculture
supernatants collected from DIV2 to DIV5 using rat neurofilament light
polypeptide (catalog no. EKC39470; Biomatic), rat SYP (catalog no. LS-F22650;
LifeSpan BioSciences, Inc.), rat MBP (catalog no. LS-F4093; LifeSpan BioSciences,
Inc.), and rat TNF-o (catalog no. ab100785; Abcam) ELISA kits according to the
manufacturers’ protocols. All images captured on either a Zeiss Axionplan
2 microscope or a Zeiss confocal CLSM 510 microscope (Zeiss) were captured
using the same light intensity and filters. Images were processed with Axio-
vision 4.2 software or Zen 2012 software (Zeiss). Analysis was performed using
Java software (ImageJ). Immunopositive cells were counted in 9 randomly
chosen fields per coverslip.
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RNA Preparation, cDNA Synthesis, and Quantitative RT-PCR. Total RNA purifi-
cation from cells was performed using the RNeasy procedure (Qiagen). iso-
lated RNA was reverse-transcribed using a high-capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific). Quantitative determination of
gene expression levels was performed on a 7900HT sequence detection
system (Thermo Fisher Scientific) using Power SybrGreen and TagMan uni-
versal master mixes (Thermo Fisher Scientific) as previously described (27, 30).
Primer sequences were as follows: rat iNOS (CTC AGC ACA GAG GGC TCA
AAG, TGC ACC CAA ACA CCA AGG T), rat TNF-a (AGC CCT GGT ATG AGC CCA
TGT A, CCG GAC TCC GTG ATG TCT AAG 1), rat IL-6 (GTT GTG CAA TGG CAA
TTC TGA, TCT GAC AGT GCA TCA TCG CTG), rat IL-1p (GAA ACA GCA ATG
GTC GGG AC, AAG ACA CGG GTT CCA TGG TG), rat TREM2 (CCA AGG AGC
CAA TCA GGA AA, GGC CAG GAG GAG AAG AAT GG), rat MerTK (TCT GAC
AGA GAC CGC AGT CTT C, TGG ACA CCG TCA GTC CTT TG), rat IGF-1
(AGACGGGCATTGTGGATGA, ACATCTCCAGCCTCCTCAGATC), rat CSF-1(CGA
GGT GTC GGA GCA CTG TA, TCA ACT GCT GCA AAA TCT GTA GGT) and rat
FGF-2(TGG TAT GTG GCA CTG AAA CGA, CCA GGC CCC GTT TTG G). De-
tection of human TNF-«, human IL-6, human TREM2, human MerTK, human
IGF-1 and human CSF-1 was done using TagMan probe sets (Thermo Fisher
Scientific) Hs00174128_m1, Hs00174131_m1, Hs00219132_m1, Hs01031979_m1,

Hs01547656_m1, and Hs00174164_m1,

respectively. Relative gene expression

levels were determined according to the AAcycle threshold (AACt) method
(Thermo Fisher Scientific). Each sample was measured in quadruplicate; data
are shown as mean values + SEM, and the t test was applied to determine
statistical significance (Prism 5.0c; GraphPad Software).
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Abstract

Human endogenous retroviruses (HERVSs) 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
HERYV 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.
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Neural Cell Responses Upon
Exposure to Human Endogenous
Retroviruses

Joel Gruchot, David Kremer and Patrick Kiiry*

Department of Neurology, Neuroregeneration, Medical Faculty, Heinrich-Heine-University, Disseldorf, Germany,

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.

Keywords: human endogenous retrovirus, neurodegenerative diseases, neurons, glia, mobile genetic elements

INVOLVEMENT OF HERVS IN NEUROLOGICAL DISEASES

Up to 8% of the human genome are of retroviral origin. These retroviral elements, termed human
endogenous retroviruses (HERVs), invaded the germ line millions of years ago and have been
permanently integrated into the genome of our primate ancestors (Kiiry et al., 2018). Following
integration, retrotransposonal activity led to the amplification of these retroviral elements (Belshaw
etal., 2004). While most of these retroviral genes contain intragenic deletions or nonsense mutations
and are therefore presumed to be silent, some of them retained parts of their functionality and
developed into enhancers of the immune defense (Grandi and Tramontano, 2018). Other genes,
such as syncytin encoded by ERVWEL, a full length provirus at locus 7q21.2 on chromosome
7, were domesticated and act in placental development (Mi et al., 2000). HERV elements may
normally be expressed at low levels, but environmental factors, such as hypoxia (Brutting et al.,
2018), drugs (Liu et al., 2013), other viruses (Liu et al., 2017), and certain mutations (Yu et al.,
2014), were shown to increase their expression. Importantly, several studies were able to show
that inflammation plays a major role in HERV activation (Mameli et al., 2007; Mameli et al., 2013;
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Lietal.,2015; Mangheraetal., 2015; Manghera etal., 2016b;Hurst
and Magiorkinis, 2017). However, current research indicates
that HERVs are also associated with several neurological
disorders such as multiple sclerosis (MS; Perron et al., 1989),
amyotrophic lateral sclerosis (ALS; Mccormick ct al., 2008),
and schizophrenia (SCZ; Yolken et al., 2000), which warrants
research into underlying mechanisms of activation as well as
into their role in disease etiology. As underlying disease causes
of many neurological conditions remain elusive, HERV-directed
research might shed light on new interactions and pathological
processes implicated into disease onset or progression. These
entities, which are sensu stricto neither viruses nor physiological
genes, must therefore be considered as a new category of
pathogenic elements (Feschotte and Gilbert, 2012). In the
present review, we will summarize what is currently known
about the involvement of HERVs in neurological diseases and
will specifically address functions exerted on neurons and glial
cells of the central nervous system (CNS).

Of note, HERV-W has been associated, repeatedly and
based on a larger number of independent studies, with MS as
recently reviewed in (Dolei, 2018). This demyelinating CNS
disease of unknown etiology features miscellaneous clinical
symptoms such as sensory, motor, and cognitive dysfunctions.
Pathophysiologically, MS is characterized by immune cell
infiltration, focal inflammation, and loss of myelin sheaths,
leading to white and gray matter lesions and brain atrophy
(Reich et al.,, 2018). Axonal degeneration, observed mainly
but not exclusively during progression and later disease stages
(Trapp et al., 1998), is another of its hallmarks and results in
irreversible deficits. Mechanistically, direct autoimmune attacks
on neurons (Derfuss et al., 2010) as well as secondary effects in
response to myelin loss are responsible for axonal impairment
and loss. In 1989, an association between retroviral clements
and MS was described based on the analysis of primary
leptomeningeal cell cultures isolated from MS patients (Perron
et al,, 1989). While these isolated viral particles were initially
termed multiple sclerosis associated retrovirus (MSRV), it was
later found that MSRV belongs, in fact, to the HERV family
(Dolei and Perron, 2009; Perron and Lang, 2010). Follow-up
studies provided convincing evidence that activation and
expression of otherwise dormant HERV-W DNA sequences
and the subsequent production of the encoded envelope (ENV)
protein can trigger an immune response (Perron et al., 2001;
Rolland et al., 2005). Moreover, it was shown that HERV-W
ENV RNA and protein levels are increased in the cerebrospinal
fluid (CSF) and serum of MS patients but rarely in healthy
individuals (Garson et al., 1998; Mameli et al., 2009; Perron
et al., 2012). Furthermore, it was shown that HERV-W ENV
activates the innate immunity, priming it against myelin
proteins. Accordingly, HERV-W ENV can act as an adjuvant
in a model of experimental autoimmune encephalitis (EAE),
which, in turn, can be rescued by the application of an
HERV-W ENV-targeted therapeutic IgG4 antibody termed
GNDbAC1 (EAE; Perron et al, 2013). MS histology then
revealed that the HERV-W ENV protein is mainly expressed
by myeloid cells (Kremer et al., 2013; Van Horssen et al., 2016).
Of note, a similar correlation was observed for HERV-W and

chronic inflammatory demyelinating polyneuropathy (CIDP), an
inflammatory, demyelinating disease of the peripheral nervous
system (PNS; Faucard et al., 2016).

Apart from roles in cancer (Grabski et al., 2019) HERV-K
also appears to be involved in a subpopulation of patients with
sporadic ALS. This neurodegenerative disease is characterized
by the progressive loss of both cortical and spinal motor
neurons (Mathis et al., 2017). Although first described in the
19th century, its pathogenesis is still poorly understood despite
considerable efforts to identify causes and susceptibilities in
recent decades. Elevated HERV-K reverse transcriptase (RT)
activity was observed in both blood and CSF from ALS patients
(Macgowan et al., 2007; Mccormick et al., 2008). So far, two
loci could be identified in the 7q34 and 7q36.1 regions, leading
to the expression of HERV-K elements in ALS patients (Frank
et al,, 2005). Initial analysis of brain autopsy tissue revealed the
expression of several HERV-K transcripts in cortical and spinal
neurons of ALS but not in healthy control individuals (Douville
et al, 2011). Although evidence for such an involvement is
increasing (Meyer et al., 2017), it is currently challenged by
a recent independent study that was not able to confirm the
association between elevated cortical IIERV-K RNA levels and
ALS (Garson et al., 2019). Despite these conflicting observations
related to the detection in ALS, it must be emphasized that
transgenic mice expressing the HERV-K envelope protein display
progressive motor dysfunction and motor cortex volume loss (Li
et al., 2015).

SCZ is a complex neuropsychiatric disorder characterized by
a variety of cognitive, emotional, and perceptual disturbances.
Pathophysiologically, SCZ features decreased brain volume,
loss of myelin, and altered astrocyte function (Archer, 2010). In
contrast to MS and ALS, both HERV-W and HERV-K have been
weakly linked to SCZ based on PCR amplification from CSF and
post-mortem brains as well as on protein antigenemia (Yolken
et al., 2000; Karlsson et al., 2001; Frank et al., 2005; Perron et al.,
2008), while another study revealed upregulation of HERV-W
ENV transcripts in plasma samples of SCZ patients (Huang
et al, 2011). Moreover, a new study provides evidence that, in
early stages of this disease, HERV-K methylation in peripheral
blood is reduced (Mak et al., 2019). Of note, these observations
contradict an earlier report suggesting that HERV-W expression
is reduced in SCZ patients (Weis et al., 2007). The disparity
between these reports may reflect different experimental
approaches or a differential use of anti-psychotic medications
in SCZ patients.

MECHANISMS OF HERV ACTIVATION

It is known that silenced IIERV's can be specifically activated and
expressed in several neurological conditions based on complex
underlying activation mechanisms. In this regard, numerous
studies have established links between HERV activation and
infections with viruses such as the Epstein Barr virus (EBV). In
this context, EBV glycoprotein350 (EBVgp350) was found to
trigger expression of HERV-W ENV in blood cells and astrocytes,
possibly contributing to the onset of MS (Mameli et al., 2012;
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Mameli et al., 2013). Likewise, EBV was also shown to trigger
HERV-K expression (Sutkowski et al., 2001). Similar activation
mechanisms were demonstrated for Herpesviridae HSV1 and
HHV6 (Perron et al., 1993; Ruprecht et al., 2006; Brudek et al.,
2007; Charvet ct al., 2018), providing a possible underlying
mechanism explaining the well-established epidemiological link
between these viruses and the susceptibility for MS. In addition,
a direct involvement of the human immunodeficiency virus
(HIV) Tat protein in activating HERV-W ENV in peripheral
blood mononuclear cells (PBMCs), monocyte/macrophages,
and astrocytes was described (Uleri et al.,, 2014). Of note, in
monocytes, HIV Tat inhibits the expression of syncytin-1,
whereas in differentiated macrophages it is stimulated (Uleri
etal., 2014). In this regard it is important to note that HERV-K
plasma levels were found to positively and negatively correlate
with HIV infection and antiretroviral therapy, respectively
(Bowen et al., 2016). Whether HIV infection as such or
antiretroviral treatment account for this observation is
currently debated.

Yet, another important activator of HERV expression is
the nuclear factor kappa-light-chain-enhancer of activated
B-cells (NF-kB) signaling pathway, based on an earlier report
demonstrating that the pro-inflammatory cytokine tumor
necrosis factor (TNF) a can stimulate the, at that time so-called,
ERVWE1/syncytin promoter via NF-kB (Mameli et al.,, 2007).
Similarly, HERV-K expression was also shown to respond to
TNFa/NF-kB signaling (Li et al., 2015; Manghera et al., 2015;
Manghera et al, 2016b). Such signaling could be part of a
regulatory feedback loop, taking into account that HERV long
terminal repeat (LTR)-sequences act as promoters for pro-
inflammatory cytokine genes (Hurst and Magiorkinis, 2017).

In human SH-SY5Y neuroblastoma cells, caffeine and
aspirin were shown to induce HERV-W ENV and GAG
(group-specific antigen) transcription, providing a possible
link between environmental factors, drugs, and endogenous
virus activation (Liu et al., 2013). Whether such exogenous
triggers can also affect HERV-W induction in myeloid cells,
which are highly relevant for MS (Kremer et al., 2013; Van
Horssen et al., 2016), remains to be demonstrated. Regarding
ALS, TAR DNA binding protein 43 (TDP43), which is
involved in the sporadic form of the disease (Mackenzie and
Rademakers, 2008), was found to bind to LTR sequences,
leading to the expression and accumulation of HERV-K (Li
etal., 2015; Manghera et al., 2016a). A further contribution to
HERV-W activation in MS was proposed to be mediated via
endoplasmic reticulum (ER) stress (Deslauriers et al., 2011).
Finally, progerin, a nuclear protein involved in the accelerated
aging Hutchinson-Gilford progeria syndrome, was found to
strongly downregulate transcription of all classes of repetitive
sequences including HERVs in dopaminergic neurons
generated from induced pluripotent stem cells (Arancio,
2019). Whether corresponding lessons can be learned in
light of neurodegeneration in MS or ALS needs to be shown
in future. Of note, progerin was also shown to impair the
nuclear factor erythroid 2-related factor 2 (Nrf2)-mediated
anti-oxidative response (Kubben et al., 2016), a mechanism
implicated in MS neuroprotection (Linker et al., 2011).

HERV EFFECTS EXERTED ON NEURAL
CELLS

Neurons

A potential HERV impact on neurons was studied in mice
using experimental overexpression of the HERV-K ENV
protein, mimicking its expression in cortical and spinal neurons
of ALS patients. These transgenic mice showed severe signs
of neurodegeneration with progressive motor dysfunction,
motor cortex volume loss, decreased synaptic activity, and
spine abnormalities (Li et al., 2015). Such a phenotype implies
that either endogenous damage pathways are activated or
ENV protein leakage results in surface receptor activation,
leading to autocrine or paracrine cell activation. CRISPR/Cas9
technology was recently used to disrupt the HERV-K ENV gene
in human prostate cancer cells. By depleting ENV transcripts
and proteins, this modification led to the downregulation of the
above-mentioned important regulator TDP-43 (see Figure 1;
Ibba et al., 2018). Given the formation of neurotoxic TDP-43
deposits in ALS neurons and TDP-43’s implication in HERV-K
activation (Douville and Nath, 2017), this study provides yet
more evidence for a role of ENV proteins in neurodegeneration.
This view might, however, be challenged by the observation that
HERV-K ENV overexpression in neuronal cells increased their
viability and prevented neurotoxicity mediated by the HIV-1 Vpr
protein (Bhat et al., 2014). This study was based on the fact that
HERV-K and TDP-43 constitute an important neuropathological
overlap between ALS and HIV encephalitis but might not be
representative for MS- or ALS-related degeneration processes.
To what degree inactivation of HERV-K might also be achieved
via epigenetic modulators such as TRIM28 remains to be shown.
In neural progenitor cells, TRIM28 acts a corepressor mediating
transcriptional silencing. Its deletion resulted in induction of
two groups of endogenous retroviruses IAP1 and MMERVK10C
(Fasching et al., 2015). Finally, in neuroblastoma cells, HERV-W
ENV overexpression was reported to activate the TRPC3 channel
to regulate calcium influx and to depress the SCZ relevant DISC1
protein (Chen et al, 2019). Whether this observation truly
reflects cellular expression and consequences in neuropsychiatric
disorders including non-transformed neuronal cells and whether
it can specifically be attributed to the envelope of HERV-W
remain to be studied in future.

GLIAL CELLS

Expression of HERV-W ENV has mainly been observed in
myeloid cells, i.e., monocytes/macrophages and microglia in MS
patient tissues, while there is scarce evidence pointing to ENV
expression by astrocytes (Perron et al., 2005; Kremer et al., 2013;
Van Horssen et al., 2016). As of now, it is still unclear whether there
is direct astroglial expression or if astroglia only bind or internalize
ENV protein. However, signs of astroglial expression have also
been gathered upon activation by EBV (Mameli et al., 2012).
Observations on the related syncytin-1 revealed induced astrocytic
release of redox reactants, which are cylotoxic to oligodendrocytes
(Antony et al, 2004), possibly acting via ASCT1 activation
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(see Figure 1; Antony et al., 2007). In this regard, however, it
must be stated that this study did not distinguished between
the pathological HERV-W and the physiological syncytin-1.
Furthermore, syncytin-1 overexpression in human microglia and
astroglia was reported to activate the inflammatory marker CRP
via TLR3 signaling (Wang et al., 2018), notably a receptor that is
known to bind double-stranded RNA but is prone to nucleic acid
artifacts in transfection experiments. In addition to the above-
mentioned observations in neuroblastoma cells, overexpression
of HERV-W ENV in human glioma cells was reported to
induce expression of SCZ-linked genes encoding brain-derived
neurotrophic factor (BDNF) and dopamine receptor D3 (DRD3;
Huang et al., 2011), whereas the endogenous retroviral insert
hsERVPRODH was found to act as a tissue-specific enhancer for
the proline dehydrogenase 1 (PRODH), a candidate gene for SCZ
susceptibility (Suntsova et al., 2013).

In the context of MS, stimulation of rat oligodendroglial
progenitor cells (OPCs) with HERV-W ENV protein was found to
impair their differentiation and to interfere with axon myelination
(Kremer et al., 2013; Gottle et al., 2019). This effect is based on
TLR4 activation and the subsequent induction of nitrosative stress

(seeFigure 1). The HERV-W ENV-targeted therapeutic antibody
GNDACI was initially developed to neutralize ENV-dependent
activation of immune cells, yet was also revealed to be active in
rescuing oligodendroglial differentiation (Kremer et al., 2015) as
well as myelination in vitro (Géttle etal., 2019). Of note, in relapsing
MS patients, a phase 2b clinical trial using GNbAC1 has been
conducted (CHANGE-MS, NCT02782858). It therefore remains to
be shown to what degree clinical results reflect these preclinical
findings and whether MS patients show beneficial eftects on
remyelination or attenuated neurodegeneration. Moreover,
interfering with TLR4 surface exposition by blocking of the vascular
ATPase was also found to neutralize the ENV-dependent effect on
OPC differentiation and axonal myelination (Géttle et al., 2019).
With regard to peripheral nervous system inflammatory damage,
HERV-W ENV protein can also be detected in Schwann cells of
CIDP patients. Cultured human Schwann cells exposed to or
transfected with an ENV expression vector showed increased IL-6
and decreased CXCL10 transcript levels (Faucard etal., 2016), hence
showing signs of altered immunocompetence in the peripheral
nerve (Tzekova et al., 2014). Likewise, this activation could be
neutralized via the GNbACI antibody (Faucard et al., 2016).
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FIGURE 1 | HERV-mediated effects on neural cells. This illustration summarizes origin and observed molecular effects of HERW-W and HERV-K on cells of the central
nervous system. Arrow starting points indicate cellular sources of HERV particles or proteins (red dots), whereas arrowheads point to influenced cell types. Modulated
processes are shown in gray boxes, and regulated molecules are highlighted in red next to each cell type. The question mark next to TDP-43 refers to its postulated
regulation in neurons. Whether microglia and astroglia respond to HFRVs in an auto- and/or paracrine way and whether neurons react to internal and/or extracellular
HERVs remains to be shown. OPCs: oligodendroglial progenitor cells; NO: nitric oxide; CRP: C-reactive protein; BDNF: brain-derived neurotrophic factor; DRD3:
dopamine receptor Dg; TRPC3: short transient receptor potential channel 3; DISC1: disrupted in schizophrenia 1; TDP-43: TAR DNA-binding protein 43.
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To what degree HERV-W ENV protein-mediated activation
also modulates the capacity of Schwann cells to de- and
redifferentiate and whether it could therefore affect PNS repair
remains to be shown.

Although microglial cells arc currently viewed as a relevant
source of HERV-W ENYV protein in the diseased CNS, additional
autocrine/paracrine effects on these myeloid cells cannot be
excluded and warrant further investigations. In this regard, it is
worth mentioning that nitric oxide (NO) production and cellular
migration were found to be affected in response to stimulation of
rat microglia with a recombinant ENV protein (Xiao etal., 2017).

Finally, a role of HERV-W ENV in diminishing myelin repair
isalso important in light of the reproduced documentation on its
expression in MS but also considering recent findings implying
an implication in molecular mimicry. In this regard, several
groups provided evidence of similarities between HERV-W
ENV and myelin oligodendrocyte glycoprotein (MOG). This
molecular mimicry may be an underlying mechanism leading
to or fueling autoimmunity (Do Olival et al., 2013; Ramasamy
etal,, 2017; De Luca et al., 2019). To what degree such molecular
similarities also disturb successful maturation of resident
OPCs required for myelin repair needs to be investigated
in future.

CONCLUSION

We here present collected evidence that endogenous retroviral
elements acting either as viral particles or via their proteins
influence neural cells in the context of degenerative CNS diseases.
Once thought to be primarily involved in cell transformation
(Grabski et al., 2019) and inflammation (Perron and Lang, 2010),
emerging data suggests a direct role of these elements in glial and
neuronal injury, which in fact goes beyond previous descriptions
on the activity of a gliotoxin (Menard et al., 1998). In light of
additional observations on the role of ERVs in regulating stem cell
potential and fate acquisition (Gautam et al., 2017), the findings
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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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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.

Keywords: multiple sclerosis; remyelination; oligodendroglial precursor cells; neural stem cells; microglia

1. Introduction

Aside from multifocal inflammation and demyelination, neurodegeneration is one of the hallmarks
of multiple sclerosis (MS). It represents the key factor driving clinical disability and the diminished
quality of life in this commonest autoimmune disease of the central nervous system (CNS). The relapsing
subtypes of MS (RMS) have become rather well treatable with a range of drugs. By contrast, progressive
MS (PMS), characterized by the steady accumulation of neurological deficits and disability, remains
a therapeutic challenge. Demyelination resulting from the autoimmune damage of oligodendrocytes
and a loss of myelin sheaths lies at the core of MS. Myelin sheaths, which insulate axons and guarantee
safe and reliable impulse propagation, are critical for normal neural function. Their loss leads to
reduced axonal integrity, which over time, results in neuronal fallout, and consequently to fixed
functional deficits. Partial replacement of lost oligodendrocytes and the (re)establishment of myelin
sheaths around denuded axons can occur as a result of the activation, recruitment and differentiation
of resident oligodendroglial precursor cells (OPCs) and neural stem cells (NSCs). These cells can
differentiate and mature into myelin-sheath forming oligodendrocytes—a repair process commonly
referred to as remyelination [1]. However, remyelination remains overall inefficient, which suggests
that even though OPCs and NSCs are present in the MS brain, they are prevented from effectively
differentiating into new myelin-producing cells by a variety of molecular mechanisms [2—4]. Of course,
to what degree a reduced activity of one or the other immature cell population is the main factor for
remyelination failure in MS, remains to be shown.
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One of the most important cell types involved in these mechanisms are microglia, the resident
innate immune cells of the CNS which modulate particularly OPC homeostasis, but also directly
contribute to axonal degeneration. In this review, we investigate which factors influence OPC and
NSC differentiation, with particular attention to the role of microglia in these processes (see Table S1).

2. Oligodendroglial Precursor Cells (OPCs)

Representing 5-8% of the total cell population of the adult brain, resident OPCs are found widely
distributed throughout gray and white matter, and provide a source for myelin repair following CNS
injury [5-7]. However, remyelination capacity remains overall inefficient and appears to decrease
with age, despite the substantial number of OPCs found in demyelinated MS lesions. Interestingly,
differences in the extent of myelin regeneration can be observed between individual lesions and patients,
potentially indicating heterogeneity within the OPC population and the mechanisms underlying failing
myelin repair in any given patient [8]. In this regard, recent publications point to a heterogeneity
within the oligodendroglial cell population based on localization [9], origin [10] and additional lineage
alterations upon demyelination [11]. This may explain different responses to demyelination and
perhaps even a different susceptibility to age-associated functional decline [12]. To make things more
complex, recently an additional contribution to myelin repair from partially lesioned oligodendrocytes
has been suggested [13,14]. This is of particular interest, as surviving mature oligodendrocytes have
classically been considered as passive bystanders of remyelination. However, using two different
animal models, Duncan and colleagues have now demonstrated that mature oligodendrocytes extend
processes towards demyelinated axons and ensheath them, while at the same time they are connected
to surviving myelin sheaths. This may point to a so far unrecognized contribution of these cells to
myelin repair. In summary, understanding the reasons for OPC differentiation and/or functional
maturation failure in MS will hopefully help us to develop new strategies to improve remyelination.
Accordingly, during the past years the focus of MS research has shifted to the identification of
therapies that promote remyelination, for instance by modulating extrinsic and intrinsic factors that
either act as the inhibitors or stimulators of OPC differentiation [15-17]. Furthermore, it was found
that remyelination failure correlates with age and disease duration [18,19]. This is hypothesized
to result from a reduced myelin debris clearance, and a decrease of factors secreted by monocytic
cells promoting OPC differentiation [20]. Notably, aging also directly restricts oligodendroglial cell
differentiation, resulting from age-related intrinsic changes in the mammalian target of the rapamycin
(mTOR) signaling pathway, reducing differentiation which contributes to remyelination failure [21].
With regard to regional variations, it is known that gray and white matter lesions exhibit different
capacities for remyelination. This finding is based on histochemical and electron microscopic studies
in mostly chronic MS brains, which showed that the efficiency and degree of remyelination in cortical
gray matter lesions (GML) is significantly higher than in white matter lesions (WML) [22]. These
results may be explained by data demonstrating that the number of oligodendrocytes and OPCs is
more than 6-fold higher in GML than in WML [23]. At least at first glance, this is somewhat surprising,
as there is evidence that more oligodendrocytes and OPCs are present in normal appearing white
matter (NAWM) than in normal appearing gray matter (NAGM) [24]. However, a rationale underlying
this apparent paradox might be that in gray matter, oligodendroglial recruitment is simply more
efficient [23]. Yet, other possible reasons for the differences in WML/GML remyelination capacity
are being discussed, and range from the potential presence of different cortical and white matter
oligodendrocyte and OPC subpopulations [25-27] to differences in microenvironment. In this regard,
various factors could play a detrimental role regarding WML remyelination: The specific composition
of the extracellular matrix (ECM) [28], a stronger inflammatory activity and microglial density [29],
as well as an increased tendency to scar formation [23]. In addition, there also seems to be a relative
overexpression of various inhibitors of OPC differentiation, including, inter alia, extracellular axonal
ligands, such as PSA-NCAM [30], LINGO-1 [31], Jagged [32] and Galectin-4 [33], which were all shown
to directly block OPC differentiation.
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Therapeutic Approaches to Promote OPC-Mediated Remyelination

Technically, one of the most effective approaches to neutralize potential inhibitors of OPC
differentiation is targeted antibody therapy. An antibody that was already shown to have a good safety
profile in phase 1 clinical trials for MS and amyotrophic lateral sclerosis (ALS) is ozanezumab
(NCTO01435993, NCT01424423). Ozanezumab is a humanized monoclonal antibody targeting
the myelin-associated neurite outgrowth inhibitor NogoA. The histones of NogoA-expressing
oligodendrocytes are highly acetylated, which is associated with an increased transcription of
OPC differentiation inhibitors [34]. Clinically, the antibody-mediated neutralization of NogoA in
a lysolecithin-induced animal model of experimental spinal cord demyelination results in enhanced
remyelination and improved functional recovery [35]. Moreover, neutralization of NogoA might
also be involved in enhanced synaptic plasticity and improved intrinsic repair in the adult CNS [36].
This is highly relevant, as none of the currently available MS treatments alleviates synaptic failure
and network dysfunction [37]. Hence there is a need to further assess the therapeutic potential of
NogoA neutralization.

Elezanumab is another humanized monoclonal antibody currently tested in phase 2 clinical trials for
RMS (NCT03737851) and PMS (NCT03737812). This antibody is directed against the membrane-bound
repulsive guidance molecule A (RGMa), which promotes inflammation and inhibits CNS regeneration
and remyelination mainly via the multifunctional target receptor neogenin [38]. Anti-RGMa treatment
leads to a decreased T cell proliferation, a decrease in pro-inflammatory interleukin production,
a functional recovery in experimental autoimmune encephalomyelitis (EAE) [39] and to a prolonged
conversion time to the secondary progressive disease phase [40].

Opicinumab, another monoclonal antibody, was also investigated in several clinical trials assessing
its effectiveness and safety in MS patients. This antibody is directed against the Nogo-receptor interacting
protein LINGO-1, which was found to negatively regulate OPC differentiation by activating RhoA and
inhibiting the Akt signaling pathways [41]. The phase 2 SYNERGY trial (NCT01864148) investigated
the safety and efficacy of opicinumab as an add-on therapy to intramuscular interferon beta-1a in
patients with RMS. Although the primary outcome (a multicomponent improvement of function over
72 weeks) was not met, some trends emerged in subgroup analyses: Younger RMS patients with
shorter disease duration and magnetic resonance imaging (MRI) features suggestive of more preserved
brain tissue (i.e., bigger whole-brain and thalamic volume at baseline) had a greater therapy effect.
The RENEW trial (NCT01721161) testing opicinumab in patients with acute optic neuritis (AON) did
not show a significant difference in the intent-to-treat population (ITT), either. However, it could show
a possible beneficial effect of opicinumab on remyelination in a pre-specified per-protocol analysis
after 32 weeks of treatment, with the recovery of P100 latencies of full-field visual evoked potential
(FE-VEP; [42]) as a primary outcome.

Finally, the humanized anti-pHERV-W Env antibody temelimab yielded promising results in
a recently completed phase 2b study in RMS (NCT02782858) after a previous phase 2a study had
already yielded encouraging results [43]. Temelimab is directed against the pathogenic envelope
protein (Env) of a human endogenous retrovirus (HERV) belonging to the HERV-W family. Although
the primary MRI-related endpoints of the study, with an emphasis on inflammation in the trial period
from week 12 to 24, were not met, a significant dose-dependent beneficial effect on brain and thalamic
atrophy, as well as on the number of T1 hypointense “black holes” could be shown in the secondary
endpoints in the trial period from week 24 to 48. In addition, a potential benefit on remyelination as
indicated by Magnetization Transfer Ratio (MTR) was observed. A more recent phase I study has
now investigated higher doses of temelimab, and could confirm the previously shown good safety
profile (NCT03574428). These results will certainly lead to further clinical studies focused on PMS.
In addition to these emerging antibodies, research simultaneously focuses on the repurposing of
well-established drugs regarding possible neuroregenerative effects. Accordingly, there are currently
studies underway investigating simvastatin (NCT03387670), quetiapine (NCT02087631) and clemastine
fumarate (NCT02040298). Simvastatin is a 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA)
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reductase inhibitor commonly used for the treatment of hypercholesterolemia. Regarding its effect on
remyelination there are contradictory results. While a number of studies have found that simvastatin
stimulates OPC survival and differentiation [44,45], others have suggested the opposite [46]. Quetiapin
on the other hand, is an atypical neuroleptic drug, which has been reported to increase OPC
differentiation and myelin protein production [47]. Finally, clemastine is a histamine H1 receptor
blocker, which was shown to increase OPC differentiation in disease entities such as hypoxic brain
injury [48,49].

3. Neural Stem Cells (NSCs)

In the past years, growing interest has focused on endogenous and transplanted neural stem
cells (NSCs) and their potential to provide oligodendrocyte replacement and to mediate myelin
repair. NSCs are multipotent cells which can self-renew and differentiate into neurons and glial
cells [50-52], most notably, under appropriate circumstances, also into oligodendroglia. In the adult
mammalian brain, at least two distinct niches, the subventricular zone (SVZ) of the lateral ventricle,
and the subgranular zone (SGZ) of the dentate gyrus, are described to harbor NSCs. In contrast
to the SVZ, SGZ-derived stem cells mainly differentiate into neurons unless they are genetically
reprogrammed or trophically manipulated to produce oligodendrocytes [53-60]. In this regard, during
the last years, several factors were identified which can instruct and drive oligodendrogenesis from
NSCs. More importantly, it was demonstrated that SVZ NSC-derived oligodendroglial cells can
contribute significantly to remyelination in several demyelination mouse models [61-65]. Of note,
in some of these studies, more NSC-derived than OPC-derived newly generated oligodendrocytes
were detected [64,65], pointing to the relevance of these cells regarding CNS repair. As these studies
identified NSCs as a major contributing source for myelin repair, the question arises why NSC-mediated
remyelination in MS is overall inefficient and even decreases over time. In this regard, several potential
explanations emerged during the past years.

3.1. Aging

As already mentioned above, aging could play a role in failing remyelination. In this context it was
shown that the aged SVZ suffers from a reduced number of ventricle-contacting astrocytes. These cells
are the precursors for so-called transit-amplifying cells (TAPs), which are highly proliferative, and can
give rise to newly differentiated oligodendrocytes. This is in line with the recent suggestion that
human cellular senescence is responsible for a diminished remyelination potential in progressive
MS patients [66]. Moreover, it has been repeatedly shown that in the aged brain less neurogenesis
occurs [67-70], which has been explained by increased cell cycle lengths, a lower availability of growth
factors and an accumulation of inhibitory factors. It is therefore conceivable that similar mechanisms
apply to gliogenesis, i.e., the production of new oligodendrocytes. However, so far corresponding
research has yielded contradicting results. While it was shown that neurosphere-mediated
oligodendrogenesis in response to growth factors declines with age [68], several other groups found
that NSC-derived oligodendrogenesis remains constant [69-71]. While an age-related decrease in
trophic factor expression was described in the human SVZ by some research groups [72,73], Weissleder
and colleagues reported an increase or stable expression in transcripts encoding trophic factors or
their receptors, such as epidermal growth factor (EGF), fibroblast growth factor 2 (FGF2) and Erb-B2
receptor tyrosine kinase 4 (ErbB4; [70]). On the other hand, measurements of 14C incorporation into
genomic DNA (a result of nuclear tests during the Cold War) demonstrated that newly generated
oligodendrocytes can still be detected around the lateral wall of the adult human SVZ [74], thereby
providing evidence for ongoing oligodendrogenesis in the adult.
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3.2. Inflammation

In the mouse MS model, EAE inflammation was demonstrated to modulate NSC
differentiation [75-77], and autoantibodies in EAE showed a strong affinity to SVZ NSCs [78]. EAE was
also found to induce spontaneous apoptosis of neural stem and progenitor cells (NPCs) in vitro [76].

While several EAE studies provide evidence that NSCs can modulate chemokine levels, resulting
in an impaired recruitment of immune cells to the CNS [79,80], these signaling molecules are also
important for the attraction of endogenous NSCs into white matter tracts [75]. Of note, one EAE study
showed that chitinase 3-like-3 (Chi313) activates the epidermal growth factor receptor (EGFR) on neural
stem cells, which results in decreased disease severity [81]. Moreover, chemokines are important for
stem cell proliferation, resulting in a lower capacity to differentiate into oligodendrocytes, and an
increased differentiation into neuronal progenitors [77,82]. In contrast, transplanted NSCs were shown
to participate directly in the remyelination of damaged axons [83], but also to influence OPC-based
myelin regeneration after cuprizone-mediated demyelination [84]. A recent study using single cell
transcriptomics on aging neural stem cell niches provided evidence of increased T cell infiltration in
aged animals, which apparently impairs NSC proliferation via interferon-y secretion [85].

3.3. Factors Involved in NSC-Based Oligodendrogenesis

A number of different factors and signaling pathways which modulate NSC-derived
oligodendrogenesis have been described (summarized in [86]). The majority of the encoded proteins
exert similar roles on both OPCs and NSCs. However, a few transcriptional/epigenetic regulators, such
as Glil [87], Sirt1 [88], nuclear factor I X (NFIX; [89]), B-cell leukemia homeodomain 1 (Pbx1, [90]),
prospero-related homeobox 1 gene (Prox1, [91]), drosha and nuclear factor IB (NFIB, [60]), exhibit stem
cell-specific effects, and might therefore be of particular interest regarding alternative myelin repair
pathways. For example, it could be shown that the negative regulatory effect on remyelination by
Glil and Sirtl could be partially reversed by using small molecule inhibitors (GANT61 for Glil and
EX-527 for Sirtl, respectively). Furthermore, it was shown that nuclear factor-erythroid 2-related
factor 2 (NRF2) leads to impaired differentiation and proliferation rates of hippocampal NSCs [92].
This is an interesting observation, given the fact that dimethylfumarate (DMF), a well-established and
potent oral MS medication, is known to enhance NRF2 expression. Finally, FGFR3 activation was
recently shown to redirect the differentiation of SVZ-derived NSCs into oligodendrocytes promoting
remyelination [93]. Another point that should be considered regarding NSC-based remyelination is
the heterogeneity within NSC niches. While signaling pathways involving Wnt/p-catenin, Prox1,
Olig2, and Sox10 are enriched in the dorsal microdomain of the SVZ [94-97], Pbx1 can be detected
throughout the entire niche [62]. p57kip2, on the other hand, appears to dominate in the lateral wall
of the SVZ [86]. In contrast, NSCs located in the innermost parts of the granule cell layer of the hilus
mainly give rise to neurons, but can also form new oligodendrocytes following overexpression of
achaete-scute family bHLH transcription factor 1 (Ascll, [54,58]) or the inhibition of factors such as
Prox1, [97], neurofibromatosis type I (Nf1, [59]), Drosha [60], ubiquitin-specific peptidase 9, X-linked
(Usp9x, [98]) or p57kip2 [55].

4. Microglia

OPC and NSC homeostasis cannot be seen in isolation from other cell populations or physiological
processes. In this regard, the innate immune system, i.e., resident microglia and peripherally-derived
infiltrating macrophages, have been shown to be essential for remyelination. This includes axon
regeneration, the clearance of myelin debris and the release of neurotrophic factors that promote OPC
differentiation [99]. Microglia are the resident innate immune cells of the CNS and play an important
role in the MS disease process. On the one hand, they can adopt a pro-inflammatory phenotype,
classically known as M1, contributing to inflammation and axonal damage. On the other hand, they can
also take on a restorative phenotype, known as M2, which is associated with anti-inflammation, tissue
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repair and phagocytosis of debris. This process, classically referred to as polarization, and as of late
challenged in the scientific community [100], lies at the core of the complex role of microglia in de- and
remyelination [101].

4.1. Phagocytosis of Myelin Debris

Phagocytosis of myelin debris in the MS brain is essential for the initiation of neuro-repair as
myelin debris inhibits OPC differentiation and, by doing so, remyelination [102]. Among others,
Fractalkine receptor (CX3CR1), which is expressed at high levels on microglia, has been identified to
exert an impact on microglial phagocytic capacity. CX3CR1-deficient mice treated with cuprizone were
shown to have a reduced microglial phagocytic capacity, leading to a persistent presence of myelin
debris, which results in inefficient remyelination due to impaired OPC recruitment [103]. Another factor
relevant for phagocytosis is triggering receptor expressed on myeloid cells (TREM2). Long-term studies
of TREM2 knockout mice showed impaired myelin debris clearance, axonal dystrophy, oligodendrocyte
reduction, and persistent demyelination after prolonged cuprizone treatment [104]. In addition, in the
inflammatory setting of EAE, a blockade of TREM2 leads to disease progression, resulting in diffuse
demyelination [105]. Other players affecting phagocytosis are the TAM family receptors MerTK and
Axl. Ax] knockout mice subjected to MOG-EAE feature a decreased number of activated microglia in
lesions resulting in reduced myelin debris clearance [106]. Regarding MerTK, in vitro studies in human
microglia which were stimulated with TGF-f revealed a strong increase in myelin ingestion based on
an upregulation of MerTK and its ligands Protein S and growth arrest specific 6 (GAS6) in comparison
to controls [107]. Further studies on monocyte-derived macrophages from MS patients then identified
the MerTK pathway as being essential for myelin phagocytosis. MS macrophages displayed a reduced
myelin uptake capacity, correlating with lower levels of MerTK and its ligands compared to healthy
controls [108]. In addition to the above-mentioned factors, a recently published study has identified
the pHERV-W envelope protein Env as a stimulator of microglia-associated inflammation in MS. Env
reduces microglial phagocytic capacity by downregulating TREM2 and MerTK resulting in decreased
myelin debris clearance. Moreover, Env was found to drive microglia-mediated axonal damage
resulting in the leakage of myelin and intra-axonal indicative of axonal degeneration [109].

4.2. Microglial Stimulation of OPC Differentiation

Besides inefficient myelin debris clearance, failing paracrine stimulation of OPC differentiation by
microglia is another key factor contributing to inefficient remyelination in MS. In this context, it was
discovered that fibronectin aggregates accumulate in the extracellular matrix (EZM) during chronic
demyelination processes and impede remyelination via inhibiting oligodendrocyte differentiation.
Matrix metalloproteinases (MMPs) on the other hand, can modulate the EZM and are able to split
fibronectin—as it is the case for MMP7. Microglia were identified as a major source of the MMP7
proenzyme proMMP?, which is reduced in chronic active and inactive MS lesions correlating with
higher amounts of fibronectin aggregates disrupting OPC differentiation capacity [110]. In general, both
M1 and M2 phenotypes are simultaneously present in MS lesions, but for successful OPC differentiation
and remyelination a switch from M1 to M2 seems to be essential [111]. In this regard, the long noncoding
RNA (IncRNA) GAS5 was shown to regulate microglial polarization with increased levels being found
in activated ameboid microglia in MS brains. GAS5 apparently averts M2 polarization by suppressing
the transcription of TRF4, via a recruitment of the polycomb repressive complex 2 (PRC2). In EAE,
interference with GAS5 in microglia attenuates disease progression and promotes remyelination [112].
Beyond that, microglia are able to promote remyelination via a complex repertoire of secreted
chemokines and cytokines which stimulate oligodendroglial differentiation [113]. Factors that have
been identified as being supportive in this regard are, for instance, CXCL12 [114-116], semaphorin
3F [117], Activin-A [111] and Galectin-3 [118]. It is noteworthy that in chronic persistent inflammation,
as it occurs in MS, microglia secrete many of these supporting factors at reduced levels, thereby
contributing to ineffective remyelination [17,111,119].
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5. Discussion

While the past years have seen the approval of highly potent immunomodulatory drugs which
led to a paradigm shift in the treatment of RMS, therapies that stimulate myelin repair and prevent
neurodegeneration are still unavailable. However, even though ultimately rather ineffective, the brain’s
own repair mechanisms provide us with helpful leads as to where to start the search for such therapies.
Of course, in order to claim credible relevance for MS, pre-clinical studies which aim to identify
promising molecules have to be conducted in a context as close as possible to the human paradigm,
i.e., in human cells and/or in human tissue, which are, of course, difficult to procure. Nonetheless,
the quest for myelin repair enhancement in MS has already prompted the initiation of several trials
assessing the clinical effectiveness of molecules known to inhibit or stimulate OPC differentiation [16].
Of note, some of these molecules are not exclusively studied for MS, but also in patients with other
CNS diseases, such as amyotrophic lateral sclerosis (ALS) or spinal cord injury (SCI) as these disorders
share certain aspects of MS pathophysiology. Interestingly and probably due to their proximity to
mature myelin-forming oligodendrocytes, clinical research has so far exclusively focused on molecules
stimulating the differentiation of OPCs. In contrast, factors facilitating NSC differentiation or beneficially
modulating microglia have not attracted an equal level of attention. This is somewhat surprising,
as in some experimental animal studies more NSC-derived than OPC-derived newly generated
oligodendrocytes were detected. In addition, so far there has not been a single trial investigating
molecules aimed at stimulating microglia-associated phagocytosis. Yet, the plain fact that a completely
new generation of potential MS medications is currently being studied remains reason enough for
cautious optimism. Of note, regarding the molecular mechanisms of such therapeutic agents, there are
some important caveats. First of all, potential therapeutic molecules must be cell-specific, and should
not pleiotropically interfere with physiologically required pathways. As they have to work on cell
populations inside the CNS, they must also be able to cross the blood-brain-barrier (BBB). While the BBB
is leaky during acute MS relapses, as demonstrated by MRI-based Gadolinium enhancement, it is,
to a large degree, re-established afterwards. However, microglia-mediated neurodegeneration is
continuing even behind a closed BBB. In order to solve this problem, among other approaches
virus-based CNS drug delivery systems have been suggested which are able to transport therapeutic
molecules across an intact BBB [120]. Of course, in order to maximize tropism for (oligodendro)glia,
viral systems based on JC polyomavirus (JCPyV) seem to be the most promising (Chao et al., 2018). This
leads us to the next challenge, which consists in finding the right therapeutic “window of opportunity”.
An application of regenerative agents too late during the disease course could be fruitless, as axons
might have already degenerated irreversibly. In summary, it is very likely that the MS therapy of the
future will consist of a two-pronged approach, uniting established immunomodulatory treatments
with remyelinating ones. Despite the aforementioned complex issues, it is very encouraging to observe
the new developments in the emerging field of clinical remyelination therapy. Hopefully, we will
soon have new therapeutic options at our disposal that will enable us to effectively treat both the
inflammatory and neurodegenerative aspects of MS, in order not only to prevent new damage, but also
to restore lost function.
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Activation of myeloid cells by human endogenous retroviral
entities: While the exact causes of neurological diseases such as
multiple sclerosis (MS) or amyotrophic lateral sclerosis (ALS)
are still elusive, there is evidence of a new category of pathogen-
ic elements called human endogenous retroviruses (HERVs)
which seem to contribute to their evolution and progression
by exerting inflammatory and degenerative effects (Kiiry et al.,
2018). HERVSs are ancient retroviral elements which account
for up to 8% of the human genome and it is known that envi-
ronmental factors can trigger their (re-)expression (Kiiry et al.,
2018). The resulting production of viral particles and/or pro-
teins, especially from members of the HERV-W and HERV-K
family, is strongly correlated with the onset and progression of
neurological diseases, such as MS and ALS (Kiiry et al., 2018).
In ALS, HERV-K expression is mainly found in neurons (Li
et al,, 2015), whereas in MS increased HERV-W RNA and pro-
tein levels have been confirmed for microglia and macrophages
(Mameli et al., 2007). In this context, a correlation between
induced gliotoxicity, reverse transcriptase activity and HERV-W
expression in macrophage cell culture supernatants derived
from MS patients had previously been documented (Menard et
al,, 1997). Subsequent studies were able to detect HERV-W en-
velope (ENV) protein expression in myeloid cells (i.e., microglia
and macrophages) in areas of active demyelination as well as
at the rims of chronic active lesions (van Horssen et al., 2016;
Kremer et al., 2019). In contrast, only few HERV-W ENV-pos-
itive astroglial and lymphoid cells could be detected (van Hors-
sen et al.,, 2016). Similar to MS, expression of the multicopy
HERV-W family in schizophrenia was detected in peripheral
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blood mononuclear cells (Perron et al., 2012). Against this back-
drop, we will focus this perspective on HERV-mediated effects
on myeloid cells.

Myeloid cells are part of the innate immune system and can
be divided into different subpopulations. On the one hand,
there are monocytes circulating in the bloodstream. On the
other hand, macrophages are tissue-localized ceils, which can
be found in virtually every organ. Both monocytes and mac-
rophages originate from hematopoietic stem cells in the bone
marrow. In contrast to that, the tissue-localized myeloid cells of
the central nervous system, the so-called microglial cells origi-
nate from embryonic yolk sac progenitors.

Early functional studies demonstrated that the HERV-W
ENV protein can activate the receptors Toll-like receptor 4
(Figure 1) and cluster of differentiation 14 (Figure 1) on hu-
man monocytes leading to the production of pro-inflammatory
cytokines (Rolland et al., 2006). In addition, the ENV protein
was shown to stimulate dendritic cells, a refated myeloid ceil
type, to promote T helper cell type 1 differentiation (Rolland et
al,, 2006). A similar activation of dendritic cells and a triggering
role in experimental autoimmune encephalomyelitis in mice
was then corroborated in a follow up in vivo study (Perron et al.,
2013). In addition to that, microglial cells also respond strongly
to HERV-W ENV protein exposure. As recently demonstrated,
ENV induces the expression of pro-inflammatory cytokines and
of nitric oxide in these cells while it reduces anti-inflammatory
and neuroprotective parameters (Kremer et al., 2019). Further-
more, ENV protein drives microglial cells to physically interact
with myelinated axons and to induce leakage of intra-axonal and
myelin proteins. These observations suggest an entirely novel
axon damage mechanism, which could explain the tight axonal
phenotypes of myeloid cells found in chronic active MS lesions
(Kremer et al., 2019). In addition, they also provide a biomed-
ical rationale for the anti-degenerative effects observed in a re-
cent phase 2b clinical trial which tested the HERV-W ENV-neu-

Figure 1 HERV-W mediated effects on
myeloid cells.

This illustration summarizes the ori-
gin and observed molecular effects of
HERV-W on myeloid cells and how it
affects neural cells of the central nervous
system. Arrow starting points indicate
the cellular sources of HERV-W particles
sl o) or proteins (red dots) while arrowheads
t point to the influences on different cell
types. TLR4/CD14 receptors are marked
in yellow. Modulated processes are
shown in grey boxes, regulated myeloid
molecules and processes are shown in the
central panel and regulated molecules
in non-myeloid cells are shown in red.
Whether microglia and macrophages
respond to HERV-W in an auto- and/
or paracrine way remains to be shown.
CD14: Cluster of differentiation 14;
HERV-W: human endogenous retrovi-
ruse-W; MG: microglia; M ¢ : macro-
phage; NO: nitric oxide; OPCs: oligo-
dendroglial progenitor cells; Th: T-helper
cell; TLR4: Toll-like receptor 4.
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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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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 iacking. The choroid piexus (ChP) piays 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 inflamma-
tory brain responses. In a translational framework, we here address
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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 scle-
rosis 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 per-
formed transcriptomic analyses. Moreover, pharmacological modula-
tion 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 mul-
tiple sclerosis patients. Our findings identify ChP characteristics as
robust and translatable hallmarks of acute and ongoing neuroinflam-
matory activity in mice and humans that could serve as a promising
interspecies marker for translational and reverse-translational
approaches.

Tiensi

multiple sclerosis | choroid plexus | neuroinflammation | disease activity

he choroid plexus (ChP), which extends along the floor of the

lateral ventricles and the roof of the third and fourth ventricles
(1), is a highly vascularized tissue that represents one key structure
between the blood and the cerebrospinal fluid (CSF). The ChP
plays an essential role in CSF production and brain waste clear-
ance pathways, including the recently discovered glymphatic
transport of CSF along the periarterial spaces (2-4). Additional
functions of the ChP include maintenance of the neural paren-
chyma via secretion of neurotrophic factors and modulation of
solute and immune cell trafficking across epithelial cells (5).
Moreover, the ChP is involved in neuronal repair and restoration
of function via gene expression and regulation of immune cell
content (6-8).

Taken together, the blood-CSF barrier (BCSFB) in the ChP
and the blood-brain barrier (BBB) regulate the entry of cells and
solutes into the central nervous system (CNS). When these bar-
riers and other regulatory mechanisms collapse, immune cells
enter the CNS and may initiate neuroinflammatory diseases such

PNAS 2021 Vol. 118 No. 36 €2025000118

as multiple sclerosis (MS), leading to demyelination and neuro-
axonal degeneration. In line with this, inflammation and disrup-
tion of the ChP tissue architecture was detected in MS (9, 10). In
postmortem studies, patients with MS showed an increased
number of antigen-presenting cells in ChP stroma, as well as an
infiltration of leukocytes from the periphery, a disruption of tight
junctions in the ChP epithelium, and an endothelial over-
expression of adhesion molecules involved in lymphocyte migra-
tion. Thus, the ChP can be considered one of the gateways for the
migration of inflammatory cells into the brain, which indicates its
structural importance in the pathogenesis of CNS diseases (11).
These observations on a microscale potentially disrupt the mor-
phology of the ChP also on a macroscale (12, 13). Despite the
evidence available from neuropathological studies, we still lack an
in vivo demonstration that the ChP is involved in the inflammatory
process characterizing MS.

The cuprizone mouse model is a valuable tool to assess de-
myelination dynamics, since it induces early oligodendrocyte
apoptosis, followed by astroglial and microglial activation and
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Neuroinflammation is a hallmark of multiple sclerosis and is
linked to neurodegeneration. This study provides pathophysio-
logical insights into the cross-dependency between neuro-
inflammation and choroid plexus characteristics in both mice and
humans. Our work relates an enlargement of choroid plexus
volume to ongoing neuroinflammation and emerging clinical
disability in two large cohorts of multiple sclerosis patients as
well as in two mouse models, the cuprizone diet-related demy-
elination and the experimental autoimmune encephalomyelitis.
Choroid plexus characterization as measured by high-resolution
MRI thus represents a reliable and translatable interspecies
marker for the quantification of neuroinflammation and disease
trajectories that is strongly associated with functional outcomes.
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demyelination (14, 15). Although minor damage to the BBB has
been described in this model (16), T and B cells are considered
to play only a minor role during cuprizone-induced demyelin-
ation (17, 18). Moreover, immunohistochemistry has identified the
presence of neuroinflammatory processes with anatomical affinity,
particularly in the lining of the ChP (19). Thus, with the cuprizone
model, two main aspects related to the MS pathology can be in-
vestigated: first, mechanisms underlying innate immune cell-driven
myelin and axonal degeneration, and second, remyelination of the
demyelinated axons (18).

On the other hand, experimental autoimmune encephalomy-
elitis (EAE)—the classic animal model of MS—is characterized by
T cell and monocyte infiltration in the CNS associated with local
inflammation and primary demyelination. In EAE, effector T cells
enter the CSF from the leptomeninges or the ChP across activated
vessels before spreading to the CNS tissues (20-23), suggesting
that the ChP may be one of the initial sites of T cell entrance into
the brain. In fact, it has been shown that the very late antigen-4
(VLA-4) and the melanoma cell adhesion molecule (MCAM) are
important for transendothelial migration of T helper (Th)17 cells.
VLA-4 plays a key role by mediating the initial rolling and ad-
hesion steps of transmigration through interaction with its recep-
tor, vascular cell adhesion molecule-1 (VCAM-1), expressed on
endothelial cells upon inflammation (24). Targeting VLA-4 re-
stricts most encephalitogenic T cells from migrating into the CNS
(25), while blockade of MCAM more specifically inhibits Th17 cell
migration into the CNS via the ChP endothelium (20).

Studies in mouse models mimicking aging in humans have
provided further evidence that the ChP is involved in age-related
immune cell recruitment, glial activation, and cognitive function-
ing (27, 28). These findings emphasize the impact of immune
homeostasis within the ChP in shaping the brain’s structural in-
tegrity and the clinical phenotype. However, while our under-
standing of the role of the ChP in brain homeostasis is growing,
much less is known about its role in MS despite the intersection
between ChP function and the neuroimmune axis. We hypothe-
sized that inflammation through immune cell infiltration leads to
an altered volume of the ChP and that MRI-derived ChP assess-
ment provides a structural interspecies biomarker of inflammatory
disease activity. Hence, this study aimed to investigate how ChP
morphology is linked to disease activity in humans with MS and
two experimental mouse models of CNS demyelination.

In this translational study, we identified an association between
the ChP volumes as derived from high-field MRI, with clinical
disability in a large cohort of MS patients over 3 y of annual follow-
up. We validated our findings in a second cohort of treatment-naive
MS patients at disease onset and after 4 y. Ultimately, we investi-
gated the relationship between ChP volumes and CSF markers of
BBB dysfunction and the effects of pharmacological inhibition of
immune cell migration into the CNS on ChP volume changes.
Moreover, we acquired MRI in the cuprizone-diet mouse model to
determine whether ChP morphometry is related to demyelination
and remyelination processes, depicting MS-like pathophysiology.
Likewise, imaging in the EAE model served to evaluate the rela-
tionship of ChP morphology and functional impairment in mice. To
evaluate the possible molecular mechanisms underlying ChP alter-
ations, we further conducted immunohistochemistry and tran-
scriptomic analyses from ChP tissue on both EAE and cuprizone
models, which allow us to bridge the gap between ChP integrity and
neuroinflammation.

Results

ChP Enlargement Is Associated with Disease Activity in MS. Bilateral
ChP volumes were found to be enlarged in 330 MS patients when
compared to healthy controls (HC) (Fig. 14 and SI Appendix,
Figs. S1 and S2; n (HC) = 57; ¢t = 7, P < 0.001). Larger ChP in
MS patients were associated with the severity of clinical disability
(assessed via Expanded Disability Status Scale [EDSS) scores]
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after adjusting for sex, age, disease duration, and intracranial vol-
ume (Fig. 24) at baseline (standardized beta [] = 0.170; P = 0.004)
and after 4 y (B = 0.210; P < 0.001). These associations were also
seen during the yearly follow-ups in between (SI Appendix, Fig.
S34). In addition, enlarged ChP volume was related with cortical
thinning (Fig. 3C; r = —0.328, P < 0.001). Decreased cognitive
performance measured with the Symbol Digit Modalities Test
(SDMT), recognized as being particularly sensitive to the slowed
processing of information that is commonly seen in MS, was also
associated with ChP enlargement (Fig. 3F; r = —0.375; P < 0.001)
after adjusting for sex, age, and intracranial volume.

Within the main MS cohort, a further comparison between pa-
tients with no evidence of disease activity (NEDA) and patients with
disease activity (EDA) over a period of 2 y was conducted. Here,
patients with EDA displayed larger ChP volumes at baseline com-
pared to patients with NEDA (Mann-Whitney U test; P < 0.001).
In comparison with healthy controls, both MS patients with NEDA
and EDA showed significantly larger ChP volumes (Fig. 34). Based
on the hypothesis that ChP enlargement may mirror neuro-
inflammatory activity, we also assessed ChP morphometry with
regard to demyelinating lesion load (high versus low T2-weighted
hyperintense lesion volumes based on the median value). Our re-
sults demonstrated enlarged ChP volumes in patients with higher
lesion load, while preserved ChP morphometry was observed in
patients with a low degree of hyperintense lesions on T2-weighted
images (Fig. 3B; Mann-Whitney U test; P < 0.001).

Finaily, within the statisticai framework, we applied structural
equation modeling (SEM) to assess whether MRI-derived volu-
metric measurements of ChP represent a better biomarker related
to EDSS scores in comparison to T1 contrast-enhancing lesions or
new or enlarging T2 lesions. SEM identified the ChP volume as
the strongest prognostic factor for EDSS scores (standardized
coefficient [s] = 0.71, P = 0.0005). T1 contrast-enhancing lesions
(s = 045, P = 0.357), as well as new or enlarging T2 lesions (s =
0.35, P = 0.245), did not reach significance in the designed
predictive model.

ChP Enlargement in MS Is Confirmed in an Independent Validation
Cohort. In the replication cohort of 235 treatment-naive MS
patients at disease onset, enlarged ChP volume was concordantly
associated with increased clinical disability after adjusting for
sex, age, disease duration, and intracranial volume at baseline
(B = 0.157; P = 0.020) and 4-y follow-up (r = 0.289, P = 0.007)
(Fig. 2B). These positive associations were also seen after the 1-
and 2-y follow-ups (SI Appendix, Fig. S3B). Consistently, as
within the main cohort, in these patients, ChP enlargement was
inversely associated with cortical thinning (Fig. 3D; r = —0.277,
P = 0.011) after adjusting for sex, age, and intracranial volume.

ChP Enlargement Associates with Albumin in the CSF. Breakdown of
the BBB is commonly seen in MS, yet it is not specific to the
disease. Given the high concentration of albumin in plasma, it
readily passes from the circulation into the CNS during BBB dis-
ruption and, thus, the albumin quotient (plasma to CSF) is used as
an indicator of BBB dysfunction. Associations between enlarged
ChP volumes were attested (SI Appendix, Table S3) with CSF al-
bumin (Fig. 3E; r = 0.281, P = 0.018) and albumin quotient (r =
0.292, P = 0.014) but not for serum albumin (r = 0.053, P = 0.662).
Notably, no associations between ChP volume and lymphocyte
subsets (CD4+, CD8+, CD19+, and CD56+ cells) in the pe-
ripheral blood were found in patients (SI Appendix, Fig. S5 A-D
and Table S4).

High-Efficacy Treatment Prevents ChP Enlargement. Untreated MS pa-
tients had larger ChP volumes at follow-up compared to baseline (S/
Appendix, Fig. S4; t = 0.011, P = 0.011). MS patients under dimethyl
fumarate (DMF) treatment had larger ChP volumes at follow-up
compared to baseline (SI Appendix, Fig. S4; t = 2.74, P = 0.0078),
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Fig. 1.

Volumetric differences in the choroid plexus in human and mouse models. Box plots depicting choroid plexus volumes as derived from individual MRI.

(A) In humans, enlarged volumes in MS patients with respect to HCs are evidenced. In mice, choroid plexus volumes showed a similar enlargement during the
course of (B) the cuprizone-induced demyelination and (C) with increased disability during the course of the EAE mouse model. **P < 0.01.

whereas patients under natalizumab (NAT) therapy showed stable
ChP volumes at follow-up (SI Appendix, Fig. S4; t = 1.26, P > 0.05).

Cuprizone Mouse Model: ChP Volume Changes under De- and Remyelination.
In our translational approach, we utilized a preclinical mouse
model allowing the evaluation of demyelination and remyelination,
which served to verify the volumetric changes of the ChP and its
functional correlates (SI Appendix, Figs. S1 and S2). This animal
model served to study consequences of myelin loss under transient
pathological conditions. The comparison of the ChP volumes
between untreated mice at baseline and after 2 wk of cuprizone
diet depicted larger ChP volumes at the maximum of demyelination
(Fig. 1B; t = 4.578, P = 0.00023). Subsequently, when myelin synthesis
was reenabled by reintroduction of normal food after 6 wk, the mice
presented significantly decreased ChP volume in comparison to
the demyelination phase (t = —3.567, P = 0.0048). ChP morphology
after remyelination induction was similar to that of the initially
untreated period (¢ = 1.897, P = 0.46).

The open field (OF) test was applied in order to evaluate basal
exploratory behavior via the distance traveled. Animals tested in
the OF at baseline showed no significant correlation between the
corresponding ChP volume and the distance traveled (SI Appendix,
Fig. S64; r = 0.402, P = 0.063). After 6 wk of cuprizone diet—at
the peak of induced demyelination—the animals were measured
again, and we observed a significant positive association between
distance traveled and the ChP volume (SI Appendix, Fig. S6B; r =
0.497, P = 0.018). After diet withdrawal, the animals were again
rescanned, and the traveled distance was measured. There was still
a significant association between the anxiety-like behavior and the
plexus volume at this time point (S Appendix, Fig. S6C; r = 0.652,
P < 0.001).

EAE Mouse Model: ChP Volume Changes under Autoimmune Inflammation.
In addition to the intoxication model with cuprizone-induced

Fleischer et al.
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demyelination, we employed the classic inflammatory EAE model
to confirm our findings from the MS patient cohort in a second
mousc model (SI Appendix, Fig. S1). Here, the administration of
myelin-derived peptides causes an immune reaction against spe-
cific antigenic myelin proteins. In the EAE model, the peak of
demyelination was reached 10 to 15 d after injection and was
primarily confined to the spinal cord, although a certain degree of
demyelination was also detected in the optic nerve, cerebral cor-
tex, and cerebellum. Mice were scanned at baseline, day 12, day
16, and day 24, and ChP volumes were determined (Fig. 1C). ChP
volume was significantly larger at day 24 (t =5.9; P = 0.00078), day
16 (t = 6.8; P = 0.00045), and day 12 (t = 3.4; P = 0.038) in
comparison to baseline.

We linked the ChP volume with the functional impairment in
mice measured with the EAE score, a measure of disease se-
verity characterizing motor deficits. We found positive associ-
ations between ChP morphology and the EAE severity scores
at day 12 (SI Appendix, T'ig. S6D; r = 0.682, P = 0.023), day 16
(SI Appendix, Fig. S6E; r = 0.591, P = 0.042), and day 24 (SI
Appendix, Fig. S6F; r = 0.664, P = 0.031).

Enhanced Microglia Activation in the ChP at the Peak of the Disease in
Both Mouse Models. In the cuprizone-diet mice (Fig. 4 A-D), the
immunohistochemistry on ChP sections showed a significantly
higher number of Ibal+ and Clec7a+ cells, as markers of
microglial infiltration and activation, at the peak of demyelination
in comparison to untreated mice (P < 0.001). A total of 4 wk after
cuprizone diet withdrawal, the number of Ibal+ cells was com-
parable to naive levels. Similarly, the number of CD3+ cells was
significantly higher at the peak of demyelination (P < 0.01) but
comparable to naive mice 4 wk after diet withdrawal.

In EAE mice (Fig. 4 E-H), we found that the number of ChP
Ibal+ cells was significantly higher at the peak of disease at day 14
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Fig. 2. Associations between clinical disability and choroid plexus enlargement in MS patients. Scatter plots depicting the association between choroid plexus
volume and clinical disability, as measured with EDSS, in the study cohort (A), at baseline (blue) and at 4-y follow-up (green). In addition, the scatter plots
derived from (B) the replication cohort are provided for baseline (red) and 4-y follow-up (yellow).

(P < 0.01) and in the remission phase at day 21 (P < 0.05) after
immunization in comparison to the naive mice. In line with this,
we observed a higher number of CD3+ cells in comparison to
naive mice 14 (P < 0.01) and 21 (P < 0.05) d after immunization.

ChP Volumes Relate to Glial Activity. Through immunohistochem-
istry, we observed positive associations between the number of
cortical glial fibrillary acidic protein (GFAP+) positive cells,
which is a specific marker for astrocyte content, and the ChP
volume at baseline (Fig. 54; r = 0.560, P < 0.001), full demye-
lination (Fig. 5B; r = 0.630, P < 0.001), and full remyelination
(Fig. 5C; r=0.570, P < 0.001). This observation supports the link
between astrocyte activity and MRI-measured microstructural
integrity in the gray matter regions. In addition, we were able to
link the ChP volume to the ionized calcium-binding adapter
molecule 1 (Ibal), a marker of microglia. At baseline, the as-
sociation between ChP volume and Ibal showed only a trend
toward significance (Fig. 5D; r = 0.380, P = 0.080), whereas we
found significant associations during full demyelination (Fig. SE;
r=0.600, P < 0.001) and full remyelination (Fig. 5F; r = 0.560,
P < 0.001).

40f 12 | PNAS
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ChP Transcriptomics Depict Neuroinflammation. The transcriptomic
analyses from isolated ChP at peak of disease (cuprizone demy-
elination and EAE) showed that in comparison to baseline, gene
expression in the ChP of both models revealed a shared signature
of differentially up-regulated functional pathways primary related
to neuroinflammation and cell-to-cell interactions, particularly a
gene signature for genes associated with the regulation of leuko-
cyte (T cell) adhesion, differentiation, and activation (Fig. 6).

Discussion

Over the last years, high-field structural MRI has become a
powerful tool in deciphering and predicting specific brain pa-
thology patterns (29, 30) and disease courses in inflammatory
brain diseases such as MS (31). In particular, advances in brain
imaging acquisition and postprocessing have improved the field
and made tremendous contributions to our understanding of
evolving neuroinflammation and neurodegeneration (32). The
strength of MRI comes from its ability to provide quantifiable
markers with high spatial accuracy that can trace disease trajec-
tories both for research and clinical studies, focusing on both focal
and widespread damage in the CNS (33).
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Fig. 3. Volumetric differences and associations of the choroid plexus with clinical, MRI, CSF, and cognitive measures. Choroid plexus volumes, derived from
individual MRI in humans, depicting enlarged volumes in MS patients with EDA in comparison to MS patients with NEDA, each in comparison to healthy
individuals’ choroid plexus volume (A). Choroid plexus volumes depicting enlarged volumes in MS patients with high T2 lesion load in the MRI in com-
parison to patients with low T2 lesion load (B). Scatter plots depicting the association between choroid plexus volume and cortical thickness in the study
cohort (C) and the replication cohort (D). Scatter plots depicting the association between choroid plexus volume and albumin in the CSF (E). Scatter plots
depicting the association between choroid plexus volume and cognitive performance in the study cohort, as measured with the Symbol Digit Modalities

Test (F). **P < 0.01.

The current study identified an early association between en-
largement of the ChP and disease severity in two large cohorts of
MS patients, including both treatment-naive patients and patients
under immunomodulatory treatment. Predictive causal modeling
through SEM confirmed that the ChP volumes were not only sig-
nificant determinants that influence EDSS development in MS
over time but also outperform conventional MRI biomarkers like
T1 contrast-enhancing lesions and new T2 lesions. The transla-
tional analyses from two experimental in vivo animal models of
acute neuroinflammation and de- and remyelination allow the es-
tablishment of volumetric ChP measurements as structural markers
of neuroinflammation in mice. Thus, in both species, humans and
mice, larger ChP volumes represent reproducible imaging sur-
rogates of functional impairment, thus, suggesting that ChP can
be used as a target in studies evaluating disease progression or
therapy outcomes.
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The underlying mechanisms leading to ChP enlargement with
neuroinflammation appear to be complex and related to the in-
teraction between the peripheral immune system and ChP stroma
and epithelium cells. As shown in postmortem brain studies, the
ChP of MS patients is characterized by a high proportion of MHC
class II receptor T lymphocytes, which are indicative of active an-
tigen presentation (10) by granulocyte and CD8+ T cell infiltration
in the ChP stroma (34), and by overexpression of lymphocyte ad-
hesion molecules by ChP endothelial cells (9). The presence of
high levels of CD68+ activated macrophages in the ChP stroma
and increased expression of VCAM-1 in the ChP vasculature (10)
suggest an induction of endothelial immune proliferation and mi-
gration that might contribute to ChP enlargement. Accordingly,
transcriptomic analyses on both EAE and cuprizone-diet models
showed the involvement of up-regulated functional pathways in-
volving T cell adhesion, differentiation, and activation as well as
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Fig. 4. Increased numbers of activated microglia and infiltrating T cells in the murine choroid plexus. Numbers of Ibal+ and CD3+ cells within the choroid
plexus at different stages of the (A and B) cuprizone and (C and D) EAE mouse models were analyzed by immunohistochemistry. Representative images of the
fluorescent stainings of the (E and F) cuprizone mice and (G and H) EAE mice depicting Iba1 (red)/Clec7a (green) positive activated microglia as well as CD3
(red) positive T cells. Nuclei were always counterstained with DAPI (blue). Statistical analysis was performed using ANOVA with Dunnett’s post hoc test
compared to naive mice. *P < 0.05, **P < 0.01, ***P < 0.001. (Scale bar: 100 pm.)

negative regulation of neuroimmune system during demyelination,
in which VCAM-1 had a leading role, providing a direct link be-
tween enlarged ChP and neuroinflammation.

In the cuprizone model, ChP volume increase occurred during
the demyelination phase as a transient enlargement; the ChP volume
returned to baseline values after cuprizone diet withdrawal
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(remyelination). Although the cuprizone model does not require
leukocyte migration into the CNS for the induction of demyelin-
ation (35, 36), the immune response to demyelination triggers the
activation of CNS-resident cells (astrocytes and microglia) and the
transmigration through the brain barriers (BBB and BCSFB) of
peripheral immune cells (macrophages) into the areas of demyelination
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Fig. 5. Associations between choroid plexus volume and astrocyte and microglia counts in relation to the degree of myelination. Scatter plots in the left
column illustrate the association between the number of GFAP+ cells in the cortex and the MRI-derived choroid plexus volume at baseline (A), demyelination
(B), and remyelination (C) in the cuprizone mouse model. Right column scatter plots illustrate the association between the number of microglia cells in the
cortex and the MRI-derived choroid plexus volume at baseline (D), demyelination (E), and remyelination (F) in the cuprizone mouse model.

(18, 37). In fact, the BBB permeability is increased at the peak of
demyelination in the cuprizone model (16, 36). Astrocytes, which
are involved in regulating endothelial function via their end feet
(38), create a local inflammatory milieu that likely participates in
destabilizing the BCSFB integrity mediated by down-regulation of
tight junction proteins (16). Moreover, infiltrating cells from the
periphery are not only detected in the cuprizone-induced lesions
but also in regions distant from the areas of demyelination, in-
cluding the ChP, leptomeninges, and perivascular regions (37, 39,
40). Thus, one explanation for ChP enlargement in the cuprizone
model could be the secondary infiltration of immune cells from
the periphery migrating through the ChP epithelium into the CNS
in response to the stimuli derived from the cuprizone-damaged
tissue. This hypothesis is in accordance with the up-regulation of
genes in the ChP involved in cell adhesion and immune receptor
activity in response to neuroinflammation in the cuprizone model.

Another mechanistic view of the depicted transcriptomic results
could relate ChP enlargement to microglia activation, oxidative
damage, and mitochondrial injury leading to hypoxia as a part of the
cascade of events that lead to tissue injury (41, 42). Accordingly, in

Fleischer et al.
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the cuprizone model, demyelination was evidenced to be accom-
panied by an overexpression of genes involved in oxidative and
adenosine triphosphate (ATP)-dependent metabolic processes re-
lated to mitochondrial function. Thus, an overarching mechanism
common to both EAE and cuprizone models could be related to
mitochondrial energy failure within the ChP, most likely as a con-
sequence of oxidative injury [possibly in the epithelial cells (41)]
leading to a barrier dysfunction and ChP enlargement. A coexis-
tence of those mechanisms with an immune response coinitiation,
with ChP endothelium recruitment of T lymphocytes (which are
normally confined to the CSF) causing an initial wave of Th17 cells
(T cells mediating autoimmune demyelination) that enter the ChP
stroma, is likely (21).

Furthermore, our results show an association between ChP en-
largement and elevated CSF albumin and albumin quotient. ChP
epithelial cells have a high cellular specificity for albumin transfer
from the blood into the ventricular CSF (43). However, CSF al-
bumin levels are dependent on the rate of albumin influx from
distinct sources (e.g., transport from blood to CSF in the ChP, BBB
leakage, and potential synthesis within the CNS) (44-46) as well as

PNAS | 7of 12
https://doi.org/10.1073/pnas.2025000118

62

IMMUNOLOGY AND
INFLAMMATION



lownloaded at Universitaets- und Landesbibliothek Duesseldorf on September 6, 2021

2 Mouse choroid plexus
A‘—\

Results — Publications

w

3 -
(]
8 6l 3
c5
© g2
B . ® ® naive 5 B
> 91
< 0- EAE s
o2
> demyelination | & © &
- - .
-5 I o.
© O
o a-2
5 0 5 10 15 ; ‘ ‘ -
PC1: 45% variance . g9 e 4
<70 PC1: 33% variance
C EAE peak vs naive Cuprizone demyelination D
vs positive regulation of cell adhesion- _
naive
Cell chemotaxis - -
leukocyte migration - -
positive regulation of T cell activation- - g
‘ regulation of cell-cell adhesion . i \‘ 001
- oo
2090 266 T cell proliferation - o~
00s
leukocyte cell-cell adhesion -
regulation of leukocyte cel-cell adhesion.
positive regulation of leukocyte cel-cell adhesion-
regulation of T cell activation.
E 6 5 10 15 20
EAE peak vs naive Cuprizone demyelination vs naive
» ion- mitochondrial ATP synthesis
feukocyte celkzcell adnasion - coupled electron transport -
@ lymphocyte differentiation- - ATP sythesis coupled electron transport - -
8 leukocyte migration- - ATP metabolic process>_
g_ mononuclear cell proliferation- - e oxidative phosphorilation - p adjusted
— ositive regulation of 7ie- . . .
8 P cytokinegproduclion' _ l ;::*: respiratory electron transport chain Sowes
= o 10005
(o)) lymphocyte proliferation- - g electron transport chain
=} tive regulation of SR ks
= negal oot
= imml.?ne systegm process” _ celullar respiration -
28] i n energy derivation by oxidation of
leukocyte proliferation- - organit compounds -
" eneration of precursor
cell chemotaxis- - Setabalites and energy”
regulation of response _ energy coupled ﬁrotqn transport,
to biotic stimulus’ down electrochemical gradient
6 25 50 75 ] 5 10
EAE peak vs naive Demyelination vs naive
immune receptor activity- _ structural constituent of ribosome- _
8 cytokine receptor activity- - rRNA binding- -
- integrin binding- [ 5S rRNA binding-
g cytokine binding- - — proton-lranspor.llng ATP sa)::tt’:\?l?\? - ——
o rc&alvor}?l me?haliusin 00025
— double-stranded RNA binding- - st proton channer activity- - bt
3 . roton transmembrane Lo
8 cell adhesion molecule binding- _ Secs & transporter activity” - b
@ : :
° cargo receptor activity- - kansiaton '?f,l\?;[ gﬁ-}'diny
= chemoamactarﬁ ggé‘ggrogg i",?‘g ribosomal small subunit binding-
chemokine receptor activi translation regulator activity,
P ly nucleic acid binding
NAD(P)+ nucleosidase activity- electron transfer activity-
0 020 30 4o 00 2-5 50 75 100 125

Fig. 6. Choroid plexus transcriptomics from the RNA sequencing. In A, the principal component analyses (PCA) show a good separation between the EAE
peak (n = 5) and the naive EAE group (n = 5). The PCA analyses in the cuprizone model (B) show a very good cluster separation between the demyelination
group (n = 3) and the naive group (n = 5). In C, the Venn diagram shows the differential expressed genes for the comparison between the EAE peak versus
naive (n = 2,090) and cuprizone-diet induced demyelination versus naive (n = 266), and their shared gene expression (n = 44). In D, the common top 10 up-
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the rate of efflux (e.g., turnover of CSF) (47). During neuro-
inflammation, cellular alterations within the ChP (10) and reduced
expression of tight junctions between the epithelial cells (48, 49)
increase the permeability of the BCSFB for plasma constituents,
including albumin. This influx might enlarge the volume of the
cellular components of the ChP due to the interaction of colloid
osmotic pressure and hydrostatic pressure on transmembrane wa-
ter transport. However, changes in albumin transfer through the
ChP, BBB leakage, and potentiaily increased CNS synthesis of
albumin by microglia could all affect the CSF albumin concentra-
tion, suggesting that different pathways contribute to the observed
association of albumin levels with ChP volume.

A recent study using brain tissue samples from patients with
progressive MS proposed an important role of the ChP in immune
homeostasis and indicated the occurrence of mild inflammatory
processes within the ChP (34). The authors suggested that the ChP
is only marginally involved in immune cell migration into the CNS
in the neurodegeneration-dominated phase of the disease (34).
However, we suggest that the early immune permeability of ho-
meostasis response led to CNS tissue injury. In line with our ob-
served relationship between enlarged ChP volumes and disability,
previous studies suggested that in the EAE mouse model, in-
flammation in the ChP and CSF precedes the formation of brain
and spinal cord inflammatory infiltrates as well as the development
of demyelinating white matter lesions (50, 51). Moreover, the
phenomenon that parenchymal CSF circulation is altered in EAE
has received incr g attention in light of the recognition of
the glymphatic system within the brain (4). The CSF flows from the
ChP through the ventricles, enters the brain parenchyma via the
perivascular spaces along arteries, and exits along the perivenous
spaces to the cervical lymphatics, the arachnoid granulations, and
the meningeal lymphatics (2, 52). Recently, an enlargement of
ventricle volumes was demonstrated in EAE, which resolved upon
clinical remission (53). This study showed how inflammatory pro-
cesses at the ChP result in expansion of the cerebral ventricles and
thus has implications for our findings. The transient ventricle en-
largement shown by Millward et al. might be the consequence of an
impaired CSF elimination associated with meningeal inflamma-
tion. However, these inflammatory processes likely interfere with
the normal function of the ChP leading to altered CSF composition
or CSF overproduction, as recently demonstrated in inflammation
(54) that might drive both ventricle and ChP enlargement. Hence,
the increased volume of the ChP could result from the concurrent
activation of increased proliferation of ChP cells due to CSF hy-
persecretion (55), invasion of the ChP by nonresident immune cells
(21), and possibly also edema (56).

Whereas in untreated and DMF-treated MS patients the ChP
enlarges over time, we did not observe a significant ChP en-
largement in NAT-treated MS patients. This finding offers two
explanations. First, NAT is highly effective in the suppression of
neuroinflammation and revealed a significantly better efficacy in
comparison to untreated MS patients (57) as well as to DMF-
treated MS patients (58). As NAT reduces inflammation more
effectively, ChP volume reaches a plateau and ceases to further
increase. Second, and related, the mode of action itself may also
be responsible for the observed ChP volume stability in NAT-
treated MS patients. NAT blocks the a4-p1 integrin on mononu-
clear leukocytes and decreases the binding to VCAM-1 (59, 60);
thereby, NAT impedes transendothelial migration and the infil-
tration of leukocytes into the CNS (61). Leukocytes, in turn, have
been reported to accumulate in the ChP by passing through the
intercellular spaces between the ChP epithelial cells by the para-
cellular route (62).

Whether the ChP is a more sensitive and earlier marker of MS
disease severity than other imaging markers and whether ChP
enlargement is a consequence or an immediate cause of MS
pathophysiology remains to be clarified. In MS, focal inflammation
is known to be associated with widespread white matter pathology
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and brain topological reorganization (63, 64) as well as gray matter
pathology (46, 65). Here, we extend previous observations by fo-
cusing on one of the key barriers, the BCSFB, compared to
established surrogate markers of neuroinflammation in MS.

This study is not without limitations. First, the delineation of the
ChP may not entirely capture its intricate structure. While algo-
rithms for better delineating the ChP based on in vivo MRI data
are under development (66), these commonly require complex
computations or specialized acquisitions that are not available in
clinical settings (67). However, manual delineation is very time
consuming, and given the large amount of data, it becomes error
prone. For this reason, we decided to employ an accurate auto-
matic ChP parcellation technique, which has been widely utilized
(68, 69) and is reliable compared to manual delineation (70). A
second limitation is that the neuroinflammatory correlates of ChP
were measured from routine peripheral and CSF samples. Despite
the high spatial resolution in MRI, other imaging modalities, such
as positron emission tomography, can visualize molecular char-
acteristics in real time, and physiological parameters can be
quantified in active disease processes within the ChP (71, 72). To
overcome this disadvantage of structural MRI, we used a trans-
lational approach, which inciuded celiuiar and imaging charac-
terization allowing a direct comparison and replication of the
presented findings.

Overall, this study provides evidence that from the early disease
stages, volumetric alterations in the ChP occur in response to
neuroinflammatory processes. Furthermore, enlarged ChP vol
in MS patients is related to disease severity. This supports its
crucial role in the regulation of the neuroimmune axis, which is
related to brain homeostasis and interaction with the peripheral
immune and inflammatory systems. The identification of enlarged
ChP is a promising marker for an improved understanding and
monitoring of disease pathology in MS. Larger volumes of the
ChP can assist to identify patients at high risk for increased disease
activity, who may benefit from early treatment.

Methods and Materials

Participants. Patients included in the main analyses and HCs were recruited in
the Department of Neurology at the University Medical Center of the Johannes
Gutenberg University Mainz in Germany. Patients with an initial diagnosis of
either clinically isolated syndrome (CIS) (73) or relapsing-remitting MS (RRMS,
according to 2010 McDonald criteria) (74) were prospectively recruited. After
satisfying the study’s inclusion criteria (75), patients were comprehensively
examined and observed on an annual basis (for a 4-y follow-up period)
according to a standardized assessment plan outlined elsewhere (76). Baseline
3T MRI datasets and 4-y clinical follow-up data were available for 330 patients,
which were finally included into the analysis.

From these 330 patients, we further evaluated data of 71 patients (mean
age + SD 31.2 + 9.4y, 25 males) for whom albumin content in CSF and serum
was available, 42 patients on DMF treatment (34.5 + 9.0 y; 14 males) for
whom immune cell subsets (CD4+, CD8+, CD19+, and CD56+ cells) data were
available, and 36 patients (30.6 + 8.1 y; 14 males) on NAT treatment.

Patients in the replication cohort were diagnosed according to the revised
McDonald criteria 2010 (74). The following exclusion criteria were applied for
all patients: any preexisting medical condition known to be associated with
brain pathology; pregnancy; previous or current addiction to substances; re-
lapses or systemic therapy with steroids (intravenous, intrathecal, or oral)
within the month before the MRI examination; or a history of additional
neurological or psychiatric disorders. Baseline 3T MRI datasets and 4-y clinical
follow-up data were available for all 235 patients, which were finally included
into the analysis.

The control group of 57 healthy individuals was randomly selected from
our database from subjects without a neurological or a systemic immuno-
logical disease, who underwent a 1-y MRI assessment. Subjects were 18 y of
age or older, in good general health, and were cognitively intact (i.e., able to
understand the procedures and requirements and give informed consent).

Clinical Assessment. Each patient was clinically assessed by an experienced
neurologist, and the EDSS score was determined at disease onset (study
entrance), annually for 2'y, and after 4y. The SDMT, a paper and pencil task,
was used to measure cognitive processing speed (77).
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Clinical Characteristics of the Participants. At baseline, within the main cohort
of 330 patients (S/ Appendix, Table S1), 63 (19%) patients were diagnosed

with CIS and 267 (81%) patients already had definite RRMS; 232 females
(70%)/98 males (30%); mean age 36.1 + 10.8 y; median EDSS 1.5 (0 to 7.5).
The mean disease duration was 38.3 + 52.6 mo. EDSS scores significantly
changed over the 3y of follow-up (P < 0.001; nonparametric Friedman test).

Within the replication cohort (S/ Appendix, Table S2), which was a
treatment-naive cohort, out of 235 patients (175 females [74%]/60 males
[26%]; mean age 33.4 + 9.6 y; median EDSS 1.5 [0 to 4.5]), 87 (37%) were
diagnosed with CIS and 148 (63%) with RRMS. The mean disease duration
was 6.5 + 48.1 mo. The replication cohort included a subgroup of 87 patients
with a clinical follow-up of 4y, in whom the EDSS scores did not significantly
change over the 4y of follow-up (P = 0.312; nonparametric Mann-Whitney
U test).

MRI Preprocessing and Parcellation. Detailed acquisition parameters are found
in SI Appendix, Supplementary Materials and Methods. For all participants,
automated parcellation of ChP in the lateral ventricles was performed from
T1-w images using FreeSurfer (version 6.0; https:/surfer.nmr.mgh.harvard.
edu/). Technical details of the volume-based subcortical parcellation pipeline in
FreeSurfer have been described elsewhere (78, 79). Briefly, a probabilistic atlas,
built by manual labeling on a training dataset normalized to the MNI305 space
resulting in a point-to-point correspondence between all training subjects, is
used as parcellation prior for all brain regions. This atlas provides the proba-
bility of each brain region to belong to a given voxel, the probability of each
brain region given the classification of neighboring voxels (neighborhood
function), and the probability distribution function of voxel intensities, mod-
eled as a normal distribution, for each brain region at each voxel. Then, newly
introduced images are parceled by normalizing the new image to the common
space and incorporating the subject-specific voxel intensities to find the opti-
mal parcellation that maximizes the probability of observing the input data.

To ensure that the results including ChP volumes are not driven by other
confounding factors, we also extracted ventricular volume (by combining left
and right lateral ventricles) as well as total intracranial volume. The ventricular
volume was further used as independent variable in other analyses.

Following brain ChP and ventricle parcellation by tiling the boundary of
white matter mass, an initial white surface is created for each cerebral hemi-
sphere, which is further refined following intensity gradients of the white
matter and gray matter to generate the final gray-white surface. This surface is
then extended to follow the intensity gradient of gray matter and CSF, leading
to the creation of the pial surface. Finally, cortical thickness at each surface
vertex is computed as the average distance from each vertex in the gray-white
surface to the corresponding point in the pial surface (78).

Flow Cytometry. In the DMF group, lymphocyte subset counts of CD4+, CD8+,
CD19+, and CD56+ cells were quantified with flow cytometry. Blood samples
were collected from each patient at baseline and after follow-up. Fresh blood
samples initially drawn into the ethylenediamine tetraacetic acid-containing
tubes were then transferred to 5-mL fluorescence-activated cell sorting tubes
and washed twice before erythrocytes were lysed with lysing solution at room
temperature (RT). The cells were exposed to corresponding fluorochrome-
conjugated monoclonal antibodies against CD4, CD8, CD19, and CD56. The
absolute values of lymphocyte subsets were determined with TruCount beads
(BD Biosciences).

Animal Models. For the model on demyelination and remyelination, experi-
ments were performed on C57BL6J mice (N = 10; females, 9 wk old at the
beginning of treatment, Envigo). All efforts were made to minimize stress for
the animals in accordance with the Animal Research: Reporting of In Vivo Ex-
periments guidelines (80). Food and water were available ad libitum. Cuprizone
[bis(cyclohexylidenehydrazide)] was mixed with rodent pellet chow (0.2%). This
compound is toxic for mature oligodendrocytes because it interferes with their
internal mitochondrial metabolism and induces full demyelination after 6 wk of
diet. Mice were measured at three time points: 1) baseline (before cuprizone
diet), 2) after 6 wk of cuprizone diet (model of demyelination), and 3) after 6
wk of normal food reintroduction (model of remyelination). MRI was acquired
at the three time points using a 9.4-Tesla small animal scanner with a mouse
brain surface coil (Bio-Spec 94/20; Bruker BioSpin MRI GmbH). Mice were first
anesthetized in a warmed Plexiglas box with 5% isoflurane (Baxter) in 1 L/min
0. Isoflurane dosage was reduced to 1to 1.5% in 1 L/min O,/compressed air 30/
70 vol% for positioning in the animal cradle and subsequent scanning. Stable
physiology was controlled by continuous monitoring of body temperature via a
rectal temperature probe (36.5 + 0.5 °C) and by respiration rate (80 to 100
breaths/minute).
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For the second animal model, EAE was induced by subcutaneous injection
of 200 mg MOG peptide (Myelin Oligodendrocyte Glycoprotein Peptide
Fragment 35 to 55; Charité) emulsified in complete Freund's adjuvant
(Sigma-Aldrich) containing 200 mg Mycobacterium tuberculosis H37RA
(leco). Pertussis toxin (400 ng; Enzo Life Sciences) in 200 mL phosphate-
buffered saline (PBS) was injected intraperitoneally at the day of immuni-
zation and 2 d later. Disease severity was scored daily in an anonymized
fashion by two independent investigators using a scale from 0 to 5 (EAE
score) as described elsewhere (81). In the EAE model, the peak of demye-
iination is reached after 10 to 15 d from the injection, primariiy confined to
the spinal cord, although a certain degree of demyelination is also detected
in the optic nerve, cerebral cortex, and cerebellum. Mice were scanned at
baseline, day 12, day 16, and day 24, and ChP volumes were determined with
the aid of the Brain Extraction Toolkit.

Tissue Processing and Immunohistochemistry. EAE- and cuprizone-treated ani-
mals were deeply anesthetized with isoflurane and transcardially perfused
with 20 mL cold PBS followed by 20 mL 4% paraformaldehyde. Brains were
then removed and postfixed in the same fixative for 1 d at 4 °C, followed by 24
to 48 h cryoprotective dehydration in 30% sucrose at 4 °C. Afterward, brains
were embedded in Tissue-Tek (Sakura Finetek Europe), frozen, and stored
at —30 °C until preparation of 12-um sections using a cryostat (Leica
CM30510S). Sections were also stored at —30 °C.
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for at least 15 min at RT. Before blocking, sections were rehydrated for 5 min in
distilled water, transferred to —20 °C acetone (5 min), and washed in 1x Tris-
buffered saline (TBS) (pH 7.6) and 1x TBS-T (TBS containing 0.02% Triton) for
5 min each. Blocking was performed with 3% normal goat serum (NGS) and
10% biotin-free bovine serum albumin (BSA; in TBS-T) for 30 min at RT, fol-
lowed by application of the following antibodies (in 3% NGS and 10% BSA in
TBS) and incubation overnight: rabbit anti-lba1 (Wako Chemicals), rat anti-
Clec7a (Dectin1; In Vivogen), and rabbit anti-CD3 (DAKO). Sections were
washed two times for 5 min in TBS and incubated with DAPI and the species-
appropriate fluorochrome-conjugated secondary antibody (1:500 in PBS) for
30 min at RT: goat anti-rabbit Alexa 594 (Thermo Fisher) and goat anti-rat
Alexa 488 (Thermo Fisher). Images were taken using a Zeiss CLSM microscope
510 (CLSM 510, Zeiss); microglial infiltration and activation as well as T cell
infiltration was quantified using the Image) BioVoxxel software (82) by an
investigator anonymized to the experimental groups.

Images of slices containing the neocortex were collected from both hemi-
spheres. A maximum of 11 slices per mouse were analyzed and considered as
technical replicates for analysis of the cortex. For GFAP staining, images were
acquired using 20- and 40-fold objectives and analyzed by counting the
number of diaminobenzidine-positive cells per square millimeter.

e s

Functional Testing in the Cuprizone Mouse Model. Behavioral responses to a
novel environment were measured in an OF apparatus at baseline, demye-
lination, and remyelination. Animals were tested in the OF arena (35 x 40 x
40 cm), where, during the test, the mice were allowed to move freely around
and explore the environment. In this study, the distance traveled was taken
as a read-out of behavioral abnormalities (83) and expressed as a metric
measurement (in centimeters), with longer distances indicating cognitive
interference or anxiety-like behavior in the cuprizone diet.

RNA Sequencing and Analysis. Brains from naive (baseline) as well as from EAE
(days 14 and 21) and cuprizone-treated C57/Bl6 mice (peak demyelination and
peak remyelination) were used to isolate ChP tissue. ChP tissue was manually
dissected from the lateral, third, and fourth ventricles using an illuminated
stereo microscope, as described elsewhere (84). Tissue from single mice was
then immediately enzymatically digested in 300 pL Hank’s balanced salt so-
lution (HBSS) (Gibco; Catalog No. 14025-092) containing collagenase and dis-
pase (Merck; Catalog No. 11097113001; concentration: 0.1 mg/mL) for 30 min
at 37 °C on an orbital shaker. Subsequently, tissue was homogenized through
a cell strainer (70-um pore size) by an insulin syringe and washed with 600 pL
HBSS solution. The sample was centrifuged at RT at 500 x g for 5 min. Su-
pernatant was discarded, and the cell pellet was resuspended in 350 uL RLT
buffer. For RNA isolation, Quiagen RNeasy Micro Kit (Catalog No. 74004) was
used according to the manufacturer’s instructions. Quality and amount of RNA
were verified by NanoDrop and Bioanalyzer RNA 6,000 nano Kit (Agilent).
Samples with RNA integrity number values >6.5 were used for RNA se-
quencing. NEBNext ribosomal RNA depletion was performed followed by
NEBNext directional Ultra RNA Il Library preparation and sequencing on
NextSeq500 (lllumina) platform (75 cycles, high output version 2 kit). Raw se-
quencing data were filtered with the fastp program (85) to eliminate low-
quality reads. Additionally, the parameters -g -x -p have been set for polyG
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tail trimming, polyX tail trimming, and overrepresented sequence analysis. The
quality of the trimmed data has been assured with fastqc. Afterward, the data
were aligned to the latest reference genome (GRCm39 for mouse) using the

long-read Spliced Transcript A

ead Splice:

nment to a Reference al

ner. Low-quality
alignments have been filtered out using samtools, and the remaining
high-quality alignments have been quantified using StringTie. The statis-
tical analysis of the gene counts and principal component analyses were
carried out with DESeq2 in R. The gene ontology analysis has been per-
formed with clusterProfiler. The Venn diagram has been created with
VennDiagram. The databases org.Hs.eg.db and org.ivim.eg.db have been
used in R for annotating purposes.

Statistics. Statistical analyses were conducted in SPSS (version 23: IBM Cor-
poration). First, the Shapiro-Wilk test was performed for the demographic
and clinical variables to assess the distribution normality. Continuous and
ordinal variables were compared using Student’s t test and Mann-Whitney U
test, respectively. Categorical variables were compared using a Pearson’s
¥? test.

The nonparametric Friedman test was used to explore longitudinal dif-
ferences between the EDSS at the four time points in the study cohort. The
Wilcoxon signed-rank test was used to test for differences between the EDSS
at two time points in the replication cohort. Unless otherwise indicated,
values are expressed as mean + SD. ChP volumes were compared with the
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2.6 Siponimod Modulates the Reaction of Microglial Cells to Pro-Inflammatory

Stimulation
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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.
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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 S1IPR1 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.

Keywords: sphingosine 1-phosphate receptor signalling; multiple sclerosis; neurodegeneration;
modulation; polarization

1. Introduction

Mpyelin sheaths in the human central nervous system (CNS) stabilize, trophically sup-
port and electrically insulate axons but are destroyed in demyelinating diseases such as
multiple sclerosis (MS). As a result, saltatory signal conduction is interrupted and axonal
damage occurs manifesting itself in various clinical symptoms [1]. Siponimod (BAF312),
an orally administered sphingosine-1-phophate receptor (S1PR) modulator binding se-
lectively to SIPR1 and S1PRS5, reduces relapse rate and inflammatory disease activity in
relapsing remitting MS (RRMS) [2]. In addition, it was shown to slow down disease pro-
gression and brain atrophy in secondary progressive MS (SPMS) [3] pointing to potential
anti-neurodegenerative properties. Furthermore, several studies have demonstrated that
siponimod reduces myelin loss in organotypic slice cultures [4] and prevents synaptic
loss in the MS animal model myelin oligodendrocyte glycoprotein-induced experimental
autoimmune encephalitis (MOG-EAE) [5]. While the exact underlying mechanisms are still
unclear, microglia (MG) might be highly relevant in this context [6]. MG are glial cells in
the CNS, play a key role in MS-associated inflammatory processes [7] and express both
S1PR1 and S1PR5 [8]. While they can adopt an anti-inflammatory phenotype in which
they clear myelin debris and promote regeneration, i.e., exert neuroprotective effects [8,9],
they are also able to produce pro-inflammatory cytokines in response to MS-related CNS
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injury [10,11]. Thereby the inflammatory process is upheld by cytokine-mediated activation
of other immune cells ultimately leading to myelin destruction and subsequent neurode-
generation. Of note, MG can switch back and forth between pro- and anti-inflammatory
phenotypes based on the underlying disease pathology—a process called polarization.
Taken together, it is therefore conceivable that via a modulation of MG polarization siponi-
mod could potentially exert effects on ongoing neurodegenerative processes in MS.

2. Results
2.1. Siponimod Modulates Microglial Morphology and Actin Filament Organization

In order to better understand the effects of siponimod on brain-resident cells in the
context of MS, we investigated whether siponimod can modulate the behaviour of primary

rat microolia in an inflammatory miliew. To this end. we used linopolvsaccharide (IPS) as a
rat microglia in an inflammatory milieu. To this end, we used lipopolysaccharide (LPS) as a
nrosinflammatary c1ia Wa gtimiilatad c1iltiirad nrimary rat micraoclia with aithar 10 /B0 M
pro-inflammatory cue. We stimulated cultured primary rat microglia with either 10/50 pM
cinonimaod or 100 na /T T PG and comnarad thair roaaction to a gimiilfananiig gtimaiilation
siponimod or 100 ng/mL LPS and compared their reaction to a simultancous stimulation
with both reacents. As respective controls. we used DMSO for sivonimod and ddH-O for
with both reagents. As respective controls, we used DMSO for siponimod and ddH;O for
T.PS either alone or in combination (Ficure 1). With recard to the seeminoly hich sinonimod
LPS, either alone or in combination (Figure 1). With regard to the seemingly high siponimod
trati d i i ts perf d 10% foetal calf -cont:
concentrations used in our experiments performed in 10% foetal calf serum-containing
medium, several studies have demonstrated > 99.9% protein binding for siponimeod [12].

Moreover, other studies have shown that the 10 and 50 uM (total) drug concentrations used
by us are indeed observed in the CNS of EAE-mice receiving efficacious treatment with
siponimod [13]. In greater detail, Bigaud and colleagues showed that feeding mice with
a diet containing 100 mg per kg pellet results in total brain siponimod levels exceeding
10 uM. Using Ibal staining for visualization we found that LPS stimulation increases the
number of microglia (Figure 1A,B blue bars) compared to control stimulated cells (Figure 1B
white bars). At the higher concentration of 50 uM but not at 10 uM, siponimod treatment
(Figure 1B green bars) also resulted in an increase in cell number compared to control cells
(Figure 1B white bars). However, co-stimulation with LPS (Figure 1B red bars) resulted in a
significant cell number reduction compared to LPS-stimulated cells (Figure 1B blue bars).

It has been well-described previously that activated microglia change their morphol-
ogy and cytoskeletal actin organization [14]. Therefore, we quantified the size of microglial
cells, confirming that LPS induces microglia to significantly increase their mean cell area
(Figure 1A,C blue bars) in comparison to control cells (Figure 1C white bars). At the higher
concentration of 50 M, siponimod alone slightly altered cell morphology in comparison
to control cells (Figure 1C green bars). Most importantly, however, we observed that co-
stimulation of microglia with siponimod at a concentration of 50 uM and LPS significantly
reduced the LPS-induced increase in mean cell area (Figure 1C red bar).

In order to evaluate actin cytoskeleton organization, we used Alexa488 coupled phal-
loidin to specifically stain filamentous and non-filamentous forms of actin (Figure 1D). As
expected, control cells displayed a homogenous distribution of mostly non-filamentous
forms of actin. In contrast, LPS-stimulated microglia featured strong filamentous forms of
actin. However, microglia stimulated with 50 uM siponimod alone no longer showed any
filamentous actin at all and when co-stimulated with LPS the actin organization was again
homogenously distributed and only very few cells showed filamentous actin.

2.2. Siponimod Modulates iNOS Protein Expression

Nitric oxide (NO) is a free radical found at high concentrations in inflammatory mul-
tiple sclerosis (MS) lesions. This is based on an increased expression of inducible form
of nitric oxide synthase (iNOS) in cells such as microglia, myeloid cells and astrocytes.
NO plays a role in the disruption of the blood-brain barrier (BBB), oligodendrocyte injury,
demyelination, axonal degeneration, mitochondrial dysfunction and impairment of axonal
conduction [15,16]. We therefore sought to investigate whether siponimod may also modu-
late iNOS expression (Figure 2). Using the same stimulation scheme as delineated above,
we found that LPS alone lead to a significant increase in iNOS protein expression (Figure 2A
blue columns, Figure 2B) in comparison to controls (Figure 2A white bars, Figure 2B). How-
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Figure 1. Siponimod modulates morphology and actin cytoskeleton organization of primary rat
microglia in an inflammatory milieu. (A) Representative images of +/— 50 uM siponimod +/— LPS
stimulated microglia after 3 days stained against Ibal and DAPI. (B) Quantification of microglial cell
numbers +/— 10/50 uM siponimod +/— LPS after 3 days. (C) Quantification of the mean cell area of
microglial cells by dividing the total area of Ibal staining by the cell counts from microglia stimulated
for 3 days with +/— 10/50 uM siponimod +/— LPS. (D) Evaluation of cytoskeletal organization via
Alexa488-coupled phalloidin of 3 days stimulated microglia (+/— 50 uM siponimod, +/— LPS). Data
are presented as mean values + SEM. Grey dots represent individual data points. Significance was
assessed by 1-way analysis of variance (ANOVA) followed by Tukey’s post hoc test using Graph-Pad
Prism 8.4.3 (GraphPad Software, San Diego, CA, USA). The experimental groups were considered
significantly different at * p < 0.05, ** p < 0.01, *** p < 0.001. Scale bar: (A) 50 um, (D) 25 pum.
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Figure 2. Siponimod reduces microglial iNOS protein expression in an inflammatory milieu.
(A) Quantification of the percentage of iNOS positive microglia after 3 days of stimulation
with +/— 10/50 uM siponimod +/— LPS. (B) Representative images of Ibal, iNOS co stain-
ing after stimulation for 3 days with +/— 50 uM siponimod +/— LPS. Data are presented as
mean values == SEM. Grey dots represent individual data points and white arrows point to
iNOS positive microglia. Significance was assessed by 1-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test using Graph-Pad Prism 8.4.3 (GraphPad Software, San
Diego, CA, USA). The experimental groups were considered significantly different at * p < 0.05,
**p <0.01, ** p < 0.001. Scale bar: 50 um.
2.3. Siponimod Modulates Microglial Cytokine Gene Expression

Using the same stimulation scheme, we next investigated if siponimod also modulates
microglial cyto- and chemokine gene expression patterns relevant in the course of MS
(Figure 3). We found that in parallel to our morphology experiments (see Figure 1), LPS
induced microglia to significantly increase the expression of the pro-inflammatory factors,
tumor necrosis factor-o (Tnf/TNF«; Figure 3A blue bar) and interleukin-1f (I11b/IL-1f3;
Figure 3E blue bar) in comparison to control cells (Figure 3A,E white bars). Siponimod
at a concentration of 50 uM alone did not alter microglial gene expression in comparison
to control cells (Figure 3A,E green bars). However, siponimod significantly reduced the
LPS-induced increase in TNFo and IL-1§3 (Figure 3A,E red bars) which we corroborated
at protein levels (Figure 3B,F red bars). Increased TNF«x production can be found in
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active MS lesions, sera and the cerebrospinal fluid (CSF) of MS patients. It contributes
to neuronal death as well as axonal damage and also correlates with the severity and
progression of the disease [8,17-19]. IL-1B is a pro-inflammatory cytokine which induces
excitotoxic neurodegeneration. In addition, there is an association between IL-13 CSF
levels and disability progression in RRMS patients [20]. We also found that siponimod
prevented an LPS-induced induction of interferon-f (Ifnb/IFNp, Figure 2C red bar) and
of interleukin-10 (I110/IL-10, Figure 2D red bar) in comparison to control-stimulated cells.
In addition, the secretion of IL-10 and IFN proteins was significantly decreased upon
siponimod stimulation (Figure 3D,H red bars) compared to LPS alone (Figure 3D,H blue
bars). IL-10 is a potent anti-inflammatory cytokine that is able to suppress the synthesis
of pro-inflammatory cytokmes such as IFNy [21-23]. IFN[S possesses both pro- and ant1—
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Figure 3. Siponimod modulates microglial cytokine expression and secretion in an inflammatory
milieu. (A,CE,G) quantitative RT-PCR analysis of Tnf (A), Ifnb (C), I11b (E) and 1110 (G) gene
expression after stimulation for 1 day with +/— 50 uM siponimod +/ — LPS. (B,D,F,H) Quantification
of TNF-« (B), IENf3 (D), IL-1f (F) and IL-10 (H) protein concentration in the cell culture medium
of microglial cells stimulated for 3 days with +/— 50 uM siponimod +/— LPS using respective
quantitative sandwich ELISA assays. Grey-dotted lines indicate the lowest standard of the ELISA kit:
TNF« = 82.3 pg/mL, IFNf = 15.63 pg/mL, IL-1$ = 68.59 pg/mL and IL-10 = 8.23 pg/mL. Data are
presented as mean values &+ SEM. Grey dots represent individual data points. Significance of gene
expression analysis as well as ELISA was assessed by 1-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test using Graph-Pad Prism 8.4.3 (GraphPad Software, San Diego, CA, USA).
The experimental groups were considered significantly different at ** p < 0.01, *** p < 0.001.

2.4. Siponimod Modulates Immunological Signature in Pro-Inflammatory Triggered
Microglial Cells

Since we found that siponimod exerted an anti-inflammatory effect on LPS-stimulated
microglial cells, bulk RNA sequencing was performed to further describe the resulting
microglial gene expression signature. Using the same scheme as described above, we com-
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pared the transcriptomes of cells stimulated with the combination of LPS and siponimod
with cells stimulated with LPS alone. In order to assess significantly dysregulated genes,
plotting the log,-fold-change (FC) against the logjp-adjusted p-value (false discovery rate,
FDR, Figure 4A) was performed. This resulted in the identification of Clec5a, Fst, Cd9,
Clec4d, Cdknlc and Cd34 as the genes most significantly upregulated in the presence of
LPS and siponimod compared to LPS stimulation alone. Furthermore, Cxcl11, Angptl4,
Cd38 and Fscnl were identified as most significantly downregulated. Using a fold-change
difference of 1.5 and adjusted p-value < 0.05 to determine differentially expressed genes
(DEGs) in the siponimod and LPS-treated group compared to the LPS alone group, we
identified 3425 DEGs (Figure 4B), of which 1658 were significantly upregulated and 1767
were significantly downregulated. To further characterize this microglial signature, we

nerformed oene enrich identifving “re-
performed gene enricl ( . identifying “re

snonse to unfolded 1se \don ” and “resnonse
sponse to unfolded , se j m and “response
to starvation” as the most significant pathways related to upregulated DEGs. On the other
hand, downregulated DEGs were enriched in “positive regulation of immune response”,
“leukocyte activation”, “regulation of cytokine production” and “innate immune response”.
This demonstrated that the immunological pathways activated by LPS in microglia were

these four biological processes are summarized in Tables 1-4. Since cytokines are the main
mediators of inflammation, we furthermore wanted to investigate potentially modified
cytokine signatures (Figure 4E). This showed that the majority of cytokines were downreg-
ulated by siponimod in LPS-treated microglia with the most notable genes being Ifnb1, Ita,
Tnfsf14, 1116, Cxcl13 and Cxcl10. In contrast, we found that Faslg, Il1rn and Tnfsf18 were
significantly upregulated.

downregulated in response to siponimod. The top 20 downregulated genes of each of

Table 1. Positive regulation of immune response.

Gene Symbol log, Fold Change p Adjusted
Lta —442 2.07 x 106
Cd3ss —4.04 458 x 10~
C3arl —2.69 8.27 x 10710
Pycard —2.69 8.97 x 1078
Cardl11 —2.59 1.60 x 1012
Tifa —2.53 3.81 x 10713
Cd180 —2.47 1.37 x 10 ©
Nlrp3 —-2.10 2.02 x 10713
Tfrc —1.91 1.31 x 106
Lat2 —~1.82 3.68 x 10711
Slamf1 —1.76 5.45 x 10~°
RT1-N3 -1.76 8.05 x 1078
Cmklrl —1.74 219 x 10~5
Ctsh -1.72 442 x 10
Cdsi -1.71 1.79 x 10~
Dhx58 —1.65 429 x 107°
Ada —1.60 3.02 x 1076
Xrec5 —1.59 1.21 x 106
Laccl —1.57 3.02 x 106
Trex1 —1.57 1.51 x 10~°
Nectin2 —1.52 244 x 107°
Cyrib -1.36 5.69 x 100
Tlr6 -1.32 3.37 x 1076
Nod1 —1.29 8.86 x 1076
1fi35 —1.25 7.32 x 1076
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Figure 4. Siponimod alters the immunological signature of LPS-stimulated microglia. Volcano plots
showing log, (fold-change) against logjo(false discovery rate) for the comparisons of LPS/siponimod
costimulated versus LPS-stimulated microglia (A). Identification of 3425 DEGs (fold change of 1.5
and an FDR adjusted p-value of <0.05), of which 1658 were up- and 1767 were downregulated (B).
Gene Set Enrichment and Pathway analysis of up- (C) and downregulated (D) DEGs in order of their
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—logio(FDR) according to the Benjamin and Hochberg adjustment. Cytokine signature of LPS-
siponimod co-stimulated compared to LPS alone (E). Significance of transcriptome analysis was

assessed by the RNA-Seq tool (version 2.6). The experimental groups were considered significantly
different at * p < 0.05, ** p < 0.01, *** p < 0.001.

Table 2. Leukocyte activation.

Gene Symbol log, Fold Change p Adjusted
121r —3.66 1.46 x 107
P2ry12 —3.44 4.64 x 107
Cxcl13 —3.35 7.65 x 10=7
Fgl2 —3.20 4.82 x 10711
Cxcii0 —3.14 1.62 x 10 *°
Cd244 —2.94 1.36 x 10~1°
Slamf9 2.88 215 x 1077
Tnfrsflla —2.81 1.94 % 1077
Kif2 —2.81 2.27 x 10~7
Pycard —2.69 8.97 x 1078
Anxa3 —2.60 2.16 x 1077
Card11 —2.59 1.60 x 10~12
Clec4a3 —254 7.55 x 1077
Cd180 —2.47 1.37 x 1076
Trpm2 —2.43 6.88 x 10~13
Sh3pxd2a -2.37 1.25 x 1077
Actb —2.33 5.90 x 10—8
1l6r —2.30 5.13 x 10710
Lrrkl —2.09 1.13 x 10~°
Tfrc -1.91 1.31 x 107¢
Axl —1.86 5.20 x 108
Lat2 —~1.82 3.68 x 10711
Ubash3b —1.61 455 x 10=8
Xrcc5 —1.59 121 x 10 ¢
Prdx2 —1.35 1.84 x 10~7
Table 3. Regulation of cytokine production.
Gene Symbol log, Fold Change p Adjusted
Cxclll —4.20 9.69 x 10~3*
1116 —4.05 5.43 x 1077
P2ry12 —3.44 464 x 1077
Cxcl13 —3.35 7.65 x 1077
Siglec8 —-3.28 1.76 x 10~°
Fgl2 -3.20 482 x 10711
Cxcl10 —3.14 1.62 x 10710
Cd244 —2.94 136 x 10715
Tnfrsflla —2.81 1.94 x 107
KIf2 —2.81 227 x 1077
Samhd1 —2.72 2.29 x 10~7
C3arl —2.69 8.27 x 10710
Pycard —2.69 897 x 1078
Card11 —2.59 1.60 x 1012
Clec4a3 —2.54 7.55 x 10~7
Dagla —2.32 2,04 x 1077
Tl6r —2.30 5.13 x 10710
Cxcl17 —2.28 8.05 x 1078
Nlrp3 —-2.10 2.02 x 10~
Ezr -1.91 1.30 x 107
Cer5 —1.90 1.45 x 1077
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Table 3. Cont.

Gene Symboi log, Foid Change p Adjusted
Axl —1.86 5.20 x 1078
Cinnbipl —-1.77 1.13 x 1076
Nt5e —1.48 2.00 x 10~7
Prdx2 —1.35 1.84 x 107
Table 4. Innate immune response.

Gene Symbol log, Fold Change p Adjusted
CxBerl —3.68 218 x 1076
Wide21 —322 6.08 x 10710

Evl —3.17 172 x 10~11
Cxcl10 —3.14 1.62 x 10710
Clec4al —2.78 622 x 1077
Pycard —2.69 8.97 x 1078

Ccl12 —2.59 1.23 x 10~°
Clec4a3 —2.54 7.55 x 10~7
Tifa —2.53 3.81 x 10 *
Mrcl —243 4.99 x 10~10
Gbp4 —2.34 446 x 107°

Fes -2.33 1.35 x 107°

Ly86 —2.10 217 x 1075
Nlrp3 —-2.10 202 x 10 13

Lrrkl —2.09 1.13 x 10~°

Aifl —1.90 5.24 x 1070
Corola -1.73 418 x 10~
Dhx58 —1.65 429 x 1076

Sla —1.59 5.03 x 10=®
Trim25 —1.58 1.22 x 107¢

Trex1 —157 1.51 x 10~°
Tmem106a —1.43 1.22 x 107>

Tir6 -1.32 3.37 x 1076
Nod1 -1.29 8.86 x 10~

1fi35 —1.25 7.32 x 1076

3. Discussion

There is conclusive evidence that siponimod exerts beneficial effects on different
aspects of EAE, an established animal model for MS. It decreases disease severity, the
degree of demyelination and improves cortical network functionality [4,5]. However,
the exact cellular mechanisms underlying these effects remain largely elusive. The same
is true for siponimod’s effects on disease progression and brain atrophy in secondary
progressing (SP)MS [3]. In this regard, it is important to mention that fingolimod, another
S1PR modulator, has already been shown to modulate microglial activation [25,26] which
could be further corroborated by PET-CT imaging of MS lesions [27]. Given its more specific
receptor profile in comparison to fingolimod, it is of great interest to investigate whether
siponimod exerts similar functions.

Our findings now show that in an inflammatory milieu, siponimod (i) protects mi-
croglia from adopting activated cytoskeletal architecture and morphologies, (ii) reduces
iNOS protein expression, (iii) modulates microglial cytokine expression and (iv) down-
regulates microglial immunological pathways. These results point to specific effects of
siponimod on microglial cells. So far, studies investigating the role of microglia in this
context solely used immortalized cell lines. In contrast, this is now the first study to provide
data generated in primary rat microglial cells.

Our results indicate that siponimod prevents TNFo upregulation in an inflammatory
milieu. TNF« is a pleiotropic pro-inflammatory cytokine which is, amongst other glial cells,
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produced by microglia [28]. It potentiates glutamate excitotoxicity [29], increases neuroin-
flammatory responses [30], impairs oligodendroglial differentiation [31] and even induces
oligodendrocyte cell death [32]. In MS, TNF is present in active lesions and its level in the
cerebrospinal fluid (CSF) is correlated with disease severity and progression [19]. However,
despite beneficial effects of a neutralization of TNF« in animal models its inhibition in the
clinical context has resulted in increased disease activity and lesion load progression [33].
This underlines the limited transferability of results generated in in vitro/animal models
to the human paradigm. Another cytokine the upregulation of which was reduced by
siponimod under inflammatory conditions was IL-13. This cytokine is present in MS
lesions [34,35] and the CSF of MS patients [36-38] where its levels are correlated with the
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peripheral immune system. This includes the down-regulation of
the major histocompatibility complex (MHC) class II expression present on the antigen-
presenting cells (i.e., dendritic cells, Langerhans cells and B-cell lymphocytes), the induction
of T-cell production of interleukin 10 (IL-10), which shifts the balance toward the anti-
inflammatory T helper (Th)-2 cells and the inhibition of T-cell migration [39]. At the same
time, only a few studies have investigated the direct impact of interferon-f3 on brain-
resident cells [40,41]. However, these studies were performed exclusively in transgenic
animal models and partly contradict each other so that the role of interferon-f is still not
entirely clarified.

Finally, siponimod also prevented LPS-induced upregulation of IL-10. IL-10 is a potent
anti-inflammatory cytokine which is, among other cell types, expressed by microglia [42,43].
It decreases the release of TNF, IL-1f3, IL-6, IL-8, IL-12 and IL-23, ameliorates the course
of EAE, reduces the proliferation of TH1 and TH2 cells, decreases antigen presentation of
monocytes and macrophages and has the capacity to act in a neuroprotective manner [17,22]. In
MS, IL-10 secretion is decreased prior to relapse and increased during remission. However,
no clinical studies investigating the potential benefit of IL-10 for MS have been conducted
so far.

The analysis of the transcriptome of LPS/siponimod co-stimulated microglia vs. LPS
only stimulated microglia revealed follistatin (Fst), cyclin dependent kinase inhibitor 1c
(Cdknlc), Cd9 and Cd34, as well as Cxcl11, Cd38 and fascin-1 (Fscnl) among the most
significantly differentially expressed genes, all of which are strongly associated with mi-
croglial polarization states in different injuries and diseases [44-50]. This further underlines
that siponimod stimulation leads to a specific change in the pattern of microglial gene
regulation which cannot be assigned to a “classic” M1 or M2 polarization and appears
to be more complex. However, the fact that the top 4 cluster of the gene enrichment
analysis related to the 1767 downregulated genes were all associated with immunological
functions indicates that it has significant immunomodulatory properties. However, be-
sides the association of downregulated DEGs with immunological functions, we found
that siponimod modulates additional intriguing clusters of biological processes. For in-
stance, the upregulated DEGs display enrichments in the response to unfolded protein
as well as endoplasmic reticulum (ER) stress which is in line with previous findings link-
ing sphingosine-1-phosphate metabolism to these processes [51]. In this regard, mainly
ceramide, one of sphingosine-1-phosphate’s precursors, was found to specifically induce
ER stress via the CD95-PERK signalling pathway leading to an increase in unfolded pro-
tein [52]. Taken together, this finding suggests that although S1PR signalling is inhibited by
siponimod treatment, sphingosine-1-phosphate metabolism remains intact. Furthermore,
autophagy, another pathway enriched upon siponimod treatment, is thought to be one of
the key regulators of innate immune responses [53]. Apart from that, we found downreg-
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ulated DEG clusters in endocytosis, one of the key mechanisms of S1PR signalling and
clusters in actin cytoskeletal organisation, which we gauge to be in line with our finding
that siponimod modulates microglial morphology as shown in Figure 1D.

As stated above, the interplay of different cytokines is an important factor in MS.
Therefore, our observation that siponimod creates a completely new cytokine signature
in pro-inflammatory microglia is of great interest even though it cannot be characterized
within the framework of M1/M2 polarization. In this regard, recent RNA sequencing
(RNASeq) and genome-wide association studies (GWAS) suggest the existence of several
subgroups of disease-associated microglia (DAMs) [54-57]. All these DAMs, which were
first described in neurodegenerative diseases such as Alzheimer’s disease, show unique

ur study, we are aware that the use of bacterial endotoxin
asa wlus is debatable. Even though LPS is the most commonly used
molecul 58,59] recent studies suggest that in CNS damage cytokines such
as i mav be also approvriate [36,60]. For instance, LPS was
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found 1 matory gene expression but also increased several anti-
inflammato ich is in line with our finding of an increased IL-10 and IFNf
expression. However, identical to our study, these results were generated in rat microglia

so that the translation to the human paradigm is still pending. Furthermore, in this study
we only examined parallel stimulation with LPS and siponimod. We selected this approach
to generate first insights into the effects of siponimod on a single CNS cell type in a pro-
inflammatory milieu to which the RN ASeq data additionally contributed. In future studies,
it will therefore be of interest to investigate to what degree siponimod (pre)treatment can
be protective or whether a delayed application exerts similar rescue effects.

In general, even though we show a direct effect of siponimod on CNS-resident cells,
this medication certainly exerts its most profound effects on pro-inflammatory peripheral
immune cells. It effectively prevents them from leaving lymphoid tissues and thereby averts
CNS immune cell infiltration. However, it is known from post mortem histopathology that
microglia, that were primed by invading peripheral immune cells during initial disease
relapses, create a milieu of smouldering inflammation behind a closed blood-brain barrier
(BBB). As a result, siponimod might exert a beneficial effect on these microglia-mediated
processes which are probably not even visible on conventional MRI, let alone clinically.
This might also explain why siponimod is effective in active secondary progressive MS.
In contrast and correspondingly, it has no effect in primary progressive MS where neu-
rodegeneration is predominant. In conclusion, it is conceivable that via a modulation of
microglial behaviour siponimod modulates neuroinflammatory processes in MS. Future
studies will have to further define the exact microglial subtype associated with siponimod
stimulation and its impact in MS.

4. Materials and Methods
4.1. Primary Rat Microglial Cell Culture

All animal use complies with the ARRIVE guidelines and were carried out in accor-
dance with the National Institutes of Health guide for the care and use of Laboratory
animals (NIH Publications No. 8023, revised 1978). The Institutional Review Board (IRB)
of the ZETT (Zentrale Einrichtung fiir Tierforschung und wissenschaftliche Tierschutzauf-
gaben) at the Heinrich Heine University Diisseldorf has approved all animal procedures
under licences O69/11. Briefly, dissociated P1 Wister rat cortices were cultured on T-75
cell culture flasks in Dulbecco’s Modified Eagle’s Medium (DMEM; Thermo Fisher Sci-
entific, Waltham, UK) substituted with 10% foetal calf serum (FCS; Capricorn Scientific,
Palo Alto, CA, USA) and 4 mM L-glutamine (Invitrogen, Carlsbad, CA, USA), 50 U/mL
penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA) as previously described [61].
After 10 days, flasks were shaken at 180 rpm/min at 37 °C for 2 h and microglia-containing
supernatants were collected. Afterwards, cell suspensions were centrifuged for 5 min at
300x g at4 °C, supernatants were discarded and the pellet was resuspended in 10 mL and
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plated onto bacterial dishes and kept in the incubator (37 °C, 5% CO; and 90% humidity)
allowing for cell attachment to the surface. Culture flasks were again loaded with fresh
DMEM medium and shaken for another 22 h at 37 °C in order to increase the final cell yield.
Afterwards, supernatants were again transferred to bacterial dishes to allow for attachment.
Microglia-containing bacterial dishes from the first and second shaking steps were checked
for viability via bright-field microscopy, medium was discarded and cells rinsed with Dul-
becco’s Phosphate Buffered Saline (D-PBS). Microglia were dislodged by accutase (Thermo
Fisher Scientific, Darmstadt, Germany), which was stopped by FCS-containing DMEM
medium. Microglial cell suspensions were then centrifuged for 5 min at 300x g at 4 °C and
cell-free supernatants were discarded. Afterwards, cell pellets were resuspended in 80 pL

MACS buffer containing 0.5% BSA in D-PBS and 20 pL of anti-rat CD11b/c microbeads
(Miltenvi Biotec, Bergisch-Gladbach, Germany) were added for 15 min at 2-8 °C to allow
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again spun dow for 5 min at 300 x UC pellets were resuspended L DMEM and
cell viability and numbers were m]annfled using trypan blue staining. Average cell purities
as assessed by Ibal-positivity were consistently around 98%. Microglia were seeded on
8-well Lab-Tek chamber slides for immunocytochemistry or 24-well plates for the analysis
of mRNA transcripts at different concentrations in microglia medium (10% FCS, 2 mM
L-glutamine, 50 U/mL penicillin/streptomycin in DMEM). For stimulation experiments,
siponimod (BAF312; kindly provided by Novartis) was solved at a concentration of 50 mM
in dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA) and lipopolysaccharide
(LPS; Sigma-Aldrich, St. Louis, MO, USA) was solved in ddH,O at a concentration of
1 mg/mL. Both reagents were aliquoted in appropriate amounts and stored at —80 °C. Each
aliquot was thawed once and discarded afterwards. One day after microglial isolation, cells
were stimulated with 10 or 50 uM siponimod or similar amounts of DMSO with or without
100 ng/mL LPS in microglia media. After 1 and 3 days, respectively, cell cultures were
either fixated for follow up immune-cytochemistry or lysed for RNA preparation, cDNA
synthesis and qPCR analysis.

Bergisch-
(e}
n

4.2. Immunocytochemistry

For immunocytochemistry, microglia were fixed for 10 min with 4% paraformaldehyde
(PFA), D-PBS washed, blocked for 45 min using 10% normal donkey serum (NDS; Sigma-
Aldrich, St. Louis, MO, USA) and 0.5% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) in
D-PBS. Afterwards, cells were incubated at 4 °C overnight with primary antibody solution
containing, 10% NDS and 0,1% Triton X-100 in D-PBS with rabbit anti-Ibal (1/500, WAKO
Pure Chemical Corporation, Osaka, Japan; RRID: AB_839504) and goat anti-iNOS (1/250;
Abcam, Cambridge, UK, RRID: AB_301857). Following D-PBS washes secondary donkey
anti-rabbit Alexa Fluor 488 and donkey anti-goat Alexa Fluor 594 (1/500; Thermo Fisher
Scientific, Darmstadt, Germany) were added for 2 h at room temperature. Nuclei were
stained in parallel with 4/, 6-diamidino-2-phenylindole (DAPL; 20 ng/mL, Roche, Basel,
Switzerland). Cells were mounted using Citifluor (Citifluor, London, UK) and images were
captured on an Axioplan 2 microscope (Zeiss, Jena, Germany) using the same exposure
times and light intensities. Phalloidin (Phalloidin CruzFluor 488 Conjugate, Santa Cruz
Biotechnology, Dallas, TX, USA) staining was performed according to the manufacturers
protocol. Briefly, 1000x phalloidin was diluted 1:1000 together with DAPI (20 ng/mL)
in PBS. Prefixed cells were incubated with this solution for 1 h at room temperature.
Afterwards, cells were washed 4 times with PCR and mounted using Citifluor (Citifluor,
London, UK). The analysis of immune-positive cells was performed on 7 images per well
and 2 wells per treatment and replicate, leading to 14 analysed images per treatment and
replicate. On average, each image contained ~30 cells resulting in more than 2000 cells
per condition being analysed. The quantification was performed using Image]J software
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(National Institute of Health (NIH), Bethesda, MD, USA). For the analysis of the mean area
per cell, merged images were uploaded in Image] software, scale bars were set according
to microscope settings and the channels were split. The number of cells was assessed by
creating a binary image with a threshold to the DAPI channel (80, 255), applying water
shedding and analysing all particles with a size of 150-3000 pixels and a circularity of
0.4-1.00. The total area of Ibal-stainings was analysed again by applying a threshold (30, 255),
creating a binary image and measuring the total area of Ibal-positive staining. Afterwards,
a ratio of the total area of Ibal-positive staining and the total number of cells was calculated.
iNOS positive microglia were quantified manually, using the Image] tool “cell-counter”.

4.3. RNA Preparation, cDNA Synthesis and Quantitative Reverse Transcription (RT)-Polymerase
Chain Reaction (PCR)

RNA preparation, cDNA synthesis and quantitative RT-PCR were performed as re-
cently described [61]. Briefly, total RNA purification from cells was performed using the
RNeasy procedure (Qiagen, Hilden, Germany). Isolated RNA was afterwards reverse
transcribed using the high-capacity cDNA Reverse Transcription Kit (Thermo Fisher Sci-
entific, Darmstadt, Germany). Quantitative determination of gene expression levels was
performed on a 7900HT sequence detection system (Thermo Fisher Scientific) using Power
SybrGreen PCR master mix (Thermo Fisher Scientific) [62,63]. Following primer sequences
were generated via PrimerExpress 2.0 software (Applied Biosystems/Thermo Fisher Sci-
entific, Darmstadt, Germany), as well as tested and determined: Gapdh forward: GAA
CGG GAA GCT CAC TGG C, Gapdh reverse: GCA TGT CAG ATC CAC AAC GG, Il1b
forward: GAA ACA GCA ATG GTC GGG AC, I11b reverse: AAG ACA CGG GTT CCA
TGG TG, 1110 forward: CCC AGA AAT CAA GGA GCA TTT G, 1110 reverse: CAG CTG
TAT CCA GAG GGT CTT CA, Ifnb1 forward: TGG AAG GCT CAA CCT CAG CTA, Ifnbl
reverse: GGG TGC ATC ACC TCC ATA GG, Tnf forward: AGC CC TGG TAT GAG CCC
ATG TA, Tnf reverse: CCG GAC TCC GTG ATG TCT AAG T. Gapdh, which proved to be
the most accurate and stable normalization gene among a number of others, such as Hprt1,
Odc and Tbp, was used as reference gene. Relative gene expression levels were determined
according to the AACt method (Thermo Fisher Scientific) and each sample was measured
in duplicate.

4.4. Bulk RNA Sequencing

To generate RNASeq data, RNASeq libraries were prepared from DNase digested total
RNA samples quantified by Qubit RNA HS Assay (Thermo Fisher Scientific) and capillary
electrophoresis using the Fragment Analyzer and the “Total RNA Standard Sensitivity
Assay” (Agilent Technologies, Inc. Santa Clara, CA, USA). All samples in this study
showed high quality RNA Quality Numbers (RQN; mean = 9.8). The library preparation
was performed according to the manufacturer’s protocol using the “VAHTS™ Universal
RNA-Seq Library Prep Kit for Illumina® V6 with mRNA capture module’. Briefly, 150 ng
total RNA were used for mRNA capturing, fragmentation, the synthesis of cDNA, adapter
ligation and library amplification. Bead purified libraries were normalized and finally
sequenced on the HiSeq 3000/4000 system (Illumina Inc. San Diego, CA, USA) with a
read setup of SR 1 x 150 bp. The bcl2fastq tool (v2.20.0.422) was used to convert the
bl files to fastq files as well for adapter trimming and demultiplexing. Data analyses
on fastq files were conducted with CLC Genomics Workbench (version 22.0.2, QIAGEN,
Venlo. NL). The reads of all probes were adapter trimmed (Illumina TruSeq) and quality
trimmed (using the default parameters: bases below Q13 were trimmed from the end of
the reads, ambiguous nucleotides maximal 2). Mapping was performed against the Rattus
norvegicus (mRatBN7.2.106; 5 July 2022) genome sequence. After grouping of samples
(three biological replicates each) according to their respective experimental condition, the
statistical differential expression was determined using the Differential Expression for RNA-
Seq tool (version 2.6, CLC Genomics Workbench). The resulting p values were corrected for
multiple testing by FDR and differentially expressed genes (DEGs) were filtered setting
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a threshold at the FDR adjusted p-value of 0.05 and a fold-change of £1.5. The Gene Set
Enrichment and Pathway analysis of differentially up- and downregulated genes was performed
using Metascape platform using default parameters (R. norvegicus; 1 August 2022).

4.5. ELISA

To assess the microglial secretion of TNFe, IL-1f3, IL-10 and IFNf, the culture medium
was harvested, spun down at 1000x g for 5 min at 4 °C, frozen on dry ice and stored at
—80 °C. On the day of analysis, all reagents were thawed and adjusted to RT before the
culture medium was measured in duplets using the following colorimetric sandwich ELISA
kits according the manufacturers protocol: rat TNF alpha ELISA Kit (ab100785, Abcam), rat
IL-1 beta ELISA kit (ab100768 abcam) rat IL- 10 ELISA Kit (ab100764, abcam) Rat TFN- beta

4.6. Statistical Analysis

Data are nresented as mean values + standard error of the mean (SEM). All data

passed the Shapiro-Wilk test for normality. Therefore, significance was assessed either
by 1-way analysis of variance (ANOVA) followed by Tukey’s post hoc test or by an un-
paired students t-test both using Graph-Pad Prism 8.4.3 (GraphPad Software, San Diego,
CA, USA). The experimental groups were considered significantly different at * p < 0.05,
**p <0.01, ** p < 0.001. n represents the number of independent experiments.

Author Contributions: Conceptualization, D.K. and PK.; methodology, D.K., PX., P.P, KK. and ].G.;
formal analysis, ].G., EL., I.L., VW,, L.R,, P.P,, K.K. and P.G.; investigation, ].G., FL., LL., VW., L.R.
and P.G.; writing—original draft preparation, D.K., PX. and J.G.; writing—review and editing, D.K.,
PK. and J.G.; visualization, ].G.; supervision, D.K. and PK.; project administration, D.K. and PK,;
funding acquisition, D.K., PK. and H.-P.H. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was supported by Novartis. Neuroregeneration research in the laboratory of
PK was additionally supported by the Christiane and Claudia Hempel Foundation for clinical stem
cell research and the James and Elisabeth Cloppenburg, Peek and Cloppenburg Diisseldorf Stiftung.

Institutional Review Board Statement: The Institutional Review Board (IRB) of the ZETT (Zentrale
Einrichtung fiir Tierforschung und wissenschaftliche Tierschutzaufgaben) at the Heinrich Heine
University Diisseldorf has approved all animal procedures under licences O69/11.

Informed Consent Statement: Not applicable.

Data Availability Statement: RNASeq datasets generated for this study are publicly available in the
NIH Gene Expression Omnibus (GEO) repository: https://www.ncbi.nlm.nih.gov/geo/, accession
number GSE216804.

Acknowledgments: We acknowledge the support of Brigida Ziegler, Julia Jadasz and Birgit Blomenkamp-
Radermacher. Furthermore, we acknowledge the computational infrastructure and support that was
provided by the Centre for Information and Media Technology at Heinrich Heine University Diisseldorf.

Conflicts of Interest: PK was supported by Stifterverband /Novartisstiftung and received consult-
ing/travel/congress grants from GeNeuro, Sanofi and Servier. DK received travel grants from
GeNeuro and Merck, refund of congress participation fees from GeNeuro, Merck and Servier, consult-
ing fees from Grifols, payment for lectures from Grifols and support for research projects from Teva
and Merck. HPH has received fees for consulting, speaking and serving on steering committees from
Bayer Healthcare, Biogen, GeNeuro, MedImmune, Merck, Novartis, Opexa, Receptos Celgene, Roche,
Sanofi Genzyme, CSL Behring, Octapharma and Teva, with approval from the Rector of Heinrich-
Heine-University. JG was supported by Stifterverband /Novartisstiftung and received travel expenses
for attending meetings from GeNeuro. VW also received travel expenses for attending meetings from
GeNeuro. PG performed consultancy work for GeNeuro. The remaining authors declare that the

82



Results — Publications

Int. J. Mol. Sci. 2022, 23, 13278 150f17

research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. Trapp, B.D.; Peterson, J.; Ransohoff, R.M.; Rudick, R.; Mork, S.; Bo, L. Axonal transection in the lesions of multiple sclerosis.
N. Engl. J. Med. 1998, 338, 278-285. [CrossRet] [PubMed]

2. Kappos, L.; Li, D.K.; Stuve, O.; Hartung, H.P.; Freedman, M.S.; Hemmer, B.; Rieckmann, P.; Montaiban, X.; Ziemssen, T.;
Hunter, B.; et al. Safety and Efficacy of Siponimod (BAF312) in Patients With Relapsing-Remitting Multiple Sclerosis: Dose-
Blinded, Randomized Extension of the Phase 2 BOLD Study. JAMA Neurol. 2016, 73, 1089-1098. [CrossRef]

3. Kappos, L.; Bar-Or, A.; Cree, B.A.C.; Fox, R].; Giovannoni, G.; Gold, R.; Vermersch, P.; Arnold, D.L.; Arnould, S.; Scherz, T.; et al.
Siponimod versus placebo in secondary progressive multiple sclerosis (EXPAND): A double-blind, randomised, phase 3 study.

Lancet 2018, 391, 1263-1273. [CrossRef]

4 Qo C Qe A N A Teu KK The dial QIPRA /QIDRE A mATATS (@i e PP
4. O'Sullivan, C.; Schubart, A.; Mir, A.K; Dev, K.K. The dual SiPR1/51PR5 drug BAF312 (Siponimod) attenuates demyelination in
aroanctuinie glice ciiltizvag T Nojirninflaa, an1e 12 21 [0 oD D LA AT
OrganotypicC S1iC€ CUITUTIES. j. (NEUTOLILAI. 4U10, 10, 1. [\LTOSSKEI] [1IUDIVIED ]
5. Gentile, A.; Musella, A.; Bullitta S.: Freseena, D.: De Vito, F.; Fantozzi, R.: Piras, E.; Gareano, F.; Borsellino, G.; Battistini, L.; et al
5. Gentile, A; Musella, A ; Bullitta, S,; Fresegna, D.; De Vito, F; Fantozzi, R,; Piras, E,; Gargano, F; Borselline, G.; Battistini, L; et al.
Siponimod (BAF312) prevents synaptic neurodegeneration in experimental multiple sclerosis. ]. Neuroinflamm. 2016, 13, 207.

6.  Kipp, M. Does Siponimod Exert Direct Effects in the Central Nervous System? Cells 2020, 9, 1771. [CrossRef] [PubMed]

7. Voet, S.; Prinz, M.; van Loo, G. Microglia in Central Nervous System Inflammation and Multiple Sclerosis Pathology. Trends Mol.
Med. 2019, 25, 112-123. [CrossRef] [PubMed]

8.  Karamita, M.; Barnum, C.; Mobius, W.; Tansey, M.G.; Szymkowski, D.E.; Lassmann, H.; Probert, L. Therapeutic inhibition of
soluble brain TNF promotes remyelination by increasing myelin phagocytosis by microglia. /CI Insight 2017, 2, e87455. [CrossRef]

9.  Tham, C.S; Lin, EF; Rao, T.S.; Yu, N.; Webb, M. Microglial activation state and lysophospholipid acid receptor expression. Int. J.
Dev. Neurosci. 2003, 21, 431-443. [CrossRef]

10.  Orihuela, R.; McPherson, C.A.; Harry, G.J. Microglial M1/M2 polarization and metabolic states. Br. J. Pharmacol. 2016, 173, 649-665.
[CrossRef]

11.  Jack, C.S.; Arbour, N.; Manusow, J.; Montgrain, V.; Blain, M.; McCrea, E.; Shapiro, A.; Antel, ].P. TLR signaling tailors innate
immune responses in human microglia and astrocytes. J. Immunol. 2005, 175, 4320-4330. [CrossRef] [PubMed]

12.  Gardin, A.; Dodman, A.; Kalluri, S.; Neelakantham, S.; Tan, X.; Legangneux, E.; Shakeri-Nejad, K. Pharmacokinetics, safety, and
tolerability of siponimod (BAF312) in subjects with severe renal impairment: A single-dose, open-label, parallel-group study.
Int. ]. Clin. Pharmacol. Ther. 2017, 55, 54—65. [CrossRef] [PubMed]

13. Bigaud, M.; Rudolph, B.; Briard, E.; Beerli, C.; Hofmann, A.; Hermes, E.; Muellershausen, F; Schubart, A.; Gardin, A. Siponimod
(BAF312) penetrates, distributes, and acts in the central nervous system: Preclinical insights. Mult. Scler. ].-Exp. Transl. Clin. 2021,
7,20552173211049168. [CrossRef] [PubMed]

14. Abd-El-Basset, E.; Fedoroff, S. Effect of bacterial wall lipopolysaccharide (LPS) on morphology, motility, and cytoskeletal
organization of microglia in cultures. J. Neurosci. Res. 1995, 41, 222-237. [CrossRef] [PubMed]

15.  Smith, KJ.; Lassmann, H. The role of nitric oxide in multiple sclerosis. Lancet Neurol. 2002, 1, 232-241. [CrossRef]

16. Tang, X.; Lan, M.; Zhang, M.; Yao, Z. Effect of nitric oxide to axonal degeneration in multiple sclerosis via downregulating
monocarboxylate transporter 1 in oligodendrocytes. Nitric Oxide 2017, 67, 75-80. [CrossRef]

17.  Gobel, K.; Ruck, T.; Meuth, S.G. Cytokine signaling in multiple sclerosis: Lost in translation. Mult. Scler. 2018, 24, 432-439.
[CrossRef]

18. Tolosa, L.; Caraballo-Miralles, V.; Olmos, G.; Llado, ]. TNF-alpha potentiates glutamate-induced spinal cord motoneuron death
via NF-kappaB. Mol. Cell. Neurosci. 2011, 46, 176-186. [CrossRef] [PubMed]

19. Sharief, M.K.; Hentges, R. Association between tumor necrosis factor-alpha and disease progression in patients with multiple
sclerosis. N. Engl. J. Med. 1991, 325, 467-472. [CrossRef] [PubMed]

20. Rossi, S.; Motta, C.; Studer, V.; Macchiarulo, G.; Volpe, E.; Barbieri, F.; Ruocco, G.; Buttari, F.; Finardi, A.; Mancino, R.; et al.
Interleukin-1beta causes excitotoxic neurodegeneration and multiple sclerosis disease progression by activating the apoptotic
protein p53. Mol. Neurodegener. 2014, 9, 56. [CrossRef]

21. Imitola, J.; Chitnis, T.; Khoury, S.J. Cytokines in multiple sclerosis: From bench to bedside. Pharmacol. Ther. 2005, 106, 163-177.
[CrossRef]

22. Kwilasz, A.J.; Grace, PM.; Serbedzija, P.; Maier, S.F.; Watkins, L.R. The therapeutic potential of interleukin-10 in neuroimmune
diseases. Neuropharmacology 2015, 96, 55-69. [CrossRef] [PubMed]

23. Cua, D.J; Hutchins, B.; LaFace, D.M.; Stohlman, S.A.; Coffman, R.L. Central nervous system expression of IL-10 inhibits
autoimmune encephalomyelitis. J. Immunol. 2001, 166, 602-608. [CrossRef] [PubMed]

24. Bolivar, S.; Anfossi, R.; Humeres, C.; Vivar, R.; Boza, P.; Munoz, C.; Pardo-Jimenez, V.; Olivares-Silva, F.; Diaz-Araya, G. IFN-beta
Plays Both Pro- and Anti-inflammatory Roles in the Rat Cardiac Fibroblast Through Differential STAT Protein Activation.
Front. Pharmacol. 2018, 9, 1368. [CrossRef] [PubMed]

25. Noda, H.; Takeuchi, H.; Mizuno, T.; Suzumura, A. Fingolimod phosphate promotes the neuroprotective effects of microglia.
J. Neuroimmunol. 2013, 256, 13-18. [CrossRef] [PubMed]

83



Results — Publications

Int. J. Mol. Sci. 2022, 23, 13278 16 of 17

26. Jackson, S.J.; Giovannoni, G.; Baker, D. Fingolimod modulates microglial activation to augment markers of remyelination.
J. Neuroinflamm. 2011, 8, 76. [CrossRef]

27. Sucksdorff, M.; Rissanen, E.; Tuisku, J.; Nuutinen, S.; Paavilainen, T.; Rokka, J.; Rinne, J.; Airas, L. Evaluation of the Effect of
Fingolimod Treatment on Microglial Activation Using Serial PET Imaging in Multiple Sclerosis. J. Nucl. Med. 2017, 58, 1646-1651.

[CrossRef]
~nQ n__ 1. Q.71 1. __1 A X7
40 Naitiaeclie, o., Loinpardi, ivl., ver
Tmnact on Rrain Fiinctiong (O
Impact on Brain Functions. C
29. Zou,lY,; Crews, ET. TNF alp

cultures: Neuroprotection by N
30. Kollias, G.; Douni, E.; Kassmtls, G; Kontoylannls, D. The functlon of tumour necrosis factor and receptors in models of
multi-organ inflammation, rheumatoid arthritis, multiple sclerosis and inflammatory bowel disease. Ann. Rheum. Dis. 1999,

58 (Suppl. S1), 132-139. [CrossRef]
Bonora, M.: De Marchi, E.: Pateronani - Suski, T M.: Celsi, F.: Bononi, A.; Gioroi

w
—_

Bonora, M.; De Marchi, E.; Patergnani, S.; Suski, ].M.; Celsi, F,; Bononi, A.; Giorgi, C.; Marchi, S,; 7
Tumor necrosis factor-alpha 1mp:1rs oligodendroglial differentiation through a n?]fnrhnndrla dependent process. Cell Death Differ.
2014, 21, 1198-1208. [CrossRef] [PubMed]

32. Jurewicz, A.; Matysiak, M.; Tybor, K.; Selmaj, K. TNF-induced death of adult human oligodendrocytes is mediated by c-jun
NH2-terminal kinase-3. Brain 2003, 126, 1358-1370. [CrossRef] [PubMed]

33. The Lenercept Multiple Sclerosis Study Group and The University of British Columbia MS/MRI Analysis Group. TNF neutraliza-
tion in MS: Results of a randomized, placebo-controlled multicenter study. Neurology 1999, 53, 457-465. [CrossRef]

34. Ronchi, F.; Basso, C.; Preite, S.; Reboldi, A.; Baumjohann, D.; Perlini, L.; Lanzavecchia, A.; Sallusto, F. Experimental priming of
encephalitogenic Th1/Th17 cells requires pertussis toxin-driven IL-1beta production by myeloid cells. Nat. Commun. 2016, 7, 11541.
[CrossRef]

35. Argaw, A.T.; Zhang, Y.; Snyder, B.J.; Zhao, M.L.; Kopp, N.; Lee, S.C.; Raine, C.S.; Brosnan, C.F; John, G.R. IL-1beta regulates
blood-brain barrier permeability via reactivation of the hypoxia-angiogenesis program. J. Immunol. 2006, 177, 5574-5584.
[CrossRef]

36. Hauser, S.L.; Doolittle, T.H.; Lincoln, R.; Brown, R.H.; Dinarello, C.A. Cytokine accumulations in CSF of multiple sclerosis patients:
Frequent detection of interleukin-1 and tumor necrosis factor but not interleukin-6. Neurology 1990, 40, 1735-1739. [CrossRef]

37.  Dujmovic, I.; Pekmezovic, T.; Obrenovic, R.; Nikolic, A.; Spasic, M.; Mostarica Stojkovic, M.; Drulovic, ]. Cerebrospinal fluid and
serum uric acid levels in patients with multiple sclerosis. Clin. Chem. Lab. Med. 2009, 47, 848-853. [CrossRef]

38. Lin, C.C.; Edelson, B.T. New Insights into the Role of IL-1beta in Experimental Autoimmune Encephalomyelitis and Multiple
Sclerosis. J. Immunol. 2017, 198, 4553-4560. [CrossRef]

39. Jakimovski, D.; Kolb, C.; Ramanathan, M.; Zivadinov, R.; Weinstock-Guttman, B. Interferon beta for Multiple Sclerosis. Cold Spring
Harb. Perspect. Med. 2018, 8, a032003. [CrossRef]

40. Guo, B,; Chang, E.Y.; Cheng, G. The type I IEN induction pathway constrains Th17-mediated autoimmune inflammation in mice.
J. Clin. Investig. 2008, 118, 1680-1690. [CrossRef]

41. Prinz, M.; Schmidt, H.; Mildner, A.; Knobeloch, K.P.; Hanisch, U.K.; Raasch, J.; Merkler, D.; Detje, C.; Gutcher, 1.; Mages, J.;
et al. Distinct and nonredundant in vivo functions of IFNAR on myeloid cells limit autoimmunity in the central nervous system.
Immunity 2008, 28, 675-686. [CrossRef] [PubMed]

42.  Kettenmann, H.; Hanisch, U.K.; Noda, M.; Verkhratsky, A. Physiology of microglia. Physiol. Rev. 2011, 91, 461-553. [CrossRef]

43. Ledeboer, A.; Breve, ].].; Wierinckx, A.; van der Jagt, S.; Bristow, A.F,; Leysen, J.E.; Tilders, EJ.; Van Dam, A.M. Expression and
regulation of interleukin-10 and interleukin-10 receptor in rat astroglial and microglial cells. Eur. J. Neurosci. 2002, 16, 1175-1185.
[CrossRef] [PubMed]

44. Holloway, RK,; Ireland, G.; Sullivan, G.; Becher, J.C.; Smith, C.; Boardman, J.P.; Gressens, P.; Miron, V.E. Microglial inflammasome
activation drives developmental white matter injury. Glia 2021, 69, 1268-1280. [CrossRef] [PubMed]

45. Rice, R.A,; Pham, J.; Lee, R].; Najafi, A.R.; West, B.L.; Green, K.N. Microglial repopulation resolves inflammation and promotes
brain recovery after injury. Glia 2017, 65, 931-944. [CrossRef]

46. Clayton, K.; Delpech, J.C.; Herron, S.; Iwahara, N.; Ericsson, M.; Saito, T.; Saido, T.C.; Ikezu, S.; Ikezu, T. Plaque associated
microglia hyper-secrete extracellular vesicles and accelerate tau propagation in a humanized APP mouse model. Mol. Neurodegener.
2021, 16, 18. [CrossRef]

47. Kovacs, M,; Trias, E.; Varela, V.; Ibarburu, S.; Beckman, J.S.; Moura, 1.C.; Hermine, O.; King, PH.; Si, Y.; Kwon, Y.; et al. CD34
Identifies a Subset of Proliferating Microglial Cells Associated with Degenerating Motor Neurons in ALS. Int. ]. Mol. Sci. 2019,
20, 3880. [CrossRef]

48. Wu, X.B.; He, L.N,; Jiang, B.C.; Shi, H.; Bai, X.Q.; Zhang, W.W.; Gao, Y.J. Spinal CXCL9 and CXCL11 are not involved in
neuropathic pain despite an upregulation in the spinal cord following spinal nerve injury. Mol. Pain 2018, 14, 1744806918777401.
[CrossRef]

49. Mayo, L.; Jacob-Hirsch, J.; Amariglio, N.; Rechavi, G.; Moutin, M.J.; Lund, EE.; Stein, R. Dual role of CD38 in microglial activation
and activation-induced cell death. J. Immunol. 2008, 181, 92-103. [CrossRef]

50. Yu,S.;Cheng, L.; Tian, D.; Li, Z.; Yao, F,; Luo, Y.; Liu, Y.; Zhu, Z.; Zheng, M.; Jing, J. Fascin-1 is Highly Expressed Specifically in

Microglia After Spinal Cord Injury and Regulates Microglial Migration. Front. Pharmacol. 2021, 12, 729524. [CrossRef]

84



Results — Publications

Int. J. Mol. Sci. 2022, 23, 13278 17 of 17

51. Park, WJ.; Park, ].W. The role of sphingolipids in endoplasmic reticulum stress. FEBS Lett. 2020, 594, 3632-3651. [CrossRef]
[PubMed]

52. Park,]J.; Lee, J.H,; Li, Q; Diaz, K.; Chang, Y.T.; Chung, S.K. Divergent syntheses of all stereoisomers of phytosphingosine and
their use in the construction of a ceramide library. Bioorganic Chem. 2008, 36, 220-228. [CrossRef] [PubMed]

53. Plaza-Zabala, A.; blerra 1orre, ., Sierra, A. Assessmg Autopnagy in 1v11crog11a A 1w0 btep Modei to Determine Autophagosome

et Turnover. F

169 1276-1290.e17. [CrossRef]

55. Deczkowska, A.; Keren-Shaul, H.; Weiner, A.; Colonna, M.; Schwartz, M.; Amit, I. Disease-Associated Microglia: A Universal
Immune Sensor of Neurodegeneration. Cell 2018, 173, 1073-1081. [CrossRef] [PubMed]

56. Tay, T.L.; Sagar; Dautzenberg, J.; Grun, D.; Prinz, M. Unique microglia recovery population revealed by single-cell RNAseq
following neurodegeneration. Acta Neuropathol. Commun. 2018, 6, 87. [CrossRef]

57.  Pulido-Salgado, M.; Vidal-Taboada, ].M.; Barriga, G.G.; Sola, C.; Saura, ]. RNA-Seq transcriptomic profiling of primary murine
microglia treated with LPS or LPS + IFNgamma. Sci. Rep. 2018, 8, 16096. [CrossRef]

58. Chen, Z,; Jalabi, W.; Shpargel, K.B.; Farabaugh, K.T.; Dutta, R.; Yin, X; Kidd, G.J.; Bergmann, C.C.; Stohlman, S.A.; Trapp, B.D.
Lipopolysaccharide-induced microglial activation and neuroprotection against experimental brain injury is independent of
hematogenous TLR4. ]. Neurosci. 2012, 32, 11706-11715. [CrossRef]

59. Ye, X,; Zhu, M,; Che, X.; Wang, H.; Liang, X.J.; Wu, C.; Xue, X; Yang, J. Lipopolysaccharide induces neuroinflammation in
microglia by activating the MTOR pathway and downregulating Vps34 to inhibit autophagosome formation. J. Neuroinflamm.
2020, 17, 18. [CrossRef]

60. Lively, S.; Schlichter, L.C. Microglia Responses to Pro-inflammatory Stimuli (LPS, IFNgamma+TNFalpha) and Reprogramming
by Resolving Cytokines (IL-4, IL-10). Front. Cell. Neurosci. 2018, 12, 215. [CrossRef]

61. Kremer, D.; Gruchot, J.; Weyers, V.; Oldemeier, L.; Gottle, P.; Healy, L.; Ho Jang, J.; Kang, T.X.Y.; Volsko, C.; Dutta, R.; et al.
pHERV-W envelope protein fuels microglial cell-dependent damage of myelinated axons in multiple sclerosis. Proc. Natl. Acad.
Sci. USA 2019, 116, 15216-15225. [CrossRef] [PubMed]

62. Kremer, D.; Schichel, T.; Forster, M.; Tzekova, N.; Bernard, C.; van der Valk, P.; van Horssen, J.; Hartung, H.P.; Perron, H.; Kiiry, P.
Human endogenous retrovirus type W envelope protein inhibits oligodendroglial precursor cell differentiation. Ann. Neurol.
2013, 74, 721-732. [CrossRef] [PubMed]

63. Kremer, D.; Forster, M.; Schichel, T.; Géttle, P.; Hartung, H.P.; Perron, H.; Kiiry, P. The neutralizing antibody GNbAC1 abrogates
HERV-W envelope protein-mediated oligodendroglial maturation blockade. Mult. Scler. 2015, 21, 1200-1203. [CrossRef] [PubMed]

85



Results — Publications

2.7 Interplay between activation of endogenous retroviruses and inflammation as

common pathogenic mechanism in neurological and psychiatric disorders
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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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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 condi-
tions in which epigenetic silencing of ERV elements is disrupted.

1. Introduction

Endogenous retroviruses (ERVs) are inherited genetic elements
derived from exogenous retroviral infections occurring throughout the
evolution of the genome. In general, ERVs belong to a retrotransposon
subgroup of mobile genomic elements and comprise 5-8 % of the human
genome (Lander et al., 2001). In other mammalian genomes, ERVs are
similarly abundant and comprise, for example, approximately 10 % of
the mouse genome (Stocking & Kozak, 2008). It is thought that multiple
independent infectious events generated a unique genomic ERV content
in different species, with additional genetic recombination leading to
more than 100.000 ERV loci known in humans with extensive interin-
dividual variations (Nellaker et al., 2012; Thomas et al., 2018).

ERVs are traditionally classified into three classes (I, I and III), based
on relatedness to the exogenous Gammaretrovirus, Betaretrovirus and

Spumaretrovirus, respectively. Within this classification individual ERV
lineages are referred to as “families”, and comprise groups of ERVs that
are assumed to derive from a single germline invasion event (Gifford
et al., 2018).

While human ERVs are often regarded as genomic parasites, their
ancestorial embedding in our genomes suggests a certain degree of
domestication and symbiosis (Kiiry et al., 2018). An illustrative example
of positive evolutionary selection are syncytin 1 and 2, which represent
envelope (Env) genes of the ERVW-1 and ERVFRD-1, respectively. The
encoded proteins play an important role in placentogenesis and might
also be involved in foetal-maternal immune tolerance (Xiang & Liang,
2021). A similar functional domestication emerged for ERV-encoded
group specific antigens (GAGs), some of which pertain to key pro-
cesses of memory consolidation in the mammalian brain, including long-
term potentiation and long-term depression (Pastuzyn et al., 2018).
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Whereas most human ERVs (HERVs) appear to be inherently inac-
tivated, multiple studies revealed activation of some of these elements in
neurodevelopmental disorders such as autism spectrum disorder (ASD)
or attention deficit hyperactivity disorder (ADHD), psychiatric disorders
such as schizophrenia (SZ) and bipolar disorder (BD), and neuro-
inflammatory/neurodegenerative disorders such as multiple sclerosis
(MS) and amyotrophic lateral sclerosis (ALS). While all these clinical
conditions differ in terms of overall disease pathology and causalities, a
common feature is that they are all associated with different degrees of
(subclinical) chronic inflammation. Based on these commonalities, we
aim at discussing the potential relationships between ERV activation and
expression along the induction of inflammatory processes, thereby
examining whether a direct sequence of events can be deduced.

2. Human endogenous retroviruses as a central element of
neurodevelopmental, psychiatric and neuroinflammatory
disorders

2.1. Neurodevelopmental disorders

Autism spectrum disorder (ASD) was one of the first neuro-
developmental disorders in which abnormal retroviral activity was
identified. It is a pervasive developmental disorder, affecting 1 in every
160 children worldwide, characterized by three main core symptoms,
namely impairments in social interaction, deficits in verbal and non-
verbal communication, and presence of restricted and repetitive be-
haviours (Santos et al., 2022). It was shown to involve immunological
dysfunction with several ASD risk genes encoding components of the
immune system (Meltzer & Van de Water, 2017). Signs of microglia
activation and increased production of inflammatory cytokines and
chemokines, including interferon (IFN)-y, interleukin (IL)-1p, IL-6, IL-
12p40, tumor necrosis factor-a (TNF-a) and chemokine C—C motif
ligand (CCL)-2, in the brain parenchyma and cerebral spinal fluid (CSF)
were described (Onore et al., 2012). Furthermore, elevated levels of pro-
inflammatory cytokines in plasma were identified in medication-free
ASD patients from the ages of 2 to 5 compared to age-matched, nor-
mally developing and healthy control children and to children with
other developmental disabilities (Ashwood et al., 2011). The over-
production of peripheral cytokines in ASD children was further associ-
ated with impaired communication skills and aberrant behaviours
(Ashwood et al., 2011).

Env gene expression of HERV-H, HERV-K, HERV-W and HEMO
(different subtypes of human ERVs) was investigated in peripheral blood
mononuclear cells (PBMCs) from ASD children, their parents and from
corresponding healthy controls. ASD patients showed significantly
higher HERV-H Env transcript levels as compared to healthy children
(Balestrieri et al., 2019). Intriguingly, PBMCs from mothers of ASD
children also showed significantly higher levels of HERV-H Env tran-
scripts in comparison to mothers of the control group (Balestrieri et al.,
2019). Similar findings were obtained for HERV-K and HEMO Env gene
expression. On the contrary, the transcriptional activity of HERV-W Env
was significantly lower in ASD children as compared to healthy controls,
but significantly higher in their mothers and fathers compared to the
corresponding control group (Balestrieri et al., 2019).

Abnormally high expression levels of ERV components were also
reported in two distinct mouse models of ASD (Cipriani et al., 2018b).
The first mouse model involved BTBR T + tf/J inbred mice, which
corresponds to an idiopathic ASD model capturing several ASD-related
behavioural traits, including impairments in social interaction,
communication, and cognitive flexibility, as well as high levels of re-
petitive behaviours. The second model was based on CD-1 outbred mice
which were prenatally treated with the anticonvulsant and histone
deacetylase inhibitor valproic acid (VPA). These animals show ASD-like
behavioural alterations, including early motor hyperactivity, social
deficits, and cognitive impairments. Both models showed consistently
increased transcriptional activity of several ERV families in whole
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embryos, as well as in postnatal blood and brain samples (Cipriani et al.,
2018b). Moreover, expression levels of pro-inflammatory cytokines and
toll like receptors (TLRs) were also significantly elevated after prenatal
VPA treatment (Cipriani et al., 2018b).

ERVs also seem to be implicated in attention deficit hyperactivity
disorder (ADHD), a neurodevelopmental condition usually detected
before the onset of late adolescence or early adulthood. ADHD is char-
acterized to a varying degree by difficulties in maintaining sustained
attention and executive functions, motor hyperactivity, and impulsivity
(American Psychiatric Association, 2013). As the majority of children
with ADHD have a high prevalence of allergic diseases, it is likely that
immune- and inflammation responses are involved in the aetiology of
this disorder (Tsai et al., 2013). When PBMCs of 30 subjects with ADHD
and 30 healthy controls were analysed, increased expression of HERV-H
was found in PBMCs of ADHD subjects, with Env transcript levels
correlating positively with inattention and hyperactivity (Balestrieri
et al., 2014). Furthermore, drug-naive ADHD patients showed a reduc-
tion in HERV-H Env mRNA levels in response to administration of
methylphenidate, a commonly used drug for treating ADHD symptoms
(Cipriani et al., 2018a).

2.2. Psychiatric disorders

Abnormal ERV expression was also identified in schizophrenia (SZ),
a major psychiatric disorder affecting up to 1 % of the world’s popula-
tion (Charlson et al., 2018). It is characterized by varying degrees of
cognitive impairments, emotional aberrations, and behavioural anom-
alies, which together undermine basic processes of perception,
reasoning, and judgment. Typically, the onset of full-blown SZ is in early
adulthood and includes a myriad of symptoms. These symptoms can be
referred to as positive symptoms (e.g. visual and/or auditory halluci-
nations, delusions, paranoia, psychomotor agitation), negative symp-
toms (e.g. social withdrawal, apathy, deficits in motivation and reward-
related functions), and cognitive symptoms (e.g. deficits in executive
functioning, working memory, and attention) (Owen et al., 2016).

Increasing evidence suggests that the immune system is involved in
the pathogenesis and pathophysiology of SZ. Support for this notion
includes epidemiological findings of increased risk of SZ following early-
life exposure to infectious pathogens or inflammatory stimuli (Brown &
Meyer, 2018), along with post-mortem and imaging studies demon-
strating glial anomalies and increased expression of cytokines and other
mediators of inflammation in the brain and periphery in people with SZ
(Miller et al., 2011; Trepanier et al., 2016). Noticeable inflammatory
abnormalities, however, are evident only in a subgroup of SZ cases
(Fillman et al., 2013; Fillman et al., 2016; Purves-Tyson et al., 2021) and
may predict poorer clinical outcomes and treatment responses (Hoang
et al., 2022; Mondelli et al., 2015).

Furthermore, it was recently demonstrated that patients with SZ or
bipolar disorder (BD) can be stratified into subgroups with differing
inflammatory and clinical profiles based on HERV-W Env protein anti-
genemia and cytokines (Tamouza et al., 2021). In this study, two main
clusters of patients were identified which were best predicted by the
presence or absence of the HERV-W Env protein. HERV-W expression
was associated with increased serum levels of inflammatory cytokines
and higher childhood maltreatment scores. Furthermore, patients with
SZ expressing the HERV-W Env protein showed more manic symptoms
and higher daily chlorpromazine equivalents. These findings add to a
previous study identifying retroviral polymerase gene sequences of the
HERV-W family in the CSF of 29 % of individuals with recent-onset SZ or
schizoaffective disorder (Karlsson et al., 2001). Transcripts from HERV-
W family genes were also found to be upregulated in the frontal cortex of
brains from individuals with SZ (Karlsson et al., 2001). A more recent
publication found that patients with first-episode psychosis displayed
lower levels DNA methylation at HERV-K loci, whereas chronic patients
with SZ did not differ from matched controls with regards to HERV-H
methylation (Mak et al., 2019). In addition, it was found that HERV-K
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methylation levels correlated positively with the chlorpromazine
equivalents, indicating that antipsychotic medications may contribute to
the normalization of aberrant HERV-H methylation patterns along the
clinical course of schizophrenia (Mak et al., 2019).

Abnormal ERV expression was found in BD, a heterogeneous psy-
chiatric disorder characterized by fluctuating symptoms involving epi-
sodes of mania and depression and intermittent periods of euthymia.
The number of episodes and duration of each state varies markedly
between individuals. Manic episodes typically include a reduced need
for sleep, increased energy, rapid speech, increased libido, reckless
behaviour, grandiose thoughts, and elevations in mood. In severe epi-
sodes, psychotic symptoms such as delusions and hallucinations may
also be present. While the precise etiopathology of BD is still ill-defined
(Harrison et al., 2018), several studies indicate that it involves changes
in the innate and adaptive immune system including inflammation. For
example, patients with BD often show increased serum concentrations of
interleukins and C-reactive protein (CRP), a protein which rises in
response to inflammation. Moreover, inflammatory alterations have
been detected in the brain parenchyma of patients with BD (Harrison
et al., 2018). Similarly to SZ, HERV-W transcripts and proteins were
repeatedly found to be elevated in the blood, CSF and brains of patients
with BD (Li et al., 2019; Perron et al., 2012; Tamouza et al., 2021).
Intriguingly, a recent study showed that patients with BD who were
positive for HERV-W Env protein had increased serum levels of IL-1p and
an earlier disease onset as compared to patients were negative for HERV-
W Env protein (Tamouza et al., 2021), suggesting that differential
HERV-W activity may define distinct subgroups in bipolar disorder.

2.3. Neurological disorders

Human ERVs have long been speculated to be involved in the aeti-
ology and pathophysiology of neurological disorders, especially in
multiple sclerosis (MS) (Perron et al., 1989). MS is characterized by a
primary attack to oligodendrocytes, the myelinating glial cells of the
central nervous system (CNS), and by the subsequent demyelination of
axons and axonal degeneration. These neurodegenerative processes
eventually result in irreversible loss of sensory, motor, and cognitive
functions. Infiltrating lymphocytes, monocytes/macrophages, activated
astrocytes and microglia represent some of the key pathological features
of MS, whereas their contribution varies between acute, relapsing/
remitting and chronic, progressive disease stages (Matthews, 2019).
Nevertheless, despite the plethora of studies conducted over the last
decades, the precise aetiology of MS remains elusive.

Since the initial discovery of retroviral elements in the leptomenigeal
cells of MS patients (Perron et al., 1989), MS has been repeatedly
associated with human retroviral elements in general, and with the
HERV-W Env gene in particular. These associations further involved pro-
inflammatory effects on innate and adaptive immune cells, impacts on
endothelial cells of the blood-brain-barrier (BBB), impaired regenera-
tive responses of remyelinating oligodendroglial precursor cells, as well
as activation and polarisation of microglial towards an axon-damaging
phenotype (Kiiry et al., 2018). Hence, there is converging evidence
suggesting a broad impact of ERV activation and expression in the
development and progression of MS. A pathological involvement of the
HERV-W Env protein in the aetiology of MS has recently been confirmed
by a clinical trial, in which a therapeutic Env-neutralizing antibody was
administered to MS patients. The clinical outcome revealed reduced
brain atrophy rates as well as stabilized radiological markers of white
matter integrity thus an impact on neurodegeneration as well as on
repair activities (Hartung et al., 2022).

Following the thread of neurological disease associated with the
expression of human ERVs, we find amyotrophic lateral sclerosis (ALS)
with an estimated prevalence of 4 to 8 cases per 100.000 persons
(Longinetti & Fang, 2019). This disease is characterized by a progressive
loss of cortical and spinal motor neurons, resulting in motor dysfunction
and motor cortex volume loss (Li et al., 2015a; Mathis et al., 2017). On
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the immunological aspect, ALS involves microglia and astrocyte acti-
vation as well as T cell infiltration and inflammatory cytokine over-
production (Liu and Wang, 2017).

A study conducted among 23 ALS patients and 21 patients suffering
from other neurological diseases serving as controls, found the presence
of reverse transcriptase (RT) activity in the sera of 56 % of the ALS
patients versus in 19 % of the control group (MacGowan et al., 2007). It
was furthermore observed that non-symptomatic blood relatives of ALS
patients also had increased RT activity in comparison to the ALS pa-
tient’s spouses, which served as control group (Steele et al., 2005). These
findings thus support the notion that the RT proteins derive from an
endogenous origin rather than from an exogenous viral infection.
Furthermore, all major genetic components of the HERV-K genome, i.e.,
Gag, Pol and Env, were found to be elevated in post-mortem brain
samples from ALS patients (Li et al., 2015b). While the detection and
involvement of HERV-K in ALS is still debated, studies on cultured
neurons showed that both, the entire genome and the Env gene caused a
similar decrease in cell numbers and retraction of neurites in a dose-
dependent manner. Likewise, transgenic overexpression of the HERV-
K Env protein in motor neurons provided strong evidence that this
leads to pathological hallmarks of ALS, including progressive motor
dysfunction and motor cortex volume loss (Li et al., 2015b). Moreover,
24 weeks of antiretroviral therapy on 29 ALS patients resulted in a
progressive decrease of copy numbers of HML-2 (subtype of HERV-K)
and the majority of participants (82 %) revealed to be “responders*.
Among the responders, respiratory function and motor neuron
dysfunction was ameliorated, indicating a slower progression of the
disease. This outcome supports a possible role for HERV-K in the clinical
course of the disease (Garcia-Montojo et al., 2021).

Taking together, an intricate interaction between endogenous
retroviral elements and inflammation-related immune responses appear
to play a role in the onset and/or progression of these neurological
conditions. However, it is currently unclear to what degree endogenous
retroviruses act in a unified way in all these disorder and whether
inflammation acts as a trigger of ERV activation or, the other way round,
whether immune processes are specifically initiated and supported by
ERVs. These questions are addresses in the subsequent section, where
the relationship between epigenetic control mechanisms, ERV expres-
sion and inflammation are discussed in more detail.

3. (Re-)Awakening of endogenous retroviruses

Under physiological conditions, the majority of endogenous retro-
viruses, particularly those with primarily pathological functions, are
thought to be in a dormant state and suppressed by molecular mecha-
nisms of epigenetic silencing. Upon certain events, however, such
epigenetic repression can break down, leading to a (re)activation of
these retroviral entities, possibly initiating disease onsets and/or or
accelerating disease progression. We therefore aim at summarizing the
current knowledge regarding the epigenetic mechanisms that maintain
repression and facilitate activation of pathological ERVs.

Based on the current state of evidence, it appears that various
epigenetic processes are relevant for controlling ERV expression,
including localisation of proviruses in the heterochromatin, blocking
long terminal repeat (LTR) access, CpG methylation and histone
deacetylation. The predominant view is that these epigenetic processes
assure overall ERV silencing, whereas small leakages at transcription
levels can still occur (Leung & Lorincz, 2012).

Most CpG islands are found to be methylated throughout the human
genome, including those encompassing ERVs (CGIs) (Deaton et al.,
2011). In this regard, a genome-wide microarray approach identified
human ERV families to be heavily methylated in healthy tissues (Szpa-
kowski et al., 2009). Furthermore, differences in silencing modes were
associated with the evolutionary age of ERV insertions. Indeed, evolu-
tionary “young” LTRs are CpG rich and amenable to DNA methylation,
whereas the expression of evolutionary “old” ERVs appear to be
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controlled mostly via histone modifications (Ohtani et al., 2018). This
distinction was confirmed by a study showing a correlation between
HERV-K (HML-2) 5’ LTR methylation and transcriptional suppression of
its provirus in the Tera-1 cell line (Lavie et al., 2005).

Histone acetylation blocks the positive charges on lysine residues,
which destabilises chromatin and favours transcriptional activation.
Thus, histone deacetylation represents another epigenetic silencing
mechanism with relevance to ERVs (Bannister & Kouzarides, 2011).
Acetylation of lysine residues in histones is catalysed by histone ace-
tyltransferases (HATs) and counteracted by histone deacetylases
(HDAGs). As the use of HDAC inhibitors alone did not significantly
induce ERV expression in humans (HERV-K [HML-2], HERV-W, HERV-
FRD) in cell lines with the dormant HIV-1 virus or primary T cells
infected with HIV-1 (Hurst et al., 2016), it is unlikely that histone
deacetylation alone may be the primary epigenetic mechanism under-
ling ERV repression, but it nevertheless may act in combination with
CpG methylation to do so. This hypothesis is supported by the obser-
vation that the combination of the HDAC inhibitor trichostatin A and the
DNA methylation inhibitor 5'-azacytidine increased HERV-Fcl expres-
sion in human embryonic kidney cells, whereas trichostatin A alone did
not (Laska et al., 2012).

In addition to histone acetylation, histone methylation appears to be
another epigenetic mechanism relevant for controlling ERV expression.
In support of this notion, an enrichment of repressive histone marks such
as trimethylation of histone 3 lysine 9 (H3K9) or H4K20 was described
for mouse ERVs (Day et al., 2010; Mikkelsen et al., 2007) and for HERV-
K (Campos-Sanchez et al., 2016). Furthermore, during early embryonic
development, Kriippel-associated box zinc finger proteins (KRAB-ZFP)
are critical for establishing and maintaining histone methylation and
heterochromatin formation. Human KRAB-ZFP binding sites are highly
concentrated within transposons, mainly retrotransposons, including
human ERVs. Most of these transposable elements have lost their
transposable potential, indicating that the KRAB-ZFP has silenced them
by curbing them in heterochromatin (Imbeault et al., 2017; Thomas &
Schneider, 2011). Of note, LTR-containing retrotransposons seemed to
have co-evolved with KRAB-ZFP genes, as the integration of each family
of human ERVs coincided with a new KRAB-ZFP (Lukic et al., 2014;
Thomas & Schneider, 2011). Binding of KRAB-ZFP to chromatin leads to
the recruitment of other proteins via the KRAB domain, forming larger
protein complexes that modify histones (Thomas & Schneider, 2011).
This includes the scaffold protein TRIM28/KAP1, DNA methyl-
transferases (DNMT)-1 and DNMT3a/b, as well as the histone lysine
methyltransferase SETDB1. The latter was found to be critical for global
repression of ERVSs, as supported by findings in SETDB1 knock-out mice
showing increased ERV expression in B-lymphocytes as compared to
wild-type mice (Collins et al., 2015).

Finally, nucleosome positioning has been hypothesised by some
authors to regulate ERV transcription (Fuchs et al., 2011). The binding
of transcription factors, specificity protein (Sp)1 and Sp3 Sp1 to the LTR,
would free the transcription starting sites from nucleosomes, allowing
the genetic expression. HERV-K (HML-2) sequences were described to
lack the classical TATA box element of common RNA polymerase II
promoters, necessary for transcriptional initiation. These authors found
that HERV-K LTR sequences contain alternative transcription starting
sites. They showed that Sp1 and Sp3 have three binding sites within the
LTRs of HERV-K proviruses and when knocked down, the promoter
activity was significantly reduced (Fuchs et al., 2011).

Thus, while various molecular mechanisms mediating epigenetic
silencing of ERVs have been identified, there are also several processes
that can re-awake these retroviral elements from their dormant state.
For example, ultraviolet (UV) radiation exposure, which is known to be
associated with epigenetic modifications such as alterations in DNA
methylation, DNA methyltransferase activities and histone acetylation,
was shown to lead to transcriptional activation of the HERV-K pol gene
as well as to enhance expression of Env protein in melanoma cells
(Schanab et al., 2011). Likewise, several nutritional factors have been
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shown to affect human ERV repression. One example is B-carotene,
which was shown to increase DNA methylation of HERV-W (Bollati
et al., 2014). Furthermore, vitamin C was identified to be an important
cofactor for DNA methyltransferase inhibitors (DNMTis) in treating
neoplasia. Combined application of DNMTi and vitamin C resulted in
diminished ERV DNA methylation and subsequent increases in ERV
expression (Liu et al., 2016).

In addition, certain drugs are known to modulate the silencing of
ERVs by acting on epigenetic regulators. HDAC inhibitors such as val-
proic acid (VPA) have extensively been used in the treatment of
neurological and psychiatric disorders, and in this context, an upregu-
lation of several class I and class II human ERV elements by VPA in a
dose-dependent manner was described in brain cell lines (Diem et al.,
2012). Moreover, upregulation of HERV-W and ERV9 transcription was
detected in post-mortem brains of schizophrenic patients that were
undergoing chronic VPA treatment (Diem et al., 2012). The HDAC in-
hibitor vorinostat was also found to modulate ERV expression. Elements
belonging to the ERV-L and HERV-9 families were found to be pre-
dominantly down- and upregulated, respectively in CD4" T cells, after
vorinostat treatment (White et al., 2018). Furthermore, treatment with
the DNMTi 5-aza-deoxycytidine was found to increase HERV-E mRNA
expression in CD4 + T cells in patients with systemic lupus erythema-
tosus (Wu et al., 2015). Altered DNA methylation has also been associ-
ated in human leukaemia cell lines and hematopoietic stem cells upon
decitabine and hydroquinone exposure, resulting in elevated ERV
expression (Conti et al., 2016).

A couple of recent publications have also shed light onto a different
mechanism involving the histone variant H3.3 for the (re)awakening of
ERVs. They showed that the loss of the histone variant H3.3 leads to a
reduction of suppressing H3K9me3 marks at ERV elements. This in turn
would open up binding sites for the interferon regulatory factor family of
transcription factors (Guo et al., 2022). Furthermore, another publica-
tion described that the H3.3 chaperone death-associated protein 6
(Daxx), alpha-thalassaemia X-linked mental retardation (Atrx) lead to
derepression of ERVs via histone acetylation and/or methylation
(Gerber et al., 2021).

Of particular interest is the capability of viruses to change the
epigenetic landscape of host cells to ensure proper replication (sum-
marized in (Tsai & Cullen, 2020)). Importantly, some viral infections
represent a risk factor in the development of certain HERV-associated
diseases, including for example Epstein bar virus (EBV) and human
Herpesviridae (HHV)-6 and herpes simplex viruses (HSV)-1 in MS
(Romer, 2021). Thus, viral exposures could be one of the environmental
factors linking altered ERV activity/expression to neurological and
psychiatric disorders. In support of this notion, exposure of B cells to
EBV was found to cause a genome-wide activation of LTR sequences
(Leung et al., 2018) in these cells. The EBV-mediated activation of LTRs
further coincided with local DNA hypomethylation (Leung et al., 2018).
Moreover, EBV infection is thought to change host epigenetics on the
long-term, thereby counteracting the immune reaction and further
unlocking endogenous retroviral elements (Buschle & Hammerschmidt,
2020). Similar observations were made upon infection of primary
fibroblast cells with influenza A virus, which led to the transactivation of
the Env gene in the HERV-W locus ERVWE1 (Li et al., 2014). This in-
duction was likely triggered by an in infection-mediated decrease in the
repressive histone mark H3K9me3 as well as by lowered SETDB1
expression (Li et al., 2014).

Taken together, there is strong evidence that endogenous retroviral
elements need to be epigenetically unlocked before they can be acti-
vated. Several environmental factors, including infections, nutrition,
and certain drugs are thought to play key roles in the process of epige-
netic unlocking. However, these processes are only partially understood
to date, such that additional longitudinal studies are warranted to
decipher the temporal sequences of molecular events acting on inserted
viral elements and leading to their release — prior or concomitant to
disease development.
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4. Activation of ERV expression

While epigenetic de-repression of endogenous retroviral elements
itself can already induce mild expression levels, epigenetic mechanisms
alone do not explain why ERVs are highly expressed in certain disorders.
Thus, abnormally high ERV expression in some pathological contexts is
likely to be the result of intricate interactions between epigenetic de-
repression and other factors. As discussed below, various environ-
mental factors, such as microorganisms, nutrients, and stress, as well as
intrinsic components, such as cytokines and hormones, have been
identified to act on ERV expression. For example, human ERV expression
is known to be modifiable by hormones, both under physiological and
pathological conditions. In females, basal HERV-K fluctuates as a func-
tion of the menstrual cycle, suggesting a regulation of HERV-K by the sex
hormones progesterone and estradiol (Mueller et al., 2018). These
findings are corroborated by the recent publication showing that pro-
gesterone and estradiol synergistically activate HERV-K involving
binding of progesterone receptor and the octamer-binding transcription
factor 4 (OCT4) to HERV-K LTRs (Nguyen et al., 2019).

While in the context of ALS strong evidence support the TDP43
protein as activator of HERV-K expression (Li et al., 2015b) there is also
converging evidence supporting a direct impact of systemic inflamma-
tion on ERV expression, likely also via acting on flanking LTR sequences
(Kovalskaya et al., 2006). LTR sequences feature strong gene regulatory
sequences and contain many binding sites for transcription factors,
including sites for the pro-inflammatory nuclear factor kappa light chain
enhancer of activated B-cells (NF-xB) (Manghera & Douville, 2013;
Thompson et al., 2016). Given that NF-kB regulates various aspects of
innate and adaptive immunity and can be activated by numerous pro-
inflammatory cytokines such as TNFa, IL-1B, IL-6 and IFNy, binding of
NF-kB to flanking LTR sequences may readily provide a direct mode of
action of how inflammation can drive human ERV transcription (Liu and
Wang, 2017). In this context, IFNy was shown to induce the expression
of the HERV-K Gag-Pro-Pol polyprotein as well as of the reverse tran-
scriptase in human astrocytes and neurons (Manghera et al., 2015). In
the same cells, however, TNFa was found to induce HERV-K transcrip-
tion through interferon regulatory factor-1 (IRF1) and NF-kB binding to
the interferon-stimulated response elements (ISRE) (Manghera et al.,
2016). Similarly, exposure to TNFa, IFNy, IL-6 or IL-1 was shown to
boost the activity of the ERVWE1/syncytin promoter via NF-kB in
human U-87MG astrocytes (Mameli et al., 2007). Moreover, TNFa also
appears to shift the open reading frame of the HERV-K Env gene, thereby
giving rise to the conotoxin-like protein (CTXLP). This protein is similar
to the neurotoxic conotoxin protein of marine snails and, more impor-
tantly bears similarities to the human immunodeficiency virus (HIV) tat
protein. CTXLP can act in a positive feedback loop via binding to ISREs
within the HERV-K promoter, thereby further stimulating its expression.
CTXLP was also demonstrated to enhance nuclear NF-kB p65 expression,
which then tunes into HERV-K transcription (Curzio et al., 2020).

Of note, a recent transcriptome study supports the notion that
inflammation leads to ERV induction in humans, as revealed by corre-
lations between the expression of various endogenous retroviruses with
different injuries such burn, trauma and septic shock (Mommert et al.,
2020; Tabone et al., 2018). Whereas none of these injuries are primarily
associated with the common risk factors for developing neurological
disorders, all of them are associated with a strong inflammatory reaction
and a concomitant upregulation of at least five different human ERVs.
Additional evidence supporting a primary role of inflammation in
stimulating ERV transcription can be obtained from a clinical investi-
gation using PBMCs derived from ADHD children. As outlined above,
children with ADHD who were treated with methylphenidate displayed
decreased HERV-H expression in PBMCs (Cipriani et al., 2018a).
Notably, ex vivo induction of HERV-H in drug-naive PBMCs was then
shown to occur in response to a T cell activation cocktail, containing IL-2
and phytohemagglutinin, but was not observed in PBMCs from drug-
treated ADHD children and healthy controls (Cipriani et al., 2018a).
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Besides inflammatory responses, infections with viruses, the intes-
tinal microbiota, and protozoans can also modulate ERV expression
(Kiiry et al., 2018). Indeed, numerous viral infections, including HIV-1,
the Herpesviridae HSV-1, HHV6 and EBV as well as SARS-CoV2, have
repeatedly shown to directly induce the transcription of endogenous
retroviral elements (summarized in (Kiiry et al., 2018), see also (Bales-
trieri et al., 2021)).

One of these mentioned viral infections is the EBV infection. We
previously mentioned that EBV is likely to overcome the epigenetic
barriers and change the host epigenetic landscape on the long term,
resulting in the evasion of the immune system. In vitro studies showed
EBV glycoprotein 350 (EBVgp350) induction of the HERV-W Env
expression in astrocytes, B cells and monocytes of MS patients. This
process showed to be NF-xB signalling dependent (Mameli et al., 2012).
This finding was further corroborated by a clinical study showing
increased HERV-W expression in patients with EBV dependent mono-
nucleosis (Mameli et al., 2013). Recent reports have reinforced the
causal involvement of EBV in MS aetiology (Bjornevik et al., 2022; Lanz
et al., 2022), additionally supporting an active participation of HERV-W
in the development and progression of MS. Similar effects are shown
with respect to HERV-K18. EBV latent membrane proteins 1 and 2A, but
also EBV itself, through interaction with its cellular receptor comple-
ment receptor 2 (CD21) induce HERV-K18 expression in resting B
lymphocytes (Hsiao et al., 2006; Sutkowski et al., 2001).

Following human herpes virus (HHV) 6A infection, HERV-W Env
expression is induced through the transmembrane glycoprotein CD46,
while no induction was observed upon exposure to HHV6B or the
measles virus vaccine strain (Charvet et al., 2018). On the other hand,
both subtypes HHV6A and HHV6B were found to activate HERV-K18 in
B cells and PBMCs, respectively (Tai et al., 2009; Turcanova et al.,
2009). In this context, a recent publication discusses accumulating ev-
idence supporting the view that EBV, HHV6 and HERV-W can influence
each other, eventually leading to dysregulation of the immune response
(summarized in (Meier et al., 2021)).

Although it has been proposed that ERV-inducing viruses act via
increasing the affinity of transcription factors to LTR binding sites
(Manghera & Douville, 2013), it is important to point out that the NF-kB
signalling pathway can also be directly activated by viral infections
(Santoro et al., 2003). Hence, a direct induction of ERV expression by
viral infections is indistinguishable from an indirect activation through
inflammatory i.e., NF-kB signalling pathways in terms of its end product.
Furthermore, most of available studies were correlative in nature, and
therefore, they fall short in answering the question whether infectious
agents exert direct effects on ERV expression, or whether these effects
are indirectly mediated by pro-inflammatory pathways and/or epige-
netic unlocking processes discussed above. Indeed, because systemic
inflammation and viral infections share similar signalling pathways, it is
difficult to distinguish temporally between those two ERV effectors.
Moreover, none of the available studies ascertained the epigenetic status
quo. Therefore, for ERV activation to occur in response to infection and/
or inflammation, it remains unknown whether prior epigenetic de-
repression is a necessary step in order to turn cells susceptible to ERV
responses.

It is also worth considering that the activation of ERVs could also be
beneficial in some conditions. A certain degree of ERV expression could
potentially contribute to inherent host defence mechanism by inducing
resistance against superinfections (Villarreal, 2011). Indeed, such
beneficial effects of ERVs may arise because endogenous and exogenous
entities reveal high similarities in their protein and nucleic acid se-
quences (Grandi & Tramontano, 2017) and/or because ERV proteins
might interact with the same receptors as the exogenous viral proteins
(Spencer et al., 2003). This might also explain why ERV sequences have
survived the evolutionary purge.
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5. Induction of inflammation-related processes by ERVs

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. Hence, ERVs themselves appear
to have pro-inflammatory effects. One of the first studies supporting this
hypothesis demonstrated that the HERV-W Env protein is capable of
activating the TLR4 pathway in human monocytes (Rolland et al.,
2006). The authors also revealed that dendritic cells were similarly
triggered by HERV-W Env protein, leading to the promotion of Thl
differentiation. Additional evidence for the involvement of TLR4 sig-
nalling after HERV-W Env protein exposure was then provided using
genetically modified HEK-Blue cells (Charvet et al., 2018). A similar pro-
inflammatory polarisation was also shown for primary human and rat
microglia, which displayed elevated pro-inflammatory cytokine and
chemokine production as well as nitric oxide levels after exposure to
HERV-W Env protein. This polarisation was further associated with an
axon-damaging microglial phenotype (Kremer et al., 2019). Moreover,
Env protein activated microglial cells were also shown to mediate syn-
aptic NMDA-receptor dispersal — a molecular process associated with
psychosis (Johansson et al., 2020).

Oligodendroglial precursors are cells with generally low immuno-
competence (Kremer et al., 2010) yet they are critically involved in the
MS pathology. They can provide replacement of lost oligodendrocytes
and myelin sheaths — cells and structures that represent primary targets
of the autoimmune reaction in MS - hence they represent one of the few
regeneration conferring cells of the adult CNS. HERV-W Env protein
stimulation of TLR4 was shown to promote nitrosative stress generation
in these glial cells, leading to an impaired differentiation reaction and
reduced axonal myelination. It was therefore suggested that endogenous
retrovirus activation is restricting naturally occurring repair activities
(Kremer et al., 2013). Furthermore, HERV-W Env inhibition by its
neutralizing GNbAC1/Temelimab antibody, as well as TLR4 blockage by
different pharmaceutical TLR4 inhibitors reduced the Env-mediated
effects, suggesting that they were indeed dependent on Env and TLR4
(Gottle et al., 2019; Gottle et al., 2021; Kremer et al., 2015). Of note, an
involvement of HERV-W Env in microglial axon damage as well in
constraining myelin regeneration was later supported indirectly by the
clinical examination of the anti-Env antibody GNbAC1/Temelimab
(Hartung et al., 2022), adding up to the numerous effects of HERV-W in
the context of MS the observation of an inflammatory response in
endothelial cells upon stimulation with HERV-W Env protein. Further-
more, a weakening of the BBB was suggested, as intercellular adhesion
molecule (ICAM)-1 was induced, a major mediator of leukocyte adhe-
sion to endothelial cells which is also associated with BBB permeability
(Abadier et al., 2015; Duperray et al., 2015).

Another study showed that HERV-W Env overexpression in a human
glioma cell line increases the TNFa/IL-10 ratio, in a TLR4 dependent
manner. Furthermore, this study describes that myeloid differentiation
primary response-88 s (MyD88s) mRNA levels (a splice variant of
MyD88 acting as a downstream negative regulator of TLR4) were
decreased by HERV-W Env. When MyD88s was overexpressed however,
the inflammatory pathway stimulated by HERV-Env was down-
regulated, counteracting the HERV-W initial effect (Xiang & Liang,
2021).

The expression of HERV-W Env protein showed to correlate with
cytokine levels in PBMCs derived from patients suffering from chronic
inflammatory demyelinating polyradiculoneuropathy (CIPD) - an
autoimmune condition of the peripheral nervous system (PNS). Like-
wise, human Schwann cells exposed to or transfected with HERV-W Env
presented increased IL-6 and CXCL10 expression levels (Faucard et al.,
2016), supporting that a pro-inflammatory response of immune- and
neural cells to HERV-W Env is not restricted to the CNS. Beside the well-
described interaction with TLR4, it is proposed that human ERVs also
interact with and activate other receptors such TLR2, MFSD2, ASCT1/
Slcla4, ASCT2/Slc1a5 and MCT-1/Slc16al (Antony et al., 2007; Blanco-
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Melo et al., 2017; Blond et al., 2000; Esnault et al., 2008; Reuven et al.,
2014). All of them are thought to be involved in pro-inflammatory re-
sponses but functional analyses related to potential interactions with
ERVs are mostly missing.

In the context of HERV-K, it was recently described that the HERV-K
encoded deoxyuridine triphosphate nucleotidohydrolase (dUTPase) is
expressed in circulating monocytes and macrophages of patients with
pulmonary arterial hypertension. Furthermore, HERV-K dUTPase was
shown to induce the expression of the pro-inflammatory cytokine IL-6 in
pulmonary arterial endothelial cells (Saito et al., 2017), which was
proposed to be also dependent on TLR4 as well as on melanoma cell
adhesion molecule signalling pathways (Otsuki et al., 2021). Of note, as
the human leukocyte antigen (HLA) cluster represents one of the main
genetic risk factors for the development of autoimmune diseases, the
observation that HERV-K9 elements are located in the proximity as a
result of the so-called hitchhiking effect (Kulski et al., 2008), is of further
interest. Likewise, the HLA-8.1 ancestral haplotype, which is known to
be protective against schizophrenia, was not found to contain the HERV-
K element as compared to other pro-inflammatory ancestral haplotypes
(Stewart et al, 2004), providing another link between retroviral ele-
ments and inflammation in psychiatric disorders.

Immune dysregulation and the modulated immune cell polarization
present yet other mechanisms through which endogenous retroviruses
can foster a pro-inflammatory environment. In this context, Super-
antigens (Sag) are known as inflammatory triggers that can stimulate
much larger numbers of T cells than ordinary antigens. On that account,
they become of specific interest in the context of autoimmune diseases
such as MS. A large number of studies indeed describe HERV-K18
dependent Sag effects (Hsiao et al., 2006; Tai et al., 2009). Although
not in that detail, similar effects are described for other ERVs such as
HERV-Fc1, mouse mammary tumor virus (MMTV) and HERV-W (Groger
et al., 2020; Perron et al., 2001; Xu et al., 1996). In the context of SAGs,
it was shown that viral HERV-W particles isolated from MS derived cells
or via application of recombinant HERV-W Env protein, can induce
polyclonal VP16 T-lymphocyte activation (Perron et al., 2001). Similar
effects are described for HERV-K18, as it was shown that HERV-K18 Sags
induce VP7 T cell activation (Stauffer et al., 2001).

More general evidence for a functional implication of ERVs in im-
mune dysregulation can be deduced from observations on the HERV-W
Env protein acting as an adjuvant and thereby activating CNS auto-
inflammation (experimental autoimmune encephalomyelitis). In this
context, a direct involvement of the encoded Env protein was shown,
given the observed rescue effect upon application of the neutralising
antibody termed GNbAC1/Temelimab (Perron et al., 2013).

An indirect scenario is suggested, upon the discovery of the epige-
netic de-repression of IFNy, a Thl related gene. This gene becomes
transcriptionally active once its endogenous retroviral neighbour be-
comes transcriptionally active too. This transactivation leads to changes
in the expression profiles of differentiated Th2 cells, rendering them
transcriptionally similar to Thl cells (Adoue et al., 2019). Of note, in
physiological conditions upon Th2 differentiation, Thl related genes
become epigenetically silenced and vice versa (Sanders, 2006). Similar
effects were identified by a transcriptome study, showing an activation
of the HERV-neighbouring gene CD55 in monocytes and neutrophils of
patients with various injuries such as burn, trauma and septic shock
(Mommert et al., 2020; Tabone et al., 2018). CD55 encodes a glyco-
protein involved in the regulation of the complement cascade, suggest-
ing a modulatory role of human ERVs in the immune response during an
ongoing inflammatory process.

Beyond traditional, mainly MS-related inflammatory scenarios,
emerging observations in the context of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV2) have further corroborated the
concept of ERVs fostering inflammatory processes. HERV-W was found
to be specifically induced in a cohort of 30 COVID-19 patients, with
peripheral HERV-W Env protein levels even exceeding increased levels,
which have been previously observed in MS patients (Balestrieri et al.,
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2021). Interestingly, as opposed to myeloid cells being main producers
of HERV-W Env in MS, lymphocytes were identified to express HERV-W
Env in these COVID-19 patients. In parallel, using an ex vivo healthy
donor PBMC stimulation approach, a temporal correlation between in-
flammatory markers and the ERV expression was established. This study
revealed that the induction of Env expression by SARS-CoV-2 spike
protein occurs prior to the expression of IL-6 (3 h and 24 h, respectively),
with IL-6 representing a key marker of the inflammatory response,
which eventually can amount to cytokine storms. Hence, it was
concluded that HERV-W induction might indeed contribute to critical,
overshooting immune reactions and therefore lead to more severe dis-
ease courses in COVID-19 patients. Likewise, such a scenario might also
account for chronic low inflammation in sub-acute patients suffering
from long-term consequences of COVID-19 (Balestrieri et al., 2021).

6. Concluding remarks

Although endogenous retroviral elements have long been detected
and described in health and disease, ERV research is still at infancy when
it comes to the evaluation of their precise etiopathological role in in
neurological, neurodevelopmental, neurodegenerative, or psychiatric
disorders. The presence of abnormal ERV expression in multiple brain
disorders suggests that abnormal activation of endogenous retroviral
elements may reflect a common mechanism for shared pathologies,
including (but possibly not limited to) inflammation. Recent studies
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aiming at neutralizing ERV proteins in pathological contexts such as MS
provide initial evidence that ERVs are not simply incidental phenomena,
but instead they are pathologically relevant. The current view is that
ERVs can trigger inflammatory processes through multiple pathways of
the innate and adaptive arms of the immune system. At the same time,
inflammatory signals may drive the (re-)activation and/or maintain the
expression of ERVs, leading to a sequence of reciprocal cause and effect
(Fig. 1). Based on the current state of research, it is likely that the
numerous entry points to this reciprocal sequence of events exist,
including initial infections with ERV-activating pathogens, exposure to
non-infectious inflammatory stimuli such as trauma or burn, and con-
ditions in which epigenetic silencing of ERV elements are disrupted.
With regards to the latter, epigenetic factors may be crucial for deter-
mining the susceptibility towards developing ERV-associated pathol-
ogies, and therefore, determining epigenetic factors interacting with
endogenous retroviral elements should become a research priority. In
addition, more longitudinal and mechanistic studies are warranted in
order to further corroborate the pathological relevance of ERV expres-
sion in neurological and psychiatric disorders.

Declaration of Competing Interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

ERV

ACTIVATION

INFLAMMATION
TNFa, IFNY, IL-6, IL-1, NF-kB
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Fig. 1. Relationship between ERV activation, inflammation, infection and epigenetic processes. Multiple processes such as inflammation, epigenetic unlocking as
well as exposure to certain infections can lead to the activation of ERVs. Upon ERV activation, feedback signals can amplify inflammatory processes and alter
epigenetic programs. The figure summarizes some of the molecular factors and processes involved in each of these relationships.
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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.
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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 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 microglia and astroglia
and increased axon degeneration. Experimental autoimmune encephalomyelitis activity
progressed faster in mutant mice 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.

Significance Statement

Although neurodegeneration is a hallmark of multiple sclerosis (MS), its progression is still not fully
understood. However, it is the major factor leading to clinical disability that still cannot be addressed
therapeutically. With the here presented study, we provide the first direct evidence that HERV-W
ENV expression results in multiple glial cell deteriorations and accompanied neuropathology in
vivo. This data therefore suggest that activation of this endogenous retroviral element is indeed
causally contributing to MS. Our findings will therefore help understanding the molecular and
cellular processes being modulated by the currently clinically tested anti-HERV-W neutralization
strategy and will support the development of this approach into clinical therapy.

Main Text
Introduction

Multiple sclerosis (MS) is a demyelinating disease of the central nervous system (CNS) of still
unknown etiology. This disease is primarily characterized by peripheral immune cell infiltration,
focal inflammation, as well as the loss of oligodendrocytes and myelin sheaths leading to white and
gray matter lesions. During disease progression immune cell infiltration ceases and
neurodegeneration predominates leading to irreversible sensory-, motor-, and cognitive deficits (1).
Besides peripheral immune cells, brain resident microglial- and astroglial cells are also involved in
the disease process particularly in progressive stages as they were shown to adapt neurotoxic-
and damage associated profiles and phenotypes (2).

In 1989 an association between retroviral elements and MS was described based on the analysis
of primary leptomeningeal cell cultures isolated from MS patients (3). While initially termed multiple
sclerosis associated retrovirus (MSRV), it was later found to belong to the family of human
endogenous retroviruses (HERVs) and referred to as HERV type W (4). Subsequent studies on
HERV-W provided convincing evidence that activation and expression of this otherwise dormant
sequences and the subsequent production of the encoded envelope (ENV) protein can exacerbate
the immune response (5-7). It was then shown that HERV-W ENV RNA and protein levels are

2
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increased in the cerebrospinal fluid (CSF) and serum of MS patients (8-10). In MS brains HERV-
W ENV protein was found as acellular deposits and to be mainly expressed by myeloid cells
whereas a few HERV-W ENV-positive astroglial- and lymphoid cells could also be detected (11,
12). Herpesviridae have been shown to activate dormant HERVs among them also the Epstein
Barr Virus (EBV) (13, 14) which was recently suggested to be a leading cause for MS (15), thus
further corroborating a functional implication of HERV-W in the disease process.

Apart from immune- and endothelial cell activation (5, 7, 16), our own research provided strong
evidence that also myelin repair is impaired by HERV-W ENV (17, 18). Furthermore, a role in
polarization of microglial cells towards a demyelination and neurodegeneration related phenotype
was reported (11). Yet, owing to its human specific origin these studies relied on histological
assessments combined with functional experiments done ex vivo. Nevertheless, an implication of
HERV-W in neurodegeneration and white matter repair was further supported by clinical trials on a
HERV-W ENV neutralizing antibody termed Temelimab as a significant reduction in brain atrophy
levels as well as improved myelin integrity were observed in treated MS patients but also relied
upon an indirect analysis, i.e. magnetic resonance imaging(19).

We here, for the first time, report a role of HERV-W ENV in MS related disease processes based
on the analysis of a novel viable transgenic mouse line mimicking endogenous HERV-W ENV
activity in the diseased CNS. Apart from exacerbated autoimmune activities, a strong negative
impact on oligodendrogenesis and remyelination along with neurotoxic microglial and astroglial cell
populations were observed.

Results

Transgenic HERV-W ENV expression fosters demyelination and reduces remyelination

In our previous studies the HERV-W envelope (ENV) protein was shown to affect glial cells (18,
20) and in MS ENV expression was described by myeloid, astroglial- and lymphoid cells, leading
to acellular deposits of shed protein (12, 20). Such an expression pattern likely results from long-
term activation scenarios but in light of the still missing information on HERV-W genomic integration
sites and expression-driving sequences (20, 21) reveals to be difficult to mimic. In order to analyze
the effects of endogenous ENV expression in a functional in vivo context, we used a previously
established mouse model (22), in which the HERV-W ENV transgene (pV14; GenBank accession
number: AF331500.1) is expressed under the control of the ubiquitous CAG promotor but is
additionally regulated by its 3’ long terminal repeat sequence (LTR). To confirm ENV transcript and
protein expression in the mouse brain quantitative RT-PCR as well as automated western blot
techniques were used (Fig. 1A-B). Based on the reported hexameric extracellular appearance of
the ENV protein and the resulting unique solubility and antigenic characteristics, particularly when
using human-specific antibodies in a mouse background (23), the analysis via automated Simple
Western technology revealed to be the essential. To analyze the effects of transgenic ENV
expression on remyelination, we applied the well-established cuprizone model of demyelination
(24-26). Transgenic and wildtype littermate mice (hemizygote males and homozygote females)
were fed for 7 weeks with 0.2% cuprizone (CPZ) chow and subsequently switched to control diet
to induce remyelination (Fig. 1C). Histological analysis was carried out at time points 5 and 7 weeks
of demyelination as well as at 1, 2 and 3 weeks during remyelination. Luxol fast blue (LFB) staining
of the caudal corpus callosum revealed that transgenic ENV protein increases/accelerates
cuprizone mediated demyelination and further impedes remyelination of this brain structure (Fig.
1D,E). Moreover, anti-amyloid precursor protein (APP) staining revealed increased densities of
APP-positive spheroids in transgenic corpus callosum (Fig. 1F,G), suggesting enhanced
neurodegeneration in transgenic mice.

Transgenic HERV-W ENV expression affects oligodendroglial cell differentiation

To analyze the observed changes in myelin integrity of CAG-Env mice in greater details, we
analyzed a number of different oligodendroglial differentiation markers. In contrast to wildtype
animals, transgenic CAG-Env mice displayed significantly reduced numbers of platelet-derived
growth factor receptor-a (Pdgfra)-positive oligodendroglial precursor cells (OPCs) in the course of
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cuprizone treatment (Fig. 2A-B). This is most likely resulting from fewer proliferating OPCs in the
early phases of CPZ treatment (5 weeks CPZ) as revealed by anti-Pdgfra/Ki67 costaining (Fig. 2F-
G). To further analyze oligodendroglial differentiation, SRY-Box transcription factor 10 (Sox10) and
adenomatous-polyposis-coli (APC) staining was performed. Sox10-positive/APC-negative cells
correspond to differentiating OPCs and were found to be significantly reduced in numbers in CAG-
Env mice compared to wildtype animals throughout de- and remyelination (Fig. 2A,C). The number
of Sox10/APC double-positive maturing oligodendrocytes was also found to be impaired in
transgenic brains particularly upon CPZ withdrawal hence in the remyelination phase (Fig. 2A,D).
Furthermore, densities of early (re)myelinating oligodendrocytes marked by their expression of the
breast carcinoma amplified sequence 1 (Bcas1) protein (27), were also significantly reduced in
transgenic tissues at all stages analyzed. Of note, no differences in related to myelin and
oligodendroglial parameters were observed in control (untreated) wildtype and transgenic mice
(Fig. 1E,F; Fig. 2A-E). These observations clearly demonstrate that transgenic expression of the
HERV-W ENV protein indeed affects oligodendroglial differentiation in vivo at multiple levels
leading to impaired myelination - thereby corroborating our previous ex vivo findings (17, 18).

Impaired de- and remyelination is characterized by HERV-W ENV driven activation of
microglial cells

We previously reported that the HERV-W ENV protein polarizes microglial cells ex vivo towards an
axon damaging phenotype (11). Current advances in characterizing microglial activation at
molecular levels throughout a number of CNS diseases and models lead to the description of
disease-associated microglial gene signatures and markers. A few of these disease-associated
markers were used to study microglial activation in the CAG-Env transgenic mouse model. C-type
lectin domain family 7 member A (Clec7a) was described as highly upregulated gene associated
with different neurodegenerative diseases (28-30), whereas, complement C1q subcomponent
subunit A (C1qa) was described as a key signaling protein of disease-associated microglia leading
to the neurotoxic activation of astrocytes (31). Cluster of differentiation 74 (Cd74) was found to be
induced in activated microglia also associated with neurodegenerative diseases and aging (28, 32,
33). We performed gene expression analysis of extracted corpus callosum tissue and observed
that all three genes (Clec7a, Cd74 and C1ga) were expressed at similar levels in untreated mice
but significantly induced during the course of CPZ induced demyelination and remyelination in
transgenic CAG-Env mice as compared to wildtype animals (Fig. 3A-C; as revealed by calculating
area under the curve (AUC) values). Immunohistochemical staining against the ionized calcium-
binding adapter molecule 1 (Iba1), Clec7a and Cd74 proteins was performed next (Fig. 3D).
Analyzing the degree of Iba1-positive areas in the corpus callosum already indicated, that
transgenic animals experienced a stronger microglial activation as compared to wildtype mice
especially at earlier time-points (5 and 7 weeks of cuprizone treatment; Fig. 3D-E). Unchallenged
wildtype and CAG-Env mice displayed no differences in Iba1-positive areas as well as in
Iba1/Clec7a or Iba1/Cd74 double-positive areas (Fig. 3D-I). At all stages of cuprizone-treatment,
numbers of Clec7a-positive microglial cells were significantly increased in transgenic mice (Fig.
3D) resulting in increased Iba1/Clec7a double-positive areas (Fig. 3F). When normalized against
total Iba1-positive areas (Fig. 3G), the proportion of Clec7a-positive, disease-associated microglia
was significantly elevated upon transgene expression. While peaking slightly later the analysis of
Iba1/Cd74 double-positive cells further confirmed the activated microglial phenotype in transgenic
mice under cuprizone application (Fig. 3D,H,I).

HERV-W ENYV protein driven activation of astrocytes

Besides microglial activation, astroglial cell polarization is of further interest in the context of
neurodegenerative diseases. Yet direct HERV-W ENV dependent effects exerted on astroglia have
not been reported despite the fact that they express toll-like receptor 4 (TLR4) (34), one of the
receptors for HERV-W ENV (7). However, several markers for activated and/or neurotoxic
astrocytes including the complement cascade have recently been described as being induced in
CNS pathologies. Complement component 3 (C3) and especially its cleaved form C3d was
described in astrocytes from MS patients but also in different MS models (31, 35). In contrast to
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the general activation marker C3d, lipocalin-2 (Lcn2) was assigned as neurotoxic astrocyte marker,
as the secreted protein can induce neuronal death (31, 36). In order to gain first insights into
astroglial activation, C3 and Lcn2 gene expression analysis of isolated corpus callosum tissue was
performed.

C3 expression was significantly increased in CAG-Env corpus callosum tissue upon CPZ treatment,
whereas control (unchallenged) animals displayed no difference in transcript levels between
wildtype and transgenic mice (Fig. 4A). Lcn2 displayed a different expression profile with a strong
peak of expression in transgenic corpus callosum tissue after 5 weeks of demyelination whereas
in wildtype litter mates only a mild increase in expression peaking at 2 weeks post cuprizone feeding
was observed (Fig. 4B). Again, control animals showed no difference in Lcn2 expression. To
corroborate this observation at protein level, glial fibrillary acidic protein (Gfap)-positive astrocytes
were evaluated for their expression of C3d and Lcn2 proteins by immunohistochemistry (Fig. 4C).
As Gfap itself is often already described as an activation marker for astrocytes in vivo, Gfap-positive
areas were quantified upon CPZ treatment. This revealed that in transgenic mice astroglial
activation was increased in both phases, under CPZ treatment and during remyelination (Fig. 4D).
Analyzing C3d/Gfap double-positive areas then demonstrated a significant elevation of C3d-
positive astrocytes in the corpus callosum of transgenic animals versus wildtype mice (Fig. 4E).
However, the proportion of C3d-positive astrocytes normalized to all Gfap-positive astrocytes
remained unchanged (Fig. 4F). Since Lcn2 expression was found to be particularly limited to the
active demyelination phase (Fig. 4B), quantification of Gfap/C3d/Lcn2 triple-positive cells was
performed and confirmed a strong induction of neurotoxic astrocytes during cuprizone treatment
(Fig. 4G). However, in contrast to C3d the proportion of Lcn2-positive astrocytes over all activated
astrocytes changed with significantly elevated cell densities after 5 and 7 weeks of cuprizone
treatment (Fig. 4H). Naive (control) animals, again, showed no significant differences in the
occurrence of Gfap, Gfap/C3d double-positive as well as Gfap/C3d/Lcn2 triple-positive cells (Fig.
4C-H). These observations suggest that transgene expression generally increases astroglial
activation levels and specifically boosts the presence of neurotoxic phenotypes.

HERV-W dependent activation of microglia and astrocytes ex vivo

It has previously been demonstrated that astrocytes can be activated via TLR4 receptor signaling
(34) but also in response to microglial cytokines (31). In the HERV-W context we already described
that microglial cells express and secrete pro-inflammatory cytokines such as tumor necrosis factor-
a (TNF a), interleukin (IL)-1B and IL-6 (11) as well as the above described C1ga (Fig. 3A). We
therefore examined to what degree observed astrocyte reactions, were directly elicited by the ENV
protein or mediated by ENV activated microglia (11). To this end we isolated microglial- and
astroglial cells from rat primary mixed glial cultures using magnetic-activated-cell-sorting (MACS)
and combined these two cell types preventing direct cell contacts but enabling exchange of
cytokines and signaling peptides (Fig. 5A). These cultures were then stimulated for 24 h with 1
pg/ml recombinant HERV-W ENV protein. Anti-Gfap, anti-lba1 immunocytochemistry revealed
>98% pure astrocytes and that no microglial cells were able to cross the barrier of the cell culture
insert (Fig. 5B-C). Since HERV-W ENV activated microglia displayed a strong induction of inducible
nitric oxide synthases (iNOS) expression (11) cell culture inserts were stained using anti-lba1 and
anti-iNOS antibodies confirming microglial activation as well as stable cell densities (Fig. 5D-F). To
analyze the activation status of astroglial cells transcript levels of anti-inflammatory S100 calcium-
binding protein A10 (S100a10) as well as of pro-inflammatory serpin family G member 1 (Serping1),
C3d and Lcn2 were quantified. S100a10 expression was significantly downregulated upon HERV-
W ENYV treatment regardless of whether microglia were present or not (Fig. 5G) whereas Serping1,
C3d and Lcn2 transcript levels were induced (Fig. H-J). Although all these pro-inflammatory genes
were already induced by the ENV protein alone, their expression was further boosted by the
presence of ENV- activated microglial cells. These findings were corroborated at protein levels with
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Gfap-positive astrocytes expressing C3d and Lcn2 proteins in response to ENV exposure and
being amplified in presence of microglial cells (Fig. 5K-M).

Transgenic HERV-W ENV expression leads to an aggravated EAE course

In order to analyze the effects of transgenic HERV-W ENV expression in the context of
neuroinflammation, we applied myelin oligodendrocyte glycoprotein fragment 33-55 (MOG33-55)
peptide-induced experimental autoimmune encephalomyelitis (EAE, Fig. 6A) and analyzed
inflamed lumbar spinal cords. By analyzing the clinical score of diseased mice, a significant
worsening of symptoms could be observed in CAG-Env mice as compared to wildtype litter mates
particularly in the period between 18 to 20 days post induction (dpi) and thereafter (Fig. 6B,D).
Animals were then perfused at 20 dpi and the lumbar spinal cords were analyzed in terms of lesion
formation (anti-MBP immunohistochemistry, Fig. 6C). No differences regarding lesion numbers of
were observed between transgenic and wildtype mice (Fig. 6E), but relative lesion sizes were
significantly increased in response to the transgene expression (Fig. 6F). Further
immunohistological characterization of lesions then revealed that also Iba1-positive areas were
significantly elevated in CAG-Env mice compared to wildtype animals (Fig. 6G,l). Likewise, when
assessing Clec7a positivity an even more pronounced increase in areas harboring neurotoxic
microglia and macrophages was observed (Fig. 6G,J). Interestingly, in transgenic mice Clec7a-
positive myeloid cells were also found outside lesion cores, indicating that neuroinflammation was
less focally restricted in mutant mice (Fig. 6G, arrowheads). Moreover, astroglial activation was
examined via Gfap-, C3d- and Lcn2 expression (Fig. 6H). Quantification revealed a significant rise
in relative Gfap-positive areas in the transgenic background (Fig. 6K). This was accompanied by
increased areas featuring neurotoxic astrocytes (Gfap/C3d/Lcn2 triple-positive area; Fig. 6M),
whereas areas with only activated astrocytes - Gfap/C3d-positive cells that lack Lcn2 expression —
were slightly reduced (Fig. 6L).

Discussion

Activation and expression of this endogenous retroviral element has only been described in a few
pathological instances such as in MS, chronic inflammatory demyelinating polyradiculoneuropathy
(CIDP), type-1 diabetes (T1D) as well as in neurodevelopmental disorders (22, 37, 38). In addition,
most recent evidence points to a strong activation in some Covid19 patients (39, 40). While initially
discovered in MS patient-derived leptomeningeal cells (3), most information regarding impact and
functions of HERV-W and its envelope protein (ENV) relates to this autoimmune disease with
immune-, endothelial-, oligodendroglial-, and microglial cells being implicated (38, 41, 42).
However, data on the functional role of this human specific pathogenic entity have so far only been
gathered from histopathological observations on autopsy material combined with ex vivo primary
cell- and tissue-based functional assays. Yet a direct proof of concept on the cellular responses
evoked by the expression of the HERV-W ENV protein in vivo was missing so far.

We here describe for the first time strong reactions of the three glial cell types in response to
transgenic HERV-W ENV expression, most notably only under MS related pathological conditions
(EAE and CPZ), with microglial- and astroglial phenotypes in accordance with recent descriptions
of disease-associated glial signatures (30, 31, 43, 44). It is the first account of the generation of an
overall neurotoxic environment, of worsening pathologies and of impeded regeneration processes,
confirming and expanding previous postulations (5, 11, 18). In this study we focused explicitly on
the roles of glial cells since our earlier investigations pointed to an inhibited OPC differentiation as
well as to neurotoxic microglial polarization. Moreover, glial pathological reactions were also
suggested by the outcome of clinical trials with a neutralizing anti-HERV-W ENV antibody
(Temelimab) where reduced brain atrophy rates (suggesting a role in smoldering
neurodegeneration) as well as preserved myelin integrities (supporting evidence for effects on
oligodendroglial differentiation and myelin repair) were observed (19). Such an emphasis on de-
and regeneration was additionally justified as these pathological processes still represent unmet
clinical needs.
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Astrocyte activation was unexpected and thus represents a novel observation. 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 - pointing to cell/cell interactions as recently described in chronic MS (45).
This finding certainly contributes to the understanding of the emerging pathological role of astrocytic
cells in MS and related demyelinating diseases (46), promoting research into cell specific
modularity approaches aiming at novel therapeutic opportunities. It will also be of interest to see
whether and at what disease stages the here-described glial phenotypes can also be seen in MS
tissue samples.

Our view on this viral protein’s impact on myelin repair has also been refined. ENV appears not
only to interfere with oligodendroglial maturation, but its presence also resulted in a lack of OPC
recruitment mostly due to a reduction in proliferation rates. This was not seen in former ex vivo
studies due to the use of post-mitotic primary cells. At present it is not known whether this relates
to a direct effect on OPCs or whether lack of trophic input or the presence of an inhibitory milieu
generated by microglia and/or astrocytes account for decreased cell numbers (47) — an issue that
remains to be addressed in future studies.

Astrocyte and microglia/macrophage numbers were, however, increased in both lesion models also
correlating with the larger lesions found in inflamed spinal cords of the EAE mice. Of note, in the
transgenic background the degree of neurotoxic glial cells exceeded this ratio, arguing for a
pronounced activation of neurotoxic phenotypes. Given that in mutant mice such astrocyte
subtypes were also detected outside EAE lesions, a possible contribution to lesion growth can be
suggested.

Finally, signs of increased axonal degeneration as seen by the development of APP-positive
spheroids were detected in demyelinated, cuprizone treated transgenic mice. It is tempting to
speculate that observed aggravated clinical symptoms in the EAE model also result (in part) from
enhanced degeneration processes. This on the one hand confirms our previous description of an
axon-degenerating microglial phenotype in response to ENV protein exposure (11), on the other
hand it clearly demonstrates that even in a rather gentle and regenerative lesion set-up such as
mediated via cuprizone feeding, mutant animals are more impaired — a remarkable consideration
for this model system (48).

While we could prove that all CNS glial cells respond to this pathological protein expression in two
different models mimicking MS features, additional observations in the EAE model provided
evidence that also autoimmune processes might be altered, given that lesions were not more
frequent but larger in size and were thus containing more Iba1-positive (myeloid) cells. It is unlikely
that this can be explained via microglia phenotype consolidation only, also in light of the fact of a
more pronounced macrophage contribution known to occur in EAE. It therefore remains to be
shown whether previous reports on Th1-like type of Th cell differentiation or superantigen-like (SAg)
activation of T cells (6, 7) can be confirmed in this in vivo model. Such a more detailed description
of immune cells is out of scope of this study, and this also includes analyses of stem cells niches,
endothelia as well as pericytes, all of which also being functionally implicated in autoimmune and
neurodegenerative pathologies. Of note, a direct effect of HERV-W ENV exerted onto lymphoid
cells was not supported by the clinical trials (19). But it must be kept in mind that this circumstance
might relate to the particular MS patient cohort enrolled for these trials as for example addressing
early autoimmunity events, such as for example conversion from clinically isolated syndrome (CIS)
to relapsing-remitting MS, was not possible.

A notable limitation of our investigation relates to the applied transgenic mouse model. As we used
a general and non-inducible transgene expression, possible role(s) in development can currently
not be excluded. Yet, using multiple protein markers related to oligodendrogenesis, microglial- and
astroglial phenotype generation we detected no differences between unchallenged (non-CPZ, non-
EAE) transgenic mice and wildtype litter mates — at least at all ages analyzed here (Figs. 1, 2, 3, 4,
6). Also, no evidence of increased or predetermined axon degeneration was found providing further
evidence that the model is valid and that HERV-W ENV obviously needs a pathological
environment (toxin, infection, autoimmunity) to manifest its functionality as discussed previously
(37, 38). Given the still rather unclear HERV-W activation process(es) involved in the pathology of
MS, one might indeed suggest that this entity is part of a two-hit model the sequence of events still
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remains to be determined (37). Moreover, more accurate overexpression models await the still non-
existing information on the genomic nature of this pathological HERV-W element as it is currently
not known to what degree fixed or unfixed copies and under which regulatory sequences account
for activation and expression in the diverse diseases. Likewise, it will be difficult to measure any
cognitive impairments or changes at sub-neuronal levels (synapses, plasticity) using the here-
applied short-term experimental paradigms. Given the recent description of HERV-W ENV
modulating synapse maturation in vitro (49) but also taking into account findings on the neutralizing
antibody Temelimab conferring a rescue from brain volume loss (19), such important aspects need
to be addressed in more chronic demyelination/degeneration scenarios.

Moreover, given the identification of EBV as being involved in the generation of MS on the long-
term (15), a more recent description of antibodies directed against EBV and HERV-W related
proteins in the CSF of MS patients (50) further supports exogenous to endogenous viral entities to
be implicated in different disease processes. Such an activation scenario has previously already
been suggested (13, 14).

In conclusion, we here present the long expected functional proof of HERV-W ENV’s degenerative
potential in vivo and demonstrate that mainly glial cells react and contribute to the generation of a
neurotoxic parenchyma. It is tempting to speculate that our findings not only relate to pathological
processes underlying MS but also to tissue changes in neurodevelopmental disorders or in long-
Covid19 patients. Therefore, the further development of suitable neutralization strategies such as
by preclinical and clinical examinations of the Temelimab antibody or of unrelated pharmacological
approaches (17, 51) is highly warranted.

Materials and Methods

Ethics statements for animal experiments

All animal experiments comply with the ARRIVE guidelines and were carried out in accordance
with the National Institutes of Health guide for the care and use of Laboratory animals (NIH
Publications No. 8023, revised 1978). The Institutional Review Board (IRB) of the ZETT (Zentrale
Einrichtung fiir Tierforschung und wissenschaftliche Tierschutzaufgaben) at the Heinrich-Heine-
University Dusseldorf approved animal procedures related to tissue isolation under internal
licenses 0O69/11, 090/15. The review board of the state government LANUV (Landesamt fiir Natur,
Umwelt und Verbraucherschutz Nordrhein-Westfalen, North-Rhine Westphalia, Germany)
approved all animal experimental procedures under licenses: Az.:84-02.04.2017.A137 and 81-
02.04.2019.A063.

Animal models

Transgenic C57BL6/J;129P2/Ola-Hprttm(CAG-Env) (CAG-Env; 75% C57BL6/J + 25% 129P2/Ola)
mice were used in this study. Animal genotypes were determined using genomic PCR for
hypoxanthine-guanine phosphoribosyltransferase (Hprt) alleles as established previously (22).
Briefly, genomic DNA was extracted from ear punches used for animal labelling according to the
manufacturers protocol (PureLink genomic DNA-Minikit, Thermo Fisher Scientific, Waltham, MA,
USA). Afterwards, alleles were amplified using Red HS Taq Master Mix (Biozym, Hessisch
Oldendorf, Germany) and analyzed on a 2% agarose gel (LE Agarose, Biozym). For the detection
of Hprt wildtype (wt) and transgenic (tg) alleles following primer pairs were used: wt_fwd: 5’- TGT
CCT TAG AAA ACA CAT ATC CAG GGT TTA GG; wt_rev: 5- CTG GCT TAA AGA CAA CAT CTG
GGA GAA AAA and tg_fwd: 5-ACG TCA GTA GTC ATA GGA ACT GCG GTC G; tg_rev: 5-TAC
AGG CGT GAA CCA CTG CTC CCT using temperature cycles: 94°C for 2 min, followed by 94°C
for 30 s, 55°C (wt)/65°C(tg) for 30 s, 68°C for 60 s, repeated 35 times, then 68°C for 8 min resulting
in a wt DNA fragment of 345 bp and a transgenic (tg) DNA fragment of 399 bp. Mice were bred by
the ZETT and housed in a pathogen-free facility (SPF) with 12 h light/dark cycle and supplied with
food/water ad libitum. Demyelination was induced in 8-week-old mice using a diet containing 0.2%
w/w cuprizone [bis(cyclohexanone)oxaldihydrazone] (V-1534, Ssniff, Soest, Germany) similar as
previously described (24-26). In order to achieve sufficient demyelination, animals had to be fed for
7 weeks with CPZ (Fig. 1E,F) and were changed afterwards to control diet without cuprizone (V-
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1534, Ssniff) for 1, 2 and 3 weeks (1, 2, 3 wk rem). Control animals (unchallenged, no lesion
formation) received chow without cuprizone (V-1534, Sniff). The diet was changed twice per week
and animal bodyweights were monitored twice per week. All cuprizone experiments were
performed with 6 animals (either sex) per group and time point according to the cohort size analysis
(using G*Power 3.1.9.7; effect size: 2.6; a-level: 0.05; Power: 0.95). Experimental autoimmune
encephalomyelitis (EAE) was induced as previously described (51). Briefly, 8-week-old mice (either
sex) were immunized with 200 ug myelin oligodendrocyte glycoprotein fragment 35-55 (MOG35-
55) (Biotrend, Cologne, Germany) followed by intraperitoneal injections of 200 ng pertussis toxin
(Sigma-Aldrich, St. Louis, MO, USA) at days 0 and 2. Afterwards, animals were monitored and the
clinical EAE score (0-5) (52) was determined on a daily basis for the following 30 days. Cohort size
analysis for EAE experiments (using G*Power 3.1.9.7; effect size: 1.6; a-level: 0.05; Power: 0.95)
resulted in an optimal group size of 12 animals. Furthermore, only animals that developed clinical
signs of paralysis (EAE score) were included in subsequent analyses.

Primary rat mixed glial cultures

Primary rat mixed glial cultures containing microglia and astrocytes were isolated as previously
described (11). Briefly, dissociated P1 Wister rat cortices were cultured on T-75 cell culture flasks
in Dulbecco's Modified Eagle's Medium (DMEM; Thermo Fisher Scientific) substituted with 10%
fetal calf serum (FCS; Capricorn Scientific, Palo Alto, CA, USA) and 2 mM L-glutamine (Thermo
Fisher Scientific), 50 U/ml penicillin/streptomycin (Thermo Fisher Scientific). After 10 days, flasks
were shaken at 180 rpom/min at 37 °C and microglia-containing supernatants were collected after 2
h and 24h. Subsequently, astrocytes and microglia were purified using Magnetic-Activated-Cell-
Sorting (MACS) according to the manufacturer’'s protocol (Miltenyi Biotec, Bergisch-Gladbach,
Germany). Briefly, the remaining astrocytes were dislodged by trypsin-ethylenediaminetetraacetic
acid (EDTA)-treatment (Thermo Fisher Scientific), labelled using a combination of anti-ACSA1
biotinylated antibodies in combination with anti-biotin microbeads (Miltenyi Biotec) and applied to
the isolation column. Microglial cells were detached by accutase treatment and labelled with anti-
rat Cd11b/c microbeads (Miltenyi Biotec). The resulting cell suspensions were analyzed for cell
viability and numbers using trypan blue staining. Average cell purities as assessed by Gfap/lba1-
positivity were consistently >98%. Astrocytes (30.000 cells/well, 2 wells/ condition) and microglia
(100.000 cells/transwell, 2 wells/condition) were seeded on 24-well plates and respective
transwells in DMEM medium containing 10% FCS, 2 mM L-glutamine and 50 U/ml
penicillin/streptomycin (Thermo Fisher Scientific. After 24 h, cell cultures were stimulated with either
1 pg/ml recombinant HERV-W ENV protein (Protein’eXpert, Grenoble, France) or reconstitution
buffer. To avoid side effects through the recombinant production of HERV-W ENV protein,
Endotoxin levels were measured using the limulus amebocyte lysate (LAL)-test and found to be
below the detection limit (<SEU=m).

Tissue isolation for transcript and protein expression analysis

Briefly, animals were deeply anesthetized with isoflurane and transcardially perfused with 20 mL
cold phosphate-buffered saline (PBS) to remove blood cells from the brain tissue. For the detection
of HERV-W ENV protein using automated western blot techniques, whole brain were isolated and
immediately frozen in liquid nitrogen. For cuprizone (CPZ) experiments, the brain was isolated and
placed in a murine brain matrix (BSMAS001-1; Zivic instruments, Pittsburg, USA) and three 1 mm
corpus callosum (corpus callosum) containing slices were isolated and placed in a drop DPBS.
Immediately, corpus callosum was isolated using a binocular and scalpel and snap frozen in liquid
nitrogen. All samples were stored at -80 °C until Protein and/or RNA isolation.

RNA extraction, cDNA synthesis and real time quantitative RT-PCR

For the RNA extraction from cell cultures, cells were lysed using 350 ul B-mercaptoethanol (Sigma-
Aldrich) — RLT buffer (1:100, Qiagen, Hilden, Germany) and immediately snap frozen on dry ice.
Afterwards, total RNA was isolated using the column-based RNeasy mini kit (Qiagen) according to
the manufacturer’s protocol. For the RNA extraction from snap frozen tissue, snap frozen tissue
was homogenized by applying 1 ml TRIzol™ reagent (Thermo Fisher Scientific)/ 100 mg tissue
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using Polytron PT 2100 homogenizer (Kinematica AG, Malters, Switzerland) . Afterwards, total
RNA was isolated according to the manufacturer’s protocol. RNA quality and concentration were
quantified by a Nanodrop spectrophotometer (Thermo Fisher Scientific), and samples were stored
at —80°C until analysis. For g-RT-PCR analysis, isolated RNA was first reverse transcribed using
the high-capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). Quantitative
determination of gene expression levels was performed on a 7900HT sequence detection system
(Thermo Fisher Scientific) using Power SybrGreen PCR master mix (Thermo Fisher Scientific) as
previously published (11). Following primer sequences were generated via PrimerExpress 2.0
software (Thermo Fisher Scientific), as well as tested and determined: mGapdh forward: AGG TTG
TCT CCT GCG ACT TCA, mGapdh reverse: CCA GGA AAT GAG CTT GAC AAA G, HERV-Wenv
forward: TTT ACT CCT CTT TGG ACC CT, HERV-Wenv reverse: ATC TGG GGT TCC ATT TGA
AG, mC1qa forward: GCC TGT GTG CTG ACC ATG AC, mC1qga reverse: GGGTGC TCG GCA
GAC ATC T, mClec7a forward: CCT TGG AGG CCC ATT GC, mClec7a reverse: GCA ACC ACT
ACT ACC ACA AAG CA, mCd74 forward: CCA ACG CGA CCT CAT CTC TAA, mCd74 reverse
AGG GCG GTT GCC CAG TA, mC3 forward: CCG TGA ACA GGA GGA ACT TAA GG, mC3
reverse: ATG CTG CAG AAG GCT GGA TT, mLcn2 forward: CCC TGT ATG GAA GAA CCA AGG
A, mLcn2 reverse: GCA AAG CGG GTG AAA CGT T, rGapdh forward: GAA CGG GAA GCT CAC
TGG C, rGapdh reverse: GCA TGT CAG ATC CAC AAC GG, rS100a10 forward: GCC ATC CCA
AAT GGA GCA T, rS100a10 reverse: CCC CTG CAA ACC TGT GAA AT, rSerping1 forward: GAC
AGC CTG CCC TCT GAC A, rSerping1 reverse: GCA CTC AAG TAG ACG GCA TTG A, rC3
forward: GGT CTG CGG AAG TGT TGT GA, rC3 reverse: GGC GCT GGC AGC TGT ACT, rLcn2
forward: GGG CAG GTG GTT CGT TGT C, rLcn2 reverse: AGC GGC TTT GTCTTT CTT TCT G.
Gapdh, which proved to be the most accurate and stable normalization gene among a number of
others such as Hprt, Odc, Tbp, was used as reference gene. Relative gene expression levels were
determined according to the AACt method (Thermo Fisher Scientific) and each sample was
measured in duplicate.

Protein isolation and automated western blot analysis

For the detection of HERV-W ENV antigen, snap frozen mouse tissue was extracted according to
MEM-PER manufactures instructions (Thermo Fisher Scientific). Mouse brains were homogenized
with 3 cycles of 20 seconds of Precellys (CK14, Bertin instruments, Montigny-le-Bretonneux,
France). After 10 min of centrifugation at 10,000 x g, supernatants were collected. HERV-W ENV
antigen detection was analyzed on the Jess device using Simple Western technology an automated
capillary-based size sorting and immunolabeling system (ProteinSimpleTM, Biotechne Miniapolis,
MA, USA) as previously described (23). Anti-HERV-W ENV mAb GN_mAb_ENV01 (Geneuro,
Geneva, Switzerland) was used at 20ug/mL to detect antigen. HERV-W ENV antigen was identified
within the apparent molecular weight range (350-450 KDa) in this capillary matrix, using the Jess
platform Compass TM software (ProteinSimpleTM, Biotechne Miniapolis, MA, USA ).

Immunocytochemistry

For immunocytochemistry, astroglial-microglial cocultures were fixed for 10 min with 4%
paraformaldehyde (PFA), D-PBS washed, blocked for 45 min according to the host of the
secondary antibody (either 2% normal goat serum [NGS] or 10% normal donkey serum [NDS]
respectively, both Sigma-Aldrich) and 0.5% Triton X-100 (Sigma-Aldrich) in D-PBS. Afterwards,
cells were incubated at 4 °C overnight with primary antibody solution containing, 10% NDS and
0,1% Triton X-100 in D-PBS with rabbit anti-lba1 (1/500, WAKO Pure Chemical Corporation,
Osaka, Japan; RRID: AB_839504), goat anti-iNOS (1/250; Abcam, Cambridge, UK, RRID:
AB_301857), chicken anti Gfap (1/1000; Abcam; RRID:AB_304558), rabbit anti hC3d (1/300;
Agilent, Santa Clara, CA, USA; RRID:AB_578478) and goat anti Lcn2 (1/100; R and D Systems,
Minneapolis, MN, USA, RRID:AB_355022). Following D-PBS washes species-appropriate Alexa
fluorochrome-conjugated secondary antibody (1/200 in PBS, Thermo Fisher Scientific) and 4', 6-
diamidino-2-phenylindole (DAPI; 20 ng/ml, Roche, Basel, Switzerland) were incubated for 30 min
at RT. Afterwards, cover slips were washed in PBS and embedded using Shandon™ Immu-Mount
(Thermo Fisher Scientific).
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Immunohistochemical procedures

EAE and CPZ-treated animals were deeply anesthetized with isoflurane and transcardially
perfused with 20 mL cold PBS followed by 20 mL 4% paraformaldehyde (PFA, Sigma-Aldrich)
Brains and/or spinal cord were isolated and post-fixed in the same fixative for 1 day at 4 °C, followed
by 24 to 48 h cryoprotective dehydration in 30% sucrose at 4 °C. Afterwards, tissue was embedded
in Tissue-Tek (Sakura Finetek Europe, Alphen aan den Rijn, Netherland), frozen and stored at -30
°C until preparation of 12 ym sections using a cryostat (Leica CM30510S, Leica, Wetzlar,
Germany). For CPZ experiments, coronal sections of the caudal corpus callosum (Bregma: -0.70 -
-2.06) were collected and for EAE experiments, transverse lumbar spinal cord sections were
prepared. All sections were stored at -30 °C until immunohistochemical analysis avoiding any
freeze-thaw cycles. To assess the relative myelination of the corpus callosum, Luxol fast blue (LFB,
Sigma-Aldrich) staining was used. Slides containing 12 ym coronal section were incubated
overnight in LFB solution (0.1% LFB, 4% glacial acetic acid in 96% ethanol) at 56 °C. Afterwards,
redundant LFB staining was washed out using 0.05% lithium carbonate solution (in ddH20), tissue
was dehydrated and embedded in ROTI-Histokit Il (Carl Roth, Karlsruhe, Germany). For
immunohistochemistry, brain sections (CPZ) were thawed and left to dry for 15min at RT.
Afterwards, sections were rehydrated for 5 min in distilled water, post fixated for 5 min in 4% PFA
and for another 5 min in -20°C acetone. Afterwards, sections were washed once in Tris-buffered
saline (TBS, pH 7.6), once in TBS-T (TBS containing 0.02% Triton) for 5 min each and incubated
for another 5 min in 0.3% H202 solution. Blocking was performed using 10% NGS (Sigma-Aldrich)
and 5% biotin-free bovine serum albumin (BSA; Sigma-Aldrich; in TBS-T) for 30 min at RT, followed
by the application of anti-amyloid precursor protein (APP; 1/200; Thermo Fisher Scientific,
RRID:AB_2533902) in 10% NGS and 5% BSA in TBS over night at 4 °C. Afterwards, sections were
washed twice in TBS (5 min each) and a biotinylated secondary antibody (goat anti-rabbit [1/200;
Vector Laboratories, Burlingame, CA, USA]) was added for 30 min. Next, sections were washed
twice in TBS and ABC reagent was incubated for another 30 min according to the manufacturer’s
protocol (Vectastain Elite ABC HRP kit; Vector Laboratories). Afterwards, sections were washed
again twice for 5 min in TBS and peroxidase substrate was added for 5 min at RT (ImmPact DAB;
Vector Laboratories). The reaction was stopped by two washing steps in ddH20, followed by
dehydration and embedding in ROTI-Histokitt 1l (Carl Roth). For Immunofluorescence staining,
brain (CPZ) and/or spinal cord sections (EAE) were thawed, rehydrated for 5 min in distilled water,
post fixated for 5 min in 4% PFA and for another 5 min in -20°C acetone. Before blocking, sections
were washed once using Tris-buffered saline (TBS, pH 7.6) and once in TBS-T (TBS containing
0.02% Triton) for 5 min each. Blocking was performed with 10% serum according to the host of the
secondary antibody (NGS or NDS respectively; Sigma-Aldrich) and 5% biotin-free BSA (Sigma-
Aldrich; in TBS-T) for 30 min at RT, followed by application of the following antibodies (in 10%
NGS/NDS, 5% BSA, TBS) and incubation overnight: goat anti-Pdgfra (1/250; R and D Systems
RRID:AB_2236897), rabbit anti-Ki67 (1/250; Abcam; RRID:AB_302459) rabbit anti-Sox10 (1/100,
DCS Immunoline, Hamburg, Germany; RRID: AB_2313583), mouse anti-APC (CC1, 1/300, Sigma-
Aldrich; RRID:AB_ 2057371), mouse anti-Bcas1 (1/200; Santa Cruz; Dallas, TX, USA;
RRID:AB_10839529), rabbit anti-lba1 (1/500, WAKO Pure Chemical Corporation; RRID:
AB_839504), rat anti-Clec7a (Dectin1; 1/50; InvivoGen San Diego, CA, USA; RRID:AB_2753143),
rat anti-Cd74 (1/200; Biolegend, San Diego, CA, USA; RRID:AB_2566502), chicken anti-Gfap
(1/1000; Abcam; RRID:AB_304558), rabbit anti-C3d (1/300; Agilent; RRID:AB_578478), goat anti-
Lcn2 (1/100; R and D Systems; RRID:AB_355022) and rat anti-MBP (1/300; Biorad, Hercules, CA,
USA; RRID:AB_325004). Sections were washed two times for 5 min in TBS and incubated with the
species-appropriate Alexa fluorochrome-conjugated secondary antibody (1/200 in TBS, Thermo
Fisher Scientific) and 4', 6-diamidino-2-phenylindole (DAPI; 20 ng/ml, Roche) for 30 min at RT.
Afterwards, sections were washed once in TBS and once in TBS for 5 min each and embedded
using Shandon™ Immu-Mount (Thermo Fisher Scientific).
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Image acquisition and analysis

Images of astroglial cell cultures as well as of LFB and DAB stained tissue sections were captured
on an Axioplan 2 microscope (Zeiss, Jena, Germany). All other Images were performed at a Zeiss
CLSM microscope 510 (CLSM 510, Zeiss) always using the same exposure times, laser intensities
and digital gains. The quantification of all microscopic images was performed using ImageJ
software (National Institute of Health (NIH) Bethesda, MD, USA). For the analysis of microglial-
astroglial cocultures 7 images per coverslip/insert and 2 coverslips/inserts per treatment were
quantified, for the analysis brain/spinal cord tissue, for each marker setup 3 (CPZ) or 4 (EAE)
sections were analyzed per condition and replicate. Scale bars were always adjusted to the
respective microscope and all other setting (including thresholds) were identically applied to all
images of a marker set. The in vitro analysis of INOS-positive microglia as well as the number of
C3/Lcn2-positive astrocytes were quantified manually, using the Imaged tool “cell-counter”. Similar
is true for the quantification of oligodendroglial differentiation marker Pdgfra, Sox10, APC, Bcas1
and Ki67, as well as for the APP-positive spheroids. To analyze the relative myelination of the
corpus callosum, images of LFB staining were transformed to grey scale and the same threshold
was applied to all images in order to creating a binary image. Afterwards the area of the corpus
callosum as well as the LFB-positive area was determined and relative LFB-positive myelinated
areas were calculated.

For the analysis of double and/or triple immune-positive cells, merged images were uploaded in
Imaged software, channels were split and a median filter (3) as well as background reduction (50,
sliding parabolic, except for Gfap+ cells) was applied to all channels. Afterwards binary images
were created, always using the same threshold for each channel of a marker setup, and the images
were re-merged. Now a RGB color threshold was applied to detect and measure double and/or
triple colocalizing areas, accordingly.

Statistical analysis

Data are presented as mean values * standard error of the mean (SEM) in which n represents the
number of independent replicates. Statistical analysis were conducted using Graph-Pad Prism
8.4.3 (GraphPad Software, San Diego, California USA). All data showed a normal distribution
assessed by the Shapiro-Wilk test. Therefore, pairwise comparisons were analyzed using a two-
tailed unpaired Student’s t test, whereas multiple comparisons were assessed by 2-way analysis
of variance (ANOVA) followed by Sidak’s post hoc test. Furthermore, statistical significance of in
vivo qPCR data was assessed using a two-tailed unpaired Student’s t test of the calculated area
under the curve. The experimental groups were considered significantly different at *p<0.05,
**p<0.01, ***p<0.001.

Data and materials availability
All data generated or analysed during this study are included in this published article.
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Figure 1. Transgenic HERV-W ENV expression fosters demyelination and alters
remyelination upon cuprizone treatment. (A) Determination of the relative ENV transcript levels
normalized to Gapdh in whole brain lysates of wildtype and CAG-Env transgenic mice. (B)
Automated western blot analysis of whole brain lysates detecting HERV-W ENV protein in
transgenic mice. (C) Schematic presentation of cuprizone (CPZ) de- and remyelination
experiments. (D) Representative images of LFB-stained control- and CPZ challenged wildtype and
transgenic tissue sections encompassing the caudal corpus callosum (corpus callosum) at time
points 5 and 7 weeks of CPZ treatment and at 1, 2 and 3 weeks during remyelination. (E)
Quantification of the percentage of LFB-positive, myelinated area of the corpus callosum. (F)
Representative images of anti-APP stained wildtype and CAG-Env corpus callosum tissue sections
at 5 weeks of demyelination. (G) Quantification of APP-positive spheroid densities in the corpus
callosum of wildtype and transgenic animals. Data is presented as mean values (A-B: n = 3; E-H:
n = 6) £ SEM. Significance of HERV-W ENV mRNA levels as well as APP-positive spheroids were
assessed by Student’s t-test and the significance of the relative LFB-positive areas was accessed
by 2-way analysis of variance (ANOVA) followed by Sidak’s post hoc. Data were considered as
statistically significant (95% confidence interval) at *p < 0.05, **p < 0.01, ***p < 0.001. n.s. = not
significant. CC = corpus callosum. Scale bar in E: 250 ym, scale bar in G: 100 uym.
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Figure 2. Transgenic HERV-W ENV expression affects oligodendroglial differentiation. (A)
Representative immunohistochemical images of Pdgfra-, Sox10/APC- and Bcas1- expression in
unchallenged animals (wildtype and CAG-Env mice), after 7 weeks of CPZ treatment and after 2
weeks of CPZ withdrawal (2 wk rem). (B) Quantification of Pdgfra-positive cell densities in the
corpus callosum of control- vs CPZ treated animals. (C) Quantification of Sox10-positive, APC-
negative cell densities in the corpus callosum of control- vs CPZ treated animals. (D) Quantification
of Sox10/APC double-positive maturing oligodendroglial cell densities in the corpus callosum of
control- vs CPZ treated mice. (E) Quantification of Bcas1-positive myelinating oligodendrocyte
densities in the corpus callosum of control- vs CPZ treated animals. (F) Representative
immunohistochemical pictures of Pdgfra/Ki67-coexpressing cells in the corpus callosum of wildtype
vs CAG-Env mice at 5 weeks of CPZ treatment. (G) Quantification of Ki67-positive proliferating
OPCs in wildtype vs CAG-Env corpus callosum tissues after 5 weeks of CPZ diet. Data is presented
as mean values (n = 6) £ SEM. Significance of Ki67-positive OPCs was analyzed by Student’s
unpaired t-test, whereas all other significances were accessed by 2-way analysis of variance
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(ANOVA) followed by Sidak’s post hoc test (95% confidence interval) at *p < 0.05, **p < 0.01, ***p
< 0.001. Dashed lines indicate the area of corpus callosum. Scale bar: 100 um.
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Figure 3. Transgenic HERV-W ENV expression activates microglial cells upon cuprizone
treatment. (A-C) C1qa, Clec7A and Cd74 gene expression analysis in the corpus callosum before
and during cuprizone treatment in wildtype vs transgenic CAG-Env mice. (D) Representative
immunohistochemical pictures of Clec7a/lba1- and Cd74/lba1 coexpressing cells in wildtype and
transgenic corpus callosum tissues (unchallenged- and CPZ treated animals). (E) Quantification of
the Iba1-positive area over the total corpus callosum area in control- vs CPZ treated wildtype and
CAG-Env mice. (F) Quantification of Clec7a/lba1 double-positive areas over total corpus callosum
areas in wildtype and transgenic CAG-Env mice (control- and under CPZ diet). (G) Quantification
of the proportion of Clec7a-positive microglia in wildtype and transgenic mice (control- and under
CPZ diet). (H) Quantification of Cd74-positive microglial- vs total corpus callosum areas in wildtype
and CAG-Env mice (control- and under CPZ diet). (I) Quantification of the proportion of Cd74-

19

117



Results — Publications

positive microglia in wildtype and transgenic mice (control- and under CPZ diet). Data is presented
as mean values (n = 6) + SEM. Significance of gene expression analysis was assessed by a
Student’s unpaired t-test of calculated AUCs whereas statistical significance of histological data
was analyzed via 2-way analysis of variance (ANOVA) followed by Sidak’s post hoc test. Data were
considered as statistically significant (95% confidence interval) at *p < 0.05, **p <0.01, ***p < 0.001.
CC = corpus callosum. Dashed lines in D demarcate the corpus callosum. Scale bar in D: 100 ym.
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Figure 4. Transgenic expression of HERV-W ENV activates astrocytes. (A-B) C3d and Lcn2
expression gene expression analysis at various time points, before, during and after CPZ treatment
in wildtype vs transgenic CAG-Env mice. (C) Representative immunohistochemical images of C3d-
, Lcn2- and Gfap- (co)-expressing cells in wildtype and transgenic corpus callosum tissue sections
(control- and CPZ treated). (D) Quantification of Gfap-positive areas within the corpus callosum of
wildtype and CAG-Env mice (control- and CPZ treated). (E) Quantification of C3d/Gfap double-
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positive areas within the corpus callosum of wildtype and CAG-Env mice (control- and CPZ
treated). (F) Relative proportion of C3d/Gfap double-positive astrocytic areas in wildtype and CAG-
Env (control- and CPZ treated). (G) Analysis of Lcn2/C3d/Gfap triple-positive astrocytic areas with
the corpus callosum of wildtype and transgenic mice (control- and CPZ treated). (H) Relative
proportion of Lcn2/C3d/Gfap triple-positive astrocytic areas within the corpus callosum of
transgenic and control mice upon CPZ treatment. Data is presented as mean values (n = 6) £ SEM.
Significance of gene expression analysis was assessed by Student’s unpaired t-test of calculated
AUCs whereas the statistical significance of histological data was analyzed via 2-way analysis of
variance (ANOVA) followed by Sidak’s post hoc test. Data were considered as statistically
significant (95% confidence interval) at *p < 0.05, **p < 0.01, ***p < 0.001. CC = corpus callosum.
Dashed lines in C demarcate the area of the corpus callosum. Scale bar in C: 100 ym.
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Figure 5. HERV-W ENV protein exposure leads to an activation of astroglial cells which is
amplified by microglia. (A) Schematic presentation of experimental procedure to generate
spatially separated primary cultures of microglia and astrocytes (created using BioRender.com).
(B) Representative immunocytochemical images of Gfap-positive astrocytes in absence and
presence of-microglia, treated with buffer or recombinant HERV-W ENV protein for 24 h. (C)
Quantification of astrocyte culture purities under all four conditions. (D) Representative
immunocytochemical images of microglial cells grown on cell culture inserts expressing Iba1 and
iINOS. Arrows point to iNOS-positive cells. (E,F) Quantification of Iba1-positive and iNos-positive
microglia densities upon buffer and ENV protein stimulation after 24 h. (G-J) Astrocyte gene
expression analysis in absence and presence of microglia and in response to buffer or recombinant
HERV-W ENV protein treatment after 24 h. Relative expression levels of S100a10 (G), Serping1
(H), C3d (I) and Lcn2 (J) were assessed. (K) Representative immunocytochemical images of C3d
and Lcn2 expressing (Gfap-positive astrocytes) under all four conditions and after 24 h. (L,M)
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Quantification of C3d-positive and Lcn2-positive astrocytes under all four conditions and after 24
h. Data is presented as mean values (n = 3) £ SEM. Significance of microglia analyses (E-F) was
assessed by Student’s unpaired t-test whereas the significance of all other quantifications (G-J,L,M)
was analyzed via 2-way analysis of variance (ANOVA) followed by Sidak’s post hoc test. Data were
considered as statistically significant (95% confidence interval) at *p < 0.05, **p < 0.01, ***p < 0.001.
Scale bar: 50 um. The arrow in (B) points to a single Iba1-positive microglial cell. Arrows in (D)
point to iINOS-positive microglial cells.

24

122



Results — Publications

—— wildtype - sham —»— wildtype - MOG
A B 3 CAG-Env - sham e CAG-Env - MOG C 40
MOG/sham EAE _
induction analysis 0 ',T\: .
5 A ISP ITs: 30
CAGENY l 82 [l fighbiess
Y 1; ||5 2ty I
I } { o ,_...|(II.!’I 220
Age: 8 weeks 20 30 days 81 ;I it
c |
scoring 5 +"‘L 10
0
&
s &
D #
o F Rl
g 10
3 g
= 8 s
Q
DB
S
e
-~ 4
z 8
®
i s’
¢ i,
[&]

)

wildtype
wildtype

CAG-Env
CAG-Env

MOG-EAE (20 dpi) MOG-EAE (20 dpi

J K

=

—
=<

g5 ¥ 60 =5 = - = 2
o q © $ 3
g 20 g £ L. 5 —15
xR + =X
Q + 40 Q o = o S
@ 15 — « 15 S w© Ewm
] 8 ] ] S
S b= = 2 - S
<10 ] 3 10 ¥ 3"
H g 3 G Fao g
s 5 + S g 0 O +%(_') 5
+ o * @ w—
3 g g ° ?
2 9 g o G o o 0
) L QD Jd ) A
I & O’Q’Q ‘b‘\\& O‘Q}\ -ﬁt\& (95(’Q -\§\ ¢ 0{(,° -\S‘*Qﬁ C?‘((}\
&y & & o & &

Figure 6. Increased microglial- and astroglial activation in transgenic mice upon induction
of experimental autoimmune encephalomyelitis. (A) Schematic representation of EAE
experiments. {B) Clinical score of sham- and MOG-induced wildtype and CAG-Env mice. (C)
Determination of area under the curve (AUC) values of clinical scores in MOG-induced wildtype vs
CAG-Env mice. (D) Representative images of MBP expression in lumbar spinal cords of sham vs
MOG-induced wildtype and transgenic animals (20 dpi). (E-F) Quantification of lesion formation in
MOG-induced animals displaying no differences in lesion numbers (E) but increased lesion sizes
in CAG-Env mice (F) at 20 dpi. (G) Representative images of Iba1- and Clec7a expression patterns
in lumbar spinal cords of MOG-induced wildtype vs CAG-Env mice (20 dpi). (H) Representative
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images of Gfap-, C3d-, and Lcn2 expression patterns in lumbar spinal cords of MOG-induced
wildtype vs transgenic animals (20 dpi). (I) Quantification of Iba1-positive areas (over total spinal
cord areas) and (J) of Clec7a-positive areas (within Iba1-positive areas) in MOG-induced wildtype
and CAG-Env mice at 20 dpi. (K) Quantification of Gfap-positive areas (over total spinal cord areas)
in wildtype and CAG-Env mice at 20 dpi. (L) The proportion of C3d-positive but Lcn2-negative
astrocytic areas relative to total Gfap-positive areas was reduced in transgenic CAG-Env mice. (M)
On the other hand, the extent of Lcn2/C3d/Gfap-triple-positive areas (within Gfap-positive areas)
was significantly increased in transgenic animals 20 days after MOG-EAE induction. Data is
presented as mean values + SEM. EAE course (B) was analyzed in n=10 mice and histological
analysis (G-M) was performed in n=9 animals. Significance of the clinical EAE score (B) was
assessed via 2-way analysis of variance (ANOVA) followed by Sidak’s post hoc test and all other
data were analyzed by Student’s unpaired t-test. Data were considered as statistically significant
(95% confidence interval) at *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar in D (overview): 500 pm;
scale bar in D (detailed): 200 uym; scale bars in G and H: 50 um. Dashed lines in (C,G,H) delineate
lesion boundaries and arrowheads point to either Clec7a-positive microglia (G) or Lcn2/C3d-
positive astrocytes (H) outside lesions.
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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. Il.) 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 (Kramer 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-naive 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 S1PRS, 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
iINOS 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 STPR mediated effects on microglia are primarily driven by S1PR1 and
S1PRS5, but not by S1PR3. To prove this hypothesis, possible experiments could include
specific S1PR antagonists, such as W146, for the inhibition of S1PR1 signaling, CAY 10444
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
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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 (Kiry 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 (Kiry 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 HERVSs, 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 (Kiry 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-kB 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 HERYV 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 (Kiry et
al., 2018). Interestingly, EBV also represent a risk factor for the development of certain HERV-
associated diseases, including MS (Rémer, 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 (Géttle 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 (Gottle 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 (Jakel et al., 2019), as Jakel 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 (Jékel 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 PDGFRa-CrefR x Rosa26-e YFP or NG2-CrefR
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 ENYV 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
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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 TNFa (Kitaoka et al., 2006) as well as NO (Butterfield,
2006) — two effectors that were also detected in the co-culture experiments. Although TNFa
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 TNFa
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
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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 (C1ga) 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 TGFB 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. C1qga 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 IFNy, 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
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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 (Rémer, 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; Forster 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.

144



Discussion

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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