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Summary 

 

ROLE OF REGULATORY T CELLS, CYTOTOXIC T CELLS 

AND INTERLEUKIN-10 IN THEILER’S MURINE 

ENCEPHALOMYELITIS VIRUS INFECTION 

Małgorzata Ciurkiewicz 

 

Several widespread viruses have neurovirulent potential and may cause structural or functional 

damage in the central nervous system (CNS). Besides acute and potentially life-threatening 

inflammatory diseases, transient or subclinical infections can have profound long-term 

consequences for neurological function. Cytopathic effects resulting from viral replication can 

cause death of infected neurons, but tissue injury can also be mediated by an exuberant immune 

response. Long-term complications of viral encephalitis include epilepsy as well as changes in 

cognitive function, such as learning and memory deficits. Moreover, virus infections can trigger 

the immune system to attack self-antigens and cause autoimmunity.  

Theiler’s murine encephalomyelitis virus (TMEV) is a single-stranded RNA virus belonging to 

the Picornaviridae family, which is used experimentally to model human diseases. Following 

intracerebral infection, the virus primarily targets neurons and shows a particular tropism to 

limbic structures including the hippocampus. The outcome of infection depends on the genetic 

background of the mice. In Swiss Jim Lambert (SJL) mice, the virus persists throughout the 

lifespan of the animals and triggers a chronic inflammatory demyelinating disease in the spinal 

cord and cerebral white matter. Many aspects of the pathogenesis resemble the situation 

observed in progressive forms of multiple sclerosis (MS) – making TMEV-infection a valuable 

model for the human disease. In contrast, mice with a C57BL/6 background are able to clear 

the virus within a few weeks by means of an efficient antiviral cytotoxic T cell response. 

However, many animals show a considerable loss of hippocampal neurons following acute 

infection, which is associated with acute seizures and cognitive impairment. In addition, 

affected mice frequently develop recurrent unprovoked seizures. Therefore, TMEV infection 

has recently gained importance as a viral model for epilepsy. The reasons for the differential 

susceptibility are not fully understood yet. C57BL/6 mice show significantly higher numbers 

of CNS–infiltrating CD8+ T cells compared to SJL animals in early infection. In contrast, an 

initial regulatory T cell (Treg)-expansion, associated with increased production of the anti-
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inflammatory cytokine interleukin (IL)-10 is observed in SJL mice. Treg are a subset of CD4+ 

T cells with immunomodulatory and tolerogenic functions. IL-10 is a pleiotropic cytokine 

which is considered the negative master regulator of inflammation. Treg and IL-10 contribute 

to maintenance of immune homeostasis and suppress excessive inflammatory responses. In the 

context of viral infections, this suppression can have detrimental effects on antiviral immunity. 

Therefore, elevated Treg numbers and IL-10 secretion have been implicated in TMEV 

persistence of SJL mice.  

The first part of the study focused on the interplay of cytotoxic T cells and Treg in C57BL/6 

mice. Groups of TMEV- or mock-infected animals were treated with IL-2/-anti-IL-2-antibody-

complexes (IL-2C) to expand Treg (Treg-expansion), or anti-CD8-antibodies (αCD8-Ab) to 

deplete cytotoxic T cells (CD8-depletion). A third group received a combination of Treg-

expansion and CD8-depletion (combined treatment). In agreement with previous reports, Treg-

expansion alone had no effect on virus clearance and susceptibility to demyelination, despite 

an increased infiltration of Foxp3+ Treg into the brain. In contrast, the combined treatment 

resulted in a prolonged and augmented hippocampal infection, which was associated with a 

local upregulation of pro- and anti-inflammatory cytokines. Moreover, the combination of 

Treg-expansion and CD8-depletion predisposed the animals to myelin loss and axonal damage 

in the spinal cord. Flow cytometric and immunohistochemical analysis of the systemic T cell 

balance revealed that Treg-expansion considerably delays regeneration of the CD8+ T cell 

population.  

The involvement of IL-10 in impaired antiviral immunity and hippocampal protection was 

investigated in the second part of the study. First, the expression kinetics of genes involved in 

IL-10 signaling were analyzed in TMEV-infected SJL mice. Confirming earlier results, a 

transient upregulation of Il10 mRNA was detected in early infection. Moreover, the transcripts 

of Il10rα, Jak1, Socs3, and Stat3 showed a similar upregulation, while no differences were 

detected in Il10rβ and Tyk2 expression. Subsequently, SJL mice were injected with blocking 

anti-IL-10 receptor (IL-10R) antibodies and the effects on hippocampal viral load, pathologic 

lesions and inflammation were evaluated. IL-10R blockade triggered a marked hippocampal 

neuronal loss accompanied by increased recruitment of CD3+ T cells, CD45R+ B cells and an 

upregulation of Il1α mRNA. The severity of neurodegeneration was comparable to that 

observed in C57BL/6 mice. Despite increased inflammation, IL-10R blockade failed to enhance 

virus clearance. In parallel to pro-inflammatory responses, IL-10R blocked animals showed 

elevated number of Foxp3+ Treg and arginase-1+ macrophages/microglia as well as increased 

expression of Tgfβ and Foxp3 in the hippocampus and Chi3l3 in the spleen. The enhanced 

immunomodulatory responses represent a potential compensatory mechanism aiming at 

limiting immune-mediated damage in the absence of IL-10 signaling.  
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In conclusion, elevated Treg numbers and increased IL-10 expression cannot fully account for 

differences in susceptibility to TMEV persistence. The suppressive capacity of Treg is 

dependent on the genetic background and the strength of cytotoxic T cell responses. In a CD8-

deficient host, excessive Treg function can have a profound negative effect on antiviral 

immunity and predispose the host to virus persistence. While Treg depletion has been shown to 

improve antiviral immunity in SJL mice, IL-10R blockade did not reduce viral load, which 

indicates that other mechanisms are involved in Treg-mediated suppression in this mouse strain. 

The marked effect on the hippocampal integrity resulting from IL-10R blockade shows that IL-

10 is involved in neuroprotection in the TMEV model. Collectively, the results highlight 

potential risks and benefits of therapeutic strategies based on Treg- and IL-10-manipulation.  
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Zusammenfassung 

 

DIE ROLLE VON REGULATORISCHEN T-ZELLEN, 

ZYTOTOXISCHEN T-ZELLEN UND INTERLEUKIN-10 

BEI DER MURINEN THEILERVIRUSINFEKTION  

Małgorzata Ciurkiewicz 

 

Zahlreiche weit verbreitete Viren weisen ein neurovirulentes Potential auf und können 

strukturelle oder funktionelle Schädigungen des zentralen Nervensystems verursachen. Neben 

akuten und oft lebensbedrohlichen entzündlichen Erkrankungen können auch vorübergehende 

oder subklinische Infektionen tiefgreifende Langzeitfolgen für die neurologische Funktion 

haben. Zytopathische Effekte, die sich aus der Virusreplikation ergeben, können zum Tod 

infizierter Neuronen führen. Andererseits können Gewebeverletzungen jedoch auch durch eine 

übermäßige Immunantwort vermittelt werden. Langzeitkomplikationen von viralen 

Enzephalitiden umfassen Epilepsie sowie Beeinträchtigung der kognitiven Funktionen wie 

Lern- und Gedächtnisstörungen. Darüber hinaus können Virusinfektionen dazu führen, dass das 

Immunsystem Selbstantigene angreift und eine Autoimmunität verursacht.  

Das Theiler‘sche Murine Enzephalomyelitis Virus (TMEV) ist ein einzelsträngiges RNS-Virus 

der Picornaviridae-Familie, das experimentell für Modelle humaner Erkrankungen verwendet 

wird. Nach einer intrazerebralen Infektion befällt das Virus hauptsächlich Neuronen und zeigt 

einen besonderen Tropismus für limbische Strukturen einschließlich des Hippokampus. Die 

weiteren Folgen der Infektion hängen vom genetischen Hintergrund der verwendeten Mäuse 

ab. In SJL Mäusen persistiert das Virus lebenslang und löst eine chronisch-entzündliche 

demyelinisierende Erkrankung in der weißen Substanz von Rückenmark und Gehirn aus. Viele 

Aspekte der Pathogenese ähneln der progressiven Form der Multiplen Sklerose (MS) und 

machen die Theilervirus-Infektion zu einem wertvollen Modell für die menschliche 

Erkrankung. Im Gegensatz dazu sind Mäuse mit einem C57BL/6-Hintergrund in der Lage, das 

Virus mittels einer wirksamen antiviralen zytotoxischen T-Zellantwort innerhalb weniger 

Wochen zu eliminieren. Viele Tiere zeigen jedoch einen erheblichen Verlust von 

hippokampalen Neuronen, die mit akuten Krampfanfällen und kognitiver Beeinträchtigungen 

einhergehen. Außerdem entwickeln betroffene Mäuse häufig wiederkehrende, chronische 



ZUSAMMENFASSUNG 

 

6 

Krampfanfälle. Daher hat die TMEV-Infektion auch als virales Modell für Epilepsie an 

Bedeutung gewonnen. Die Gründe für die unterschiedliche Anfälligkeit sind noch nicht 

vollständig bekannt. Im Frühstadium  der Infektion weisen C57BL/6-Mäuse eine signifikant 

höhere Anzahl von ZNS-infiltrierenden CD8+ zytotoxischen T-Zellen im Vergleich zu SJL-

Tieren auf. Im Gegensatz dazu wird in SJL-Mäusen eine initiale Expansion von regulatorischen 

T-Zellen (Treg) beobachtet, die mit einer erhöhten Produktion des entzündungshemmenden 

Zytokins Interleukin (IL)-10 einhergeht. Treg sind eine Untergruppe von CD4+ T-Zellen mit 

immunmodulierenden und tolerogenen Eigenschaften. IL-10 ist ein pleiotropes Zytokin, das 

hauptsächlich als negativer Regler von Entzündungsreaktionen angesehen wird. Treg und IL-

10 tragen zur Aufrechterhaltung der Immunhomöostase bei und hemmen schädliche 

Entzündungsreaktionen. Im Zusammenhang mit viralen Infektionen kann diese Hemmung 

negative Auswirkungen auf die antivirale Immunität haben. Daher wurden erhöhte Treg-Zahlen 

und die verstärkte IL-10-Sekretion mit der TMEV-Persistenz von SJL-Mäusen in Verbindung 

gebracht. 

Im ersten Teil der Studie lag der Fokus auf den Wechselwirkungen von zytotoxischen T-Zellen 

und Treg in C57BL/6-Mäusen. Gruppen von TMEV- oder Mock-infizierten C57BL/6-Mäusen 

wurden entweder mit IL-2/-Anti-IL-2-Antikörper-Komplexen behandelt, um regulatorische T-

Zellen zu expandieren (Treg-Expansion), oder bekamen Anti-CD8-Antikörper um 

zytotoxischen T-Zellen zu depletieren (CD8-Depletion). Eine dritte Gruppe erhielt eine 

Kombination aus Treg-Expansion und CD8-Depletion (kombinierte Behandlung). In 

Übereinstimmung mit früheren Studien hatte die alleinige Treg-Expansion, trotz einer 

verstärkten Infiltration von Foxp3+ Treg in das Gehirn, keinen Einfluss auf die Viruselimination 

und Demyelinisierung. Im Gegensatz dazu führte die kombinierte Behandlung zu einer 

verlängerten und verstärkten hippokampalen Infektion, die mit einer lokalen Hochregulierung 

von pro- und antiinflammatorischen Zytokinen einherging. Darüber hinaus führte die 

Kombination von Treg-Expansion und CD8-Depletion zu einem Myelinverlust sowie 

Axonschäden im Rückenmark. Durchflusszytometrische und immunhistologische Analysen 

des systemischen T-Zell Gleichgewichts zeigten, dass die Treg-Expansion die Regeneration der 

CD8+ T-Zellpopulation erheblich verzögerte.  

Der Einfluss von IL-10 auf die antivirale Immunität und die hippokampale Protektion wurde 

im zweiten Teil der Studie untersucht. Zunächst wurde die Expressionskinetik von Genen, die 

an der IL-10-Signalgebung beteiligt sind, in TMEV infizierten SJL-Mäusen analysiert. Im 

Einklang mit früheren Ergebnissen wurde eine vorübergehende Hochregulierung von Il10-

mRNS nachgewiesen. Darüber hinaus zeigten die Transkripte von Il10rα, Jak1, Socs3 und Stat3 

eine ähnliche Hochregulierung, während bei der Expression von Il10rβ und Tyk2 keine 

Unterschiede festgestellt wurden. Anschließend wurden SJL-Mäusen blockierende Anti-IL-10-

Rezeptor(IL-10R)-Antikörper injiziert und die Auswirkungen auf die hippokampale Viruslast, 
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pathologischen Läsionen und Entzündung ausgewertet. Die IL-10R-Blockade löste einen 

ausgeprägten neuronalen Verlust im Hippokampus aus, der mit einer verstärkten Rekrutierung 

von CD3+ T-Zellen, CD45R+ B-Zellen und einer Hochregulierung von Il1α-mRNA einherging. 

Der Schweregrad der Neurodegeneration war vergleichbar mit den bei C57BL/6-Mäusen 

beobachteten Läsionen. Trotz der verstärkten Entzündungsreaktion konnte die IL-10R-

Blockade die Viruselimination nicht beschleunigen. Parallel zu den proinflammatorischen 

Reaktionen zeigten IL-10R-blockierte Tiere eine erhöhte Anzahl von Foxp3+ Treg und 

Arginase-1+ Makrophagen/Mikroglia sowie eine erhöhte Expression von Tgfβ und Foxp3 im 

Hippocampus und Chi3l3 in der Milz. Die verstärkten immunmodulatorischen Reaktionen 

stellen einen potenziellen kompensatorischen Mechanismus dar, der darauf abzielt, den 

immunvermittelten Schaden in Abwesenheit eines IL-10-Signals zu begrenzen. 

 

Zusammenfassend kann gesagt werden, dass erhöhte Treg-Zahlen und eine verstärkte IL-10-

Expression die Unterschiede in der Empfindlichkeit für TMEV-Persistenz nicht vollständig 

erklären können. Die immunsuppressive Wirkung von Treg hängt vom genetischen 

Hintergrund und der Intensität der zytotoxischer T-Zell-Antwort ab. In einem CD8-defizienten 

Wirt kann eine übermäßige Treg-Funktion tiefgreifende Auswirkungen auf die antivirale 

Immunität haben und zu einer Viruspersistenz führen. Während gezeigt wurde, dass eine Treg-

Depletion die antivirale Immunität in SJL-Mäusen verstärkt, führte eine Blockade des IL-10 

Rezeptors nicht zu einer verminderten Viruslast, was darauf hindeutet, dass andere 

Mechanismen an der Treg-vermittelten Suppression in diesem Mäusestamm beteiligt sind. Der 

ausgeprägte nachteilige Effekt der IL-10R Blockade auf die Integrität des Hippokampus zeigt, 

dass IL-10 im TMEV-Modell zur Neuroprotektion beiträgt. Die Ergebnisse beider Studien 

verdeutlichen potentielle Risiken und Nutzen einer therapeutischen Manipulation von Treg und 

IL-10. 
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CHAPTER 1 

GENERAL INTRODUCTION 

 

1. General Introduction1 

1.1 The History of Theiler’s murine Encephalomyelitis Virus 

Theiler’s murine encephalomyelitis virus (TMEV, Theilervirus) is an RNA virus belonging to 

the genus Cardiovirus within the Picornaviridae family. It was discovered in 1934 by Max 

Theiler, who observed individual laboratory mice showing a spontaneous neurological disease 

characterized by flaccid hind leg paralysis [1]. Experimental infection of healthy mice with a 

suspension of brain or spinal cord tissue from affected animals reproduced the disease 

phenotype. The pathological hallmark described by Max Theiler was an extensive necrosis of 

motor neurons in the brain and spinal cord accompanied by mononuclear infiltrates, resembling 

human poliomyelitis virus infection [2]. Subsequently, TMEV was found to be a widely 

distributed enteric virus, which in natural conditions rarely spreads to the central nervous 

system (CNS) [3, 4]. In 1952, Joan B. Daniels and colleagues isolated another virus strain 

causing spastic paralysis. They described the characteristic biphasic disease with virus 

persistence and chronic demyelinating lesions in the spinal cord, which has later become known 

as TMEV-induced demyelinating disease (TMEV-IDD) [5]. The use of TMEV-IDD as a model 

for multiple sclerosis (MS) was initiated by its rediscovery by Howard L. Lipton in 1975 [6]. 

Experimental infection of the most susceptible Swiss Jim Lambert (SJL) mouse strain has been 

used extensively to study the pathogenesis of virally induced demyelination, while 

immunological aspects of virus clearance are commonly studied in C57BL/6 mice, which show 

complete protection from virus persistence and TMEV-IDD. Despite decades of research, the 

reasons for the differential susceptibility and the exact pathomechanisms involved in TMEV-

                                                 
1 Parts of this chapter have been included in the following manuscript: 
Gerhauser, I., Hansmann, F., Ciurkiewicz, M., Löscher, W., Beineke, A. Facets of Theiler’s murine 
encephalomyelitis virus-induced diseases: An update. Int J Mol Sci. 2019 Jan 21;20(2). pii: E448. doi: 
10.3390/ijms20020448. https://www.mdpi.com/1422-0067/20/2/448  
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IDD are not completely understood. In addition, more than 70 years after the first description, 

other pathogenic traits of TMEV have been (re-)discovered. Pioneered by Robert Fujinami and 

colleagues, acute and chronic seizures in TMEV-infected C57BL/6 mice were described in 

2008 [7, 8]. Since then, TMEV-infection of C57BL/6 mice has gained considerable attention 

as the first highly reproducible virally induced model of epilepsy [9, 10]. The third and youngest 

application for TMEV as a model for human diseases is surprisingly not related to the 

neurotropism. A three-phasic TMEV-induced cardiac disease mimicking human myocarditis 

was described in 2014 in C3H mice [11, 12]. The three models (MS, epilepsy, and myocarditis) 

apparently involve different immunopathological components [13]. Because the mouse is the 

natural host of TMEV, usage of the virus poses an advantage for studies of pathogen-host 

interactions in contrast to other infectious models for human diseases, which often require 

manipulation of the mouse’s immune system or genome. Moreover, certain virus characteristics 

make TMEV a highly interesting subject for other research areas. For instance, the 

exceptionally strong cytotoxic T cell response induced by a viral capsid protein has prompted 

the development of TMEV-based antitumoral T cell vaccine candidates [14, 15].  

 

 

 

 

 

 

 

 

 

 

  

Figure 1: Theiler’s murine encephalomyelitis virus (TMEV)-induced disease models. 
Experimental intracranial infection of mice with TMEV induces distinct diseases in two mouse 
strains. The biphasic disease of SJL mice, characterized by an acute polioencephalitis followed by 
virus persistence and chronic demyelination serves as a model for multiple sclerosis. In C57BL/6 
mice, spontaneous seizures and hippocampal neuronal damage occur in the acute phase. Despite 
virus clearance, many animals subsequently develop hippocampal sclerosis and chronic unprovoked 
seizures, which is used as a model for epilepsy. 
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1.2 Virus Characteristics 

TMEV is a non-enveloped, monopartite, single-stranded (ss) RNA virus of positive polarity. 

The 8,100 nucleotide-long genome shows a typical picornavirus organization with one large 

open reading frame (ORF), coding for a polyprotein composed of 2,300 amino acids, flanked 

by 5’ and 3’ untranslated regions (UTR) (Figure 2). At the 5’ end, the RNA is attached to a 

viral protein (VPg) and the 5’ UTR contains an internal ribosomal entry site (IRES) required 

for translation initiation. A poly(A) tail is present at the 3’ end. The polyprotein is 

posttranslationally cleaved into 12 mature proteins by a viral protease: 4 capsid proteins (VP1 

– VP4), which are required for virus entry, and 8 nonstructural proteins (L, 2A, 2B, 2C, 3A, 

3B, 3C and 3D) necessary for viral replication or involved in modulation of host immune 

responses [16, 17]. A unique feature of the TMEV among other picornaviruses is the presence 

of an additional protein, termed L*, encoded by an additional, out of frame ORF [18, 19]. L and 

L* have important functions for counteracting hosts immune responses [17, 20, 21]. L is a small 

zinc finger protein conserved in all cardioviruses, which inhibits transcription of type I 

interferons [21, 22]. Type I interferons (IFN-α and -β) potently inhibit viral replication and are 

produced within hours of infection by the activation and nuclear translocation of the 

transcription factor IRF-3. L inhibits production of IFN and possibly other cytokines by 

interfering with nucleocytoplasmic shuttling of cellular proteins, including IRF-3 [23]. 

  

 

 

 

 

 

 

 

 

 

 

  

Figure 2: Genome organization of Theiler’s murine encephalomyelitis virus and function of viral proteins.  

IRES: internal ribosomal entry site, L: leader protein, NTPase: nucleoside-triphosphatase, ORF: open reading frame, 
poly(A): polyadenylated tail, UTR: untranslated region, VP: viral protein. Dashed red lines indicate presumptive 
function based on comparisons with poliomyelitis virus. Modified from [17]. References: [17, 24-27]. 
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L* prevents apoptosis and facilitates persistent infection of macrophages - the cell type bearing 

the majority of viral antigen in chronic infection [28-32]. Recent studies have revealed that L* 

binds and inhibits the catalytic function of ribonuclease L (RNase L), the effector enzyme of an 

important interferon-induced antiviral pathway [33, 34]. Activated RNase L cleaves ssRNA, 

which directly inhibits viral replication and virus protein translation. The cleavage of cellular 

mRNA and rRNA disturbs cellular protein synthesis and can ultimately result in apoptosis of 

infected cells, thereby limiting viral propagation. Moreover, cleavage products of RNase L 

(small RNAs) directly activate other cellular signaling pathways, leading to complex 

downstream effects, including production of IFN-β and Interleukin (IL)-1β [35, 36]. Therefore, 

production of L* can result in a plethora of downstream effects which compromise host immune 

responses. Interestingly, only persistent strains of the virus produce substantial amounts of L* 

[37].  

1.3 Virus Strains 

There are several strains of TMEV, which are divided in two subgroups according to their 

neurovirulence following experimental intracranial infection: the highly neurovirulent 

George’s disease VII (GDVII) group comprising GDVII and FA strains, and the attenuated 

Theiler’s original (TO) group, including the representative and most commonly used strains 

Daniels (DA) and BeAn8386 (BeAn) [38, 39]. GDVII and TO viruses differ in virulence, cell 

tropism, antigenicity and other characteristics (table 1). GDVII strains are highly neurotropic 

and cause a severe polioencephalitis with extensive neuronal necrosis, absent antiviral immune 

responses and lethal outcome within 1-2 weeks in almost all affected mice. GDVII strains infect 

only neurons and no virus persistence is observed in mice surviving acute disease [2, 40-42]. 

The TO strains induce a biphasic disease in mice with a susceptible genetic background. The 

initial neuronal infection leads to an attenuated, transient polioencephalomyelitis peaking one 

week after inoculation. The chronic phase is characterized by virus persistence in glial cells of 

the white matter and a progressive inflammatory demyelination (TMEV-IDD) [5, 6, 43]. 

Viruses of both groups can induce acute seizures in C57BL/6 mice [13]. The attenuated BeAn 

and DA strains show 94% similarity in the amino acid sequence [44], but the disease course of 

TMEV-IDD as well as the ability to induce seizures differs markedly between the strains. In 

SJL mice, the DA strain induces a distinct grey matter disease and a late demyelinating disease 

starting at approximately 140 to 180 days post infection (dpi). BeAn is less virulent in the acute 

phase, but induces clinically apparent spinal cord lesions within 1-2 months following infection 

[39, 45]. Moreover, the DA strain causes more extensive hippocampal damage and a higher 

seizure incidence in C57BL/6 mice compared to BeAn [46]. Interestingly, marked differences 

regarding demyelination in SJL mice and seizure occurrence in C57BL/6 mice were also 

recently described in two BeAn variants, differing merely in 15 nucleotides of the entire 

sequence [47].  
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Table 1: Comparison of Theiler’s murine encephalomyelitis virus strains 

BeAn: BeAn8386 strain (-1 and -2 represent strain variants), DA: Daniel’s strain, dpi: days post infection, GDVII: 
George’s disease VII, TO: Theiler’s original. References [17,39,47]. 

 

1.4 Clinical and Pathological Aspects of Theiler’s Murine 

Encephalomyelitis Virus-induced Diseases 

1.4.1. Theiler’s Murine Encephalomyelitis Virus-induced Demyelinating Disease 

Regarding the occurrence of Theiler’s murine encephalomyelitis virus-induced demyelinating 

disease (TMEV-IDD or TME), laboratory mice are divided into “susceptible” and “resistant” 

strains with SJL and C57BL/6 being the prototypic and best studied representatives of the two 

groups, respectively. In all inbred mouse strains, intracerebral infection with the attenuated 

BeAn or DA virus causes a transient and usually subclinical polioencephalitis. In this acute 

phase, the virus infects primarily neurons and – to a lesser extent – glial cells. TMEV antigen 

can be found in the cortex, hippocampus, thalamus, hypothalamus, basal nuclei, brain stem and 

ventral horns of the spinal cord grey matter. Acute infection is associated with extensive 

mononuclear infiltrates consisting of T cells, monocytes/macrophages and fewer B cells and 

plasma cells [45, 48-50]. TMEV spreads from the cerebrum to the brain stem and the spinal 

cord by axonal, hematogenous and possibly liquorogenic routes [48]. Usually, virus is cleared 

from the grey matter and the cerebrum by cellular and humoral immune responses after 2-3 

weeks in all inbred strains [48, 51]. However, in susceptible mice TMEV persists in the white 

matter throughout the lifespan of the animals [39, 52]. The transition from acute to chronic 

Group GDVII TO 

Cell tropism Neurons Neurons, glial cells, macrophages 

Attachment via Sialic acid Heparane sulfate 

Acute polioencephalitis Severe, lethal 
Attenuated  

DA > BeAn 

Virus persistence No Yes 

Demyelination No 

DA: 140-180 dpi;  

BeAn: 30-40 dpi 

DA > BeAn-1 > BeAn-2  

Acute seizures Yes DA > BeAn-2 

Adaptive antiviral  

immune response 
No 

Generation of antiviral CD4+,  

CD8+ T cells and antibodies 
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disease is characterized by a switch in cell tropism from neurons to glial cells. TMEV persists 

and replicates to a variable degree in microglia/macrophages, astrocytes and oligodendrocytes 

but not in neurons [53-56]. Microglia/macrophages show the highest amounts of antigen and a 

low-level replication blocked at the level of negative-strand synthesis, while astrocytes produce 

larger amounts of infectious virus [54, 57]. Virus persistence is essential but not sufficient for 

the development of demyelinating disease [39, 58, 59]. Approximately 30-40 days after BeAn 

infection, SJL mice show progressive clinical signs of demyelination, characterized by reduced 

behavior, ataxia, waddling gait, spastic paresis and reduction of righting and postural reflexes, 

usually manifesting in the hind limbs [6, 60, 61]. Disease severity depends on the age, strain 

and sex of the mice and infectious dose and strain of virus [62]. Histologically, animals show 

progressive demyelination with myelinophagia, swollen axons (spheroids) and associated 

perivascular infiltration with mononuclear inflammatory cells (Figure 3). While the lesions can 

extend throughout the entire length and circumference of the spinal cord, they are most 

constantly found in ventrolateral funiculi of thoracic segments [6, 55, 63, 64]. Foci of 

demyelination can also occur in the brain stem and periventricular white matter [48].  

The pathogenesis of demyelination and axonal damage is a complex process involving several 

mechanisms and the exact sequence of events is still under debate. Direct virally induced lysis 

of infected oligodendrocytes can cause demyelination, but the amount of virus during chronic 

infection is very low and cannot fully account for the extent of lesions. The majority of damage 

is seemingly mediated by several unspecific and specific immunopathologic factors. Unspecific 

mechanisms include direct phagocytosis of myelin and damage to myelin sheaths and 

oligodendrocytes mediated by cytotoxic inflammatory mediators such as cytokines, nitric oxide 

metabolites, reactive oxygen species, proteases and complement factors released by 

macrophages [62, 65].  

 

 

 

 

 

 

 

 
Figure 3: Theiler’s murine encephalomyelitis virus-induced demyelinating disease (TMEV-IDD). 

(A) Luxol fast blue-cresyl violet stain reveals loss of myelin (blue staining, arrows) in the ventrolateral 
funiculi of the spinal cord. (B) Higher magnification of A showing dilated myelin sheath (asterisk) and 
perivascular inflammatory infiltrates (arrow). Scale bars: 200 µm (A) 50 µm (B) 
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Moreover, excessive release of glutamate in the context of CNS inflammation mediates 

excitotoxic cell damage [66]. Adaptive immune responses distinctly contribute to 

demyelination [64]. In TME, the majority of CNS-infiltrating T and B cells are directed against 

viral capsid proteins. However, myelin-specific CD4+ T cells and antibodies also occur in 

significant numbers in late chronic disease [67-69]. Similarly, autoreactive CD8+ cytotoxic T 

cells capable of killing uninfected, syngeneic cells were isolated from TMEV-infected SJL 

mice, although the recognized self-antigen is unknown [70-72]. Tolerance induction to myelin 

proteins inhibits disease progression, demonstrating the substantial contribution of 

autoimmunity to demyelination [73, 74].  

There are three major models explaining the phenomenon of virally-induced 

immunopathology: bystander damage, epitope spreading and molecular mimicry. Following 

infection, antigen presenting cells (APCs) present viral antigens to patrolling naïve CD8+ and 

CD4+ T cells via major histocompatibility complex (MHC) class I and II molecules, 

respectively. Activated T cells release pro-inflammatory cytokines, which attract macrophages 

and monocytes into the CNS. Release of pro-inflammatory mediators damages infected and 

non-infected cells (bystander damage), leading to the release of cryptic myelin components. 

Uptake and presentation of those myelin components by APCs facilitates generation of myelin-

specific T and B cell responses (epitope spreading). On the other hand, viral epitopes showing 

antigenic cross-reactivity with myelin epitopes could directly lead to activation of autoreactive 

T and B cell responses (molecular mimicry) [62, 67-69, 75-77]. Recently, an additional concept 

was added with the discovery that T cell clones with dual T cell receptors (TCR) could induce 

autoimmunity [78]. Assuming that one of the receptors recognizes a viral- and the other a self-

antigen, activation of the cells by TMEV might result in reactivity against virus- and self-

peptide presenting cells without molecular mimicry. The occurrence of dual TCR on CD8+ 

cytotoxic T cells was demonstrated in TMEV-infected SJL mice, although the exact antigens 

recognized by the cells are still unknown [79]. Regardless of the mechanism of induction, the 

details on how autoreactive T cells escape central and peripheral tolerance induction is 

unknown.  

While both CD4+ and CD8+ T cells contribute to demyelination, a predominant role of CD8+ T 

cells in axonal pathology has been demonstrated in TMEV-IDD [80-85]. For a long time, 

demyelination was considered as the main pathological event in TMEV-IDD and MS alike. 

However, more recent advances implicate a significant role of axonal damage in neurological 

dysfunction of MS patients [62, 86]. Similarly, in TMEV-IDD, axonal loss correlates well with 

the severity of motor deficits [87, 88]. There are different concepts on how axonal injury is 

related to demyelination in TME. Classically, axonal injury was considered a secondary event 

and a consequence of the loss of glial support caused by demyelination (“outside-in” model). 

However, it was also shown that axonal damage precedes demyelination in certain CNS 
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regions. The observation led to the formulation of the “inside-out” model, in which axonal 

damage is a primary self-defense mechanism aiming at the inhibition of viral spread, which is 

followed by demyelination of damaged axons [89-91]. Another hypothesis suggests that axonal 

damage might be a separate process occurring in demyelinated lesions, where denuded axons 

are exposed to immune mediated injury [87, 92, 93]. It is likely, that the mechanisms are not 

exclusive and play overlapping roles contributing to disease progression in variable degrees, 

depending on the individual, disease stage and lesion [84]. 

The histologic lesions and many aspects of the immunopathologic mechanisms show 

similarities to observations in progressive forms of MS, which makes TMEV-IDD a valuable 

model for research regarding the pathogenesis and treatment options for the human disease [6, 

39, 62, 91]. 

 

1.4.2 Hippocampal Damage and Epilepsy 

Already in 1940, Max Theiler and Sven Gard described extreme hyperexcitability and tonic 

convulsions occurring in early stages of TMEV-infection in mice [40]. However, the 

phenomenon attracted little attention until its utility as an infectious model for human epilepsy 

was first demonstrated by Robert Fujinami and colleagues [9, 10, 13, 94]. In contrast to the SJL 

strain, C57BL/6 mice successfully eliminate the virus and do not develop demyelinating 

disease. However, following infection with the DA strain of TMEV, 30-80 % of C57BL/6 mice 

show behavioral seizures between 3-10 dpi. The seizures last for approximately 1-2 minutes 

and their severity ranges between Racine score 3 (forelimb clonus) to 5 (rearing and falling). 

Acute seizures are associated with weight loss, impaired cognitive ability and increased 

anxiety-like behavior. The incidence of seizures depends on the virus dose, but does not 

correlate with virus clearance, which uniformly occurs 2-3 weeks following infection in all 

C57BL/6 animals [7, 95-97]. Approximately 50% of mice with seizures in the acute phase 

develop a significantly reduced seizure threshold, resulting in recurrent spontaneous seizures 

(epilepsy) starting 8 weeks post infection after a latency phase without clinical signs [8, 13, 97, 

98]. Infections with the neurovirulent GDVII virus strain and various attenuated strains and 

mutants also induce seizures to a variable degree [7, 97]. For the BeAn strain, differences were 

observed between separate groups working with the virus. While the group of Fujinami and 

colleagues reported an acute seizure incidence of up to 40% [97], other groups working with 

BeAn did not observe any seizures [48, 50, 99, 100]. A comparative study revealed that the 

BeAn strains used in the two laboratories differ in 15 single nucleotides, which leads to marked 

differences in neuropathology. While BeAn-1 (Hannover) induces no seizures in C57BL/6 mice 

but causes a more severe demyelinating disease in SJL mice, BeAn-2 (Fujinami group) induces 

seizures in one third of infected C57BL/6 mice and an attenuated TMEV-IDD in SJL. It is 

currently unknown which point mutations are responsible for the altered neurovirulence. Three 
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of the nucleotide differences alter the amino acid composition of capsid proteins, whereas four 

of them lead to coding changes in non-structural proteins [47].  

Pathologic changes associated with seizures have been related to the tropism of the virus to 

limbic and temporal areas. Within the brain, TMEV is preferentially found in the hippocampus, 

periventricular thalamic nuclei, septal nuclei and piriform, parietal and entorhinal cortex, 

associated with variable degrees of neuronal death in these areas. Among these structures, the 

most common site of infection and neurodegeneration is the Cornu ammonis (CA) region 1 and 

2 of the pyramidal hippocampal layer [8, 49, 101]. In the acute phase, TMEV infection of 

C57BL/6 mice results in pyknosis and loss of CA1 and CA2 neurons, hippocampal 

mononuclear infiltrates, microgliosis and astrogliosis (Figure 4) [7, 102]. Chronically seizing 

animals show extensive neuronal loss and hippocampal atrophy with corresponding 

enlargement of the lateral ventricles and collapse of the alveus approximately 2 months post 

infection. At later timepoints, the hippocampus appears reconnected to the cortex by scar tissue 

and a marked astrogliosis is observed [7, 8]. These features resemble hippocampal sclerosis in 

humans, which is observed in patients with temporal lobe epilepsy [98, 103].  

  

Figure 4: Theiler’s murine encephalomyelitis virus-induced hippocampal lesions (BeAn strain). (A) 
TMEV-antigen in hippocampal pyramidal neurons. (B) Neuronal loss in the CA1/CA2 region (arrows). 
(C) Hippocampal inflammation is associated with diffuse astrogliosis (D) higher magnification of C. 
Immunohistochemistry for TMEV (A), Neuronal Nuclei (B) and Glial fibrillary acidic protein (C,D). 
Scale bars: 20 µm (A,D) 300 µm (B,C).   
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The mechanisms and behavioral consequences of TMEV (DA)-induced hippocampal damage 

have also been investigated apart from the seizure model [49, 104-106]. TMEV infection of 

C57BL/6 mice leads to disruption of spatial memory in the Morris water maze test. The degree 

of impairment is correlated to the severity of hippocampal injury but not to injury in other 

structures (e.g. cortical injury). Interestingly, mice showing intermittent seizures in the first 

week of infection were excluded from the experiment, indicating that the impact on memory is 

independent of seizure occurrence [104]. The following experiments revealed that most of the 

hippocampal neurons die by apoptosis within the first 3 days following infection. Apoptosis is 

associated with activation of the executor caspase 3 and the apoptosis-related calcium-

dependent cysteine protease calpain-1 [49]. Like other picornaviruses, TMEV is capable of 

inducing apoptosis in infected cells [107, 108]. However, double-labeling of apoptotic markers 

and virus antigen showed that a large number of dying cells is not infected, demonstrating that 

the majority of neurodegeneration is virus independent and mediated by bystander damage 

and/or circuit disruption [49].  

The relationship of hippocampal damage and seizures is not entirely clear and data are partially 

contradictory. In TMEV (DA) infection, the occurrence and severity of neurodegeneration was 

associated with seizures in some studies [7, 46], while other experiments showed no correlation 

[97]. Infection with BeAn-1 also induces substantial hippocampal neurodegeneration in some 

animals, but no seizures. Moreover, the H101 mutant of DA, which induces only minor 

neuropathological changes, also induces seizures [97]. Assuming a relationship between the 

two parameters, the question of causality and sequence of events still remains open. Cytokines 

and other mediators produced by infiltrating inflammatory cells probably disrupt the 

hippocampal circuitry. Indeed, early seizures were shown to be associated with decreased CA3 

inhibitory network activity [109]. This could trigger seizures that further damage neurons and 

disrupt the local network. Neuronal death is presumably mediated by cytotoxic inflammatory 

mediators, oxidative stress and excessive release of glutamate resulting in excitotoxicity [110-

112].  

TMEV-infection of C57BL/6 mice represents a valuable model for long-term impairment of 

neurologic function incited by a “hit and run” mode of virus infection. Encephalitis following 

picornavirus infection in humans can lead to hippocampal damage, which is associated with 

learning and memory deficits [104, 113]. In many cases of acquired epilepsy in human patients, 

an initial insult is followed by a period of latency and the onset of chronic, unprovoked seizures. 

Viral encephalitis is one of the most important inciting events. Several viruses have been 

implicated, including herpes simplex virus type 1, Japanese encephalitis virus, Nipah virus, and 

human immunodeficiency virus, as well as the Picornaviridae coxsackevirus, enterovirus and 

parechovirus. While most of the infectious animal models for seizures lead to fatal encephalitis, 

TMEV-infected C57BL/6 mice clear the virus, survive infection and develop chronic seizure 
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susceptibility. Therefore, the TMEV model is an important tool for research on epileptogenesis 

following transient CNS infection and for preclinical testing of treatment options for epilepsy 

[9, 94, 114].  

 

1.5 Influence of Host Genetic Background on Theiler’s Murine 

Encephalomyelitis Virus -induced Diseases  

Occurrence and severity of TMEV-IDD differs among commonly used laboratory mouse 

strains. SJL, FVB/N and DBA/2 mice show the highest susceptibility, while CBA, C3H and 

AKR mice are less susceptible to chronic demyelination. C57BL/6, C57BL/10 and Balb/c mice 

clear the virus within a few weeks upon infection without developing demyelinating lesions 

[17, 43]. SJL and C57BL/6 are most commonly used as the prototypical “susceptible” and 

“resistant” strains. Genetic studies have revealed that susceptibility to TMEV-IDD is a 

quantitative, multigenic trait and several loci have been linked to virus persistence, 

demyelination and/or clinical symptoms [17]. Although these three aspects are closely related 

and usually correlative, they might be influenced - at least in part - by different host factors. 

The strongest link to resistance (regarding virus clearance and demyelination) lays in the H2-D 

locus of the major histocompatibility complex (MHC) I genes [115-117]. Mice have two to 

three classical H2 class I genes, termed H2-K, H2-D, and H2-L, which are located on 

chromosome 17. The MHC genes are the most polymorphic mouse genes. The function of MHC 

I molecules is the presentation of intracellular antigens (e.g. viruses) to CD8+ T cells with the 

suitable TCR. If a co-stimulatory signal via CD80/86 occurs, the T cell is activated and becomes 

a cytotoxic effector T cell (CTL). Mice with the H-2Db haplotype of MHC I are fully resistant 

to TMEV persistence and demyelination, while mice of the H-2Ds haplotype (SJL) are 

susceptible. Resistance is a dominant trait, because F1 mice derived by crossing of C57BL/6 

and SJL remain resistant [118, 119]. Presentation of TMEV epitopes in the context of H-2Db 

induces a vigorous CTL response resulting in complete virus clearance [120, 121]. This was 

elegantly demonstrated by transgenic introduction of the Db class I molecule in highly 

susceptible FVB mice (FVB/Db), which reverts the animals to a resistant phenotype [117, 122]. 

However, other genes also influence susceptibility, and transgenic B10.S mice, carrying H-2s 

genes on a C57BL/10 background are less susceptible than SJL mice [118, 123, 124]. So far, 

11 further non-H2 loci have been linked to virus persistence and/or demyelination, including 

one on chromosome 6, located near the locus for the T cell receptor beta chain (Tcrb) and one 

on chromosome 10, close to the Interferon-γ locus (table 2) [123, 125-127]. The particular 

genes in those loci and the mechanism by which they regulate TMEV pathogenesis are mostly 

unknown, but it seems that they influence various aspects of the immune response [17]. Within 

the Tmevp3 locus on chromosome 10, a candidate gene (Tmevpg1) coding for the long 
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intergenic noncoding RNA NeST has been identified. Its function appears to be the positive 

regulation of Interferon-γ gene transcription in T helper (Th)1 cells [128, 129].  

 

Table 2: Genome loci influencing susceptibility to Theiler’s murine encephalomyelitis virus-
induced demyelinating disease. 

Chr: chromosome, Ifng: interferon-γ, Il-22: interleukin-22, linc RNA: long intergenic noncoding RNA, Mdm1: 
transformed mouse 3T3 cell double minute 1, NeST: nettoie Salmonella pas Theiler’s (cleanup Salmonella not 
Theiler’s), Tcrb: T cell receptor bet chain, Tmevd: Theiler's murine encephalomyelitis virus (TMEV) induced 
demyelinating disease susceptibility, Tmevp: TMEV persistence, Tmevpg1: TMEV persistence candidate gene. 
*Confirmed using congenic mice 

The occurrence of seizures and hippocampal damage following TMEV-infection appears to be 

unrelated to the susceptibility to demyelinating disease. C57BL/6 and Balb/c mice show a 

comparable resistance to TMEV-IDD [43]. Surprisingly, following infection with TMEV (DA 

or GDVII) only C57BL/6 mice show seizure activity. Similarly, the TMEV-susceptible mouse 

strains SJL and FVB/N do not develop TMEV-induced seizures. Since Balb/c and FVB/N mice 

show similar responses to C57BL/6 in the non-infectious kainic acid- and pilocarpine-induced 

seizure models, it was concluded that the mechanism of seizure induction must be different in 

virally and chemically induced seizures [7, 136, 137]. While behavioral seizures are detected 

in approximately 50% of C57BL/6 animals, the F1 generation of the SJLxC57BL/6 cross shows 

an incidence of 6.7%. This suggests that at least one gene locus with a dominant effect is 

involved in the susceptibility to seizures [7]. So far, no further studies backcrossing F1 mice to 

parental strains have been published to further characterize the mode of inheritance. The only 

other mouse strain showing TMEV-induced seizures is the C3H mouse, which is used in the 

TMEV-myocarditis model. However, the incidence is only 8% and the severity lower in C3H 

compared to C57BL/6 mice [11, 13].  

Locus Chr Investigated trait Responsible gene References 

H2* 17 
Clinical signs, viral load, 
demyelination 

H2-D [116, 117, 130] 

Tmevd1* 6 Clinical signs, viral load Unknown, near Tcrb [131] 

Tmevd2 3 Clinical signs Unknown [132] 

Tmevd3* 14 Demyelination, viral load Unknown [133] 

Tmevd4* 14 Demyelination, viral load Unknown [133] 

Tmevd5 11 Clinical signs Unknown [134] 

Tmevd6 1 Clinical signs Unknown [135] 

Tmevd7 5 Clinical signs Unknown [135] 

Tmevd8 15 Clinical signs Unknown [135] 

Tmevd9 1 Clinical signs Unknown [135] 

Tmevp2* 10 Viral load Unknown [123, 127] 

Tmevp3* 10 Viral load 
Tmevpg1 (NeST), near Ifng,  
Il-22, Mdm1 

[123, 127-129] 



 General Introduction│ CHAPTER 1 

 

21 

1.6 Adaptive Immune Responses Influencing Virus Persistence and 

Demyelination   

1.6.1 CD4+ T cells 

CD4+ T cells are crucial for directing adaptive and innate immune responses required for host 

defense against pathogens. The group is composed of a highly heterogeneous and dynamic 

population with a growing number of identified distinct functional subtypes. The activation of 

naïve CD4+ T cells in lymphoid organs requires presentation of antigens by antigen presenting 

cells (APCs) in the context of MHC II molecules, and a co-stimulation via CD28-CD80/86. 

Depending on the cytokine milieu and probably also other factors, activated CD4+ T cells 

differentiate into effector (Teff) or regulatory T cells (Treg). With some exceptions, the major 

lineages of CD4+ T cells can be distinguished based on their effector cytokine profile, 

transcription factor required for their lineage commitment and surface protein expression 

(Figure 5). Activated T cells migrate to the site of inflammation and mediate their action by 

secretion of cytokines and cell-contact dependent mechanisms (e.g. Th1, Th2, Th17, Treg) or 

remain in the lymphoid organ and aid humoral immune responses (follicular helper T cells, 

Tfh) [138, 139]. In viral infection, Th1 responses are usually most abundant. Th1 cells produce 

IFN-γ, IL-2 and Lymphotoxin-α (syn. TNF-β). Their main function is the classical activation 

of macrophages. Moreover, they enhance antigen presentation, T cell activation, and 

immunoglobulin class switch from IgM to IgG2a and IgG2c. The secreted cytokines promote 

the development of Th1 and inhibit Th2 and Th17 commitment. Thus, Th1 cells have a pivotal 

role in antiviral immunity but can also contribute to excessive immunopathology in the context 

of viral infections. Importantly, they mediate delayed type hypersensitivity responses. Th2 cells 

produce IL-3, -4, -5, -10 and -13 and act mainly on eosinophils and mast cells and induce IgE 

production. Importantly, they negatively regulate Th1 responses, which potentially hampers 

antiviral immunity [138, 140, 141]. Pro-inflammatory Th17 cells secrete IL-17, IL-22 and 

tumor necrosis factor (TNF). They are primarily involved in recruiting neutrophils and 

monocytes to inflammatory sites [138]. A pathogenic role of Th17 cells for inflammatory and 

autoimmune diseases, including MS and its autoimmune model experimental autoimmune 

encephalomyelitis (EAE) is suggested [142, 143]. Little is known about their functions in viral 

infections. In contrast to the described Th cells, Treg exhibit mainly inhibitory and modulatory 

effects on other leukocytes. Treg play a key role in the maintenance of peripheral tolerance and 

limitation of inflammation. Consequently, malfunction of the cell subset is associated with 

autoimmune diseases [144]. In viral diseases, Treg can exhibit beneficial or detrimental effects 

by reducing immune‐mediated tissue damage or decreasing antiviral immunity, respectively 

[145, 146].  
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Several approaches targeting the entire CD4+ T cell compartment have demonstrated positive 

or negative effects in TMEV infection. CD4+ T cells are required for TMEV clearance, since 

CD4- or MHC II-deficient C57BL/6 mice show virus persistence [140-142]. On the other hand, 

they also contribute to TMEV-IDD progression in the chronic phase via Th1-mediated delayed 

type hypersensitivity responses [39, 143].  

Figure 5: Overview of main CD4+ T cell lineages. Upon activation in lymphoid organs, naïve CD4+ T cells 
differentiate into effector or regulatory phenotypes depending on the cytokine milieu. Expression of the signature 
transcription factor directs transcription of the effector cytokine profile. Besides cytokine secretion, CD4+ T cells 
also exert cell-contact dependent effector functions (not depicted). APC: antigen presenting cell, BCL-6: B cell 
lymphoma 6, CD: cluster of differentiation, Eomes: eomesodermin, Foxp3: forkhead box protein 3, Gata3: GATA 
binding protein 3, IFN-γ: interferon-γ, IL: interleukin, ROR-γt: retinoic acid related orphan receptor, MHC: major 
histocompatibility complex, T-bet: transcription factor T-box expressed in T cells, TCR: T cell receptor, Tfh: 
follicular helper T cells, Th: T helper cell, TNF: tumor necrosis factor, Treg: regulatory T cell. Modified from 
[138,139]. 
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Due to major advances in the field of CD4+ T cell polarization, recent investigations focus on 

the balance of CD4+ T cell subsets in TME. While shifts in Th1 and Th2 proportions apparently 

do not determine susceptibility to virus persistence [144], a skewed polarization of Th1/Th17 

cells and an unfavorable Treg:Teff ratio have been implicated as causes of impaired viral 

clearance in SJL mice [13, 50, 145-149].  

SJL mice show a marked peripheral Treg-expansion compared to resistant C57BL/6 mice in 

early infection [145]. Elevated Treg numbers along with increased Foxp3 and IL-10 mRNA 

expression were also found in the brain of SJL compared to C57BL/6 mice [50]. Depletion of 

Treg before TMEV-infection results in increased CD4+ and CD8+ T cell responses, a reduction 

of viral load and delayed onset of clinically apparent disease [145]. The opposite approach, an 

enhancement of Treg responses by application of ex vivo generated induced Treg (iTreg) to 

TMEV-infected SJL mice prior to infection decreases immune cell recruitment to the CNS, 

resulting in enhanced virus replication and deterioration of acute clinical symptoms. In the 

chronic disease phase, however, iTreg ameliorate demyelination, indicating that suppression of 

immune mediated tissue damage is beneficial in this disease phase. In both phases, the effects 

of iTreg were explained by an elevated IL-10 production [150]. Surprisingly, the SJL phenotype 

could not be reproduced in resistant mice by manipulation of the Treg compartment. Neither 

adaptive transfer of iTreg nor antibody- or genetic depletion of endogenous Treg abrogates 

virus clearance in C57BL/6 mice [145, 150, 151].  

Following TMEV-infection, Th17 cells develop in vitro and in vivo in an IL-6 dependent 

manner and secrete IL-17, IL-22 and TNF [146]. TMEV-(BeAn) infection induces stronger 

Th17 responses in SJL mice, while C57BL/6 mice have negligible IL-17 levels and strong Th1 

responses [146]. SJLxC57BL/6 F1 crosses show intermediate Th17 responses and their viral 

load is higher than in SJL but lower than in C57BL/6 mice, and the animals are resistant to 

demyelinating disease [119]. Moreover, antibody-mediated blockade of IL-17 boosts cytotoxic 

T cell functions and augments virus clearance in C57BL/6 mice rendered susceptible to TMEV-

IDD by lipopolysaccharide (LPS) administration. IL-17 was shown to upregulate antiapoptotic 

molecules (Bcl-2 and Bcl-xL) in APCs in synergy with IL-6 and to protect them from Fas-

mediated T cell cytotoxicity, which favors virus persistence [146, 152]. The impact of excessive 

Th17 responses was also investigated in a “gain of function approach” using transgenic mice 

overexpressing ROR-γt. The transgene rendered C57BL/6 mice susceptible to viral persistence 

and demyelination. The enhanced Th17 responses in these mice were associated with direct 

effects on the CD8+ T cell population: affected mice showed lower CD8+ T cell numbers and 

lower IFN-γ levels following TMEV infection. Interestingly, a relative preservation of axons 

despite severe demyelination was observed [153]. Although CTLs are crucial for clearance of 

TMEV, they also contribute to axonal damage (see below) [154]. Therefore, the authors 

concluded that inhibition of CD8+ T cell responses by Th17 cells could be detrimental for 
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antiviral immunity but beneficial for maintaining axonal integrity. Moreover, inflammatory 

cytokines produced by Th17 cells could also amplify autoimmune demyelination [13]. 

 

1.6.2 CD8+ T cells 

In adaptive immune responses, CD8+ T cell effector functions are the principal mechanism for 

elimination of intracellular pathogens. Antigen presentation to CD8+ T cells is mediated by the 

interaction of MHC I molecules and the TCR. TCRs are composed of two covalently linked 

transmembrane polypeptide chains (most commonly α and β) with constant and variable chain 

fragments. In contrast to MHC II, class I molecules are expressed in all nucleated cell types. 

Similar to CD4+ T cells, naïve CD8+ T cells require a co-stimulation via CD80/CD86 expressed 

on APCs to differentiate into effector cells. Activated CD8+ cytotoxic T lymphocytes (CTL) 

are able to lyse cells presenting the suitable antigen without co-stimulation. Cytotoxicity can be 

mediated by cell-contact dependent (Fas/FasL) and -independent mechanisms 

(granzyme/perforin). Besides direct cytotoxic effects, CTLs also activate macrophages by 

secretion of IFN-γ [138].  

In TMEV-infection, CD8+ T cells can exert protective and pathogenic effects, depending on the 

CNS compartment and disease phase. The strong influence of the MHC I locus on resistance 

implicates a decisive role of CD8+ T cells for virus clearance. Genetic deletion of CD8 or β2-

microglobulin (which is required for MHC I-restricted CD8+ T cell and natural killer cell 

responses) in C57BL/6 mice reduces antiviral immunity and leads to TMEV persistence and 

demyelination [80, 142, 155]. Similarly, protective functions of CNS-infiltrating CD8+ T cells 

can be observed in TMEV-IDD susceptible mice. Elimination of CD8+ T cells in SJL mice via 

thymectomy, β2-microglobulin knockout or anti-CD8-antibodies leads to reduced CD8+ T cell 

responses resulting in an earlier disease onset and exacerbation of clinical signs [156-158]. 

Therefore, CD8+ T cells substantially contribute to antiviral immune responses in resistant and 

susceptible mouse strains alike. However, the response is apparently insufficient to ultimately 

clear the virus in SJL mice. Several differences in the CD8+ compartment of SJL and C57BL/6 

mice have been suggested as an explanation. First, the epitope repertoire recognized by 

C57BL/6 and SJL mice CTLs is entirely different. In C57BL/6 mice, infection with TMEV 

induces CTLs directed at one immunodominant (VP2121-130) and two subdominant (VP2165-173 

and VP3110-120) capsid epitopes [159-162]. In SJL mice, CTLs reacting with VP3159-166 

(dominant), VP3173-181 and VP111-20 are detected [163]. All C57BL/6 epitopes are H2-D-

restricted, while the SJL epitopes are H2-K-restricted [164]. The presentation of the 

immunodominant C57BL/6 epitope VP2121-130 in the context of H2-Db has exceptional 

importance for viral clearance. Transgenic expression of H2-Db in susceptible FVB mice results 

in resistance, while CD8-specific tolerization to VP2121-130 reverses resistance [165, 166]. 

Interestingly, the epitope is highly conserved in all TMEV strains and most alterations in the 
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region produce dysfunctional virions, indicating a high fitness advantage of the sequence [17, 

167]. 

Despite the differences in epitope repertoire, the proportions and functional capacity of CNS-

infiltrating virus specific CD8+ T cells is comparable in SJL and C57BL/6 mice. However, the 

absolute numbers detected in the CNS during very early infection are higher in resistant than in 

susceptible mice [168]. This rapid cellular immune response might be decisive for the 

prevention of persistent infection of permissive cells. Accordingly, boostering of CD8+ T cell 

responses directed against the dominant SJL epitope (VP3159–166) two days post infection results 

in complete protection from TMEV-IDD in 80% of SJL mice, suggesting that the magnitude, 

rather than epitope repertoire might determine virus clearance [120]. Suggested explanations 

for the delayed CTL response in SJL mice include reduced IL-2 signaling or inhibition by Treg 

and/or Th17 cells [145, 146, 168].  

Besides their important contribution to antiviral immunity, there is considerable evidence that 

CD8+ T cells contribute to axonal and neuronal damage and impaired motor function in DA-

infected mice. Despite virus persistence and demyelination, motor neuron function is preserved 

in mice depleted of virus-specific CD8+ T cells or deficient in MHC class I expression [80, 81]. 

In TMEV-induced demyelinating lesions, a predominant expression of MHC I is seen on axonal 

structures, in contrast to a preferred MHC II expression on cell bodies in the spinal cord [84]. 

Perforin seems to be involved in TMEV-induced axonal damage, since perforin-deficient 

C57BL/6 wild type, H-2q and β2-microglobulin-deficient mice show preservation of 

demyelinated axons and motor function, despite virus persistence and demyelination [82-84]. 

Direct axonal transection by CD8+ T cells in a MHC I and perforin/granzyme A dependent 

manner was demonstrated in vitro using live cell imaging [169]. Therefore, it is plausible that 

such a mode of tissue damage might also occur in demyelinated axons in TMEV-infection.  

The exact mechanisms by which CD8+ T cells are triggered to attack uninfected axons or cells 

following TMEV infection are still largely speculative. Neither molecular mimicry, nor epitope 

spreading has been experimentally demonstrated in MHC I-restricted responses. However, the 

occurrence of potentially autoreactive CD8+ T cells has been shown following infection with 

the DA strain [70]. Those cells, isolated from the spleen of TMEV-infected SJL mice and 

activated by TMEV-presenting APCs are able to specifically kill allogeneic, uninfected cell 

lines in a Fas:FasL dependent manner. Moreover, they produce IFN-γ and induce inflammation, 

degeneration and apoptosis in the CNS upon transfer into naïve animals [71]. A subsequent 

investigation has revealed the presence of different types of variable TCR chains on individual 

clones, indicating the occurrence of dual or chimeric TCRs [79]. The presence of dual TCRs 

directed against viral- and self-antigens on individual T cells might explain virally-triggered 

autoimmunity without molecular mimicry. The described autoreactive CD8+ T cells can be 

induced by DA antigens but not by GDVII capsid peptides, which might also explain why the 
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latter does not induce demyelination [72]. The importance of capsid proteins for the induction 

of pathologic CD8+ T cell responses was also demonstrated in transgenic mice expressing VP1 

and VP2 peptides under the control of the MHC I promotor. These animals do not generate 

CD8+ T cells directed at the peptides (central tolerance) and show a preservation of axons, 

despite virus persistence [170]. Autoreactive CD8+ T cells could also be involved in 

oligodendrocyte apoptosis, leading to demyelination [71, 154]. However, involved self-

antigens, affected cell types as well as the extent of the contribution to demyelination and axonal 

damage in chronic TMEV infection are unknown and require further investigation. 

 

1.6.3 B cells 

B cells recognize antigens via membrane bound IgM and differentiate into antibody-producing 

plasma cells and memory B cells. Their activation can be achieved in a T cell-dependent and -

independent manner. Recognition of peptide antigens requires stimulation by Th cells by cell-

contact dependent (CD40/CD40L) and soluble mechanisms (IL-4, IL-5, IL-6 and IL-13). T-cell 

dependent activation generates high-affinity antibodies, which participate in antimicrobial 

responses by neutralization, opsonization, complement activation, and antibody-mediated 

cytotoxicity executed by natural killer cells [138]. Neutralizing antibodies recognizing TMEV 

capsid proteins are detectable in the blood and cerebrospinal fluid of SJL mice 1 week after 

infection and mount to high levels in the chronic phase [39, 42]. Humoral immune responses 

contribute to antiviral immunity in TMEV-infection, but prominent effects are only observed 

in animals with otherwise compromised immunity. Anti-TMEV antibody-transfer into athymic 

nude mice, which normally die of fatal encephalitis, results in viral clearance [171]. The 

contribution of CD4+ T cells to virus control is at least partly mediated by aiding humoral 

responses, because infection exacerbation in CD4-depleted mice can be partly reversed by 

antibody transfer [172]. Depletion of B cells in TMEV-infected SJL mice increases viral load 

in the brain and spinal cord during late TME, indicating that antibody production contributes to 

control of persistent infection [173]. Also, B cell depletion annihilates vaccination-induced 

protection from TMEV-IDD, indicating a protective role of memory B cells [174]. In C57BL/6 

mice, B cells appear to play a minor role for containment of excessive acute encephalitis in the 

absence of CD8+ T cells [164].  

Little is known about the contribution of B cells and humoral immune responses to 

demyelination. Gene expression analyses have shown an upregulation of genes involved in B 

cell activation in the cervical lymph nodes of SJL mice in early infection. In the spinal cord, a 

chronic upregulation of genes related to plasma cell differentiation and antibody production is 

found [63, 175]. Moreover, high numbers of plasma cells and IgG are present in the spinal cord 

in the late demyelinating disease. Since the blood-brain barrier is intact at this time, the findings 

indicate an intrathecal antibody production in chronic TMEV-IDD. Interestingly a monoclonal 
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antibody cross-reacting with viral VP1 and the myelin component galactocerebroside (GALC) 

was raised from TMEV-infected mice and in vivo application of the antibody exacerbated 

demyelination in EAE. The latter finding indicates that antiviral humoral immune responses 

might be involved in myelin damage initiated by molecular mimicry. However, the actual 

contribution to demyelination and disease progression in the TME model is uncertain [75, 76]. 

 

1.7 Immune Responses Involved in Hippocampal Damage and Epilepsy  

Several experiments have demonstrated that microglia, macrophages and innate immune 

responses are crucially involved in the induction of acute seizures following TMEV-infection 

[111, 114, 176, 177]. Similarly, infiltrating monocytes/macrophages, attracted by neuronal 

expression of CCL2 were shown to be key mediators of hippocampal damage [105, 106, 178]. 

The majority of the experiments were performed with the DA strain of TMEV, which produces 

the most profound hippocampal lesions. However, receiver operating characteristics (ROC) 

curve analysis of mice infected with BeAn(-2) similarly revealed that the severity of 

hippocampal neurodegeneration and number of activated microglia/macrophages almost 

perfectly discriminate seizing from non-seizing mice [46]. Microglia/macrophage-derived 

inflammatory mediators IL-6 and TNF are crucial for seizure induction [111, 177, 179-181]. 

C57BL/6 mice with seizures show higher levels of the cytokines than non-seizing mice and 

genetic knockouts of TNF, TNF receptor I and IL-6 markedly reduce seizures [111, 177, 179, 

182]. Moreover, application of recombinant IL-6 to IL-6-/- animals reverses the phenotype, 

which shows that peripheral IL-6 can modulate seizure activity [179]. IL-6 and TNF probably 

contribute to seizures by increasing excitatory transmission through modulation of synaptic 

receptor expression and functions [9, 182]. In addition, the contribution of complement 

component C3 produced by microglia and macrophages has been demonstrated in the seizure 

model, but the mode of action is still unclear [183, 184].  

The majority of groups investigating TMEV-induced hippocampal pathology concluded that 

adaptive immune responses are not primarily involved in the initiation of seizures and 

hippocampal damage because: i) seizures and neuronal death start very early following virus 

inoculation (2-3 dpi), preceding the development of adaptive immune responses in the CNS, ii) 

GDVII virus infection, which does not induce specific antiviral immune responses also causes 

seizures and iii) seizure occurrence in OT-I transgenic mice (which do not mount antiviral CD8+ 

T cell responses, because the majority of CD8+ T cells is directed against ovalbumin) is similar 

to wild type animals [7, 13, 49, 104, 111]. Despite the fact that the initiation of hippocampal 

damage and epilepsy is apparently mediated by innate immune responses, CD8+ T cells 

certainly contribute to cytotoxic damage of TMEV-infected neurons, and possibly also adjacent 

uninfected neurons. Hippocampal infection induces a marked infiltration of T cells and the 

number of CD3+ T cells correlates with acute seizures in DA-infected mice [46]. Confocal 
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microscopy analysis revealed that virus-specific CD8+ T cells recognizing the 

immunodominant V121-130 epitope form immune synapses with infected neurons [185]. Similar 

to the situation in the spinal cord, virus-specific CTLs also cause axonal damage in the early 

stages of brain infection, which can be visualized as T1 hypointense lesions (“T1 black holes”) 

in magnetic resonance imaging [186]. Moreover, transgenic FVB mice expressing the H-2Db 

MHC I molecule, which confers resistance to virus persistence, show marked hippocampal 

neurodegeneration and atrophy, while wild type animals are protected [122]. It appears that the 

cost of a rapid and efficient antiviral response in TMEV-IDD resistant strains might be the 

sacrifice of neuronal integrity at the primary infection site.  

In the acute polioencephalitis phase, both SJL and C57BL/6 mice show high viral loads, a 

prominent inflammatory cell infiltration and cytokine secretion, but only C57BL/6 mice 

develop severe neuronal loss and seizures. On the one hand, a deleterious combination of known 

and yet undiscovered inflammatory mediators in C57BL/6 mice might be responsible for the 

damage. On the other hand, the presence of neuroprotective factors in SJL mice might explain 

the differences between the strains. For instance, enhanced expression of IL-10 might represent 

a defense mechanism preventing excessive neuronal damage. Neuroprotective effects of IL-10 

have been described in several CNS diseases and conditions involving an inflammatory 

component (e.g. stroke, traumatic brain injury, Parkinson’s disease and neuropathic pain) [187-

189]. However, the role of IL-10 in TMEV-induced hippocampal pathology has not been 

investigated yet.  

 

1.8 Biology of Regulatory T Cells and Interleukin-10 

Maintenance of self-tolerance and prevention of tissue damage in the course of inflammation 

requires mechanisms that suppress deleterious immune responses. Several types of cells with  

regulatory function have been described, including CD4+Foxp3+ Treg, invariant natural killer 

T cells (iNKT), double negative CD3+ helper cells, γδ-T cells, regulatory B cells, myeloid 

suppressor cells, highly polarized T-helper 1 (Th1) and CD8+Foxp3+ T cells. Among them, 

Treg are the best characterized cell type with paramount importance for immune homeostasis 

[138, 190-192]. Defects in the gene coding for the Treg-specific transcription factor foxp3 are 

responsible for the fatal inflammatory disease, immune dysregulation, polyendocrinopathy, 

enteropathy, X-linked (IPEX) syndrome in humans and a similar systemic lymphoproliferative 

disease in scurfy mutant mice [193, 194]. Besides their role in prevention of autoimmunity, 

Treg are also involved in the suppression of excessive immune responses elicited by commensal 

microbiota as well as invading pathogens [190, 195]. There are two main types of Treg in the 

organism. One group is generated in the thymus in the course of central tolerance development. 

Besides these natural Treg (nTreg), Foxp3 expression and a regulatory phenotype can be 
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induced in naïve CD4+ T cells in the periphery, for example following stimulation with IL-2 

and transforming growth factor (TGF)-β (induced Treg, iTreg) [138, 191, 196]. It is currently 

unknown whether both types recognize self- and foreign antigens and to which extent the 

subtypes contribute to tolerance and suppression of pathogen-induced inflammation. 

Presumably, nTreg predominantly recognize self-antigens presented in the thymus, while iTreg 

have receptors for self- or foreign antigens and therefore probably play a more important role 

in host-pathogen interactions [138, 190]. Treg require IL-2 as a growth and survival factor and 

constitutively express high affinity IL-2 receptors. Since they produce very little or no IL-2 

themselves, they are dependent on IL-2 produced by other sources [197-199]. Besides IL-2, 

TGF-β is important for the induction and maintenance of Foxp3 expression in Treg in the 

periphery [200, 201]. Treg exert inhibitory effects on antigen presenting cells, T cells, B cells 

and NKT cells. This is achieved by several mechanisms, including cell contact-dependent 

suppression and secretion of soluble anti-inflammatory mediators. For instance, Treg show a 

high expression of cytotoxic T-lymphocyte-associated Protein 4 (CTLA-4), which competes 

with CD28 for CD80/CD86 molecules and removes the latter from APC surface, thereby 

preventing co-stimulation. Due to the hypoproduction of IL-2 and expression of high affinity 

IL-2 receptors, Treg deprive other T cells of IL-2.  The main soluble mediators secreted by Treg 

are the anti-inflammatory cytokines IL-10, IL-35 and TGF-β. Moreover, Treg are also capable 

of granzyme/perforin dependent killing of other T cells [138, 202, 203]. It is currently unknown 

whether the various mechanisms employed by Treg are complementary or redundant and if 

their activity depends on the Treg subtype, tissue or condition. It has been suggested that Treg-

mediated suppression can be divided into two main modes: a predominant prevention of T cell 

activation (e.g. by IL-2 deprivation or prevention of APC-T cell interactions) in steady-state 

conditions versus recruitment of mechanisms with a powerful suppressive effect (e.g. IL-10 

secretion) in inflammatory conditions requiring more effective measures [202]. Moreover, 

recent evidence clearly demonstrates that the Treg pool is not uniform and might be composed 

of distinct populations operating with different mechanisms, depending on the tissue site and 

condition [203-205]. Besides their function in the suppression and termination of inflammatory 

responses, Treg also promote tissue repair along with proliferation and differentiation of stem 

cells. For instance, Treg recruited by IL-33 have been shown to activate M2-type macrophages, 

which promote remyelination and differentiation of oligodendrocytes in the CNS [206, 207]. 

Recently, a distinct cerebral Treg population was described which differed from peripheral Treg 

in its gene expression pattern and was shown to suppress astrogliosis and potentiate 

neurological recovery by producing the low-affinity epidermal growth factor receptor ligand 

amphiregulin [208].  

IL-10 is a pleiotropic cytokine with profound anti-inflammatory and tolerogenic properties. 

Although it was initially considered mainly a Th2-derived cytokine, it has now been established 

that all T cell subsets as well as other cell types including B cells, monocytes, macrophages, 
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dendritic cells, NK cells, mast cells and granulocytes can produce IL-10 [209-211]. In the CNS, 

IL-10 can also be synthetized by microglia and astrocytes [212, 213]. The function of IL-10 is 

mediated by the IL-10 receptor (IL-10R), a heterodimeric transmembrane receptor composed 

of an α- and β-subunit. IL-10 receptor signaling is a two-step process. Initial binding of IL-10 

to IL-10Rα leads to a conformational change allowing association with the β-subunit of the 

receptor [214]. Formation of the receptor complex activates the janus kinases Jak1 (coupled to 

IL-10Rα) and Tyk2 (coupled to IL-10Rβ), leading to autophosphorylation. This allows binding 

and phosphorylation of the transcription factor signal transducer and activator of transcription 

(STAT) 3 to the α-subunit. In some cell types, IL-10 receptor binding also leads to STAT1 and 

STAT5 activation, but STAT3 is crucial for IL-10 effects in immune cells. STAT molecules 

form homo- and heterodimers, migrate into the nucleus and bind to STAT-responsive elements, 

which induces transcription of corresponding genes [215-218]. IL-10 has been regarded as the 

master negative regulator of inflammation for a long time, but the biologic effects of IL-10 are 

very complex and not entirely understood in some contexts [218]. The main targets of the 

cytokine are cells of the monocyte/macrophage lineage, in which IL-10 signaling results in the 

upregulation of ~1.600 and down-regulation of ~1.300 genes [215, 219]. In general, IL-10 

inhibits secretion of pro-inflammatory cytokines, while enhancing transcription of anti-

inflammatory and tissue repair-promoting mediators. Furthermore, it downregulates the 

expression of MHC II and co-stimulatory molecules and thereby inhibits activation of T cells 

by APCs. Beside the effects mediated by APC-T cell interaction, IL-10 also directly inhibits 

functions of CD4+ T cells, particularly of the Th1 phenotype. The direct effects on CD8+ cells 

are more complex, since activating and inhibitory effects are described. IL-10 is important for 

CD8+ memory T cell formation, but also directly inhibits CD8+ T cell activation by decreasing 

antigen sensitivity [215, 220-224].  IL-10 is crucial for maintenance of immune homeostasis 

and IL-10 or IL-10R deficiency results in autoimmune disease particularly in the intestinal tract 

[225]. In autoimmune models of neurologic disease, such as EAE, Treg-derived IL-10 has 

beneficial effects [226].  
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1.9 Hypothesis and Aims 

Viral infections of the central nervous system pose a challenge to the host defense system. 

Vigorous antiviral responses facilitate virus clearance and minimize damage caused by the 

pathogen, but excessive inflammation can contribute to tissue damage to a substantial degree. 

Following TMEV infection, mice with a C57BL/6 background efficiently clear the virus but 

show immune-mediated structural and functional damage in neuronal structures of the limbic 

system with long-term effects on seizure threshold and behavior. A contrasting scenario is 

observed in SJL mice, which fail to clear the virus and develop a chronic demyelinating disease, 

while showing a protection of limbic structures. Mouse strain comparisons reveal earlier and 

stronger CTL responses in C57BL/6 mice compared to SJL mice, possibly favoring rapid virus 

clearance [168, 227]. The exact reasons for delayed CD8+ T cells responses in SJL mice remain 

elusive. One possible explanation is the presence of excessive immunomodulatory responses in 

SJL mice. Accordingly, enhanced infiltration of regulatory T cells and higher expression of IL-

10 is observed in the brain of SJL mice during early infection [50, 145]. This led to the 

hypothesis, that excessive anti-inflammatory signaling might contribute to impaired virus 

clearance in this mouse strain. Secondly, enhanced modulatory effects mediated by Treg and 

IL-10 might be responsible for differences in the extent of hippocampal damage (Figure 6).  

The aim of the projects included in the presented thesis was to determine whether manipulation 

of anti-inflammatory factors (Treg or IL-10) might reverse the typical TMEV-induced disease 

phenotypes seen in C57BL/6 and SJL mice, respectively.  Previous studies revealed disease-

phase specific effects of Treg in SJL mice. In the acute phase Treg contribute to impaired 

antiviral immune responses, whereas they limit inflammatory demyelination in the chronic 

phase [145, 150]. Surprisingly, application of ex vivo generated induced Treg (iTreg) fails to 

impede virus clearance and induce demyelination in resistant C57BL/6 mice, indicating that 

low Treg responses alone cannot account for TMEV-IDD resistance in this mouse strain [150]. 

In the first project (Part I), a different approach targeting the endogenous Treg compartment 

in C57BL/6 mice was applied. Treg were systemically expanded by intraperitoneal application 

of immune complexes composed of recombinant IL-2 and anti-IL-2 antibodies [228, 229]. In 

addition, Treg-expansion was combined with antibody-mediated depletion of CD8+ T cells to 

test the hypothesis that vigorous CTL responses in C57BL/6 mice account for the limited impact 

of Treg on virus persistence. While the effect on virus persistence and histopathological lesions 

was already described in the thesis of Muhammad Akram Khan [230], the effects on the 

immune responses will be discussed in more detail here. 

The second part of the thesis aims at elucidating the role of IL-10 in the brain of TMEV-infected 

SJL mice (Part II). To obtain detailed information about the expression kinetics of genes 
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involved in IL-10 receptor signaling, a transcriptome analysis was performed at 3 timepoints in 

early TMEV-infection. Furthermore, IL-10 signaling was blocked by application of an antibody 

directed at the alpha subunit of the IL-10 receptor (IL-10R-Ab). The impact of the treatment on 

the chronic phase of TMEV-IDD was evaluated in a previous study, which revealed a negligible 

role of IL-10 for viral load and pathological lesions in the spinal cord [231, 232]. Here, the 

effects of IL-10R blockade on cerebral virus clearance and hippocampal damage during early 

disease were investigated to test the hypothesis that IL-10 is in part responsible for hippocampal 

protection in SJL mice.  

 

 

  Figure 6: Adaptive immune responses following Theiler’s murine encephalomyelitis virus (TMEV)-
infection of different mouse strains. While C57BL/6 mice show an efficient cytotoxic T cell response against 
TMEV, IL-10 secreting Treg are more numerous in SJL mice in early infection. The manuscripts included in 
the thesis aimed at reversing the immunologic response in C57BL/6 mice by expanding Treg with or without 
CD8-depletion and in SJL mice by blocking the IL-10 receptor.  CD: cluster of differentiation, Foxp3: forkhead 
box protein P3, IL-10: interleukin-10, Treg: regulatory T cell 
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Abstract   

Theiler’s murine encephalomyelitis (TME) of susceptible mouse strains is a commonly used 

infectious animal model for multiple sclerosis. The study aim was to test the hypothesis whether 

cytotoxic T cell responses account for the limited impact of regulatory T cells on antiviral 

immunity in TME virus-induced demyelinating disease (TMEV-IDD) resistant C57BL/6 mice. 

TME virus-infected C57BL/6 mice were treated with (i) interleukin-2/-anti-interleukin-2-

antibody-complexes to expand regulatory T cells (‘Treg-expansion’), (ii) anti-CD8-antibodies 

to deplete cytotoxic T cells (‘CD8-depletion’) or (iii) with a combination of Treg-expansion 

and CD8-depletion (‘combined treatment’) prior to infection. Results showed that ‘combined 

treatment’ but neither sole ‘Treg-expansion’ nor ‘CD8-depletion’, leads to sustained 

hippocampal infection and virus spread to the spinal cord in C57BL/6 mice. Prolonged infection 

reduces myelin basic protein expression in the spinal cord together with increased accumulation 

of β-amyloid precursor protein in axons, characteristic of myelin loss and axonal damage. 

Chronic spinal cord infection upon ‘combined treatment’ mice was also associated with 

increased T and B cell recruitment, accumulation of CD107b+ microglia/macrophages and 

enhanced mRNA expression of interleukin (IL)-1α, IL-10 and tumor necrosis factor. In 

conclusion, data revealed that the suppressive capacity of Treg on viral elimination is efficiently 

boosted by CD8-depletion, which renders C57BL/6 mice susceptible to develop chronic 

neuroinfection and TMEV-IDD. 
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Abstract 

Theiler’s murine encephalomyelitis virus (TMEV) infection represents an experimental mouse 

model to study hippocampal damage induced by neurotropic viruses. IL-10 is a pleiotropic 

cytokine with profound anti-inflammatory properties, which critically controls immune 

homeostasis. In order to analyze IL-10R signaling following virus-induced polioencephalitis, 

SJL mice were intracerebrally infected with TMEV. RNA-based next generation sequencing 

revealed an up-regulation of Il10, Il10rα and further genes involved in IL-10 downstream 

signaling, including Jak1, Socs3 and Stat3 in the brain upon infection. Subsequent antibody-

mediated blockade of IL-10R signaling led to enhanced hippocampal damage with neuronal 

loss and increased recruitment of CD3+ T cells, CD45R+ B cells and an up-regulation of Il1α 

mRNA. Increased expression of Tgfβ and Foxp3 as well as accumulation of Foxp3+ regulatory 

T cells and arginase-1+ macrophages/microglia was detected in the hippocampus, representing 

a potential compensatory mechanism following disturbed IL10R signaling. Additionally, an 

increased peripheral Chi3l3 expression was found in spleens of infected mice, which may 

embodies reactive regulatory mechanisms for prevention of excessive immunopathology. The 

present study highlights the importance of IL-10R signaling for immune regulation and its 

neuroprotective properties in the context of an acute neurotropic virus infection. 
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CHAPTER 4 

GENERAL DISCUSSION 

 

  

4. General Discussion 

Viral infections of the CNS require a well-orchestrated and balanced immune response to 

preserve neurological function. Vigorous antiviral responses facilitate virus clearance and 

minimize damage caused by the pathogen itself. On the other hand, excessive inflammation can 

cause collateral immunopathology. Preventing tissue damage is particularly important in the 

CNS, an organ system with exceptional importance for the host’s survival and a very limited 

regeneration capacity. The outcome of an infection is partially influenced by genetic factors, 

which differentially regulate the nature and extent of the immune response. TMEV-infection of 

mice represents a good example for the variety of possible outcomes in neurotropic infections. 

C57BL/6 mice show vigorous antiviral immune responses and successfully eliminate the 

pathogen, but some animals develop long-term impairment of neurological function due to 

immune-mediated damage to limbic structures. In contrast, animals with an SJL background 

show hippocampal protection, but the virus persists in the white matter of the spinal cord and 

induces a chronic demyelinating disease. The exact reasons for the different disease phenotypes 

are not fully understood yet. Comparison of the adaptive immune responses show an earlier and 

more efficient antiviral CD8+ T cell response in C57BL/6 mice, while SJL mice display an 

initial expansion of Treg and increased expression of IL-10, which potentially hampers antiviral 

immunity [1-3].  Accordingly, manipulation of the Treg compartment in TMEV-IDD 

susceptible SJL mice in early infection has been shown to influence viral loads [2, 4]. However, 

similar approaches have failed to influence the efficiency of antiviral immune responses in 

C57BL/6 mice, indicating that Treg functions might differ depending on the genetic 

background of the individual [2, 4, 5].  

The aim of the first part of the thesis was to test the hypothesis that vigorous cytotoxic T cell 

responses account for the limited impact of regulatory T cells on antiviral immunity in C57BL/6 

mice. To that end, C57BL/6 mice were treated with (i) IL-2/-anti-IL-2-antibody-complexes (IL-
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2C) to expand Treg (Treg-expansion), (ii) anti-CD8-antibodies to deplete cytotoxic T cells 

(CD8-depletion) or (iii) a combination of Treg-expansion and CD8-depletion (combined 

treatment) and subsequently infected with the BeAn strain of TMEV. The effects on the viral 

load, demyelination, axonal damage, inflammatory cell infiltration and cytokine gene 

expression were evaluated in the brain and spinal cord using histology, immunohistochemistry 

(IHC) and quantitative reverse transcriptase polymerase chain reaction (RT-qPCR). Moreover, 

systemic immune responses were analyzed via flow cytometry and IHC.  

 

The second part of the thesis aimed to decipher the involvement of excessive IL-10 signaling 

in impaired virus clearance and hippocampal protection during early encephalitis in SJL mice.  

First, RNA was isolated from TMEV (BeAn)-infected SJL mice sacrificed at 3, 7 and 14 dpi 

and RNA-based next generation sequencing analysis (RNA-Seq) was performed to determine 

expression kinetics of genes involved in the IL-10 pathway. Thereafter, IL-10 signaling was 

disrupted in SJL mice by injection of blocking anti-IL-10 receptor antibodies (IL-10R-Ab) prior 

to infection with TMEV. The effects on hippocampal inflammation, neuronal loss, axonal 

damage as well as cytokine and chemokine gene expression were evaluated by means of 

histology, IHC and RT-qPCR.  Alterations in systemic immune responses were analyzed by 

flow cytometry and IHC.  

 

4.1. Regulatory T cells and Interleukin-10 in Viral Diseases of the Central 

Nervous System 

In infectious diseases, immune-modulatory effects of Treg and IL-10 can be a double-edged 

sword that suppresses inflammatory tissue damage on the one hand, but also potentially 

hampers protective immune responses to the pathogen. The involvement of excessive Treg 

activation and IL-10 production is suspected to contribute to impaired virus clearance 

particularly in chronic viral infections [6-8].  For example, a causative role of IL-10 in virus 

persistence has been demonstrated in lymphocytic choriomeningitis virus (LCMV) infection 

[9, 10]. Conversely, protective effects of Treg functions and IL-10 signaling are assumed in 

viral infections that cause overwhelming immunopathology with detrimental consequences for 

neurologic function and host survival, for example in flaviviral encephalitis [6, 8]. For instance, 

observations in human patients infected with Dengue virus or West Nile Virus (WNV) have 

revealed a correlation of high Treg numbers with favorable disease outcome, and Treg-

depletion in experimental murine WNV infection increased mortality [11, 12]. Similarly, a 

protective role of IL-10 producing Treg has been demonstrated in murine infections with 

Japanese encephalitis virus and tick-borne encephalitis virus [12-14]. In experimental infection 

with the neurotropic JHM strain of mouse hepatitis virus (JHMV), which represents a virally-

induced model for multiple sclerosis, Treg and IL-10 have been shown to reduce inflammation 
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and clinical signs without compromising virus clearance [15-18]. Neuroprotective effects have 

also been demonstrated in a murine HIV-1 encephalitis model. Here, adoptive transfer of Treg 

attenuates astrogliosis and microglial inflammation, which is associated with an up-regulation 

of brain-derived neurotrophic factor (BDNF) and glial cell line-derived neurotrophic factor 

(GDNF) as well as reduced expression of proinflammatory cytokines, oxidative stress and viral 

replication [19]. In contrast, a Treg-mediated suppression of antiviral immunity was 

demonstrated in experimental infection with recombinant measles virus [20]. Curiously, 

detrimental effects of IL-10 signaling have been demonstrated in WNV-infection. IL-10R 

blockade improves virus control and survival in WNV-infected animals, which is in contrast to 

the results obtained by Treg depletion [21]. The discrepancy suggests that Treg function and 

IL-10 signaling are not necessarily related. Deciphering the exact role of IL-10 signaling in 

viral CNS diseases is less straightforward than that of Treg because of the variety of cell types 

involved in the production and responses of IL-10. Although IL-10 has been regarded as an 

anti-inflammatory molecule for a long time, it is now clear that it exerts inhibitory and 

stimulating effects on effector T cells, depending on their activation state [8, 22]. 

 

4.2. Cytotoxic and Regulatory T cells in Theiler’s Murine 

Encephalomyelitis Virus-infected SJL Mice 

Comparison of the TMEV-induced CD8+ T cell responses of C57BL/6 and SJL mice revealed 

that in both strains, approximately 60-75% of CD8+ T cells infiltrating the brain upon infection 

are directed at virus capsid peptides. Moreover, these cells show comparable activation states, 

cytokine production and cytolytic function in both mouse strains [1, 23]. Yet, while this 

response is protective in C57BL/6 mice, SJL mice fail to clear the virus from the CNS. The 

exact reasons for this phenomenon remain elusive. The epitope specificity of antiviral CD8+ T 

cells differs among the strains, which might influence cytotoxic efficiency. In C57BL/6 mice, 

infection induces CD8+ T cells directed at the viral capsid peptides   VP2121-130, VP2165-173 and 

VP3110-120, which are all presented by the MHC I molecules of the H-2D type, while in SJL 

mice CD8+ T cells recognize H-2K-restricted VP3159-166, VP3173-181 and VP111-20 [24-27].  

Despite the difference in epitope recognition, the CD8+ T cell compartment clearly displays at 

least partial protective effects in SJL mice, since disruption of the response by antibody-

mediated CD8-depletion, β2-microglobulin deficiency or thymectomy results in an earlier 

disease onset and exacerbation of clinical signs in this mouse strain [28-30]. Moreover, 

application of VP3159–166-specific (SJL epitope) CD8+ T cells two days post infection efficiently 

boosts the antiviral immune responses leading to protection from demyelination, which 

demonstrated that the SJL response indeed has neutralizing potential [31, 32]. Thus, it appears 

that insufficient numbers and/or activation of CD8+ T cells might occur in vivo in SJL mice. A 

detailed temporal analysis of inflammatory cell numbers revealed that C57BL/6 mice show 
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earlier and stronger virus-specific CD8+ T cell infiltration into the brain compared to SJL mice. 

Therefore it was suggested that differences in the velocity and quantity of the initial cellular 

immune response might be decisive in virus elimination [1].  

One possible explanation for compromised cytotoxic T cell function is the presence of 

potentially inhibitory factors in TMEV-IDD susceptible mouse strains.  For instance, a marked 

systemic expansion and enhanced CNS-infiltration of Treg is observed in early infection in SJL 

but not in C57BL/6 mice [2, 3]. Since Treg potently inhibit the interaction of APCs and T cells, 

an unfavorable Treg:Teff ratio might contribute to a delayed generation of antiviral CTL 

responses. This hypothesis was tested by inactivation of Treg in SJL mice prior to TMEV 

infection using anti-CD25 and anti-glucocorticoid-induced-TNF-receptor (GITR) antibodies 

[2]. Both methods resulted in enhanced virus-specific CD4+ T cell, CD8+ T cell and antibody 

responses, reduced viral load in the spinal cord and delayed onset of clinically apparent disease. 

However, a complete protection was not achieved, and mice were still unable to clear the virus 

completely [2]. The opposite approach, an enhancement of Treg responses by application of ex 

vivo induced Treg (iTreg) to TMEV-infected SJL mice revealed disease phase specific effects. 

Application of iTreg prior to infection decreased leukocyte recruitment to the CNS, resulting in 

enhanced virus replication and deterioration of acute clinical symptoms. In contrast, transfer of 

iTreg at 3-4 weeks post infection ameliorated demyelinating disease without affecting viral 

titers, indicating that suppression of immune mediated tissue damage is beneficial in this disease 

phase [4]. In contrast to these two experiments described above, a recent study employing the 

immunomodulatory drug glatiramer acetate, which enhances endogenous Treg responses as 

well as IL-10 and IL-4 production, showed no negative impact on antiviral immunity and viral 

load in SJL mice [33]. The discrepancy might be related to different efficiencies between 

endogenous and ex vivo induced Treg. For a summary of the effects of Treg-manipulation in 

the TME model, see Table 1 below.  

 

4.3 Cytotoxic and Regulatory T cells in Theiler’s Murine 

Encephalomyelitis Virus-infected C57BL/6 Mice 

In contrast to SJL mice, neither antibody-mediated inactivation, nor genetic depletion of Treg 

in the DEREG model (Depletion of regulatory T cells, BAC-transgenic Foxp3 reporter mice on 

C57BL/6 background) showed an impact on antiviral immunity in C57BL/6 mice [2, 5]. 

Moreover, adaptive transfer of ex vivo generated Treg failed to diminish virus clearance or 

induce demyelination in this mouse strain (Table 1) [4]. The lack of effect of iTreg on antiviral 

responses might indicate that, regardless of the numbers, Treg appear to be incapable of 

breaching the vigorous CD8+ T cell response in C57BL/6 mice. On the other hand, application 

of iTreg has certain disadvantages, since iTreg represent a very plastic population and can lose 
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their suppressive capacity after transfer [34]. In clinical application, expansion of the 

endogenous Treg compartment is currently regarded as superior to adoptive transfer approaches 

[35, 36]. Thus, in project I of the thesis, we employed such an approach using IL-2-antibody 

complexes (IL-2C). In non-infectious conditions, it has been demonstrated that application of 

IL-2C complexes leads to a marked transient increase of Treg numbers in many lymphoid and 

other organs and that this expansion prevents the induction of autoimmunity in the EAE model 

and induces long-term acceptance of allografts without the need for immunosuppression [37, 

38].  

Table 1: Effects of Treg manipulation on virus persistence and demyelinating disease in 
Theiler’s-murine encephalomyelitis virus infection.  

* Indirect effect on Treg. Red color indicates project I of the thesis. 

 

In the presented experiment, IL-2C injection resulted in a four- to fivefold systemic increase in 

Treg in non-infectious and infectious conditions, respectively. Moreover, in TMEV-infected 

animals, an enhanced infiltration of Treg into the CNS was observed at 3 dpi. In agreement with 

the results obtained by adoptive iTreg transfer [4], Treg-expansion alone failed to induce 

Disease 

stage 

Mouse 

strain 

Treg 

 or  
Method Viral load 

Demyelinating 

disease 
Reference 

Acute 
 

Treg 

Antibody–

mediated depletion 

(anti CD25) 

 Delayed [2] 

Acute 
 

Treg 
Ex vivo generated 

iTreg 
 Accelerated [4] 

Chronic 
 

Treg 
Ex vivo generated 

iTreg 
No effect Decreased [4] 

Acute to 

chronic  
Treg* Glatiramer acetate No effect Decreased [33] 

Acute 
 

Treg 
Genetic depletion 

(DEREG mice) 
No effect No effect [5] 

Acute   
 

Treg 
Ex vivo generated 

iTreg 
No effect No effect [4] 

Acute 
 

Treg 
Expansion by IL2-

complexes 
No effect No effect 

Part I of the 

thesis 

Acute 
 

Treg + 

CD8 

Expansion by IL2-

complexes, 

antibody-mediated 

CD8-depletion 

 

Synergistic 

effect  

 

Synergistic  

effect 

Part I of the 

thesis 
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chronic infection and demyelinating disease in the spinal cord. Despite elevated numbers of 

Foxp3+ cells and Foxp3 mRNA transcripts, IL-2C-receiving animals showed no upregulation 

of anti-inflammatory cytokines, such as IL-10 or TGF-β in the cerebrum. Thus, increased local 

Treg responses are unable to alter the cytokine milieu in mice with a resistant genetic 

background. Although Treg are potent suppressors of T cell function in steady-state conditions, 

the pro-inflammatory milieu present at highly inflamed infection sites can inhibit Treg functions 

[6, 39]. For example, induction of toll-like receptor pathways in dendritic cells suppresses Treg 

function, which is in part dependent on IL-6 [40]. The vigorous initial inflammatory response 

in C57BL/6 mice might override effects of local Treg regardless of their numbers. Treg-

expansion alone also showed no inhibitory effect on the overall percentage of CD8+ T cells in 

blood and spleen. Although the numbers of CD8+ T cells were not analyzed in the cerebrum, 

the lack of effect on cytokine gene expression suggests that Treg-expansion did not impede 

effector T cell infiltration into the CNS.  

Consistent with previous experiments, CD8-depletion induced inflammatory demyelinating 

lesions in the spinal cord. Interestingly, this effect was markedly enhanced by a concurrent 

Treg-expansion, resulting in significantly increased intralesional virus antigen and RNA, 

elevated myelitis scores and additional axonal damage in combined-treated animals. Moreover, 

combined treatment induced a significant upregulation of the pro-inflammatory cytokines IL-1 

and TNF in the spinal cord. The numbers of Foxp3+ Treg and expression of IL-10 was similarly 

increased in the spinal cord of combined-treated animals at 42 dpi, which probably represents 

a counterregulation aiming at limitation of the inflammatory response. One possible 

explanation for the differences between CD8-depleted and combined-treated animals was found 

in the CD8+ T cell compartment. Analysis of the systemic T cell population revealed that CD8+ 

T cells rebounded at 42 dpi following antibody-mediated depletion, but this was markedly 

delayed if animals received concurrent IL-2C. The systemic changes were also reflected at the 

site of virus replication, because high numbers of CD8+ T cells were detected in animals 

receiving CD8-antibodies but not in combined-treated animals with highest viral burden. Thus, 

regeneration of CD8+ T cell responses 6 weeks after antibody-mediated depletion apparently 

reinstated control of virus replication. The prolonged effects on the CD8+ T cell compartment 

are somewhat curious, since IL-2C treatment only induced a very transient Treg-expansion. 

Long-term effects of IL-2C-mediated Treg-expansion were also observed in a pancreatic island 

allograft mouse model. In that study, 82% of the mice showed indefinite graft acceptance, even 

though Treg numbers returned to baseline levels at 2 weeks after IL-2C-injection. A possible 

interpretation is that Treg-expansion leads to the establishment of a graft-specific Treg 

population at the site of the tolerated transplant, which perpetuates a regulatory milieu [37, 41]. 

Similarly, the presence of continuous local Treg-mediated supression of inflammation is 

suspected to contribute to persistent virus infections [6, 7]. In our experiment, elevated Foxp3+ 

Treg numbers were observed in the brain and spinal cord of combined-treated animals at 14 
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and 42 dpi, despite the systemic return to baseline levels. Presumably, this finding reflects a 

compensatory infiltration aiming at limiting the prolonged inflammation. However, the 

establishment of a local Treg population which continuously inhibits antiviral CD8+ T cell 

respones might also be possible.  

 

In summary, the effects of Treg-modulation in the TMEV-infection model are strain- and 

disease phase specific. In both strains, Treg can principally modulate antiviral immune 

responses in the acute phase. In immune competent animals, this effect probably plays a role 

only in the SJL strain, while the effects are dependent on the initial Treg:CD8-balance in 

C57BL/6 mice. Since Treg-manipulation cannot completely reverse the 

susceptibility/resistance to TMEV-IDD, Treg alone cannot fully account for the differences 

between SJL and C57BL/6 mice.  

 

4.4 Role of Interleukin-10 in Theiler’s Murine Encephalomyelitis Virus 

Persistence and Demyelination 

An open question regarding the role of Treg in TMEV-infection is the suppressive mechanism 

involved in Treg-mediated effects. One of the most potent effectors secreted by Treg is the anti-

inflammatory cytokine IL-10. Treg also stimulate production of IL-10 in other cell types [4, 

42]. iTreg treatment of TMEV-infected SJL mice leads to increased production of IL-10 in 

various splenic cell populations including dendritic cells in early and late phases of the disease. 

These effects on the cytokine milieu could explain the suppressive function of iTreg on antiviral 

immunity [4]. However, the causal relationship between IL-10 production and Treg-mediated 

suppression has not been convincingly demonstrated in the TMEV model yet. 

Following TMEV infection, IL-10 is upregulated in the brain of C57BL/6 and SJL mice [3, 43]. 

Strain comparison revealed that along with the elevated Treg counts described above, an 

increased expression of IL-10 is present in SJL compared to B6 mice at 7 and 14 days post 

BeAn-infection [3, 43]. Quantification of transcripts in sorted, brain-derived mononuclear cells 

shows that the main source of the cytokine are T cells, followed by microglia/macrophages, 

while B cells show the lowest amount of IL-10 mRNA [3]. Interestingly, IL-10 remains elevated 

even after Treg numbers decrease, suggesting that a different cellular source contributes to 

overall IL-10 production [3]. The described findings led to the hypothesis that excessive IL-10 

signaling during initiation of antiviral immune responses might contribute to virus persistence 

in SJL mice. Nevertheless, based on the studies described above, the connection of IL-10 and 

virus persistence and demyelination is only correlative and lacks proof of causality.  

To obtain more information about IL-10 signaling in TMEV-infected SJL mice, the temporal 

transcription profile of other genes involved in the IL-10 pathway was analyzed in the second 
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part of the thesis. Quantification revealed a transient, significant upregulation of Il10, Il10rα, 

Jak1, Stat3 and Socs3 mRNA, while no differences were detected in the expression of Il10rβ 

and the gene of the associated kinase Tyk1. Besides its role in IL-10 signaling, IL-10Rβ is also 

a component of other cytokine receptors (e.g. IL-22, IL-26, IL-28, IL-28 and IL-29) and is 

constitutively expressed in most cells of the body, while IL-10Rα is predominantly expressed 

in lymphocytes, dendritic cells, macrophages, and microglia and rapidly upregulated in 

inflammatory conditions as found in the present study (part II) [42, 44, 45]. The results indicate 

that, in addition to an increased secretion of the cytokine, the responsiveness to IL-10 signaling 

might be enhanced in early TMEV infection, either by more cells expressing IL-10R or by an 

upregulation of receptors in individual cells.  

In order to determine the contribution of the cytokine to impaired antiviral immune responses, 

an antibody-mediated blockade of the IL-10 receptor was performed in part II of the thesis. As 

expected, disruption of IL-10 signaling resulted in enhanced infiltration of lymphocytes, 

including CD3+ T cells and CD45+ B cells into the hippocampus. Despite the fact that IL-10 is 

a potent inhibitor of macrophages, the numbers of CD107b+ microglia/macrophages was not 

significantly increased following IL-10R blockade. Surprisingly, enhanced inflammatory 

reactions failed to lower the viral load in the cerebrum, in contrast to an improved efficacy of 

antiviral responses following IL-10R blockade in certain other infectious CNS disease models 

[9, 10, 46]. Quantification of viral RNA even revealed a slight, albeit not significant, increase 

of copy numbers in IL-10R-blocked animals. However, the amount of infectious virus, 

determined by a plaque assay, was similar in IL-10R-Ab treated and isotype-treated controls. 

Along with the increased influx of T and B cells into the hippocampus, higher numbers of 

Foxp3+ Treg and arginase-1+ anti-inflammatory-type microglia/macrophages were observed, 

which might represent a reactive mechanism aiming at compensating the lack of IL-10 

signaling. The results are in agreement with our previous analysis, in which IL-10R blockade 

failed to augment antiviral immunity and prevent demyelination in the chronic phase of TMEV-

infection [47, 48]. In conclusion, IL-10 is seemingly not responsible for impaired viral clearance 

in SJL mice. Moreover, the observed similarities in the kinetics of Treg infiltration and IL-10 

production in the TMEV-infected brain could be unrelated. Accordingly, Treg depletion using 

DEREG mice did not affect overall IL-10 expression in TMEV-infected C57BL/6 mice and in 

the absence of Treg, microglia and macrophages produced increased amounts of IL-10 [5]. The 

demonstrated suppressive effect of Foxp3+ Treg on antiviral immunity in SJL mice are probably 

mediated by other mechanisms, such as CTLA-4 mediated suppression or TGF-β secretion. 

Similar to IL-10, a higher expression of TGF-β transcripts has been observed in SJL compared 

to C57BL/6 mice [3, 43]. Moreover, the mechanism by which Treg modulate immune responses 

may differ depending on the tissue. Treg-derived IL-10 is particularly important for 

maintenance of mucosal immune homeostasis and animals with Treg deficient in IL-10 develop 

autoimmune colitis [49, 50]. In contrast, splenic Treg produce less IL-10 in vitro and 
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suppression by splenic Treg is IL-10-independent [50, 51]. Similarly, investigations of cerebral 

malaria revealed that Treg mediated suppression of immunopathology is not dependent on IL-

10 and mediated predominantly by CTLA-4 function [52]. Alternatively, the plethora of 

mechanisms by which Treg can regulate immune responses might facilitate an easy 

compensation in cases where one of the effector functions fails. Definite conclusions about the 

role of Treg-derived IL-10 in suppression of anti-TMEV responses cannot be drawn without 

targeted methods, such as Treg-specific knockout of IL-10 expression.  

 

4.5 Neuroprotective Effects of Interleukin-10 

In analogy to Treg, elevated IL-10 expression in the chronic, demyelinating phase was 

suspected to have beneficial effects on disease severity, since elevated IL-10 levels have been 

associated with improved disease outcomes [53-55]. However, treatment with recombinant IL-

10 in the early demyelination phase had no beneficial effect on spinal cord lesions and antibody-

mediated blockade of IL-10R did not exacerbate demyelination [47, 48, 56]. Therefore, IL-10 

appears to have a negligible therapeutic potential in TMEV-induced demyelination. However, 

the data presented in part II of the thesis demonstrate that IL-10 signaling plays a role in 

hippocampal neuroprotection.  

 

TMEV-infection of C57BL/6 mice induces neurodegeneration and loss of hippocampal neurons 

in the acute encephalomyelitis phase, which is associated with seizures, cognitive impairment 

and anxiety-like behavior [57-59]. The occurrence of seizures in acute infection predisposes the 

animals to develop chronic recurrent unprovoked seizures despite elimination of the inciting 

pathogen from the CNS [60, 61]. In contrast, SJL mice usually show absent or only minimal 

hippocampal neurodegeneration and seizures never occur in this strain [62]. Acute seizures and 

neuronal death are apparently mediated by inflammatory mediators, particularly IL-6 and TNF, 

produced by activated microglia and infiltrating macrophages [63-67]. Although the causal role 

of these factors has been elegantly demonstrated in a number of studies using cell-specific, 

transgenic knockout models, it remains unclear why other strains are protected despite similar 

immune responses [64, 66-68]. For instance, SJL and C57BL/6 mice show a comparable 

number of CD107b+ microglia/macrophages in the hippocampus [62, 69]. Moreover, a higher 

expression of IL-6 and TNF mRNA has been reported in SJL compared to C57BL/6 mice [43, 

70]. Therefore, either the response to inflammatory mediators differs between the mouse strains 

or protective mediators outweigh detrimental factors in SJL mice. 

The results of part II of this thesis demonstrate that intact IL-10 signaling has neuroprotective 

effects in TMEV-infected SJL mice. IL-10R neutralization considerably increases the loss of 

mature NeuN+ neurons in the hippocampus and triggers axonal injury. It has been demonstrated 



General Discussion │ CHAPTER 4 
 

58 

that the majority of hippocampal neurons dies by apoptosis in a virus-independent, immune-

mediated manner in C57BL/6 animals, [71]. Accordingly, the amount of viral RNA and 

infectious virus was not elevated in IL-10R-blocked animals, but a pronounced inflammatory 

response with significantly higher numbers of T cells and B cells was noted, which indicates 

that neurodegeneration was also caused by immunopathology rather than virus infection in this 

experiment. The severity of the degenerative and inflammatory responses approached the extent 

normally observed in BeAn-infected C57BL/6 mice with the exception of 

microglia/macrophages. The number of CD107b+ cells was similar between IL-10R-blocked 

animals and isotype-controls and significantly lower than in C57BL/6 mice. Further analysis of 

inflammatory mediators revealed no upregulation of Il6 and Tnf mRNA, which indicates that 

the mechanisms inducing neurodegeneration might be distinct from C57BL/6 mice. Instead, 

IL-10R blockade incited an upregulation of Il1α. IL-1 is produced by microglia and 

macrophages in inflammatory conditions and has been shown to contribute to tissue injury in 

the CNS. For example, detrimental effects of IL-1 signaling have been demonstrated in 

neurodegenerative diseases and in murine model of HIV-1 encephalitis. The mechanisms 

include the induction of neurotoxic reactive (A1) astrocytes, promotion of excitotoxicity by 

excessive glutamate release and increased blood brain barrier permeability with accelerated 

leukocyte influx and cerebral edema [72-75]. IL-10 down-regulates production of IL-1 and up-

regulates the anti-inflammatory mediator IL-1 receptor agonist (IL-1Ra) [76, 77]. Besides 

regulating the secretion of pro- and anti-inflammatory mediators in microglia, IL-10 can also 

mediate neuroprotection by directly acting on IL-10R present on some neuronal populations 

[78]. For example, IL-10R ligation induces transcription of survival genes and normalizes 

intracellular Ca2+ levels, which protect neurons from glutamate-induced cytotoxicity and 

hypoxic and ischemic injury. Moreover, IL-10 has also been shown to restore the anti-apoptotic 

factors Bcl-2 and Bcl-xL and to attenuate caspase-3 expression in neurons [79-83].  

Despite the extent of neurodegeneration triggered by IL-10 signaling disruption, no behavioral 

seizures were observed in the affected animals. This was not surprising, because i) seizures 

have never been observed following TMEV-infection of SJL mice, ii) the seizure threshold 

spectrum is different in SJL and C57BL/6 mice and iii) the BeAn strain variant used in this 

study does not induce seizures in any mouse strain (in contrast to BeAn variant 2) [57, 60, 62, 

84]. However, seizure occurrence cannot be ruled out altogether since the seizure frequency is 

usually very low in TMEV-infection and no continuous visual or EEG-monitoring was 

performed in the experiment.  
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4.6 Implications for Therapeutic Manipulation of Regulatory T cells and 

Interleukin-10 

Therapies based on the enhancement or inhibition of Treg functions and IL-10 signaling are 

being developed for a number of diseases associated with insufficient or excessive activation 

of immune responses, respectively. Because of the potential dual functions in viral infections, 

manipulation of the tolerogenic and anti-inflammatory system can result in unwanted adverse 

effects. Therefore, careful consideration of the pathogenesis and possible impact on concurrent 

infections is necessary for a safe application of the respective treatment options.  

4.6.1 Regulatory T cell-based Therapies 

Since Treg are capable of suppressing autoimmune and alloimmune responses, enhancement of 

Treg numbers and function shows promising potential for the treatment of autoimmune and 

inflammatory diseases and for prevention of graft rejection [35, 36, 85]. Therapeutic 

manipulation of Treg is either performed by application of ex vivo expanded Treg (exogenous 

Treg therapy) or administration of compounds that specifically enrich endogenous Treg. 

Exogenous Treg therapy has been applied in animal models and phase I/II clinical trials in 

transplantation medicine and type-1 diabetes. While no safety issues were raised in the clinical 

trials, the benefit was limited, probably due to a poor survival of the transferred cells and loss 

of Foxp3 expression [35]. Augmenting endogenous Treg in vivo can be achieved by application 

of low-dose recombinant IL-2 or IL-2 complexes, which exploit the high affinity of Treg to the 

cytokine [35-37, 86]. IL-2 is a growth factor for T cells, B cells and NK cells and regulates their 

survival and activation. High affinity IL-2 receptors are heterotrimers composed of an α- 

(CD25), β- (CD122), and γ- (CD132) chain, while low affinity receptors lack the α-chain. 

Among T cells, Treg constitutively express high affinity receptors and are sensitive to very low 

concentrations of the cytokine. Other T cells upregulate CD25 only in an activated state and 

have a 10-20-fold higher activation threshold for IL-2 than Treg. [36, 87-89]. Therefore, IL-2 

can activate different T cell subsets in a dose-dependent manner: low-dose IL-2 preferentially 

activates Treg, while high-dose treatment has been used to activate cytotoxic T cells in cancer 

therapy. Treg-expansion with low-dose IL-2 treatment has been successfully applied in many 

auto- and alloimmune conditions (e.g. graft-versus-host disease, HCV-induced vasculitis, 

alopecia areata, and systemic lupus erythematodes) in humans [90-93]. Newer developments 

aim at improving the efficacy of IL-2 treatment by modifying the molecule or combining it with 

other proteins. Combination of IL-2 with anti-IL-2-antibodies (IL-2 complexes, IL-2C) 

increases biological availability of the cytokine and specificity for certain T cell types. While 

some antibodies (e.g. S4B6) favor expansion of effector CD8+ T cells, the combination of IL-2 

with clone JES6-1, as applied in part I of the thesis, expands endogenous Treg populations [37, 

38, 86]. The differences are due to a different binding site of the antibody at the IL-2 molecule. 
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JES6-1 sterically blocks the IL-2:IL-2Rβ and IL-2:IL-2Rγ interactions, and allosterically 

lowers IL-2:IL-2Rα interaction, which favors expansion of cells with high affinity receptors. In 

contrast, S4B6 sterically blocks IL-2:IL-2Rα interaction and stabilizes the IL-2:IL-2Rβ 

complex, thus stimulating all IL-2 responsive immune cells [94]. IL-2C-mediated Treg-

expansion has been shown to prevent induction of autoimmunity in the EAE model and to 

induce long-term acceptance of allografts without the need for immunosuppression in a mouse 

model of diabetes [37]. Protective effects of IL-2C were also observed in animal models of 

infectious diseases with a prominent immunopathologic component, such as cerebral malaria 

and Chikungunya virus-induced joint inflammation [52, 95]. IL-2 complexes have not been 

tested in human patients yet.  

Despite the demonstrated benefit of Treg-based therapies, safety concerns have been raised, 

since an enhancement of Treg responses might go along with suppressive effects on 

antimicrobial immunity. As described before, iTreg treatment of TMEV-infected mice has 

resulted in increased virus replication and disease deterioration in SJL, but not C57BL/6 mice 

[4]. Complementing this, the results of the present study also revealed no effect of Treg-

expansion in the latter mouse strain, which demonstrated that the effects of Treg-based therapies 

can be influenced by genetic factors. Moreover, disease phase-specific differences have to be 

considered.  For instance, Treg application in the chronic phase of TMEV-IDD showed no 

adverse effects in SJL mice [4]. Another risk factor of IL-2 based therapies is the possible 

concurrent activation of other cell subsets expressing high-affinity receptors, such as activated 

effector T cells. For instance, in a murine model of alphavirus arthritis, application of IL-2C 

prior to infection is therapeutic, but treatment after infection exacerbates inflammation because 

IL-2C also acts on activated CD4+ effector T cells with upregulated CD25 [96]. Similarly, in 

the autoimmune MS model EAE, IL-2C administration in the effector phase, which is 

characterized by an established CD4+-mediated inflammatory response, has no therapeutic 

effect, but an improvement is achieved in combination with the compound rapamycin, which 

inhibits proliferation of effector cells [37]. Application of low-dose IL-2 in clinical trials has so 

far been well tolerated and no serious adverse effects have been documented [36, 97]. However, 

the results of animal studies warrant caution and consideration of genetic factors, concurrent 

infection and suitable timepoints for application. 

 

4.6.2 Inhibition of Interleukin-10 Signaling 

Many pathogens have evolved strategies to hijack the immunosuppressive function of IL-10 

signaling to escape immune surveillance. For example, members of the Herpesviridae family, 

such as human cytomegalovirus, Epstein-Barr virus, ovine herpesvirus 2 and equine herpesvirus 

2 encode for viral homologues of IL-10 [8]. Other pathogens are capable of altering the host’s 

cytokine expression, although the involved mechanisms are not fully understood yet [98]. 
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Neutralization of IL-10 or IL-10R has been shown to increase resistance to certain viruses 

(LCMV), bacteria (mycobacterium spp., Listeria monocytogenes) and parasites (Plasmodium 

chaboudi chaboudi) in animal models [99]. Excessive IL-10 signaling is implicated in the loss 

of CD4+ and CD8+ T cell effector functions (T cell exhaustion), which is a feature of many 

chronic viral infections [100]. Therefore, inhibition of IL-10 has been considered as a promising 

therapeutic option for chronic viral diseases that cause high morbidity and mortality rates in 

humans and lack effective therapeutic options, such as hepatitis B, C and HIV infection [8].  

Due to the pleiotropic nature of IL-10, several safety issues have to be resolved before 

considering clinical application of IL-10 blocking agents. Systemic neutralization of IL-10 can 

cause severe immunopathology. For instance, antibody mediated IL-10R blockade causes a 

severe autoimmune enterocolitis in mice, which can be exacerbated by concurrent viral 

infections [47, 101]. Since IL-10 was also shown to facilitate the generation of CD8+ memory 

T cells, IL-10 blockade also impair immunologic memory formation [102, 103]. IL-10 is also 

necessary for the prevention of immunopathology in the CNS, which is also illustrated by the 

results obtained in part II of this thesis. Moreover, since IL-10R blockade showed no positive 

impact on antiviral immunity in the TMEV model, the advantages of IL-10 manipulation are 

apparently virus-specific.  

Malignant neoplasia is associated with an immunotolerant microenvironment that facilitates 

suppression of cell-mediated antitumor immunity. Production of high amounts of IL-10 in 

tumor-associated Treg, macrophages and dendritic cells has been detected in many animal 

models of cancer as well as in human tumor samples. Blocking of IL-10 signaling is therefore 

considered as a promising adjuvans of preventive and therapeutic cancer vaccines [99, 104]. 

Animal experiments employing tumor vaccines adjuvated with immunostimulants have 

revealed that the efficacy can be increased by simultaneous blocking of IL-10R [105, 106]. 

Application of IL-10 blocking agents in combination with therapeutic vaccination requires only 

a transient blockade of the receptors, which minimizes the risk of systemic adverse effects. For 

example, no induction of autoimmunity was observed in a recent study using IL-10R blocking 

antibodies as a vaccine adjuvans in a mouse lung tumor model [104]. Similar approaches could 

also be applied for the therapeutic vaccination against chronic infection. So far, the research is 

based on animal experiments only and IL-10R blockade has not been developed for clinical 

application yet. IL-10 can be produced by and act on a great variety of cell types and it is an 

outstanding challenge to decipher the mechanisms involved in its regulation in health and 

disease. Further studies are therefore needed to develop efficient and safe strategies of IL-10 

modulation for therapeutic purposes. 
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4.7 Conclusion and Outlook 

Both projects included in the thesis investigated the role of anti-inflammatory factors in two 

strains of mice with differential susceptibility to Theilervirus-induced diseases.  

In part I, the numbers of Treg were manipulated in TMEV-infected C57BL/6 mice with or 

without concurrent CD8+ T cell depletion. In agreement with previous reports [4], sole Treg-

expansion had no effect on virus clearance and susceptibility to demyelination in mice with a 

natural resistance to persistent infection. However, a suppressive capacity of Treg on the CD8+ 

T cell numbers was observed when mice were treated with a combination of Treg-expanding 

IL-2C and anti-CD8-antibodies. The combined treatment resulted in a prolonged and 

augmented hippocampal infection, which was associated with a local upregulation of pro- and 

anti-inflammatory cytokines. Moreover, the treatment predisposed the animals to myelin loss 

and axonal damage in the spinal cord, partly mimicking the situation observed in TMEV-IDD 

susceptible SJL mice. The results indicate that - in contrast to SJL mice - the suppressive 

capacity of C57BL/6 Treg is overridden by the efficient antiviral CD8+ T cell response.  

Part II of the thesis aimed at determining the contribution of excessive IL-10 signaling to 

impaired virus clearance and hippocampal protection during early encephalitis in SJL mice. 

Complementing earlier results [3], a transient upregulation of genes involved in IL-10 signaling 

was detected at 7 dpi. A subsequent IL-10R blockade failed to decrease viral loads in the 

hippocampus despite increased inflammatory responses, which is in agreement with a previous 

study showing no beneficial effect of IL-10R blockade on viral load and demyelination in the 

spinal cord of SJL mice [47, 48]. However, animals receiving anti-IL-10R antibodies developed 

hippocampal neurodegeneration with an extent comparable to the lesions usually observed in 

C57BL/6 mice. The results indicate that increased expression of IL-10 in SJL mice represent a 

protective response responsible for preserved hippocampal integrity in this mouse strain. Since 

seizure activity is often associated with CNS inflammation, dampening of pro-inflammatory 

mediators by IL-10 administration is considered a promising therapeutic approach in different 

forms of epilepsy [107]. Further studies are needed to determine whether IL-10-based therapies 

have the potential to reduce TMEV-induced hippocampal damage and epilepsy in DA-infected 

C57BL/6 mice. 

 

In analogy to IL-10, an early expansion of Treg in SJL mice might also contribute to 

hippocampal protection. The role of Treg in hippocampal neuronal degeneration has not been 

investigated in the TMEV model yet. In part I of the thesis, Treg-expansion in C57BL/6 mice 

showed no obvious neuroprotective effect in the hippocampus. However, since the study 

focused on the effects on virus persistence and demyelinating disease, the extent of neuronal 

damage was not quantified. Combined treatment with IL-2C and anti-CD8-antibodies increased 

hippocampal inflammation at 14 dpi, which was associated with a significant upregulation of 
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the pro-inflammatory cytokines IL-1 and TNF, both of which have been implicated in neuronal 

damage. Therefore, a detrimental effect on neuronal integrity cannot be excluded in this group. 

To determine the effects of Treg-expansion and CD8-depletion on hippocampal integrity, a 

more detailed investigation including objective quantification methods of neuronal counts will 

be performed in a following experiment.  

 

The results of both studies demonstrate that, contrary to previous theories, elevated Treg 

numbers and increased IL-10 expression cannot fully account for differences in susceptibility 

to TMEV persistence. The lacking effect of IL-10R blockade on antiviral immunity suggests 

that other mechanisms might be involved in the documented Treg-mediated suppression of 

antiviral immune responses. Alternatively, upregulation of other regulatory mechanisms might 

compensate for the lack of IL-10R activation. Besides a differential Treg-induction, several 

other components of the innate and adaptive immune response have been suggested as 

prerequisites of virus persistence, for example Th1/Th17 balance as well as a differential 

activation of the interferon cytokine family [70, 108]. The results obtained by different groups 

are not always consistent, which is probably mostly due to highly variable experimental 

conditions regarding mouse strains, virus strains, in vivo vs. in vitro approaches and cell types 

used. We are currently performing a comparative transcriptome analysis of brain tissue derived 

from TMEV(BeAn)- and mock-infected SJL and C57BL/6 mice. The aim of this project is to 

obtain a comprehensive list of transcriptome changes occurring in vivo in the acute phase of 

infection in SJL and B6 mice and a) put them in the context of the existing knowledge and b) 

unravel currently unknown molecules and pathways which might be associated with differences 

in viral persistence.   
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