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Abstract 

 

Andreas Pavlou 

Glia cell reactions in viral encephalitis 

Central nervous system (CNS) viral infections emerge as a global research priority 

since our therapeutic antiviral arsenal to combat such diseases is very limited. Virus 

entry into the CNS leads to a life-threatening disease defined as viral encephalitis. 

Many affected individuals succumb to infection or show severe post-encephalitis 

neurological sequelae highlighting the urgent need to further delineate the 

pathophysiological and sensing mechanisms of viral encephalitis. Therefore, in our first 

study we focused on deciphering the role of retinoic acid-inducible gene-I-like 

receptors (RLR) signaling which comprises one of the main sensing platforms against 

RNA viruses. By gene targeting MAVS in CNS resident cells, which is the main adaptor 

molecule of RLR signaling, we discovered that MAVS signaling in microglia is essential 

for protection in a model of intranasal VSV infection. Interestingly, RNA sequencing 

analysis of microglia revealed that MAVS is needed to enhance cross-presentation, a 

hallmark function of microglia during viral encephalitis. Moreover, microglia selective 

MAVS ablation affected the transcriptomic fate of CNS infiltrating CD8+ T cells by 

down-modulating their activation-related transcriptome. Taken together, microglia 

define the CD8+ T cell transcriptomic fate in a MAVS-dependent manner within the 

infected CNS. 

Herpes simplex virus 1 (HSV-1) is a neurotropic virus of the Herpesviridae family that 

affects the majority of the population, establishing lifelong latency in the trigeminal 

ganglia. Rarely, upon reactivation and subsequent entry into the CNS, HSV-1 can 

cause severe herpes simplex encephalitis (HSE). Inborn errors in genes related to the 

innate immune system have revealed the significance of type I interferon (IFN-I) 

signaling during HSE. However, the precise source of protective IFN-I responses 

together with the antiviral program each CNS resident cell subtype instructs are not 

well-understood. To address these questions in our second study, we generated a 

model of HSV-1 infection. By selective gene targeting of IFN-β in CNS resident cells, 

we found that protective IFN-I arise from neurons, astrocytes and microglia upon HSV-

1 infection. Furthermore, gene targeting of the IFN-I receptor (IFNAR1) revealed that 
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mainly astrocytes and in a moderate extent neurons and microglia need to be IFN-I 

triggered to promote protection against HSE. Each of these CNS resident cell subtypes 

instructed a distinct antiviral program suggesting that concomitant IFNAR1 triggering 

is required to fully protect the host against HSE. Collectively, all major CNS resident 

cells mount protective IFN-β responses and trigger a distinct antiviral program during 

HSE.
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Zusammenfassung 

 

Andreas Pavlou 

Reaktionen von Gliazellen in viraler Enzephalitis  

Infektionen des zentralen Nervensystems (ZNS) entwickeln sich zu einer 

internationalen Priorität in der Forschung, da unser therapeutisches antivirales Arsenal 

gegen diese Krankheiten sehr beschränkt ist. Der Eintritt von Viren in das ZNS führt 

zu der lebensbedrohlichen Krankheit bekannt als virale Enzephalitis. Viele Betroffene 

erliegen der Infektion oder weisen schwere post-Enzephalitis Folgeerkrankungen auf. 

Daher besteht ein dringender Bedarf, die pathophysiologischen Grundlagen sowie die 

Erkennungsmechanismen von Viren während einer viraler Enzephalitis weiter zu 

erforschen. Daher haben wir uns in unserer ersten Studie auf die Rolle des 

Signalweges der Retinoic Acid-Inducible Gene-I ähnlichen Rezeptoren (RLR) 

fokussiert, die zu den bedeutendsten Sensoren für RNA Viren gehören. In hirneigenen 

Zellen adressierten wir gezielt MAVS, das zentrale Adaptermolekül des RLR 

Signalweges, und fanden heraus, dass die MAVS Signaltransduktion spezifisch in 

Mikroglia fundamental für den Schutz vor einer schweren Enzephalitis im intranasalen 

Infektionsmodell mit VSV ist. Bemerkenswerterweise enthüllte RNA 

Sequenzierungsanalyse von Mikroglia, dass MAVS für die Kreuzpräsentation von 

Antigenen benötigt wird, eine der Kernfunktionen von Mikroglia während einer viralen 

Enzephalitis. Darüber hinaus beeinflusste die Mikroglia-spezifische Ablation von 

MAVS das transkriptomische Schicksal von ZNS infiltrierenden CD8+ T Zellen durch 

die Herunterregulierung ihres transkriptomischen Aktivierungsprofils. 

Zusammengefasst definieren Mikroglia das Transkriptom von CD8+ T Zellen im 

infizierten ZNS in Abhängigkeit von MAVS. 

Herpes-simplex-Virus 1 (HSV-1) ist ein neurotropisches Virus der Familie der 

Herpesviridae, welches einen Großteil der Weltbevölkerung betrifft durch eine 

lebenslange latente Infektion in den Trigerminalganglien. In seltenen Fällen kann HSV-

1 reaktiviert werden und daraufhin in das ZNS eindringen wodurch eine schwere 

Herpes-simplex-Enzephalitis (HSE) hervorgerufen wird. Angeborene Fehler des 

angeborenen Immunsystems haben die Bedeutung der Signaltransduktion von Typ I 

Interferon (IFN-I) während einer HSE hervorgehoben. Jedoch ist die präzise Quelle 

von protektivem IFN-I sowie das antivirale Programm, welches jeder hirneigene Zelltyp 
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einleitet, nicht ausreichend erforscht. Um diese Fragen aufzuklären, haben wir ein 

Modell für die HSV-1 Infektion etabliert. Durch die selektive Adressierung von IFN-β in 

hirneigenen Zelltypen entdeckten wir, dass während der HSV-1 Infektion schützendes 

IFN-β aus Neuronen, Astrozyten und Mikroglia entsteht. Des Weiteren zeigte 

selektives gezieltes Gen-Targeting des IFN-I Rezeptors (IFNAR1), dass vor allem 

Astrozyten, und zu einem geringeren Anteil auch Neuronen und Mikroglia, durch IFN-

I stimuliert werden müssen, um Schutz vor der HSE zu gewähren. Jeder dieser 

Zelltypen des ZNS induzierte ein anderes antivirales Programm, was auf die 

Wichtigkeit einer parallelen Aktivierung des IFNAR1 Signalweges hinweist, um den 

Wirt komplett vor einer HSE zu schützen. Zusammengenommen initiieren alle 

wesentlichen hirneigenen Zelltypen schützende IFN-β Antworten und leiten ein 

unterschiedliches antivirales Programm während einer HSE ein.
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1. Introduction 

 

1.1  The Central Nervous System 

The central nervous system (CNS) consists of two parts, the brain and the spinal cord, 

with both of them having a fundamental role in coordinating the flow of information 

between every organ. The CNS instructs cellular, hormonal, immunological alongside 

many other types of responses depending on the environmental and internal stimuli 

received, in processing and storing memories and in orchestrating the movement 

capacity (Kandel E. R. 2012: 52).  

It is more than common referring to the CNS as the black box of our body due to the 

complexity of the tissue and the limited amount of acquired knowledge. Similarly, the 

immune privilege of the CNS has been one fundamental aspect of the brain with many 

studies focusing on the dissection of the immunological barriers in health and disease. 

The immune privilege of the CNS was initially based on the observation that animals 

intravenously injected with vital dyes revealed penetration of these dyes in every tissue 

besides the CNS. The experiments from Paul Ehrlich introduced for the first time the 

concept of a physical protective barrier later identified as the blood brain barrier (BBB) 

(Ribatti et al. 2006). Subsequently, several transplantation studies further supported 

the hypothesis that the CNS has unique tolerogenic properties since skin allografts or 

embryo tissues transplanted within the CNS showed better survival than the ones 

transplanted in the skin (Medawar 1948; Willis 1935; Alves de Lima, Rustenhoven, and 

Kipnis 2020). The drawn interpretation of the time was that the CNS lacks a drainage 

lymphatic system essential to mount immune responses (Alves de Lima, Rustenhoven, 

and Kipnis 2020). However, it is worth noting that recent studies such as the 

rediscovery of the lymphatic drainage system, ontogenic and immunophenotyping 

analyses as well as studies revealing the significance of certain immune cells and 

cytokines during CNS development, behavior and tissue homeostasis, have shifted the 

dogma of the CNS being an immune privilege tissue (Louveau et al. 2015; Louveau, 

Harris, and Kipnis 2015; Louveau et al. 2017; Aspelund et al. 2015; Mrdjen et al. 2018; 

Petitto et al. 1999; Ejlerskov et al. 2015; Filiano et al. 2016; Hosseini et al. 2020; 

Pasciuto et al. 2020; Brynskikh et al. 2008; Cushman et al. 2003; Alves de Lima, 

Rustenhoven, and Kipnis 2020; Wallenius et al. 2002). Although our current knowledge 
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has tremendously expanded, it is still challenging to delineate the clearly distinct 

immunological mechanisms of the CNS compartment.  

The complex cell composition of the CNS consists of neurons, astrocytes, 

oligodendrocytes and microglia which comprise the most essential cell types of the 

brain. Embryonic neuronal progenitors give rise to neurons, astrocytes and 

oligodendrocytes, whereas microglia arise from yolk sac erythro-myeloid progenitors 

(EMPs) (Bayraktar et al. 2014; Bergles and Richardson 2015; Ginhoux et al. 2010; 

Schulz et al. 2012). Homeostatic functions within the CNS compartment are mainly 

supported by constant co-interactions between CNS resident cells (Silbereis et al. 

2016; Allaman, Belanger, and Magistretti 2011; Li and Barres 2018). However the 

interplay between CNS resident cells and the immune system has a pivotal role, not 

only during homeostasis, but especially in the course of CNS perturbation such as 

neurodegeneration, autoimmunity, interferonopathies, trauma and infection 

(Hammond, Marsh, and Stevens 2019; Ransohoff and Brown 2012; Joller et al. 2012; 

Gadani et al. 2015; Crow 2015; Klein et al. 2019). Deciphering the immunological 

responses within the CNS in health and disease, will increase our knowledge 

concerning the underlying pathophysiological mechanisms and will pave the way to 

more targeted and efficient therapeutic approaches to combat CNS diseases.  

 

1.2  Viral encephalitis 

Infections of the CNS emerge as a global research priority since the scientific 

community acquires more knowledge regarding the pathophysiology of neurological 

manifestations and the role of various pathogens in the progression of CNS diseases. 

Viruses, bacteria, fungi and parasites can gain entry to the CNS compartment leading 

to detrimental inflammation called encephalitis (John et al. 2015). Many viruses have 

an either direct CNS entry potential by several distinct routes or can indirectly access 

the CNS as a consequence of the immunocompromised status of individuals, causing 

inflammation. In such a scenario, the CNS inflammation is defined as viral encephalitis 

(John et al. 2015; Venkatesan et al. 2019).  

 

 



 

3 
 

1.2.1 Epidemic viral encephalitis 

Pathogens of zoonotic origin can often cause geographically restricted epidemic viral 

encephalitis. Rabies virus (RABV), transmitted through bites from virus-carrying animal 

vectors, leads to high morbidity and mortality rates due to encephalitis with 

approximately 60.000 fatal annually cases worldwide. The majority of RABV cases are 

reported in Africa and Asia (Fooks et al. 2014). The clinical manifestations are often 

hypersalivation, hydrophobia and agitation. In the paralytic form of the disease infected 

individuals show signs of muscle weaknesses that progress to coma and eventual 

death (Fooks et al. 2014). Post-exposure prophylaxis with antiseptic cleaning of the 

wound together with rabies immunoglobulin administration and a series of rabies 

vaccinations is considered a disease preventable counter-measure in some cases. 

Moreover, Japanese Encephalitis Virus (JEV) is a mosquito-borne flavivirus that is 

responsible for the highest viral encephalitis morbidity with 70.000 annual encephalitis 

cases worldwide with a mortality rate of 20-30% (Turtle and Solomon 2018; 

Venkatesan et al. 2019). JEV encephalitis mainly emerges in Southeast Asia, the most 

populated area of the globe. Even though JEV in humans causes a self-limiting disease 

without CNS manifestations, in certain cases JEV accesses the CNS leading to 

headache, unconsciousness and seizures (Turtle and Solomon 2018). Surprisingly, 

vaccination against JEV has not reduced the number of cases. Similarly, West Nile 

Virus (WNV) can also cause encephalitis in 1/150 cases occurring frequently with 

headache, disorientation and seizures (Venkatesan et al. 2019). Certain 

polymorphisms in 2'-5'-Oligoadenylate Synthetase 1 (OAS1), C-C chemokine receptor 

type 5 (CCR5), MX Dynamin like GTPase 1 (MX1) and Interferon regulatory factor 3 

(IRF3) have been identified as genetic risk factors for severe disease development 

upon WNV infection (Suthar, Diamond, and Gale 2013; Lim et al. 2009; Bigham et al. 

2011; Lim et al. 2010). So far, no effective treatment and vaccine exist to combat WNV 

infection. Additionally, Tick-borne Encephalitis Virus (TBEV) is transmitted 

predominantly through tick bites and causes 15.000 annual encephalitis cases mainly 

localized in Central and Eastern Europe as well as in Asia (Bogovic and Strle 2015). 

Although, there is no effective antiviral treatment, vaccines are available and have 

been proven to be efficient. Other viruses that can also cause endemic viral 

encephalitis are Dengue Virus (DENV), La Crosse Virus (LACV), Nipah Virus (NiV), 

Influenza Virus (IAV), Eastern Equine Encephalitis Virus (EEV) and Chikungunya Virus 

(Venkatesan et al. 2019). During Severe Acute Respiratory Syndrome Coronavirus 2 
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(SARS-CoV 2) pandemic, many infected individuals were reported to have severe 

neurological complications with significant neuropathological findings (Ellul et al. 2020; 

Matschke et al. 2020). 

1.2.2 Sporadic viral encephalitis 

Herpes simplex virus 1 (HSV-1) is the most common pathogen leading to sporadic viral 

encephalitis with an annual prevalence of approximately 1/250.000 cases wordwide 

(Venkatesan et al. 2019). However, since recent estimates revealed that the great 

majority of the global population is seropositive for HSV-1, many individuals are 

annually suffering from herpes simplex encephalitis (HSE) (Looker et al. 2015). HSV-

1 establishes latency within the sensory neurons and rarely upon reactivation invades 

the CNS causing HSE. A typical Magnetic Resonance Imaging (MRI) of HSE affected 

individual reveals lesions in the mesiotemporal and orbitofrontal lobes together with 

the insular cortex (Venkatesan et al. 2019). Even though reactivation of HSV-1 does 

not usually cause HSE there are several genetic determinants that could lead to severe 

HSE and mainly highlight the importance of type I interferons (IFN-I) and Toll-like 

receptor 3 (TLR3) signaling cascades. Primary immunodeficiencies in signal 

transducer and activator of transcription 1 (STAT1), UNC-93B, TLR3, TIR-domain-

containing adapter-inducing interferon-β (TRIF), TNF receptor-associated factor 3 

(TRAF3), TANK Binding Kinase 1 (TBK-1) and IRF-3 genes are considered as genetic 

predispositions for HSE upon primary infection due to impaired IFN-I responses 

(Dupuis et al. 2003; Casrouge et al. 2006; Zhang et al. 2007; Sancho-Shimizu et al. 

2011; Perez de Diego et al. 2010; Herman et al. 2012; Andersen et al. 2015). 

Furthermore, inborn errors in snoRNA31, a small nucleolar ribonucleic acid (RNA), 

were identified as genetic determinants for HSE with induced pluripotent stem cells 

(iPSCs) -derived cortical neurons showing normal TLR3 and STAT1 responses 

(Lafaille et al. 2019). Interestingly, debranching RNA lariats 1 (DBR1) inborn errors 

were also recently identified as genetic determinant leading to brainstem HSE, a rare 

type of viral encephalitis (Zhang et al. 2018). Surprisingly, in one study, inherited 

IFNAR1 deficiency did not promote HSE but revealed adverse reactions upon 

vaccination with live attenuated vaccines in a set of individuals (Hernandez et al. 2019). 

In contrast, a second study that was published recently, described an IFNAR1 deficient 

case with fatal HSV-1 encephalitis (Bastard et al. 2021). Interestingly, recurrent HSV-

2 meningitis occurred in two individuals with inborn errors in the autophagy genes 
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ATG4A or LC3B2 (Hait et al. 2020). HSE-affected individuals receive acyclovir 

intravenously for 2-3 weeks, a nucleoside analog that inhibits the HSV-specified 

deoxyribonucleic acid (DNA) polymerases which leads to a highly decreased mortality 

rate in HSE patients (Elion 1982). Besides HSV-1, varicella zoster virus (VZV) and 

enteroviruses can also rarely cause sporadic viral encephalitis (John et al. 2015). 

Missense mutations in RNA polymerase III were identified in patients with severe VZV 

encephalitis (Carter-Timofte et al. 2019; Ogunjimi et al. 2017). 

1.2.3 Post-recovery severe neurological sequelae 

Many pathogens can invade the CNS leading to detrimental encephalitis. A key aspect 

that highlights the importance of delineating the pathogenesis of viral encephalitis is 

the severe neurological sequelae even in individuals that received effective antivirals. 

Follow up studies from 3 days up to 9 years after neuro-invasive WNV infection 

revealed that a significant amount of patients suffer from memory loss, depression, 

concentration loss, agitation, confusion and headache as well as fatigue and muscle 

weakness (Patel, Sander, and Nelder 2015). Similarly, JEV survivors can develop 

neurological sequelae mostly observed between 3 to 6 months after hospital discharge 

such as mild cognitive impairment and motor neuron related signs. However, even at 

the time of hospital discharge approximately 25% of individuals showed signs of severe 

neurological sequelae with quadriparesis being the most frequent complication (Ooi et 

al. 2008). DENV can lead to severe neurological complications with acute 

encephalomyelitis, neuromyelitis optica and Guillain-Barré syndrome among the most 

common complications (Carod-Artal et al. 2013). Furthermore, TBEV, IAV and EEV 

have been reported to cause severe neurological sequelae during the acute phase of 

the disease as well as in the later one (Venkatesan et al. 2019; Khandaker et al. 2012; 

Bogovic and Strle 2015; Ronca, Dineley, and Paessler 2016).  

A significant amount of HSE patients develops severe neurological sequelae despite 

acyclovir treatment with dysphasia, seizures, memory and cognitive impairment, 

amnesia and hallucinations among the common syndromes (Ito et al. 2000; Gnann 

and Whitley 2017). Interestingly, approximately 27% of HSE patients can progress to 

N-methyl-D-aspartic acid (NMDA) receptor autoimmune encephalitis as a post HSE 

syndrome (Armangue et al. 2018). These patients develop neuronal autoantibodies 

mainly against NMDA receptors showing choreoathetosis, seizures and cognitive 

impairment (Armangue et al. 2018; Pruss et al. 2012). 
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1.3  Routes of viral entry within the CNS compartment 

Viruses have developed the ability to bypass the mucosal and cutaneous immune 

barriers by developing targeted evasion strategies against host responses. Several 

mechanisms are being deployed by viruses to invade the CNS compartment leading 

to viral encephalitis (Cain et al. 2019). Leukocytes contribute in the clearance of 

peripheral infections by internalizing infected cells or infected material. These 

circulating cells may transport the virus into the CNS, a mechanism often called as the 

Trojan horse -mediated CNS entry (Cain et al. 2019). Observations supporting this 

scenario come from WNV infected mouse models in which neutrophil depletion before 

infection led to a better survival when compared to the isotype treated mice (Bai et al. 

2010). Similarly, ICAM-1, an adhesion molecule significant for CNS infiltration of 

immune cells, deficient mice also showed improved survival outcome upon WNV 

infection with limited viral load within the CNS (Dai et al. 2008). The paracellular entry 

into the CNS through the disrupted BBB is another potential mechanism currently 

discussed mostly in the flavivirus field since several proteins can affect BBB integrity. 

A study with metalloproteinase 9 deficient mice revealed better outcome during WNV 

infection suggesting that disruption of BBB and subsequent viral entry could be a 

potential scenario of CNS viral invasion (Wang et al. 2008). Metalloproteinases are 

known to regulate the tight junctions of the BBB (Page-McCaw, Ewald, and Werb 

2007). Similarly, IFN-λ regulates the permeability of the BBB with IFNLR deficient mice 

showing increased CNS neuroinvasion upon WNV infection (Lazear et al. 2015). 

Finally, axonal transport is the most common and well-described mechanism of CNS 

viral entry with several pathogens infecting peripheral neurons to invade into the CNS 

(Koyuncu, Perlman, and Enquist 2013). Upon reactivation in the trigeminal ganglia, 

HSV-1 particles are transported by exploiting the cytoskeleton machinery reaching 

axonal nerve terminals. Transneuronal migration has also been described for WNV 

(Samuel et al. 2007). Similarly, RABV reaches motor neurons in a retrograde transport 

(Klingen, Conzelmann, and Finke 2008). 

The nasal cavity contains many olfactory sensory neurons responsible for sensing 

odorants and subsequently transporting that information within the CNS (Kalinke, 

Bechmann, and Detje 2011; Koyuncu, Perlman, and Enquist 2013). Several pathogens 

such as HSV-1 and Influenza often exploit that in order to access the brain. Recently, 

data indicated that even SARS CoV-2 does infect olfactory sensory neurons with viral 
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copies found in the olfactory bulb in a post mortem analysis (Meinhardt et al. 2021; van 

Riel et al. 2014).  The nasal cavity is exposed on daily basis to a broad variety of 

pathogens that may have neuroinvasive potential. Delineating the pathogenesis of viral 

entry and immune-mediated viral restriction in the barriers of the CNS will improve our 

antiviral strategies. 

 

1.4  Viral recognition and sensing platforms 

Cells have evolved several recognition and sensing platforms to identify exogenous 

agents and elicit pathogen specific immune responses. A wide variety of sensing 

mechanisms has been described to sense pathogen-associated molecular patterns 

(PAMPs) and damage-associated molecular patterns (DAMPs). Years of research on 

the lipopolysaccharide (LPS) sensing platforms between resistant and non-resistant 

mouse lines revealed that Toll-like receptor (TLR) 4 is the receptor sensing LPS and 

was therefore the first identified receptor in the new concept of the pattern-recognition 

receptors (PRRs) (Poltorak et al. 1998). Some years later, all described mouse TLRs 

were gene targeted and their respective roles heavily analyzed in health and disease 

(Kawai and Akira 2011). Cell surface TLRs such as TLR1/2, TLR4, TLR5, TLR2/6 and 

TLR11 sense triacylated lipopeptides, LPS, flagellin, diacylated lipopeptides and 

uropathogenic bacteria, respectively, while intracellular endosomal TLRs such as 

TLR3, TLR7 and TLR8, TLR9, and TLR13 sense dsRNA, ssRNA, CpG dsDNA motifs 

and bacterial ribosomal RNA, respectively (O'Neill, Golenbock, and Bowie 2013; 

Alexopoulou et al. 2001; Aliprantis et al. 1999; Diebold et al. 2004; Hayashi et al. 2001; 

Heil et al. 2004; Hemmi et al. 2000; Poltorak et al. 1998; Takeuchi et al. 2001; Takeuchi 

et al. 2002; Wyllie et al. 2000; Zhang et al. 2004; Hidmark, von Saint Paul, and Dalpke 

2012). All of the TLRs signal via myeloid differentiation primary response 88 (MyD88) 

adaptor molecule besides TLR3 that utilizes only TRIF and TLR4 that depending on 

the case can signal via both MyD88 and TRIF (Takeuchi and Akira 2010) (Figure 1.1.).  

Recruitment of MyD88 and TRIF leads to the activation of the IRF3 and IRF7 

transcription factors, respectively, as well as nuclear factor kappa B (NF-κB) that all 

together regulate the expression of several cytokines and IFN-I (Hoshino et al. 2006). 

Furthermore, RIG-Ι-like receptors (RLR) constitute an important set of RNA sensing 

platforms. DNA sensing also requires the cGAS-STING platform where the sensor 
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cyclic GMP-AMP synthase (cGAS) binds to either self or microbial DNA catalyzing the 

production of cyclic guanosine monophosphate–adenosine monophosphate (cGAMP) 

that regulates downstream the stimulator of interferon genes (STING) for IFN-I 

production (Ishikawa and Barber 2008; Ishikawa, Ma, and Barber 2009; Sun et al. 

2013; Wu et al. 2013; Paludan and Bowie 2013) (Figure 1.1.). Interestingly, other 

receptors have been also described, such as the nucleotide-binding oligomerization 

domain-like receptors or NOD-like receptors (NLRs), absent in melanoma 2 (AIM2)-

like receptors (ALRs) and C-type lectin receptors (CLRs) essential for inflammasome 

formation and carbohydrate recognition (Chen et al. 2009; Lugrin and Martinon 2018; 

Geijtenbeek and Gringhuis 2009) (Figure 1.1.). 

 

1.4.1 RIG-I-like receptors and their downstream signaling cascade 

The RLR signaling platform consists of the retinoic acid-inducible genes I (RIG-I), the 

melanoma differentiation factor 5 (MDA5) and laboratory of genetics and physiology 2 

(LGP2) or probable ATP-dependent RNA helicase DHX58. RIG-I binds to naked short 

RNA up to 1 kb with a 5’ tri- or diphosphate terminus whereas MDA5 senses dsRNA 

between 1-2 kb (Hornung et al. 2006; Pichlmair et al. 2006; Kato et al. 2008; Weber et 

al. 2013; Feng et al. 2012; Goubau et al. 2014) (Figure 1.1.). RLRs contain one 

DExD/H-box helicase domain, one C-terminal regulatory domain and two N-terminal 

caspase recruitment domains (CARDs) with the exception of LGP2 not having a CARD 

domain (Satoh et al. 2010). RLRs signal though mitochondrial antiviral signaling 

adaptor (MAVS) also known as virus-induced signaling adaptor (VISA), interferon-beta 

promoter stimulator protein 1 (IPS-1) and CARD adapter inducing interferon beta 

(Cardif) (Kawai et al. 2005; Meylan et al. 2005; Seth et al. 2005; Xu et al. 2005) (Figure 

1.1.). Upon RIG-I or MDA5 binding to MAVS, MAVS forms aggregates and signals 

through several transcription factors such as IRF3/IRF7 and NF-κB (Seth et al. 2005) 

to induce IFN-I and cytokine responses. However, MAVS is known to be involved in 

several biological functions upon activation such as autophagy, metabolism, formation 

of inflammasomes and programmed cell death (Ren et al. 2020; Subramanian et al. 

2013; Cheng et al. 2017; Zhang, Wang, et al. 2019). 
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Figure 1.1: Schematic depiction of major pattern recognition receptor cascade. TLRs 

(A), RLRs (B), cytosolic DNA and RNA sensors (C) and NLRs (D) comprise the main PPRs 

of a cell. PPRs interact with a complex multilayer web of adaptor molecules and transcription 

factors to mount IFN-I responses and induce potent cytokine responses. Several regulators 
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of PRRs (E) have been identified that positively and negatively affect the sensing outcome 

(Cao 2016). Permission provided by Springer Nature and Copyright Clearance Center. 

 

1.4.2 RLR signaling during viral encephalitis 

RLR signaling is essential to induce IFN-I responses in the course of a broad portfolio 

of infections with RNA viruses (Kumar et al. 2006; Faul et al. 2010; Kurhade et al. 2016; 

Suthar et al. 2010). MAVS adaptor molecule and downstream signaling is essential for 

host protection in a mouse model of footpad WNV infection with complementary and 

individual roles for RIG-I and MDA5 (Suthar et al. 2010; Errett et al. 2013; Fredericksen 

et al. 2008; Kato et al. 2006). Bone marrow chimera experiments revealed that MAVS 

signaling of the hematopoietic compartment is responsible for that protection (Zhao et 

al. 2016). Furthermore, functional avidity analysis of brain virus-specific CD8+ T cells 

from brains of MAVS deficient mice showed a decreased potential to clear infected 

cells compared to the ones isolated from WT brains in the same WNV mouse model. 

Contrary, spleen virus-specific CD8+ T cells from MAVS deficient animals revealed the 

same capacity to clear infected material compared to virus-specific CD8+ T cells from 

WT animals suggesting that the functionality of the virus-specific CD8+ T cells may be 

affected upon CNS infiltration (Zhao et al. 2016). Another RLR sensor, LGP2 is known 

to directly control antigen-specific CD8+ T cell fitness in a MAVS independent manner 

during WNV infection (Suthar et al. 2012). Similarly, MDA5 deficient mice show a 

functional defect in their CD8+ T cells upon WNV infection (Lazear, Pinto, et al. 2013). 

Additionally, MAVS deficient animals showed a decreased expansion of regulatory T 

cells, which are known to be essential for protection during WNV in humans and mice 

(Lanteri et al. 2009; Zhao et al. 2016). In CD11c+ dendritic cells, MAVS is essential to 

control intrinsic viral replication and eventual humoral responses upon WNV infection 

(Roe et al. 2019). Triple coordination of IRF3, IRF5 and IRF7 is needed downstream 

of MAVS signaling to fully induce IFN-I responses in dendritic cells (Lazear, Lancaster, 

et al. 2013). Furthermore, MAVS signaling in dendritic cells controls the formation of 

NLRP3 inflammasome upon Rift Valley fever virus (RVFV) (Ermler et al. 2014). From 

the CNS perspective, MDA5 has been shown to be upregulated upon VSV infection 

(Furr et al. 2008). Exposure of murine neurons to JEV revealed that sensing of JEV is 

controlled by RIG-I that mediates cytokine responses (Nazmi, Dutta, and Basu 2011). 

Furthermore, MAVS has been shown to control the upregulation of sterile alpha and 
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TIR-containing motif 1 (SARM1) that leads to neuronal death in a model of pediatric 

murine La Crosse viral encephalitis (Mukherjee et al. 2013). Interestingly, several RNA 

viruses such as WNV, have developed immune evasion strategies by directly targeting 

the RLR signaling (Chiang, Liu, and Gack 2021). Finally, HSV-1, a DNA encoded virus 

that causes viral encephalitis also targets the RLR signaling upon viral entry in order 

to facilitate viral replication (Xing et al. 2012; Liu et al. 2021). Mice deficient of MAVS 

show enhanced sensitivity upon HSV-1 infection (Menasria et al. 2013). Further 

studies are needed to uncover the role of RLR and MAVS signaling within the CNS 

compartment and selectively in each resident CNS cell type. 

 

1.5  Interferon signaling 

In 1957, Isaacs and Lindenmann described for the first time a substance that could 

‘interfere’ with the influenza infection (Isaacs and Lindenmann 1957; Isaacs, 

Lindenmann, and Valentine 1957). That particular substance was named as interferon 

(IFN). Many studies within the upcoming years revealed that interferons are secreted 

by cells upon cellular recognition of PAMPs or DAMPs to promote antiviral defense 

and to regulate the innate and adaptive immune responses. There are three types of 

interferons. Depending on the species, IFN-I consists of up to 14 subtypes of IFN-α 

together with IFN-β, IFN-ε, IFN-κ, IFN-τ, IFN-δ, IFN-ζ (only in mice), IFN-ω and IFN-ν. 

IFN-γ constitutes the only member of the Type II Interferon (IFN-II) (Schneider, 

Chevillotte, and Rice 2014). Type III Interferons contain IFN-λ1, IFN-λ2, IFN-λ3, and 

IFN-λ4 with the last one only described in humans (Kotenko et al. 2003; Sheppard et 

al. 2003; Prokunina-Olsson et al. 2013). 

IFN-I signal through the heterodimeric complex receptor with the IFN-α receptor 1 

(IFNAR1) and IFNAR2 subunit, while IFN-III signal through a receptor complex 

containing the low affinity IL-10R2 subunit and the high affinity IFN-III receptor 

(IFNLR1) subunit, which is mainly expressed by epithelial cells in mucosal areas 

(Sommereyns et al. 2008). IFN-II binds to a heterodimeric complex receptor containing 

2 interferon-γ receptor 1 (IFNGR1) and 2 IFNGR2 subunits. Upon interferon binding 

the receptor subunits come to close proximity and initiate a chain of intracellular 

phosphorylation events leading to the expression of a complex web of interferon-

stimulated genes (ISGs) (Schneider, Chevillotte, and Rice 2014). Interferon binding 
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recruits janus kinase (JAK) 1, JAK2 and tyrosine kinase (TYK) 2 that get 

transphosphorylated and activated upon interferon receptor chain proximity. JAKs will 

then phosphorylate the receptor chains leading to a relocalization and formation of 

STAT heterodimers (IFN-I and IFN-III) or homodimers (IFN-II) (Figure 1.2.).  

 

Figure 1.2: Schematic depiction of Interferon signaling. IFN-I and IFN-III bind to their 

respective receptors, IFNAR and IFNLR recruiting JAK1 and TYK2 to phosphorylate the 

receptor chains followed by the heterodimerization of STAT1 and STAT2. IFN-II signaling 

leads to formation of STAT1 homodimers to induce a distinct ISGs portfolio. (Schneider, 

Chevillotte, and Rice 2014) Permission provided by Annual Reviews, Inc., and Copyright 

Clearance Center. 

1.5.1 Interferons during viral encephalitis 

IFN signaling has been shown to be essential during viral encephalitis. Interferons 

concentration is increased in the cerebrospinal fluid (CSF) of patients with viral 

encephalitis (Grygorczuk et al. 2015). Furthermore, primary immunodeficiencies in the 

course of HSE have revealed impaired IFN responses due to inborn errors in the TLR3 
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pathway that result in limited IFN production from iPSCs- derived neuronal cells 

(Lafaille et al. 2012). Studies on animal models, revealed the significance of IFN 

signaling within the CNS compartment upon challenge with several viruses. Initially, 

IFNAR-/- mice were intravenously (i.v.) infected with VSV showing 100% lethality 

(Muller et al. 1994). Subsequently, IFNAR-/- mice infected with VSV, WNV, HSV-1, 

TBEV and Langat virus and the murine coronavirus MVH-JHM in CNS infection models 

suggested that IFN signaling within the CNS compartment is crucial for viral restriction 

and survival during viral encephalitis (Samuel and Diamond 2005; Ireland et al. 2008; 

Detje et al. 2009; Weber et al. 2014; Wang, Bowen, et al. 2012; Conrady et al. 2013). 

Recently, several studies identified cells of neuroectodermal origin of being the main 

cells within the CNS compartment that have to be triggered by IFN-I in order to promote 

survival upon neurotropic infections (Detje et al. 2009; Rosato et al. 2016; Daniels et 

al. 2017; Chhatbar et al. 2018; Hwang and Bergmann 2018). Furthermore, mice devoid 

of IFIT2, a typical ISG upon viral infection, showed increased sensitivity to VSV, RABV, 

Sendai Virus (SeV) and coronavirus MHV challenge when compared to WT and IFIT1-

/- mice highlighting the importance of IFN-I triggering within the CNS parenchyma 

(Fensterl et al. 2012; Davis et al. 2017; Wetzel, Fensterl, and Sen 2014; Butchi et al. 

2014). Interestingly, 2’-O methylation of viral RNAs has been proposed as an evasion 

mechanism used by viruses such as WNV to avoid antiviral targeting by IFIT proteins 

that are known to attenuate protein translation upon intracerebral virus inoculation 

(Daffis et al. 2010; Terenzi et al. 2006). Astrocytes have been suggested to be the 

main source of IFN-I upon RNA neurotropic virus challenge while studies with HSV-1 

in in vitro cell culture systems proposed microglia as the predominant source of IFN-I 

(Detje et al. 2015; Pfefferkorn et al. 2016; Reinert et al. 2016). However, it remains 

elusive whether the magnitude of IFN-I production from CNS resident cells is regulated 

according to their spatial localization. 

1.5.2 Interferons within the therapeutics quiver 

In human patients, interferons are used as a therapeutic treatment option for chronic 

hepatitis type B and C infection, multiple sclerosis and melanoma (Manns et al. 2001; 

Cooksley et al. 2003; Tarhini, Gogas, and Kirkwood 2012; Paty 1993). The pegylated 

forms of IFN-α2 have been applied successfully in patients with chronic hepatitis B and 

C although several side effects such as bone marrow depression, flu-like symptoms 

and exacerbations of underlying autoimmune syndromes have been attributed to IFN 
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treatment. IFN-β1 and its pegylated form are used in the treatment of relapsing-

remitting multiple sclerosis (RRMS) delaying the initial relapses and the full 

progression of the disease (Paty 1993). Side-effects have also been observed as well 

as neutralizing antibodies against administered IFN-β1 have been detected that reduce 

the time relapses reappear in RRMS patients (Sorensen et al. 2003; Walther and 

Hohlfeld 1999). 

 

1.6  The adaptive immune response - CD8+ T cells as the main antiviral effectors 

during viral encephalitis 

The adaptive immune response in the course of a viral infection depends on the 

drainage of the antigen within the secondary lymphoid organs. Mice devoid of 

secondary lymphoid organs, such as the lymph nodes (aly/aly mice) and the spleen 

(Hox11 deficient mice) showed diminished cytotoxic T cell responses and diminished 

neutralizing antibody responses, respectively and displayed high susceptibility to 

infection (Karrer et al. 1997). Nowadays with the rediscovery of the lymphatic drainage 

system, more studies are focusing on how antigens are drained from the CNS to the 

lymph nodes in order to instruct an efficient adaptive immune response (Louveau et al. 

2015; Aspelund et al. 2015). CD8+ T cells have been shown by several studies to be 

of high significance for an efficient adaptive immune response that restricts viral 

replication (Zhang and Bevan 2011). 

CD8+ T cells and more precisely virus-specific CD8+ T cells are significant for 

protection in mouse models against neurotropic infections with several pathogens, 

such as WNV, JEV, VSV and HSV-1 (Wang et al. 2003; Shrestha and Diamond 2004; 

Jain et al. 2017; Moseman et al. 2020; Anglen et al. 2003; Koyanagi et al. 2017; 

Menendez and Carr 2017; Ghita et al. 2021). Perforin and IFN-γ are critical for CD8+ 

T cells to clear virus from infected neurons and the infected CNS (Shrestha, Samuel, 

and Diamond 2006; Hausmann et al. 2005; Larena, Regner, and Lobigs 2013). 

Recruitment of CD8+ T cells has been shown to be controlled by neuronal CXCL10 

during WNV infection (Klein et al. 2005). Recently, it was shown that MyD88 signaling 

in neurons regulates leukocyte infiltration of total and virus-specific CD8+ T cells into 

the VSV infected CNS. Neuronal MyD88 signaling directly controlled chemokine 

responses upon infection (Ghita et al. 2021). To that extent, CXCR3 is of pivotal 
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significance for the infiltration of CD8+ T cells into the WNV infected CNS (Zhang et al. 

2008). Furthermore, CCR5 signaling was shown to be essential in the immune cell 

compartment for the infiltration of immune cells into the CNS, specifically CD4+ and 

CD8+ T cells and natural killer (NK) cells upon LGTV infection (Michlmayr et al. 2016). 

However, CD8+ T cells have been also associated with neuropathology. In a model of 

WNV-induced cognitive dysfunction, CD8+ T cell derived-IFN-γ causes presynaptic 

elimination upon microglia-mediated IFNGR signaling (Garber et al. 2019). In 

accordance with this, something similar has been proposed in the deja-vu model of 

LCMV infection in which neuronal STAT1 signaling drives myeloid cell recruitment and 

CD8+ T cell-mediated synaptic elimination (Di Liberto et al. 2018).  

Interestingly, CD8+ T cells are not only essential during the acute phase of the infection 

but have also a significant role to suppress reactivation of viruses and their subsequent 

CNS entry. Peripheral immunization or infection leads to the generation of antigen-

specific memory CD8+ T cells that selectively seed the CNS, are heavily resistant to 

depletion and protect against CNS infection (Urban et al. 2020; Steinbach et al. 2016). 

Similarly, in a model of MCMV congenital infection antigen-specific memory CD8+ T 

cells were found in the CNS to control reactivation of MCMV (Brizic et al. 2018). 

Recently, memory-like CD8+ T cells were also found in the human brain (Smolders et 

al. 2018). In HSV-1 infection, antigen specific memory CD8+ T cells are essential to 

control reactivation of HSV-1 in the trigeminal ganglia to avoid potential CNS entry (St 

Leger and Hendricks 2011). Collectively, CD8+ T cells are of key relevance for 

protection during viral encephalitis even though CD8+ T cells can also cause extensive 

neuropathology in certain cases. Delineating the complex interactions of CD8+ T cells 

with the CNS resident cells will lead to a better understanding of the pathogenesis of 

viral encephalitis and eventually to improved therapeutic strategies. 

 

1.7  Glia cells orchestrate immune responses during viral encephalitis 

Glia cells were initially considered to solely be the connective-supportive material 

within the CNS without well documented functions. Nowadays, it is well known that glia 

cells heavily contribute to the neurodevelopmental capacity of the brain, the 

homeostatic function, the regulation of the flow within and out of the CNS, the 

clearance of debris, the resolution of inflammation during diseases, the crosstalk in 
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between the CNS and the gastrointestinal system and the overall protection against 

infections (Han et al. 2021; Klein et al. 2019). Astrocytes and microglia constitute the 

most important glia cells during infection with their role being increasingly elaborated 

and highlighted during the last years.  

1.7.1 Astrocytes in the course of viral encephalitis 

Astrocytes arise from neuroepithelial cells that populate the developing embryonic 

brain for the initiation of the neurogenesis process. Neuroepithelial cells differentiate 

into radial glial cells and then will give rise to oligodendrocytes and astrocytes (Anthony 

et al. 2004; Rowitch and Kriegstein 2010). The increase of interest in astrocyte biology 

comes from the fact that astrocytes have a pivotal role in the CNS physiology and the 

interplay between homeostasis and disease (Han et al. 2021). Since viral CNS 

infections by emerging pathogens are being investigated, a deeper knowledge 

concerning astrocyte activation and function is needed. 

Upon virus CNS entry, astrocytes are activated in the site of viral antigen exposure 

which was shown in histopathological analyses of post mortem brains of WNV, JEV 

and ZIKV infected individuals (van Marle et al. 2007; German et al. 2006; Ledur et al. 

2020). In the murine system, astrocytes are the main type I IFN producers during VSV, 

Rabies and TMEV infection without being the primary targets of the virus (Detje et al. 

2015; Pfefferkorn et al. 2016). These type I IFN responses have been shown to be 

mounted by PRRs such as TLRs and RIG-I in vitro in human and murine astrocytic 

monolayers with various pathogens such as TBEV, VSV, RABV, TMEV and HSV-2 

(Lindqvist et al. 2016; Tian et al. 2017; Reinert et al. 2012; So, Kang, and Kim 2006; 

Kurhade et al. 2016; Furr et al. 2010). Interestingly, type I IFN triggering of astrocytes 

is essential to promote protection in a model of intranasal VSV instillation by inducing 

microglia activation whereas another study showed that regional IFN signaling of 

astrocytes regulates the permeability of BBB in the hindbrain during neuroinvasive 

WNV infection (Chhatbar et al. 2018; Daniels et al. 2017). In a model of WNV-induced 

cognitive dysfunction, astrocytes increased in numbers and directly impaired 

neurogenesis in an IL-1β-dependent manner (Garber et al. 2018). Interestingly, even 

though astrocytes are not the primary target of neurotropic viruses, enterovirus 71 

(EV71) seems to productively infect astrocytes in a mouse model of EV71 (Luo et al. 

2019). 
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1.7.2 Microglia: Orchestrators of the innate and adaptive immune response 

interplay during viral encephalitis 

The CNS compartment is seeded with several distinct subsets of myeloid cells with 

each one of them strategically positioned to coordinate specialized immune functions 

within the brain. Microglia comprise the parenchymal myeloid cells of the brain while 

perivascular, leptomeningeal and choroid plexus macrophages constitute the CNS-

associated myeloid cells (CAMs) (Goldmann et al. 2016; Prinz et al. 2021). Microglia 

arise from EMPs of the yolk sac early in the course of embryogenesis in a c-Myb-

independent and in IRF8-dependent manner and seed the brain at embryonic day 

E9.5. Recently, it was proposed that CAMs also arise from EMPs of the yolk sac, 

although these cells clearly comprise a distinct population from the moment they seed 

the developing CNS with clear expression of CD206 residing in the developing 

meninges and choroid plexus (Ginhoux et al. 2010; Schulz et al. 2012; Kierdorf et al. 

2013; Hoeffel et al. 2015; Utz et al. 2020). 

Initially, microglia significance during viral encephalitis was highlighted in post mortem 

brains from affected individuals showing microglia accumulation together with CD8+ T 

cell infiltration (Fekete et al. 2018; Reinert et al. 2021). Later, in experiments with 

pharmacological depletion of microglia, mice showed increased susceptibility upon 

viral challenge (Seitz, Clarke, and Tyler 2018; Chhatbar et al. 2018; Wheeler et al. 

2018; Waltl et al. 2018). Furthermore, IL-34 deficient mice, a ligand for CSF1-R, 

showed decreased numbers of microglia within the CNS and were highly susceptible 

to an attenuated strain of WNV compared to WT controls (Wang, Szretter, et al. 2012). 

The role of microglia within the infected CNS is heavily discussed. Upon viral entry into 

the CNS, microglia are activated and clonally expanded magnifying the expression of 

co-stimulatory and MHC molecules to perform antigen specific cross-presentation 

(Reinert et al. 2016; Chhatbar et al. 2018; Fekete et al. 2018; Kaufer et al. 2018; Waltl 

et al. 2018; Moseman et al. 2020; Tsai et al. 2016). Recently, it has been proposed 

that microglia are recruited to infected cells during viral encephalitis via P2RY12, a 

purinergic receptor that senses ATP release from infected cells (Fekete et al. 2018). 

P2RY12 deficiency leads to reduced microglia accumulation and phagocytosis of 

infected cells resulting in a high amount of extracellular virus particles in the 

pseudorabies (PRV) infection model (Fekete et al. 2018). Interestingly, leukocyte 

recruitment into the brain areas with high viral replication is P2RY12 signaling-
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independent (Fekete et al. 2018). Additionally, post mortem HSE brain analysis 

revealed P2RY12+ microglia interacting with HSV-1 infected neurons suggesting that 

P2RY12 signaling is of high relevance during viral encephalitis (Fekete et al. 2018). 

Similarly, P2RY13 is another purinergic receptor that acts as an ISG upon type I IFN 

triggering increasing the survival rate of mice upon systemic VSV infection and 

restricting VSV replication upon intranasal VSV infection (Zhang, Yan, et al. 2019). 

Furthermore, the E3 ubiquitin ligase Peli1 has also been proposed to play a crucial 

role in CNS inflammation regulating pro-inflammatory cytokines (Xiao et al. 2013). 

Upon WNV, Peli1 deficient mice show better survival compared to WT mice suggesting 

a potential immunopathogenic role of microglia during viral encephalitis (Luo et al. 

2018). However, post mortem WNV encephalitis brain analysis from two affected 

individuals revealed that Peli1 was highly co-localized with WNV infected cells 

revealing a potential neuronal implication of Peli1 since WNV tropism is mainly 

neuronal (Luo et al. 2018). Interestingly, during HSE microglia produce type I IFN 

responses in a cGAS/STING dependent manner (Reinert et al. 2016). However, a 

recent study revealed that STING signaling upon HSV-1 infection may have other 

functional roles than IFN-I production such as autophagy. In the respective study, a 

new mouse model was generated in which STING dependent IFN-I responses were 

diminished by the introduction of a point mutation in the C-terminus tail of STING 

responsible for IFN-I mediated responses (Yamashiro et al. 2020). Furthermore, cGAS 

signaling is essential to limit IFN-I responses by instructing myeloid cells to undergo 

apoptosis during herpes virus encephalitis (Reinert et al. 2021; Paludan, Reinert, and 

Hornung 2019). IFN-I responses have been proposed to directly control the myeloid 

cell dynamics in a model of persistent LCMV infection (Nayak et al. 2013). To that 

extent selective IFNAR signaling of neurons and astrocytes regulates microglia 

activation during VSV intranasal encephalitis with microglia accumulating at the site of 

infection (Chhatbar et al. 2018). In a murine model of WNV -induced cognitive 

dysfunction, microglia have been reported to engulf presynaptic neuronal terminals 

with the complement system having a central role (Vasek et al. 2016).  This mechanism 

may be necessary within the infected CNS to inhibit transsynaptic viral spread. 

Furthermore, microglia -mediated CD8+ T cell synaptic elimination was also proposed 

during WNV recovery through microglia IFNGR signaling (Garber et al. 2019). 

Similarly, in the deja-vu model of LCMV infection myeloid cells instruct a strong T cell 

response against synaptic antigens (Di Liberto et al. 2018). Depletion of microglia 
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affects the local restimulation of cytotoxic T cells that infiltrate the infected CNS (Funk 

and Klein 2019). 

The breakthrough in microglia research came with the development of the CX3CR1 

reporter mouse model in which myeloid cell reactions within the brain could be 

monitored (Jung et al. 2000). By that time, several genetically modified animal models 

have been developed to selectively study the role of microglia during homeostasis and 

disease. The most characterized and currently widely used model is the one that 

targets the fraktalkine receptor CX3CR1 in a tamoxifen inducible fashion. Upon 

tamoxifen-mediated recombination, gene targeting is enabled in CX3CR1+ cells of the 

peripheral and the CNS myeloid compartment (Goldmann et al. 2013). The self-

turnover of microglia is being exploited compared to the fast bone marrow 

replenishment of peripheral myeloid cells leading to a highly selective gene targeting 

of microglia with partial leakage within the border macrophage compartment 

(Goldmann et al. 2013; Goldmann et al. 2016; Mrdjen et al. 2018). Other mouse models 

make use of several microglia core genes for cre-mediated gene targeting such as 

csf1r, siglech, sall1, tmem119, p2ry12, hexb (Qian et al. 2011; Schulz et al. 2012; 

Buttgereit et al. 2016; Konishi et al. 2017; Kaiser and Feng 2019; Masuda et al. 2020; 

McKinsey et al. 2020). Recently, a new binary approach has been proposed to 

eliminate the leakage of the CX3CR1 inducible setup within the border macrophage 

compartment by selective recombination controlled by simultaneous expression of 

Sall1 and CX3CR1 with the usage of the split cre technology (Kim et al. 2021). In 

conclusion, microglia functions and interactions with other CNS resident and immune 

infiltrating cells is of pivotal significance to decipher the main pathogenesis 

mechanisms of viral encephalitis.  

1.8  Animal models to study CNS immunity against neurotropic infections 

Several viruses have a CNS entry potential leading to viral encephalitis with 

neurological sequelae. In order to delineate the immunological processes and the 

cellular interactions during CNS infections, animal models to more closely recapitulate 

the complexity of the diseases are of high relevance. VSV is a negative ssRNA virus, 

member of the Rhabdoviridae family and has been used as a prototypic virus for RABV 

a member of the same virus family. VSV has been a very useful laboratory tool to 

analyze viral nucleic acid recognition, cellular responses as well as in vivo innate and 

adaptive immune responses upon infection. Several research groups have already 
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used VSV as an in vivo infection model. WT mice intranasally instilled with VSV survive 

the infection with no or minor transient signs of disease in contrast to immunomodified 

mouse lines, unravelling the pivotal role of key immune components during viral 

encephalitis (Zhou et al. 2007; Detje et al. 2009; Nair et al. 2014; Detje et al. 2015; 

Chhatbar et al. 2018; Moseman et al. 2020; D'Agostino et al. 2012).  

HSV-1 is a DNA-encoded virus, member of the Herpesviridae family that affects most 

of the individuals in a global scale leading rarely to HSE upon reactivation and 

subsequent CNS entry. To further study the pathophysiological mechanisms during 

HSE, mice infected with HSV-1 showed mild symptoms or lethal disease depending 

on the clinical isolate, the route of infection, the genetic background of the mouse line, 

and the dosage (Kollias et al. 2015). Intracerebral administration of HSV-1 in mice has 

the advantage of directly studying the virus-induced inflammation in the brain since 

naturally HSV-1 CNS entry mainly relies on virus reactivation from latency in a limited 

amount of hosts. In both of the infection models, viruses replicate within the CNS 

leading to viral encephalitis, providing invaluable information. These two models were 

used in this thesis to investigate the key components of the immune responses during 

viral encephalitis. 
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2. Aims 

Several viruses can access the CNS parenchyma causing detrimental inflammation. 

The narrow neuroregenerative potential of the CNS together with the limited antiviral 

treatments available highlight the relevance of investigating the pathological 

mechanisms of viral encephalitis. A better understanding of virus sensing by the CNS 

resident cells is required to unveil the specific mechanisms during CNS infection. In 

our first study we focused on the role of MAVS adaptor molecule in a model of 

intranasal VSV -induced encephalitis. Therefore, our aims in the first study were 

(i) To determine whether MAVS signaling is essential for protection during viral 

encephalitis 

(ii) To identify which CNS resident cells mediate MAVS-dependent antiviral 

responses 

 

A plethora of primary human immunodeficiencies has highlighted the significance of 

interferon signaling during HSE. However, it is not known which CNS resident cells 

mount IFN responses and which cells are triggered by these responses. In our second 

study, we established a mouse model of direct CNS infection with HSV-1 to address 

these questions. In our second study, our aims were 

(i) To determine which CNS resident cell mount protective IFN-I responses and 

which are triggered by IFN-I responses during HSE 

(ii) To delineate whether each CNS resident cell instructs selective ISG 

repertoires during HSE 
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3. Materials and Methods 

 

3.1  Materials 

 

3.1.1 Machines 

 

Table 3.1: Table of used machines 

Name of machine Company 

Centrifuge 5417R  Eppendorf, Hamburg, GER 

Centrifuge Microfuge 16  
Thermo Fischer Scientific, 
Waltham, MA, USA 

Optima L-90K Ultracentrifuge Beckman Coulter, Brea, CA, USA 

Sonic waterbath Elma, Singen, GER 

Cryostar NX70 
Thermo Fischer Scientific, 
Waltham, MA, USA 

GentleMACS Dissociator Miltenyi, Bergisch Gladbach, GER 

FastPrep®-24  
MP Biomedicals, Santa Ana, CA, 
USA 

Digital scale Atilon Acculab GmbH, Götiingen, GER 

Incubator Cytoperm 
Thermo Fischer Scientific, 
Waltham, MA, USA 

LightCycler 480 Roche, Basel, CHE 

Microscope Axiostar plus  Zeiss, Oberkochen, GER 

Microscope Axiovert 40C  Zeiss, Oberkochen, GER 

Microscope Axio ScanZ.1 Zeiss, Oberkochen, GER 

Microscope FV-1000 Olympus, Tokyo, JPN 

NanoDrop 1000 Spectrophotometer  
Thermo Fischer Scientific, 
Waltham, MA, USA 

Stereoscope Stemi DRC Zeiss, Oberkochen, GER 

Stereoscope SMZ745T Nikon, Minato, JPN 

Stereoscope SZX7 Olympus, Tokyo, JPN 

Synergy 2 Multi-Mode Microplate Reader  Biotek, Vinnoski, VT, USA 

Thermomixer Eppendorf, Hamburg, GER 

Waterbath  
VWR International, Radnor, PA, 
USA 

White light transilluminator  UVP, Upland, CA, USA 
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Vacuum pump Welch Vaccum, Niles, IL, USA 

LSR II flow cytometer 
BD Biosciences, Franklin Lakes, 
NJ, USA 

ID7000 Spectral flow cytometer Sony, Minato, JPN 

FACSAria™ Fusion Cell Sorter 
BD Biosciences, Franklin Lakes, 
NJ, USA 

Infra-red lamp Petra Electric, Ense, GER 

 

3.1.2 Equipment 

 

Table 3.2: Table of used equipment 

Name of equipment Company 

0.5, 1.0, 2.0 ml reaction tubes Eppendorf, Hamburg, GER 

15, 50 ml BD Falcon 
BD Biosciences, Franklin Lakes, 
NJ, USA 

24-, 48-, 96- well plates 
BD Biosciences, Franklin Lakes, 
NJ, USA 

Cellstar® cell culture flasks T-175 
greiner bio-one, Kremsmünster, 
AUT 

Discofix® C B. Braun, Melsungen, GER 

EASYSTRAINER 70μm 
greiner bio-one, Kremsmünster, 
AUT  

FastPrep® Lysing Matrix Tubes A/D 
MP Biomedicals, Santa Ana, 
CA, USA 

Heidelberger extensions 75, 140 cm B. Braun, Melsungen, GER 

Laboratory glassware Schott, Mainz, GER 

Multichannel pipettes (100, 300 μl)  Eppendorf, Hamburg, GER 

Neubauer counting chamber (0.0025 mm2)  
Superior Marienfeld, Lauda-
Königshofen, GER  

Omnican F 1 ml  B. Braun, Melsungen, GER 

Omnifix® 10 ml  B. Braun, Melsungen, GER 

PAP pen (Liquid Blocker) 
Sigma-Aldrich, St. Louis, MO, 
USA 

Pipette tips (10, 20, 100, 200, 1000 μl)  Sarstedt, Nümbrecht, GER  

Pipettes (10, 20, 100, 200, 1000 μl)  Eppendorf, Hamburg, GER 

Scissors and forceps  
Fine Science Tools GmbH, 
Heidelberg, GER 
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3.1.3 Reagents 

 

Table 3.3: Table of used reagents 

Name of reagent Company 

AccuCheck Counting beads 
Thermo Fischer Scientific, 
Waltham, MA, USA 

Ara-C 
Sigma-Aldrich, St. Louis, MO, 
USA 

β-mercaptoethanol  Merck KGaA, Darmstadt, GER 

Bepanthen Bayer, Leverkusen, GER 

B-27 Supplement 
Gibco® Life Technologies, 
Carlsbad, CA, USA 

Bovine Serum Albumin 
Sigma-Aldrich, St. Louis, MO, 
USA 

Bright-Glo™ Luciferase Assay System  Promega, Madison, WI, USA 

Collagenase D Invitrogen, Waltham, MA, USA 

Corn oil 
Sigma-Aldrich, St. Louis, MO, 
USA 

Crystal Violet Merck KGaA, Darmstadt, GER 

Mounting Medium DAKO, Glostrup, DEN 

DAPI Invitrogen, Waltham, MA, USA 

DNase 
Macherey-Nagel GmbH & 
Co.KG - Düren, Germany 

Donkey Serum 
Sigma-Aldrich, St. Louis, MO, 
USA 

FCS Merck KGaA, Darmstadt, GER 

Ethanol 70%, 99% 
Carl Roth GmbH + Co. KG, 
Karlsruhe, GER  

Formaldehyde 36%, GPR RECTAPUR®  
VWR International, Radnor, PA, 
USA 

GentleMACS C tubes 
Miltenyi, Bergisch Gladbach, 
GER 

Glutamax 
Gibco® Life Technologies, 
Carlsbad, CA, USA 

HBSS 
Gibco® Life Technologies, 
Carlsbad, CA, USA 

HEPES 
Gibco® Life Technologies, 
Carlsbad, CA, USA 

Human IgG 
Sigma-Aldrich, St. Louis, MO, 
USA 

IFN-β recombinant Peprotech, Rocky Hill, NJ, USA 

IsoFlo®  Albrecht, Aulendorf, GER 
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Ketamine 10% WDT eG, Garbsen, GER 

KCl 
Carl Roth GmbH + Co. KG, 
Karlsruhe, GER 

Methylcellulose, 300 - 560 mPa.s, Methocel® A4C 
VWR International, Radnor, PA, 
USA 

MES 
Carl Roth GmbH + Co. KG, 
Karlsruhe, GER 

MilliQ Water Merck KGaA, Darmstadt, GER 

N-2 Supplement 
Sigma-Aldrich, St. Louis, MO, 
USA 

Sodiumchloride (NaCl) 
Carl Roth GmbH + Co. KG, 
Karlsruhe, GER 

Nuclease-free water 
Macherey-Nagel GmbH & 
Co.KG - Düren, Germany 

PBS Tablets Gibco® Life Technologies 

Paraformaldehyde (37%) 
Carl Roth GmbH + Co. KG, 
Karlsruhe, GER 

Penicillin/Streptomycin 
Gibco® Life Technologies, 
Carlsbad, CA, USA 

Physiological Saline WDT eG, Garbsen, GER 

Poly-L-lysine 
Sigma-Aldrich, St. Louis, MO, 
USA 

O.C.T. TissueTek Sakura, Tokyo, JPN 

Sodium Bicarbonate 
Gibco® Life Technologies, 
Carlsbad, CA, USA 

D(+) Saccharose 
Carl Roth GmbH + Co. KG, 
Karlsruhe, GER 

Tamoxifen 
Sigma-Aldrich, St. Louis, MO, 
USA 

Tris 
Thermo Fischer Scientific, 
Waltham, MA, USA 

Triton-X 100 
Sigma-Aldrich, St. Louis, MO, 
USA 

TRIzol 
Thermo Fischer Scientific, 
Waltham, MA, USA 

Trypan blue 
Gibco® Life Technologies, 
Carlsbad, CA, USA 

Trypsin 
Gibco® Life Technologies, 
Carlsbad, CA, USA 

Trypsin/EDTA 
Gibco® Life Technologies, 
Carlsbad, CA, USA 

Trypsin inhibitor 
Sigma-Aldrich, St. Louis, MO, 
USA 

UltraComp eBeads™ Plus Compensation Beads 
Thermo Fischer Scientific, 
Waltham, MA, USA 

Xylavet  cp-pharma, Burgdorf, GER 
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3.1.4 Buffers and media 

Table 3.4: Table of used buffers and media 

Name of reagent Company & Composition 

Crystal Violet 

5g Crystal Violet (Final 0.5%) 
50ml Formaldehyde (Final 5%)  
Ethanol (Final 50%) 
8g NaCl (Final 0.8% ) 
Fill up with ddH2O until 1L 

DMEM Medium Gibco® Life Technologies  

ACK lysis buffer 

1 l MilliQ Water  
8.29 g Ammonium Chloride  
1.00 g Potassium Bicarbonate  
0.037 g EDTA  

FACS Buffer 

1 L MilliQ Water  
20 g BSA  
20 mM EDTA  
0.2% sodium azide  
9.55 g PBS  

MACS Buffer 
1 L MilliQ Water  
2 mM EDTA  
9.55 g PBS 

MEM Medium Gibco® Life Technologies 

MEM Medium 10x Gibco® Life Technologies 

Methylcellulose (1%) 

500 mL 2% Methylcellulose 
100 mL 10x MEM 
58.6 mL Sodium Bicarbonate 
25 mL 1 M HEPES (25 mM) 
316.4 mL sterile ddH2O 

MNT Buffer 

30 mM MES 
100 mM KCl 
20 mM Tris 
pH 7.4 

Neurobasal Medium Gibco® Life Technologies 

Triturating Solution 
1% BSA 
0.5 mg/mL trypsin inhibitor 
g/mL DNase 
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3.1.5 Kits 

 

Table 3.5: Table of used kits 

Name of kit Company 

LEGENDPlex Mouse Inflammation Panel (13-plex) Biolegend, San Diego, CA, USA 

Mouse Verikine IFN-β ELISA kit PBL, Piscataway, NJ, USA 

Mouse Verikine High Sensitivity IFN-β ELISA kit PBL, Piscataway, NJ, USA 

Mouse Verikine IFN-α ELISA kit PBL, Piscataway, NJ, USA 

NucleoSpin® RNA Kit 
Macherey-Nagel GmbH & 
Co.KG - Düren, Germany 

PrimeScript FirstStrand cDNA Synthesis Kit TaKaRa, Shiga, JPN 

SensiFAST SYBR® No-ROX Kit Bioline, London, UK 

RNeasy® Plus Mini Kit (50) Qiagen, Venlo, NLD 

Direct-zolTM RNA MiniPrep Plus 
Zymo Research, Irvine, CA, 
USA 

 

3.1.6 Mice 

 

Table 3.6: Table of used mouse lines 

Mouse strain Nomenclature Reference 

C57BL/6 C57BL/6JOlaHsd  

IFNAR-/- B6.129S2-Ifnar1tm1(Neo)Agt  (Muller et al. 1994) 

IFN-β-/- 
B6.129P2-
IFNbtm1(Lambda2(315))GBF 

(Erlandsson et al. 
1998) 

IFN-βΔβ-luc/wt B6.Bruce4-IFNbtm2.2(luc/flox)GBF 
(Lienenklaus et al. 
2009) 

IFNAR-/- IFN-βΔβ-luc/wt 
B6.129S2-Ifnar1tm1(Neo)Agt x 
B6.Bruce4-IFNbtm2.2(luc/flox)GBF 

Unpublished 

IFN-ββ-luclox/β-luclox B6.Bruce4-IFNbtm2.2(luc/flox)GBF 
(Lienenklaus et al. 
2009) 

Syn1-cre+/- IFN-ββ-luclox/β-luclox 
B6.Cg-Tg(Syn1-Cre)Par x 
B6.Bruce4-IFNbtm2.2(luc/flox)GBF 

Unpublished 

GFAP-cre+/- IFN-ββ-luclox/β-luclox 
B6N.B6CBA-Tg(GFAP-Cre-
IRES-LacZ)DG x B6.Bruce4-
IFNbtm2.2(luc/flox)GBF 

Unpublished 

CX3CR1-creER+/- IFN-ββ-luclox/β-luclox 
B6.Cg-Cx3Cr1tm2.1(cre/ERT2)Jung x 
B6.Bruce4-IFNbtm2.2(luc/flox)GBF 

Unpublished 

IFNARflox/flox B6.129SV-Ifnartm(flox)Kal 
(Kamphuis et al. 
2006) 

Nes-cre+/- IFNARflox/flox 
B6-Tg(Nes-cre)1Kln x 
B6.129SV-Ifnartm(flox)Kal  

(Detje et al. 2009) 
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Syn1-cre+/- IFNARflox/flox 
B6.Cg-Tg(Syn1-Cre)Par x 
B6.129SV-Ifnartm(flox)Kal  

(Chhatbar et al. 
2018) 

GFAP-cre+/- IFNARflox/flox 
B6N.B6CBA-Tg(GFAP-Cre-
IRES-LacZ)DG x B6.129SV-
Ifnartm(flox)Kal 

(Chhatbar et al. 
2018) 

CX3CR1-creER+/- IFNARflox/flox 
B6.Cg-Cx3Cr1tm2.1(cre/ERT2)Jung x 
B6.129SV-Ifnartm(flox)Kal 

(Luckoff et al. 2016) 

MAVS-/- B6.STOCK-Mavs(tm1Tsc) 
(Michallet et al. 
2008) 

MAVSflox/flox B6J.MAVStm1Rm1 (Dutta et al. 2017) 

Nes-cre+/- MAVSflox/flox 
B6-Tg(Nes-cre)1Kln x 
B6J.MAVStm1Rm1 

Unpublished 

Syn1-cre+/- MAVSflox/flox 
B6.Cg-Tg(Syn1-Cre)Par x 
B6J.MAVStm1Rm1 

Unpublished 

GFAP-cre+/- MAVSflox/flox 
B6N.B6CBA-Tg(GFAP-Cre-
IRES-LacZ)DG x 
B6J.MAVStm1Rm1 

Unpublished 

CX3CR1-creER+/- MAVSflox/flox 
B6.Cg-Cx3Cr1tm2.1(cre/ERT2)Jung x 
B6J.MAVStm1Rm1 

Unpublished 

TdTomatost/st 
Gt(ROSA)26Sortm9(CAG-

tdtomato)HZE/J 
(Madisen et al. 
2010) 

CX3CR1-creER+/- TdTomatost/wt 
B6.Cg-Cx3Cr1tm2.1(cre/ERT2)Jung x 
Gt(ROSA)26Sortm9(CAG-

tdtomato)HZE/J 

(Goldmann et al. 
2016) 

 

3.1.7 Cell lines 

 

Table 3.7: Table of used cell lines 

Cell lines Reference 

BHK-21 cell line (Syrian hamster kidney cells) DSMZ – ACC 61 

Vero B4 cell line (African green monkey kidney cells) DSMZ – ACC 33 

 

3.1.8 Viruses 

 

Table 3.8: Table of used virus strains 

Virus strain Reference 

VSV Indiana (Mudd-Summers Isolate) 
Kindly provided by D. Kolakofsky (University of 
Geneva, Geneva, Switzerland 

VSV eGFP (Ramsburg et al. 2005) 

HSV-1 17+ lox (Nygardas et al. 2013) 
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3.1.9 Antibodies 

 

Table 3.9: Table of used antibodies for histology 

Name of Antibody Dilution/Company 

Rabbit anti-mouse iba1 1:200, WAKO 

Goat anti-mouse iba1 1:500, Abcam 

CD8a-PE 1:100, Biolegend 

CD45.2-APC Cy7 1:100, Biolegend 

rabbit anti-mouse GFAP 1:500, Millipore 

rabbit anti-HSV-1 1:500, Dako 

Donkey anti-rabbit (H+L) Highly Cross-Absorbed 488 1:1000, Invitrogen 

Donkey anti-goat (H+L) Highly Cross-Absorbed 488 1:1000, Invitrogen 

Donkey anti-mouse (H+L) Highly Cross-Absorbed 488 1:1000, Invitrogen 

Donkey anti-rabbit (H+L) Highly Cross-Absorbed 568 1:1000, Invitrogen 

Donkey anti-goat (H+L) Highly Cross-Absorbed 568 1:1000, Invitrogen 

Donkey anti-rabbit (H+L) Highly Cross-Absorbed 647 1:1000, Invitrogen 

Donkey anti-mouse (H+L) Highly Cross-Absorbed 647 1:1000, Invitrogen 

Donkey anti-rat (H+L) Highly Cross-Absorbed 647 1:1000, Invitrogen 

 

Table 3.10: Table of used antibodies for flow cytometry 

Name of Antibody Dilution/Company 

Pacific Blue anti-mouse CD45.2 1:100, Biolegend 

APC-Cy7 anti-mouse CD11b 2:100, Biolegend 

APC anti-mouse P2RY12 4:100, Biolegend 

BV421 anti-mouse CD206 2:100, Biolegend 

PerCP-Cy5.5 anti-mouse Ly6C 2:100, Biolegend 

BV605 anti-mouse CD86 2:100, Biolegend 

BUV661 anti-mouse MHCI 4:100, BD 

Spark Blue 550 anti-mouse MHCII 2:100, Biolegend 

BV650 anti-mouse Ly6G 2:100, Biolegend 

PE-Cy5 anti-mouse CD11c 2:100, Biolegend 

BUV563 anti-mouse CD8a 2:100, BD 

BUV395 anti-mouse NK1.1 2:100, BD 
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AF700 anti-mouse CD4 2:100, Biolegend 

BV711 anti-mouse CD8b 2:100, BD 

PE-Cy7 anti-mouse CD44 2:100, Biolegend 

BUV737 anti-mouse KLRG1 2:100, BD 

BV750 anti-mouse B220 4:100, Biolegend 

BV785 anti-mouse CD127 2:100, Biolegend 

PE-Cy7 anti-mouse CD3 1:100, Biolegend 

BV605 anti-mouse Ly6G 2:100, Biolegend 

AF700 anti-mouse Ly6C 1:100, Biolegend 

FITC anti-mouse NK1.1 2:100, Biolegend 

PE anti-mouse CD8b 1:100, Biolegend 

Pacific Blue mouse IgG1, k Isotype 1:100, Biolegend 

APC-Cy7 rat IgG2b, k Isotype 2:100, Biolegend 

APC rat IgG2b, k Isotype 4:100, Biolegend 

BV421 rat IgG2a, k Isotype 2:100, Biolegend 

PerCP-Cy5.5 rat IgG2c Isotype 2:100, Biolegend 

BV605 rat IgG2b, k Isotype 2:100, Biolegend 

BUV661 rat IgG2a, k Isotype 4:100, BD 

Spark Blue 550 rat IgG2b, k Isotype 2:100, Biolegend 

BV650 Rat IgG2a, k Isotype 2:100, Biolegend 

PE-Cy5 armenian hamster IgG Isotype 2:100, Biolegend 

BUV563 Rat IgG2a, k Isotype 2:100, BD 

BUV395 Mouse IgG2a, k Isotype 2:100, BD 

AF700 rat  IgG2b, k Isotype 2:100, Biolegend 

BV711 rat IgG1, k Isotype 2:100, BD 

PE-Cy7 rat  IgG2b, k Isotype 2:100, Biolegend 

BUV737 armenian hamster IgG2 Isotype 2:100, BD 

BV750 rat IgG2a, k Isotype 4:100, Biolegend 

BV785 rat IgG2a, k Isotype 2:100, Biolegend 
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3.1.10 Primers 

 

Table 3.11: Table of used primers 

Gene  Forward Reverse 

MAVS 5’-CTGGCTGATCAAGTGACTCG-3’ 5’-AATGCAGAGGGTCCAGAAAC-3’ 

ISG15 5’-GAGCTAGAGCCTGCAGCAAT-3’ 5’-TTCTGGGCAATCTGCTTCTT-3’ 

OAS 5’-GGATGCCTGGGAGAGAATCG-3’ 5’-TCGCCTGCTCTTCGAAACTG-3’ 

DDX-58 5’-GAGAGTCACGGGACCCACT-3’ 5’- CGGTCTTAGCATCTCCAACG-3’ 

IFN-β 5’-CTTCTCCGTCATCTCCATAGGG-3’ 5’-CACAGCCCTCTCCATCAACT-3’ 

GAPDH 5’-GTGGCAAAGTGGAGATTGTT-3’ 5’-CTTGACTGTGCCGTTGAATT-3’ 

 

 

3.1.11 Software 

 

Table 3.12: Table of used software 

Name of Software 

DIVA v. 8.0.1 

ELISA reader (Gene5 1.08) 

Fiji-ImageJ 

FlowJo 10.4 

GraphPad Prism Version 5.0 and 9.0 

LEGENDplex v8.0 

Lightcycler 480 1.5.0 SP 

ZENLite 

R software (version 1.26.0) 

STAR v2.5.4b 

Feature Counts v1.6.0 software 



 

32 
 

3.2 Methods 

 

3.2.1 Virus preparation 

For the preparation of VSV Indiana and VSV eGFP, confluent BHK-21 cells in MEM 

medium with 2% of FCS were inoculated with the virus at an MOI of 0.01 for 1h. After 

1h, the medium was aspirated and the flasks were overlaid with MEM medium 

containing 5% FCS. Subsequently, the medium was collected 48h post virus 

inoculation. The collected medium was centrifuged at 300 × g for 10 min to remove cell 

debris. The supernatant was aliquoted and virus stocks were stored at -80°C and the 

titer was determined by plaque assay. 

For HSV-1 17+ lox preparation, confluent BHK-21 cells were inoculated with HSV-1 17+ 

lox P2 at MOI of 0.01 PFU/cell for 1 h on a slowly moving rotator at RT. To calculate 

the volume of inoculum, one flask of BHK-21 cells was used to determine the cell 

density. The following formula was used to calculate the inoculum. 

Volume P2 (µl) = ((Cells/flask) x flasks x MOI (PFU/cell))/Titer P2 (PFU/ µl) 

Upon inoculum incubation, 25ml MEM medium with 10% of FCS were added and flasks 

were cultured for 4 days at 37°C. Next, flask supernatants were collected into 50ml 

flacon tubes for centrifugation at 4000rpm at 4°C for 10mins to remove cell pellet. 

Supernatants were transferred into pre-cooled ultracentrifuge buckets and weight 

calibration was performed. The buckets were centrifuged at 12000rpm at 4°C for 

90mins in the Beckman L8-70 ultracentrifuge with a Type19 rotor. Next, bucket 

supernatants were discarded and medium pellet that contained the virus particles was 

resuspended in 2ml MNT buffer. The virus particles were left at 4°C overnight to swell 

up. The medium pellet was homogenized in an ultrasound waterbath 3 times for 30sec 

and then was centrifuged at 4000rpm at 4°C for 10mins to remove potential cell debris. 

Finally, medium pellet was aliquoted, stored at -80°C and the titer was determined by 

plaque assay. 

 

3.2.2 Mice 

B6.Bruce4-IFNbtm2.2(luc/flox)GBF were intercrossed with B6.129S2-Ifnar1tm1(Neo)Agt  in order 

to generate mice that are homozygous for the IFNAR1 deficiency and heterozygous 
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for the IFN-β luciferase gene sequence. B6-Tg(Nes-cre)1Kln, B6.Cg-Tg(Syn1-Cre)Par, 

B6N.B6CBA-Tg(GFAP-Cre-IRES-LacZ)DG and B6.Cg-Cx3Cr1tm2.1(cre/ERT2)Jung were 

intercrossed with either B6.Bruce4-IFNbtm2.2(luc/flox)GBF or B6.129SV-Ifnartm(flox)Kal or 

B6J.MAVStm1Rm1 in order to generate cre expressing mice that are homozygous for the 

floxed allele. B6.Cg-Cx3Cr1tm2.1(cre/ERT2)Jung were intercrossed with 

Gt(ROSA)26Sortm9(CAG-tdtomato)HZE/J in order to generate heterozygous reporter mice 

(Tronche et al. 1999; Zhu et al. 2001; Bajenaru et al. 2002; Yona et al. 2013; Goldmann 

et al. 2013). All of the mouse lines (Table 3.6) were bred under specific pathogen-free 

conditions in the central mouse facility of the Helmholtz Centre for Infection Research, 

Brunswick, and at TWINCORE, Centre for Experimental and Clinical Infection 

Research, Hanover, Germany. Mouse experimental work was carried out using mice 

older than 8 weeks in compliance with regulations of the German animal welfare law 

and the animal experimentation applications submitted to Lower Saxony State Office 

for Consumer Protection and Food Safety (Niedersächsisches Landesamt für 

Verbraucherschutz und Lebensmittelsicherheit) with protocol numbers 14/1594, 

18/2899, 19/3292 and 20/3423. 

 

3.2.3 Infection 

Mice were anaesthetized by intraperitoneal injection of 1,6% ketamine and 0,08% 

xylazin in physiological saline (0,1667 mg/g ketamine and 0,00834 mg/g xylazin, 

100µL/10g mouse body weight intraperitoneally). Mice were intranasally instilled with 

a total volume of 10 μl of 1000 Plaque Forming Units (PFU) of VSV Indiana in sterile 

PBS in both nostrils.  

For VSV intravenous infection, mice were initially warmed up within their cages with a 

red light lamp for 1-2 min and were placed in a restrainer. Mice were intravenously 

injected with 100 μl of 1000 PFU of VSV Indiana in sterile PBS.  

For the HSV-1 experiments, mice were anaesthetized by intraperitoneal injection of 

1,6% ketamine and 0,08% xylazin in physiological saline (0,1667 mg/g ketamine and 

0,00834 mg/g xylazin, 100µL/10g mouse body weight intraperitoneally). Mice were 

intracerebrally injected in the right hemisphere with a total volume of 10 μl of 100 PFU 

or 1000 PFU of HSV-1 17+ lox in sterile PBS with a depth of approximately 2.5 μm 

calculated with a stop collar inserted in the needle.   
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3.2.4 Perfusion 

In order to prevent potential contamination from blood-derived viral particles and to 

ensure the highest possible fixative capacity for tissue preservation in case of 

histological analysis, mice were perfused. Mice were anaesthetized by intraperitoneal 

injection of 1,6% ketamine and 0,08% xylazin in physiological saline (0,3334 mg/g 

ketamine and 0,01668 mg/g xylazin, 200µL/10g mouse body weight intraperitoneally). 

Vital signs such as toe reflex, breathing rate and heartbeat were closely examined 

before the start of the perfusion process. In case deep anaesthesia criteria were not 

met, a further dosage (100µL/10g mouse body weight intraperitoneally) was 

administered. When reflex signs failed to deliver, mice were fixated horizontally to a 

preparation block. The thorax was opened up and an incision was performed within 

the diaphragm. Subsequently, a butterfly cannula was inserted within the lower part of 

the left ventricle of the heart and a slight incision was made in the right ventricle to 

promote blood release from the circulation. Thereafter, 10 ml of cold PBS were flushed 

through the vasculature and additional 10 ml of cold 4% PFA was used in case of 

subsequent histological analysis of tissues. 

 

3.2.5 Tamoxifen administration 

Mice that were screened positive for the insertion of CreER were subcutaneously 

injected with tamoxifen when they had reached six weeks of age. Tamoxifen was 

diluted in corn oil to a final concentration of 20 µg/µl. The injection was performed on 

four locations on the ventral side of the mouse. At each location 50 µl of the tamoxifen 

solution was applied. The injections were performed twice with an interval of 48 h. 

Upon tamoxifen administration, mice were left untreated for 8 weeks until infection 

experiments took place. 

 

3.2.6 In vitro bioluminescence luciferase assay 

Organs were homogenized in BrightGlo lysis buffer in a FastPrep24 homogenizer for 

30 s (4m/s). Lysates were mixed with BrightGlo luciferase assay substrate in a 1:1 in 

a total of 40μl volume.  Synergy 2 multi-mode microplate reader was used to quantify 

the luminescence. 
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3.2.7 Cell Number Determination 

From each cell suspension a 1:2 dilution was performed with Trypan blue to determine 

the number of living cells within the cell suspension. The dilution was pipetted onto a 

Neubauer counting chamber and cells were counted in all four corner squares. The 

following calculation module was used. 

 

Total cell number = n/4 × dilution × 104 × volume (mL) of total suspension 

n = counted cells in four squares 

 

3.2.8 Plaque assays 

For VSV plaque assays, organs were extracted from mice and stored in lysing matrix 

tubes type A or D at -80°C. OB samples and spinal cord tissues were transferred in 

lysing matrix tubes type A or D containing 500 µl MEM supplemented with 5% FCS 

and 1% Glutamax whereas the rest of the organs were transferred in lysing matrix 

tubes type A or D containing 1 ml MEM supplemented with 5% FCS and 1% Glutamax. 

The organs were weighed and samples were stored at -80°C for at least 24 h before 

plaque assay. The samples were thawed and homogenized in a FastPrep24 

homogenizer for 30 s (4m/s). The organ homogenates were inoculated in a 10-fold 

serial dilution onto Vero cell monolayers in 24 well plates that were seeded with Vero 

cells in a density of 200.000 cells/well 24 h prior to the inoculation. After tissue 

homogenate inoculation, samples were incubated for 1 h at 37°C. To block floating 

infectious viral particles, the monolayers were overlaid with MEM containing 1% 

Methylcellulose for 24h at 37°C. Finally, the overlay was aspirated and the monolayers 

were stained and fixed with a crystal violet solution for 2 h.  

 

3.2.9 Immunolabeling 

Mice were transcardially perfused with 10 ml of cold PBS and 10 ml of cold 4% 

Paraformaldehyde (PFA). Brains were dissected and individually incubated in 4% PFA 

for 2 hours at RT. Following PFA incubation, brains were transferred to 30% sucrose 

buffer and were placed overnight in a rotator at 4°C. Subsequently, brains were fully 

immersed into OCT and 7 μm sagittal cryosections were cut using the cryotome. 

Cryosections were stored at -20°C until the immunolabeling process.  
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Initially, cryosections were hydrated with 0.05% Triton X 100 in PBS for 15 min at RT. 

Blocking was performed with 5% Donkey Serum and 0.05% Triton X 100 in PBS for 1 

h at RT. Primary antibodies (Table 3.9) were incubated with 0.05% Triton X 100 in 

PBS overnight at 4°C. Secondary antibodies (Table 3.9) were incubated with 0.05% 

Triton X 100 in PBS for 1 h at RT and nuclei were counterstained with DAPI (1/1000) 

in PBS for 2 min at RT. In between, double washing steps were performed with 0.05% 

Triton X 100 in PBS. Finally, cryosections were mounted with one drop of DAKO 

mounting buffer. Slides were visualized with the Zeiss AxioScan.Z1 and the Olympus 

FV-1000 microscopes. Original images were analyzed and cells were quantified with 

the ZENLite software and adjustment of brightness, contrast, color balance and post 

processing were performed with the Fiji software.  

 

3.2.10 Isolation of immune cells from CNS and olfactory bulb 

For the complete brain immune cell isolation mice were transcardially perfused with 10 

ml of cold PBS and each individual brain was isolated and transferred to GentleMACS 

C type tubes together with 2 ml RPMI medium with 5% FCS, 5 μl rDNAse and 10 μl 

collagenase type D. The C tubes were placed in the GentleMACS Dissociator and were 

run in the three brain specific programs with 8 min incubation time at 37°C in between 

the programs. Upon enzyme digestion, samples were washed with 1× PBS and 

centrifuged at 1200 rpm for 6 min. Pellets were resuspended in a 70% Percoll gradient 

and were underlaid with a 37% and 30% Percoll gradient sequentially and were 

centrifuged for 30 min at 500 × g without brakes. The immune cells were isolated from 

in between the 70% and 37% Percoll gradient with a 1 ml pipette and the cell 

suspension was transferred into a new 15 ml falcon tube and washed with MACS 

buffer. Therefore, the cell suspension was centrifuged again at 1200 rpm for 6 min and 

the supernatant was aspirated leaving only 500 μl in the tube to resuspend the immune 

cells. 

For the olfactory bulb (OB) immune cell isolation, mice were transcardially perfused 

with 10 ml of cold PBS and the OB was separated from the complete brain. OB was 

transferred into a pre-cooled glass homogenizer potter with 3ml of 1.5% HEPES in 

HBSS medium. Tissues were homogenized for approximately 30 sec. The 

homogenized tissue was flushed through a 70 μm cell strainer into a 50 ml falcon tube. 

The strainer was further flushed with 2 ml of 1.5% HEPES in HBSS medium and 
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samples were centrifuged at 1500 rpm for 10 min at 4°C. Supernatants were discarded 

and pellet was resuspended in a 37% Percoll gradient into a new 15 ml falcon tube. 

Samples were centrifuged at 800 rpm for 30 min at 4°C without brakes. Supernatants 

were discarded and cells were resuspended in 500 μl of PBS and transferred in FACS 

tubes for the staining process. 

 

3.2.11 Isolation of immune cells from cervical lymph nodes and spleen 

Mice were transcardially perfused with 10 ml of cold PBS and cervical lymph nodes 

and spleens were isolated. Tissues were smashed through a 70 μm cell strainer, pre-

washed with 1× PBS, and the cell strainer was flushed with a total of 10 ml 1× PBS. 

The cell suspension was pelleted by 10 min centrifugation at 300 × g. The cells were 

resuspended in 200 μl of MACS buffer for lymph node samples and 2 ml for spleen 

samples. For the staining process only 200 μl from the spleen samples were used. Red 

blood cell lysis was performed only for spleen samples to remove erythrocytes. The 

lysis was conducted for 2 min with 5 ml of ACK buffer per spleen and the lysis was 

stopped with 5 ml 1× PBS. 

 

3.2.12 Flow cytometry 

Upon immune cell isolation samples were immunolabelled with either 50 μl of the 

antibody mix or the isotype mix for 20 min at 4°C together with single antibody stainings 

of the respective antibodies in one droplet of UltraComp eBeads™ Plus Compensation 

Beads. After the 20 min incubation, 50 μl of AccuCheck Counting-Beads were added 

and washed with 1 ml of FACS buffer. Cells were centrifuged for 6 min at 1200 rpm 

and supernatants were removed. Finally, cells were resuspended in 50 μl of 1% PFA. 

The LSRII flow cytometer and ID7000 Spectral Analyzer were used to acquire the 

samples for flow cytometry. Data were analyzed and processed with FlowJo software. 

 

3.2.13 Immune cell fluorescence sorting 

Upon immune cell isolation samples were immunolabelled with either 50 μl of the 

antibody mix or isotype mix for 20 min at 4°C together with single antibody stainings of 
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the respective antibodies in one droplet of UltraComp eBeads™ Plus Compensation 

Beads. The cells were washed with 1 ml of FACS buffer and were centrifuged for 6 

min at 1200 rpm and the supernatant was removed. Finally, cells were resuspended 

in 100 μl of FACS buffer. Cells were sorted directly into 350 μl of RA1 buffer with 1% 

β-mercaptoethanol using the FACSAria™ Fusion Cell Sorter. 

 

3.2.14 Primary microglia and astrocytes preparation 

For the preparation and culture of primary astrocytes and microglia, newborn pups of 

P2-P3 were decapitated and brains were isolated into cold 1× HBSS with 1% HEPES. 

Meninges and choroid plexus were carefully removed with the use of a stereoscope to 

exclude potential contamination from non-CNS resident myeloid cells. Cortices were 

mechanically dissociated and enzymatically digested with 0.1% of trypsin for 15 min at 

37°C. DMEM supplemented with 50 U/ml penicillin, 50 μg/ml streptomycin and 10% 

FBS and 0.25% DNAse were added to the cell suspension to block trypsin activity and 

activation of cells from floating nucleic acids. Further trypsin blockage was performed 

with 2 ml of triturating solution. Cell suspension was flushed through a 70 μm cell 

strainer and plated into poly-L-lysine pre-coated T-75 flasks and was cultured in DMEM 

supplemented with 50 U/ml penicillin, 50 μg/ml streptomycin and 10% FBS. Microglia 

were isolated on day 9-10 after 40 min shaking at 180 rpm at 37oC in an orbital shaker 

and 1,5 × 105 cells/well were seeded in a 24 well plate. Astrocytes were kept in culture 

for 4-6 days and were shook overnight at 170 rpm 37°C in an orbital shaker to remove 

oligodendrocyte precursors and leftover microglia cells. Subsequently, medium was 

aspirated from each T-75 flask and replaced with fresh DMEM supplemented with 50 

U/ml penicillin, 50 μg/ml streptomycin and 10% FBS containing 8 μM of Ara-C and 

flasks were incubated at 37°C for 3 days. Next, flasks were washed three times with 

pre-warmed PBS and were incubated with trypsin/EDTA solution for 20 min at 37°C. 

Cells were collected and centrifuged at 1400 rpm for 10 min and 2 × 105 cells/well were 

seeded in DMEM supplemented with 50 U/ml penicillin, 50 μg/ml streptomycin and 

10% FBS in a 24 well plate. 
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3.2.15 Primary embryonic cortical neurons preparation 

For the preparation and culture of primary embryonic cortical neurons, E12.5 embryos 

were dissected from pregnant mice. Embryos were dissected and washed three times 

in cold sterile 1× HBSS with 1% HEPES. Brains were isolated and blood vessels and 

meninges were removed with the use of a stereoscope. The cortical part of the brain 

was kept within cold sterile 1× HBSS with 1% HEPES buffer. Subsequently, cortices 

were mechanically dissociated before enzymatic digestion with 500 μL trypsin/EDTA 

and 2μl of DNAse for 8 min at 37 °C. Furthermore, a 2-round mechanical dissociation 

step was performed with a 1 ml pipette in DMEM supplemented with 50 U/ml penicillin, 

50 μg/ml streptomycin and 10% FBS. Following a centrifugation step of 200 × g for 8 

min, dissociated cortices were resuspended in Neurobasal medium supplemented with 

1x B-27, 1x N2, 50 U/ml penicillin, 50 μg/ml streptomycin and 1% GlutaMax and 

neurons were seeded in poly-L-lysine coated 24-well plates with a density of 1.5 × 105 

cells per well. Every second day 200 μl of pre-warmed Neurobasal medium 

supplemented with 1x B-27, 1x N2, 50 U/ml penicillin, 50 μg/ml streptomycin and 1% 

GlutaMax were added on top of the cells. 

 

3.2.16 IFN-β and IFN-α determination by ELISA 

Mouse Verikine IFN-β ELISA kit (PBL) was used for quantifying IFN-β in supernatants 

of primary in vitro infected microglia or murine organ homogenates while mouse 

Verikine High Sensitivity IFN-β ELISA kit (PBL) was used for quantifying IFN-β in 

supernatants of primary in vitro infected neurons and astrocytes. IFN-α was 

determined by Mouse Verikine IFN-α ELISA kit (PBL) in organ homogenates from 

mice. All of the kits were used according to the manufacturer’s protocol. 

 

3.2.17 Determination of cytokine profile by cytokine array 

Organs were extracted from perfused mice and stored in lysing matrix tubes type D 

containing 500 µL MEM supplemented with 5% FCS and 1% Glutamax at -80°C for at 

least 24 h before the array. Samples were thawed and homogenized in a FastPrep24 

homogenizer for 30 s (4 m/s). Homogenates were used to determine the cytokine 

concentration with a LEGENDplex kit, following the manufacturer’s protocol. 

Quantification of cytokine concentrations was analyzed with the LSRII flow cytometer 

and data were evaluated with LEGENDplex V8.0 software from Biolegend. 
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3.2.18 IFN-I stimulation  

Primary microglia were stimulated with 1000 Units (U) of recombinant IFN-β and at the 

indicated timepoints cells were collected into 250μl of Trizol for RNA extraction. 

Samples were stored at 80 °C until extraction. 

 

3.2.19 RNA extraction 

Organs were isolated from mice and were collected into Lysing Matrix A or D tubes 

containing 350 μl of RA1 buffer with 1% β-mercaptoethanol for OB tissues or 600 μl of 

RA1 buffer with 1% β-mercaptoethanol for the rest of the organs. Samples were stored 

at -80°C. Organs were homogenized for 60 s with a speed of (4 m/s) in the FastPrep24 

homogenizer and the NucleoSpin® RNA Kit was used to extract the RNA according to 

the manufacturer’s instructions. For in vitro cell culture RNA extraction, 250 μl of Trizol 

buffer was used for each well. Cell lysates were collected and stored at -80°C until the 

RNA extraction process. The Direct-zolTM RNA MiniPrep Plus was used to extract the 

RNA according to the manufacturer’s instructions. RNA was eluted in 20 μl of 

nuclease-free water and RNA concentration and quality was measured on NanoDrop 

1000 Spectrophotometer. 

 

3.2.20 Complementary DNA (cDNA) library preparation 

For the cDNA synthesis, PrimeScript™ RT Master Mix kit was used according to the 

manufacturer’s instructions. The reaction mixture was prepared in order to obtain a 

concentration of 10 ng/μl RNA template together with 2 μl PrimeScript™ RT and 

RNAse –free water for a final volume of 10 μl. The samples were incubated for 15 min 

at 37°C and then heated for 10 s at 87°C. 

 

3.2.21 Quantitative Real-Time PCR (qRT-PCR) 

The SensiFAST SYBR® No-ROX Kit was used to perform qRT-PCR. All of the samples 

were run in triplicates. For each run a final volume of 20 μl reaction mixture (10 μl 

SensiFAST SYBR®, 0,8 μl 200 μM Forward primer, 0,8 μl 200 μM Reverse primer, 6,4 

μl H2O and 2 μl of 1,25 ng/ml template) was pipetted into the plate (Table 3.11). The 

plate was centrifuged for 10 s and the LightCycler480 was used to perform the qRT-

PCR.  
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3.2.22 Sequencing analysis 

RNA from tissues specified at each experiment figure legend was extracted as 

described above. RNA integrity was assessed using RNA 6000 pico Kit Bioanalyzer 

(Agilent Technologies, 5067-1513) and cDNA libraries were constructed using 

NEBNext Low input RNA Library Prep Kit for Illumina (NEB, E6420) following 

manufacturer’s instructions at the sequencing facility of the Helmholtz Centre for 

Infection Research. The extracted RNA was sequenced on an Illumina NovaSeq-6000 

platform with a 50bp paired-end read configuration at the sequencing facility of the 

Helmholtz Centre for Infection Research. Quality of raw fastq-files was assessed using 

FastQC software (version 0.11.9) and mapped to reference genome assembly of mus 

musculus (Mm10) from Ensembl using STAR v2.5.4b software. Only reads with unique 

mapping were considered for downstream analysis. Gene abundance of mapped 

reads were calculated using Mm10 mouse gene annotation from Ensembl with Feature 

Counts v1.6.0 software. Differential expression analysis was performed using DESeq2 

package in R software (version 1.26.0). Following a fitting with negative binomial 

generalized linear model (GLM), the Wald test was used to test significance of gene 

expression differences as a function of samples at an absolute log2 fold change with 

a threshold of 2. To control false discovery rate (FDR), the Wald test p-values were 

adjusted to multiple comparisons using the Benjamini-Hochberg procedure. To display 

expression levels of selected gene signatures between samples, raw counts were 

normalized based on median of ratios method in DESeq2. Differentially expressed 

genes represented as heatmaps were generated using standardized function of 

normalized counts from DESeq2 analysis. Functional annotation of differentially 

expressed gene signatures was performed in Gene Ontology, subcategory “Biological 

process”.  

 

3.2.23 Ethics Statement 

All animal experiments were performed in strict compliance with the German 

Regulation of Animal Welfare Law (Tierschutzgesetz – TierSchG). Mice were daily 

monitored, scored and body weight measured according to the specifications 

described in each individual experiment in the animal experimentation applications 

submitted to Lower Saxony State Office for Consumer Protection and Food Safety 
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(Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit) 

with protocol numbers 14/1594, 18/2899, 19/3292 and 20/3423. 

 

3.2.24 Statistics 

Cell numbers, viral loads and cytokine concentrations were compared by the two tailed 

Mann–Whitney U test. For survival analysis, the Mantel–Cox survival analysis with log-

rank statistics was used. A P value of 0.05 was considered statistically significant. For 

statistical analysis, the software package GraphPad Prism Version 9.0 was used. Data 

are shown as mean ± SD unless stated otherwise in the figure legend. 
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4. Chapter I – MAVS signaling of microglia maintains functional status of CNS 

infiltrating CD8+ T cells that protects against lethal viral encephalitis 

4.1 Results 

 

Viral encephalitis emerges as a global research priority since several pathogens gain 

entry within the CNS compartment. Delineating the sensing mechanisms that CNS 

resident cells deploy to combat viral spreading is of key relevance. In our first chapter, 

we analyzed the role of MAVS, the main adaptor molecule of the RLR signaling, during 

viral encephalitis. 

4.1.1. MAVS signaling is required for protection during viral encephalitis. 

RLR signaling has been highlighted to be of pivotal significance for the restriction of 

RNA viruses. One of the main adaptor molecules of the RLR signaling pathway is 

MAVS adaptor. A great portfolio of RNA viruses has been shown to be sensed through 

RLR signaling with VSV, a neurotropic virus of the rhabdoviridae family, amongst them 

(Spanier et al. 2014; Ziegler et al. 2017). During systemic VSV infection, loss of MAVS 

can be compensated to a significant extent by other PRRs, as observed in regard of 

survival in MAVS deficient animals (Spanier et al. 2014). This finding supports the 

hypothesis that MAVS signaling alone may not be essential for mediating survival in 

mice upon systemic neurotropic virus infection. In contrast, studies with other 

neurotropic viruses such as with WNV, support the hypothesis that MAVS is necessary 

to promote survival upon peripheral infection, with MAVS signaling having a central 

role in of the hematopoietic compartment (Suthar et al. 2010; Zhao et al. 2016). To 

delineate the role of MAVS signaling in the periphery and the CNS, we infected WT 

and MAVS-/- mice intravenously with 103 PFU VSV Indiana and monitored the survival. 

Both, WT and MAVS-/- mice survived the infection without signs of disease. (Figure 

4.1). To analyze whether MAVS signaling is essential for protection within the CNS, 

WT and MAVS-/- mice were intranasally (i.n.) instilled with 103 PFU of VSV Indiana and 

survival was monitored. WT mice survived VSV infection, while all MAVS-/- mice 

succumbed to the infection by six days post infection (dpi) (Figure 4.1B). Our data 

indicate that MAVS signaling is essential for protection against i.n. VSV infection. 
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Figure 4.1: MAVS signaling is essential for protection during VSV infection of the CNS. 

(A) C57BL/6 and MAVS-/- mice were intravenously infected with 103 PFU of VSV Indiana and 

were monitored daily for survival (N=2, n=9 per genotype; *, p≤0.05 **, p≤0.01; ***, p≤0.001, 

****, p≤0.0001; Log-rank (Mantel Cox) Test).  (B) C57BL/6 and MAVS-/- mice were intranasally 

infected with 103 PFU of VSV Indiana and monitored daily for survival (N=2, n=9 per genotype; 

*, p≤0.05 **, p≤0.01; ***, p≤0.001, ****, p≤0.0001; Log-rank (Mantel Cox) Test).  

 

To test whether the opposite outcome between systemic and CNS infection correlates 

with a differential expression pattern of key components of the RLR signaling pathway, 

the expression level of mavs and ddx58 (encoding RIG-I) was quantified by RT-qPCR 

in multiple CNS regions as well as peripheral tissues from WT mice. Regions of the 

CNS such as olfactory bulb, cortex, brain stem, cerebellum, hippocampus and 

diencephalon alongside trigeminal ganglia showed a relatively low baseline expression 

of mavs and ddx58 compared to peripheral tissues such as liver, spleen and lung 

(Figure 4.2A). Thus, mavs and ddx58 are expressed lowly in the CNS when compared 

to peripheral tissue expression patterns. We next raised the question whether the 

MAVS encoding gene is upregulated upon VSV infection. To address this, we 

intranasally infected WT mice and performed RT-qPCR to analyze the mavs 

expression pattern in the OB at different time points post infection. Interestingly, the 

mavs expression remained rather stable at four, six, and eight days post infection when 
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compared to the OB of uninfected WT mice (Figure 4.2B). Overall, our data suggest 

that basal mavs expression is low in the CNS compared to peripheral organs and that 

mavs is not upregulated in the OB upon intranasal VSV infection. 

 

Figure 4.2: Mavs has a low basal expression pattern in the CNS and remains stable 

following intranasal VSV infection. (A) Mavs and ddx58 (RIG-I) expression was determined 

by RT-qPCR in the indicated tissues from untreated C57BL/6 animals. Bars indicate mean ± 

SEM (N=2, n=5-6). (B) C57BL/6 mice were i.n. infected with 103 PFU of VSV Indiana and the 

mavs expression level was determined by RT-qPCR in the olfactory bulb at the indicated time 

points post infection. Fold change was calculated on the basis of the relative mavs expression 

in the olfactory bulb of uninfected C57BL/6 mice. Bars indicate mean ± SD (N=2, n=6; *, p≤0.05 

**, p≤0.01; ***, p≤0.001, ****, p≤0.0001; two-tailed Mann-Whitney test). 

 

4.1.2 MAVS signaling of microglia is essential for protection during viral 

encephalitis. 

As we have shown that MAVS signaling is required for host survival upon intranasal 

VSV infection, we then wanted to dissect the role of MAVS signaling in specific CNS 

resident cell types and assess the role in host protection (Figure 4.1B). To this end, 

MAVSflox/flox mice in which exon 3 of the mavs is floxed, were intercrossed with CNS 

tissue specific cre-expressing mouse lines (Dutta et al. 2017). We generated mice with 

a selective ablation of MAVS in neurons (Syn1-cre+/-MAVSfl/fl), astrocytes (GFAP-cre+/-

MAVSfl/fl) and microglia (CX3CR1-creER+/-MAVSfl/fl). Upon intranasal VSV instillation, 

WT and GFAP-cre+/-MAVSfl/fl mice survived the infection without signs of disease, while 

Syn1-cre+/-MAVSfl/fl mice showed a moderate susceptibility to VSV infection. In 

contrast, CX3CR1-creER+/-MAVSfl/fl mice that lack the MAVS adaptor molecule in all 

long-lived CX3CR1+ cells such as microglia, showed a significantly increased 

susceptibility to intranasal VSV infection (Figure 4.3A). Signs of severe paralysis were 

also observed between 8 and 13 dpi in infected CX3CR1-creER+/-MAVSfl/fl mice. 
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Moreover, we analyzed the viral load in the brain and peripheral organs of mice that 

succumbed to the infection. The brain was separated into olfactory bulb (OB), 

cerebrum (CR), brain stem (BS) and cerebellum (CRBL) and in addition liver, spleen, 

and lung were collected. All analyzed mice, independent of the genotype revealed high 

viral titers in the CNS regions while no viral particles were found in peripheral organs 

(Figure 4.3B). Our results suggest that microglia specific MAVS signaling is essential 

for protection against intranasal VSV infection. 

 

Figure 4.3: Microglia specific MAVS signaling is essential for protection during VSV 

infection. (A) C57BL/6, MAVS-/-, GFAP-cre+/-MAVSfl/fl, Syn1-cre+/-MAVSfl/fl and CX3CR1-

creER+/-MAVSfl/fl mice were i.n. infected with 103 PFU VSV Indiana and monitored daily for 

survival (N=2, n=9 per genotype; *, p≤0.05 **, p≤0.01; ***, p≤0.001, ****, p≤0.0001; Log-rank 

(Mantel Cox) Test). For C57BL/6 and MAVS-/- are the same data points as in Figure1B were 

used. (B) Virus titers were determined in olfactory bulb, cerebrum, brain stem, cerebellum, 

liver, spleen, lung homogenates by plaque assay. The organs were dissected at the time points 

the mice reached the endpoint criteria in experiment (A) after i.n. VSV infection with 103 PFU 

VSV Indiana. Bars indicate mean ± SD (N=2, n=5-9; *, p≤0.05 **, p≤0.01; ***, p≤0.001, ****, 

p≤0.0001; two-tailed Mann-Whitney test). 

 

To assess the spatiotemporal roles of MAVS signaling in restricting VSV replication 

within CNS resident cells, we analyzed the viral titer in different CNS regions in a time-



 

47 
 

dependent manner. At two days post infection no differences were observed in the viral 

titers between C57BL/6, MAVS-/-, GFAP-cre+/-MAVSfl/fl, Syn1-cre+/-MAVSfl/fl and 

CX3CR1-creER+/-MAVSfl/fl mice in OB, CR, BS, CRBL and the spinal cord (Figure 4.4). 

At four days post infection, MAVS-/- mice showed significantly higher VSV titers in the 

OB, the primary target of i.n. infection as well as CR and BS compared to all the other 

analyzed genotypes (Figure 4.4). At six days post infection, MAVS-/- mice showed 

significantly higher VSV titers in the all the CNS regions tested compared to WT mice. 

Interestingly, GFAP-cre+/-MAVSfl/fl and Syn1-cre+/-MAVSfl/fl mice showed significantly 

reduced titers in the OB when compared to WT mice while CX3CR1-creER+/-MAVSfl/fl 

mice retained similar VSV titers to WT mice in the OB at 6 dpi (Figure 4.4). At eight 

days post infection, the infection was cleared in the OB of all WT mice while replicating 

virus was still detectable in the OB of some GFAP-cre+/-MAVSfl/fl, Syn1-cre+/-MAVSfl/fl 

and CX3CR1-creER+/-MAVSfl/fl mice. In the other brain regions, no significant 

differences were observed between the analyzed genotypes. Importantly, four out of 

seven CX3CR1-creER+/-MAVSfl/fl mice showed VSV titers in the spinal cord at eight days 

post infection which is the time point when CX3CR1-creER+/-MAVSfl/fl mice showed 

signs of disease. (Figure 4.4). Furthermore, to assess whether the increased 

susceptibility of some genotypes to VSV infection was associated to CNS infection or 

whether the infection spread to peripheral organs contributing to the lethal phenotype, 

viral titers in peripheral organs such as liver, spleen and lung were quantified. At two 

days post intranasal VSV infection, spleens from MAVS-/- mice showed detectable and 

significant (Figure 4.5). At four days post infection we did not observe any titer in 

C57BL/6, MAVS-/-, GFAP-cre+/-MAVSfl/fl, Syn1-cre+/-MAVSfl/fl and CX3CR1-creER+/-

MAVSfl/fl mice (Figure 4.5). At six days post infection, only 2 MAVS-/- mice showed 

detectable titers in the liver and lung. At eight days post infection we did not observe 

any titer in C57BL/6, GFAP-cre+/-MAVSfl/fl, Syn1-cre+/-MAVSfl/fl and CX3CR1-creER+/-

MAVSfl/fl mice indicating that selective MAVS deficiency in CNS resident cells does not 

promote viral spreading into the periphery (Figure 4.5). 
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Figure 4.4: MAVS signaling within the CNS restricts the viral spread of VSV infection. 

C57BL/6, MAVS-/-, GFAP-cre+/-MAVSfl/fl, Syn1-cre+/-MAVSfl/fl and CX3CR1-creER+/-MAVSfl/fl 

mice were i.n. infected with 103 PFU of VSV Indiana and brain regions were extracted at the 

indicated time points for viral load determination by plaque assay. Olfactory bulb (OB), 

cerebrum (CR), brain stem (BS), cerebellum (CRBL), Spinal (Spinal Cord). Bars indicate mean 

± SD (N=2, n=5-7; *, p≤0.05 **, p≤0.01; ***, p≤0.001, ****, p≤0.0001; two-tailed Mann-Whitney 

test). X refers to genotype of mice that succumb to the infection before the investigated time 

point. 
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Figure 4.5: Selective MAVS signaling in CNS cell types is not essential for the restriction 

of viral spread into the periphery during VSV encephalitis. C57BL/6, MAVS-/-, GFAP-cre+/-

MAVSfl/fl, Syn1-cre+/-MAVSfl/fl and CX3CR1-creER+/-MAVSfl/fl mice were i.n. infected with 103 

PFU of VSV Indiana and liver, spleen and lung were extracted at the indicated time points for 

viral load determination by plaque assay. Bars indicate mean ± SD (N=2, n=5-7; *, p≤0.05 **, 

p≤0.01; ***, p≤0.001, ****, p≤0.0001; two-tailed Mann-Whitney test). X refers to genotype of 

mice that succumb to the infection before the investigated time point. 

 

4.1.3 Lack of MAVS signaling in microglia does not affect IFN-I and cytokine 

responses 

To delineate whether IFN-I responses are affected by MAVS deficiency upon 

intranasal VSV infection, we infected C57BL/6, MAVS-/-, GFAP-cre+/-MAVSfl/fl, Syn1-

cre+/-MAVSfl/fl and CX3CR1-creER+/-MAVSfl/fl mice and dissected olfactory bulb, 

cerebum, brain stem and cerebellum on four and six days post infection to measure 

the level of IFN-β and IFN-α in these brain homogenates. Our results showed that 
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MAVS-/- mice mounted significantly higher IFN-β responses compared to C57BL/6 

mice. At four days post infection, selective MAVS deficient mice showed comparable 

levels of IFN-β with C57BL/6 (Figure 4.6A). At four days post infection we did not 

detect IFN-β on homogenates from cerebrum, brain stem and cerebellum (Figure 

4.6B, 4.6C and 4.6D). At six days post infection, GFAP-cre+/-MAVSfl/fl mice showed 

diminished IFN-β levels in the olfactory bulb when compared to C57BL/6 mice whereas 

MAVS-/-, Syn1-cre+/-MAVSfl/fl and CX3CR1-creER+/-MAVSfl/fl mice showed comparable 

IFN-β levels to C57BL/6 mice. (Figure 4.6A). 

 

Figure 4.6: Type I interferon in the CNS is independent of MAVS signaling C57BL/6, 

MAVS-/-, GFAP-cre+/-MAVSfl/fl, Syn1-cre+/-MAVSfl/fl and CX3CR1-creER+/-MAVSfl/fl mice were i.n. 

infected with 103 PFU of VSV Indiana and brain regions were extracted at the indicated time 

points for IFN-β and IFN-α measurement by ELISA. DL=Detection Limit. Bars indicate mean ± 

SD (N=2, n=5; *, p≤0.05 **, p≤0.01; ***, p≤0.001, ****, p≤0.0001; two-tailed Mann-Whitney test). 

 

Surprisingly, MAVS-/-, GFAP-cre+/-MAVSfl/fl and Syn1-cre+/-MAVSfl/fl mice showed 

significantly higher IFN-β levels in cerebrum at six days post infection when compared 

to C57BL/6 mice while only Syn1-cre+/-MAVSfl/fl mice showed significantly higher 
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responses in brain stem and cerebellum compared to C57BL/6 mice (Figure 4.6B, 

4.6C and 4.6D). Since selective MAVS deficiency did not alter the overall IFN-β 

responses, we analyzed whether IFN-α responses were affected upon intranasal VSV 

infection. A previous study from our group showed that all IFN-α subtypes remain 

largely undetectable by RT-qPCR (Detje et al. 2015). Accordingly, our results revealed 

that IFN-α remains undetectable at the protein level in all C57BL/6, MAVS-/-, GFAP-

cre+/-MAVSfl/fl, Syn1-cre+/-MAVSfl/fl and CX3CR1-creER+/-MAVSfl/fl mice four days post 

intranasal VSV infection (Figure 4.6E, 4.6F, 4.6G and 4.6H). Collectively, our data 

show that IFN-I responses are not diminished by complete or selective MAVS 

deficiency suggesting that the increased susceptibility of these mice is not correlated 

with a decreased IFN-I response.  

Besides IFN-I responses, other cytokines are involved in antiviral mechanisms and are 

largely regulated by MAVS signaling. Therefore, we decided to investigate whether 

complete or selective MAVS deficiency alter some of the major pro-inflammatory 

cytokine responses in OB upon intranasal VSV infection. To this end, we analyzed the 

profile of pro-inflammatory cytokines during viral encephalitis that could be affected by 

MAVS deficiency. We intranasally infected C57BL/6, MAVS-/-, GFAP-cre+/-MAVSfl/fl, 

Syn1-cre+/-MAVSfl/fl and CX3CR1-creER+/-MAVSfl/fl mice with VSV and at six days post 

infection the olfactory bulb was dissected and cytokines were analyzed by flow 

cytometric bead-based array. Interestingly, the production of cytokines such as IL-1α, 

IFN-γ, TNF-α, MCP-1, IL-1β and IL-10 was not affected by complete or selective MAVS 

deficiency in astrocytes, neurons or microglia when compared with C57BL/6 mice 

(Figure 4.7). Contrary, IL-5 expression was increased in the OB of MAVS-/-, GFAP-

cre+/-MAVSfl/fl, Syn1-cre+/-MAVSfl/fl and CX3CR1-creER+/-MAVSfl/fl mice compared to 

C57BL/6 mice (Figure 4.7). Interestingly, IL-27 production was decreased in the OB 

of MAVS-/-, GFAP-cre+/-MAVSfl/fl, Syn1-cre+/-MAVSfl/fl, and CX3CR1-creER+/-MAVSfl/fl 

mice compared to C57BL/6 mice (Figure 4.7). Thus, upon intranasal VSV infection the 

lack of MAVS signaling either in astrocytes, neurons or microglia does not affect the 

overall cytokine profile within the olfactory bulb.  
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Figure 4.7: Major pro-inflammatory cytokine profile is not regulated through MAVS 

signaling during VSV encephalitis. C57BL/6, MAVS-/-, GFAP-cre+/-MAVSfl/fl, Syn1-cre+/-

MAVSfl/fl and CX3CR1-creER+/-MAVSfl/fl mice were intranasally infected with 103 PFU of VSV 

Indiana and brain regions were extracted at the indicated timepoints for flow cytometric based 

cytokine array. Mean value of n=5 per genotype from N=2 experiments, combined data. 

 

Since the lack of MAVS selectively on microglia increased the susceptibility to VSV 

infection (Figure 4.3A), we raised the question of whether microglia get productively 

infected by VSV. To address this question we intranasally infected C57BL/6 mice with 

VSV eGFP that allowed us to visualize the virus within the CNS. We performed 

histological analysis at 6 dpi. The immunolabelling of myeloid cells including 

microglia/monocytes by iba1 staining revealed that iba1+ cells are not targeted by VSV 

in both, the glomerular and granular cell layer of the OB (Figure 4.8). 
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Figure 4.8: Microglia are not productively infected by VSV. C57BL/6 mice were 

intranasally infected with 103 PFU of VSV eGFP and mice were prepared for 

histological analysis at six days post infection. Representative images from the 

glomerular and granular cell layer of the olfactory bulb from n=3 mice. 

 

Upon intranasal VSV infection, microglia are activated in the OB in a microglia specifc 

IFNAR-independent manner to restrict viral spreading (Chhatbar et al. 2018). However, 

the highest IFN-I responses were observed in the OB upon i.n. VSV infection. To 

analyze whether MAVS is an ISG and its expression regulated by direct IFN-I 

stimulation, we prepared primary murine microglia from cortices of three days old 

postnatal pups and stimulated the microglia with IFN-β for sequential analysis (Figure 

4.9).  We stimulated microglia with 1000 U of IFN-β as IFN-β is the only type I IFN that 

was detected in brain homogenates in our infection model (Figure 4.6). We analyzed 

MAVS expression as well as known ISGs such ISG15 and OAS1 by RT-qPCR. 

Interestingly, MAVS expression in IFN-β stimulated microglia remains slightly 

upregulated at 4, 8, and 12 hours post treatment, whereas ISG15 and OAS1 showed 

a marked upregulation at all time points analyzed (Figure 4.9). These results indicate 

that MAVS does not show major alterations at gene level upon IFN-β stimulation. 
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Figure 4.9: MAVS gene level expression is slightly upregulated by IFN-I stimulation in 

primary murine microglia. Primary C57BL/6 microglia were isolated from D3 postnatally 

cortices and were seeded as 200.000 cells per well in a 24well plate. Cells were stimulated 

with 1000 U of IFN-β for the indicated timepoints and were collected with Trizol for RNA 

extraction. MAVS, ISG15 and OAS1 expression level were determined by qRT-PCR and fold 

change was calculated with untreated primary C57BL/6 microglia. Dots indicate mean ± SEM 

(N=2, n=4). 

 

4.1.4 Selective MAVS signaling deficiency in microglia affects their core fate 

and transcriptome.  

Upon intranasal VSV infection, microglia are activated and accumulate at the 

glomerular layer in order to restrict viral entry (Chhatbar et al. 2018). To delineate 

whether MAVS deficiency affects microglia density, we histologically analyzed OB 

samples for iba1+ cells from C57BL/6, MAVS-/- and CX3CR1-creER+/-MAVSfl/fl mice at 

6 dpi. Our results showed that MAVS-/- mice showed increased iba1+ cell number in the 

glomerular layer compared to infected C57BL/6 and CX3CR1-creER+/-MAVSfl/fl mice. 

No differences in the iba1+ cell numbers in the glomerular layer were observed between 

infected C57BL/6 and CX3CR1-creER+/-MAVSfl/fl mice (Figure 4.10A). However, no 

differences were observed in the number of iba1+ cells in the granular cell layer 

between infected C57BL/6, MAVS-/- and CX3CR1-creER+/-MAVSfl/fl mice (Figure 

4.10B). Taken together, MAVS deficiency in microglia did not affect microglia density 

upon infection. 
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Figure 4.10: MAVS deficiency in microglia does not affect the numbers of iba1+ cells in 

the olfactory bulb during viral encephalitis. (A) C57BL/6, MAVS-/- and CX3CR1-creER+/- 

MAVSfl/fl mice were intranasally infected with 103 PFU of VSV and mice were prepared at 6 

days post infection for histological analysis of iba1 in the olfactory bulb (Representative images 

of N=2, n=5-6 per genotype). (B) Quantification of iba1+ cells within the glomerular layer of the 

olfactory bulb from the experiment in Figure 4.10A. (C) Quantification of iba1+ cells within the 

glomerular layer of the olfactory bulb from the experiment in Figure 4.10A. (N=2, n=5-6; *, 

p≤0.05 **, p≤0.01; ***, p≤0.001, ****, p≤0.0001; two-tailed Mann-Whitney test). 

 

Our results showed that selective ablation of MAVS in microglia leads to increased 

susceptibility towards VSV infection. Another study showed that RLR signaling of the 

hematopoietic compartment and specifically of antigen-specific CD8+ T cells is crucial 

for protection against WNV (Zhao et al. 2016; Lazear, Pinto, et al. 2013; Suthar et al. 

2012). In our model we utilized CX3CR1 to selectively target microglia. However, 

CX3CR1 is a chemokine receptor that can also define the cell fate of T effector and T 

memory cells upon infection (Gerlach et al. 2016). To address whether our microglia 

selective targeting may have a leakage in our CD8+ T cell compartment, we performed 

fate-mapping experiments of long-lived CX3CR1+ cells. We analyzed whether by 

targeting CX3CR1+ long lived cells we also target CX3CR1+ CD8+ T cells. We 

subcutaneously injected tamoxifen to CX3CR1-creER+/- tdTomatost/wt mice, inducing 

recombination of the reporter gene in all CX3CR1+ cells that will then express 
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tdTomato. After eight weeks, during which time peripheral immune cells were 

replenished from the bone marrow, mice were intranasally instilled with PBS or with 

103 PFU of VSV and at 6 dpi CNS immune cells were analyzed by flow cytometry. 

Upon VSV infection, an increase in the amount of Ly6C+ cells, Ly6G+ cells, dendritic 

cells, CD4+ T cells, and CD8+ T cells infiltrating the CNS was detected when compared 

to PBS treated mice as depicted in the tSNE plot (Figure 4.11A). The computational 

analysis of 25,000 cells from the CNS single cell suspension of uninfected and VSV 

infected mice upon randomized concatenation, revealed that tdTomato expression was 

predominantly found in microglia (Figure 4.11A). Accordingly, tdTomato expression 

was found in P2RY12+ microglia independent of the treatment. In contrast, CD8+ T 

cells were not tdTomato+ under both PBS and VSV treated conditions (Figure 4.11B). 

Quantification of CNS infiltrating immune cells revealed a significant increase in Ly6C+ 

cells, Ly6G+ cells, dendritic cells, CD4+ T cells and CD8+ T cells in the VSV infected 

brains compared to the PBS treated brain whereas no significant difference was 

observed in B cells infiltration (Figure 4.11C). When CNS immune cells were analyzed 

for tdTomato expression at 6 dpi, only microglia showed a predominant recombination 

reaching approximately 95% whereas Ly6C+ cells, B cells, dendritic cells, CD4+ T cells 

and CD8+ T cells showed minimal to no recombination independent of the infection 

(Figure 4.11C). Interestingly, we observed a subset of Ly6G+ cells showing tdTomato 

expression independent of the infection (Figure 4.11C). Collectively, our results 

indicate that long-lived CX3CR1+ cells detected by tdTomato expression, are 

predominantly microglia and to a lesser extent a subset of Ly6G+ cells, but not CD8+ T 

cells within the infected CNS. These results strongly suggest that the phenotype 

observed in the conditional microglia MAVS knockout mice is not CD8+ T cell-

mediated. 
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Figure 4.11: Fate mapping of long-lived CX3CR1+ cells reveals microglia-selective and 

not CD8+ T cell targeting. CX3CR1-creER+/- tdTomatost/wt mice were intranasally instilled with 

PBS or with 103 PFU of VSV and mice were prepared at 6 days post injection for spectral flow 

cytometry. (A) Brain resident immune cells were immunolabeled, and analyzed data are shown 

in tSNe plots with different immune cell subset marked by distinct colors and separately for 

tdTomato expression (N=2, n=5 per condition, representative data). (B) FACS density plot of 

25,000 cells from samples of one experiment from concatenated samples representing the 

tdTomato expression in P2RY12+ microglia and CD8+ T cells. (C) Quantification of counts of 

cell subsets and percentages of tdTomato expression within brain immune cell subsets such 

as microglia, Ly6C+cells , Ly6G+cells, B cells, dendritic cells, CD4+ T cells and CD8+ T cells in 

PBS and VSV treated mice. Bars indicate mean ± SD (N=2, n=5; *, p≤0.05 **, p≤0.01; ***, 

p≤0.001, ****, p≤0.0001; two-tailed Mann-Whitney test). 

 

To uncover how MAVS regulates microglia function we performed bulk RNA 

sequencing of sorted microglia from the OB. We intranasally instilled C57BL/6 and 

CX3CR1-creER+/-MAVSfl/fl mice with PBS or VSV and isolated the immune cells from 

the OB of each mouse at six days post inoculation. By FACS sorting, we sorted CD45+ 

CD11blow Ly6C- and P2RY12+ cells from the OB that corresponds to microglia and 

directly prepared the samples for RNA extraction. To delineate whether MAVS 

signaling affects the overall gene expression profile of microglia from infected C57BL/6 

and CX3CR1-creER+/-MAVSfl/fl mice we performed differential gene expression with a 

log2 fold change cut-off and visualized the data in a heat map. The differential 
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expressed genes revealed a distinct gene expression profile between microglia from 

infected C57BL/6 and CX3CR1-creER+/-MAVSfl/fl mice suggesting that MAVS directly 

affects the microglia transcriptome upon VSV infection (Figure 4.12A). Similarly, 

principal component analysis of microglia from PBS or VSV infected C57BL/6 and 

CX3CR1-creER+/-MAVSfl/fl mice revealed that MAVS deficiency does not affect 

homeostatic microglia since microglia from PBS instilled C57BL/6 and CX3CR1-

creER+/-MAVSfl/fl mice clustered together (Figure 4.12B). Contrary, microglia from VSV 

infected C57BL/6 mice clearly segregated from the microglia from PBS instilled 

C57BL/6 mice suggesting that the microglia transcriptome is regulated during VSV 

infection (Figure 4.12B). Furthermore, microglia from VSV infected CX3CR1-creER+/-

MAVSfl/fl mice also clearly separated from microglia of VSV infected C57BL/6 mice 

suggesting that MAVS deficiency affects the overall transcriptomic signature of 

microglia upon VSV infection (Figure 4.12B). Since our results highlighted that MAVS 

signaling controls the transcriptomic fate of microglia upon VSV infection, we decided 

to decipher the pathways that were dysregulated upon VSV infection due to MAVS 

deficiency. We performed gene set enrichment analysis of differentially expressed 

genes from infected C57BL/6 relative to CX3CR1-creER+/-MAVSfl/fl mice. Biological 

annotation by gene ontology revealed distinct pathways associated with C57BL/6 and 

CX3CR1-creER+/-MAVSfl/fl microglia upon VSV infection. Our results showed that 

several pathways related with nucleosome and chromatin organization were highly 

enriched in microglia from VSV infected C57BL/6 mice compared to microglia from 

VSV infected CX3CR1-creER+/-MAVSfl/fl mice (Figure 4.12C). Moreover, pathways 

associated with antigen presentation, T cell activation and immune responses were 

de-enriched in microglia from VSV infected CX3CR1-creER+/-MAVSfl/fl mice compared 

to microglia from VSV infected C57BL/6 mice (Figure 4.12C). Our data suggest that 

MAVS signaling in microglia regulates immune responses and T cell activation and 

function upon VSV infection. To deeper understand the microglia MAVS transcriptomic 

profile we selectively analyzed genes involved in antigen presentation such as tap1, 

tap2, cd8a and ifngr. Tap1 and tap2 were highly downregulated in microglia from VSV 

infected CX3CR1-creER+/-MAVSfl/fl mice relatively to microglia from VSV infected 

C57BL/6 mice. In contrast, ifngr was highly upregulated in microglia from VSV infected 

C57BL/6 mice compared to microglia from VSV infected CX3CR1-creER+/-MAVSfl/fl 

mice (Figure 4.12D). We further analyzed microglia core genes such as sall1, 

tmem119, siglech, hexb, p2ry12 and csf1r with most of them being upregulated in 
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microglia from VSV infected CX3CR1-creER+/-MAVSfl/fl mice when compared to 

microglia from VSV infected C57BL/6 mice (Figure 4.12D). Collectively, our results 

show that MAVS deficiency directly controls the microglia transcriptomic profile during 

VSV infection of the OB and regulates microglia functions such as cross-presentation 

and T cell responses. 

 

 

Figure 4.12: MAVS deficiency in microglia affects microglia core genes and cross-

presentation-related genes. C57BL/6 and CX3CR1-creER+/- MAVSfl/fl mice were intranasally 

instilled with PBS or with 103 PFU of VSV and mice were prepared at six days post infection 

for FACS sorting of CD45+ CD11blow Ly6C- and P2RY12+ cells from the olfactory bulb directly 

into 350ul of β-mercaptoethanol containing RA1 buffer for RNA extraction and subsequent bulk 

sequencing. (A) Heat map  of differentially expressed genes with a log2 fold change cut-off 

between microglia from C57BL/6 and CX3CR1-creER+/- MAVSfl/fl mice infected with 103 PFU of 

VSV. (B) Principal component analysis of uninfected (PBS) and infected microglia from 

C57BL/6 and CX3CR1-creER+/- MAVSfl/fl mice. Each dot represents a single mouse. (C)  Gene 

set enrichment analysis of the top 10 differentially enriched pathways of microglia from 

C57BL/6 and CX3CR1-creER+/- MAVSfl/fl mice infected with 103 PFU of VSV. (D)  Gene 

expression of tap1, tap2, ifngr, cd8a, sall1, tmem119, siglech, hexb, p2ry12 and csf1r gene 

from CD45+ CD11blow Ly6C- and P2RY12+ cells from C57BL/6 and CX3CR1-creER+/- MAVSfl/fl 

mice infected with 103 PFU of VSV. Each dot represents an individual mouse. Bars indicate 

mean ± SD. Analysis was performed by Felix Mulenge, TWINCORE. 
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4.1.5 Selective MAVS ablation in microglia affects the CD8+ T cell 

transcriptomic phenotype.  

Our results have revealed an essential role of MAVS signaling in microglia upon 

intranasal VSV instillation. MAVS signaling regulates microglia function and the 

transcriptomic profile in direction to antigen presentation and T cell responses of 

microglia (Figure 4.12). We decided to set the focus on protective CD8+ T cells that 

are known to be cross-presented by microglia and we have recently shown that their 

recruitment into the infected CNS compartment is coordinated by neuronal chemokine 

responses (Moseman et al. 2020; Ghita et al. 2021). We intranasally infected C57BL/6, 

MAVS-/- and CX3CR1-creER+/- MAVSfl/fl mice with VSV and performed 

immunohistological analysis of the OB of these mice at 6 dpi. We co-labelled the OB 

samples with CD45 and CD8a to analyze the overall immune cell infiltration and the 

CD8+ T cells within the infected OB. Our results showed that the number of CD45+ cells 

and CD8+ T cells were moderately increased in the glomerular layer of infected 

CX3CR1-creER+/- MAVSfl/fl mice when compared to C57BL/6 mice (Figure 4.13A and 

4.13B). In contrast, MAVS-/- mice showed a significantly higher number of CD45+ cells 

and CD8+ T cells compared to infected C57BL/6 mice (Figure 4.13A and 4.13B). Our 

data suggest that MAVS signaling in microglia does not affect the recruitment of CD45+ 

cells and CD8+ T cells within the infected CNS. 

 

Figure 4.13: Selective ablation of MAVS in microglia does not affect the recruitment of 

CD8+ T cells in the olfactory bulb during viral encephalitis. (A) C57BL/6, MAVS-/- and 

CX3CR1-creER+/- MAVSfl/fl mice were intranasally infected with 103 PFU of VSV and were 
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prepared at six days post infection for histological analysis of CD45 and CD8a within the 

olfactory bulb (Representative data N=2, n=5-6 per genotype). (B) Quantification of CD8+ T 

cells in the glomerular layer of the olfactory bulb from the experiment depicted in Figure 4.13A. 

(N=2, n=5-6; *, p≤0.05 **, p≤0.01; ***, p≤0.001, ****, p≤0.0001; two-tailed Mann-Whitney test). 

The recruitment of CD8+ T cells into the infected CNS in our model is controlled by 

selective neuronal MyD88 signaling that instructs potent chemokine responses (Ghita 

et al. 2021). Our experiments revealed that MAVS signaling in microglia regulates 

cross-presentation related pathways and genes but does not affect the recruitment of 

CD8+ T cells during VSV intranasal infection. Since it is already known that microglia 

depletion affects local restimulation of CD8+ T cells during WNV infection we raised 

the question of whether MAVS deletion in microglia affects the CD8+ T cell phenotype 

(Funk and Klein 2019). We sorted CD8b+ T cells from the OB of infected C57BL/6 and 

CX3CR1-creER+/- MAVSfl/fl mice for bulk RNA sequencing analysis. To delineate 

whether selective MAVS deficiency in microglia affects CD8+ T cell responses we 

performed differential gene expression analysis with a log2 fold change cut-off and 

visualized the data of CD8+ T cells from the OB of infected C57BL/6 and CX3CR1-

creER+/- MAVSfl/fl mice in a heat map. The selected genes revealed distinct gene 

expression profile differences between CD8+ T cells from infected C57BL/6 and 

CX3CR1-creER+/-MAVSfl/fl mice suggesting that selective microglia MAVS deficiency 

directly affected the CD8+ T cells transcriptome upon VSV infection (Figure 4.14A). 

Similarly, principal component analysis of CD8+ T cells from VSV infected C57BL/6 

and CX3CR1-creER+/-MAVSfl/fl mice revealed that selective MAVS deletion in microglia 

affects the CD8+ T cell transcriptome. CD8+ T cells from infected C57BL/6 mice 

clustered separately from CD8+ T cells from infected CX3CR1-creER+/-MAVSfl/fl mice 

(Figure 4.14B). Next, we performed gene set enrichment analysis of differentially 

expressed genes from CD8+ T cells of infected C57BL/6 relative to CX3CR1-creER+/-

MAVSfl/fl mice. Biological annotation by gene ontology revealed distinct pathways 

associated with C57BL/6 and CX3CR1-creER+/-MAVSfl/fl mice derived CD8+ T cells 

upon VSV infection. Our results showed that several pathways related with 

nucleosome and chromatin organization were highly enriched in CD8+ T cells from 

VSV infected C57BL/6 mice compared to CD8+ T cells from VSV infected CX3CR1-

creER+/-MAVSfl/fl mice (Figure 4.14C). Moreover, pathways associated with antigen 

presentation, T cell activation, positive regulation of lymphocyte proliferation and 

immune responses were de-enriched in CD8+ T cells from VSV infected CX3CR1-

creER+/-MAVSfl/fl mice compared to CD8+ T cells from VSV infected C57BL/6 mice 
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(Figure 4.14C). Our data suggest that MAVS signaling of microglia affects the 

transcriptomic fate of CD8+ T cells upon VSV infection. Therefore, we selectively 

analyzed genes involved in T cell activation during infection such as ifng, klrg1 and 

cd44. All of these genes were downregulated in CD8+ T cells from VSV infected 

CX3CR1-creER+/-MAVSfl/fl mice relative to CD8+ T cells from VSV infected C57BL/6 

mice (Figure 4.14D). Collectively, our results suggest that selective microglia MAVS 

signaling regulates the transcriptional fate of infiltrating CD8+ T cells in the infected 

CNS. 

 

Figure 4.14: Microglia MAVS deficiency affects the transcriptional phenotype of CD8+ T 

cells in the olfactory bulb during viral encephalitis. C57BL/6 and CX3CR1-creER+/- MAVSfl/fl 

mice were intranasally instilled with 103 PFU of VSV and mice were prepared at 6 days post 

injection for FACS sorting of CD45+ CD8b+ cells from the olfactory bulb directly into 350ul of 

β-mercaptoethanol containing RA1 buffer for RNA extraction and subsequent bulk sequencing. 
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(A) Heat map of the relative expression of differentially expressed genes with a log2 fold 

change cut-off between CD8+ T cells from C57BL/6 and CX3CR1-creER+/- MAVSfl/fl mice 

infected with 103 PFU of VSV. (B) Principal component analysis of CD8+ T cells from the 

olfactory bulb of C57BL/6 and CX3CR1-creER+/- MAVSfl/fl mice infected with 103 PFU of VSV. 

Each dot represents an individual mouse. (C) Gene set enrichment analysis of the top 10 

differentially enriched pathways of CD8+ T cells from C57BL/6 and CX3CR1-creER+/- MAVSfl/fl 

mice infected with 103 PFU of VSV. (D) Gene expression analysis of ifng, klrg1 and cd44 of 

CD8b+ T cells from C57BL/6 and CX3CR1-creER+/- MAVSfl/fl mice infected with 103 PFU of VSV. 

Each dot represents a single mouse. Bars indicate mean ± SD. Analysis was performed by 

Felix Mulenge, TWINCORE.
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4.2 Discussion 

In the present study, we analyzed the role of MAVS signaling in a cell type specific 

manner during viral encephalitis. RLR signaling utilizes the MAVS adaptor molecule 

as a downstream mediator of RNA recognition to promote antiviral defense. MAVS 

signaling is of pivotal significance for protection during neurotropic infection as 

suggested by studies with WNV and TBEV (Suthar et al. 2010; Kurhade et al. 2016). 

It is well described that MAVS is involved in several cellular biological functions such 

as inflammasome formation, autophagy, apoptosis, immunometabolism and pattern 

recognition (Ren et al. 2020). Studies with complete MAVS deficient mice revealed the 

significance of MAVS signaling in antiviral defense without unveiling the complex 

mechanisms of MAVS-mediated immune responses in selective cell type. Therefore, 

we analyzed the significance of MAVS signaling in a cell type specific manner in CNS 

resident cells in a model of viral encephalitis with VSV. Our results revealed that 

selective ablation of MAVS on microglia renders mice susceptible to infection with VSV, 

while IFN-I and cytokine responses remaining unaffected. Microglia specific MAVS 

signaling controls the cross-presentation-related pathways since mice devoid of MAVS 

signaling only in microglia showed significant de-enrichment in these pathways. 

Furthermore, these MAVS-regulated dysfunction had a direct effect on infiltrating CD8+ 

T cells that showed downregulated gene expression profiles in genes -related to T cell 

activation.  

4.2.1 Microglia specific MAVS signaling is essential for protection against 

intranasal VSV infection. 

Initially, we analyzed the role of MAVS signaling after peripheral and CNS VSV 

infection. Upon systemic infection with VSV, both WT and MAVS-/- mice survived the 

infection without signs of disease. These results are in accordance with a previous 

study that showed that even a higher dosage of systemically administered VSV has 

only minimal impact on the survival outcome of MAVS-/- mice (Spanier et al. 2014). 

MAVS signaling could be compensated to a great extent by other PRRs suggesting 

that the peripheral compartment has distinct sensing mechanisms to counter VSV 

infection. Furthermore, VSV is not spreading into the CNS upon systemic infection 

even in the absence of MAVS signaling. This highlights the need to use a different 

route of infection to delineate the role of MAVS signaling within the CNS (Spanier et 

al. 2014). To address whether MAVS signaling is essential in the infected CNS, we 
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intranasally instilled WT and MAVS-/- mice with the same dosage of VSV as the 

systemically infected mice. Our results revealed that MAVS-/- mice were heavily 

susceptible to intranasal infection with high viral titers in the OB compared to WT mice, 

highlighting that MAVS signaling is of great relevance within the infected CNS. 

Similarly, studies with neuroinvasive WNV, TBEV and LGTV infections revealed that 

MAVS-/- mice showed a high rate of lethality with increased viral titers in the CNS 

(Suthar et al. 2010; Kurhade et al. 2016; Zhao et al. 2016). The difference in protection 

between systemic and intranasal infection raised the question of a differential basal 

expression level of RLR signaling components between the two compartments. 

Although our gene expression results are in accordance with the protein levels of the 

full length MAVS observed in organ lysates in a recently published study, the difference 

in basal MAVS gene expression between periphery and CNS remains puzzling (Cheng 

et al. 2017). Higher MAVS expression in peripheral tissues could potentially be 

explained by the distinct homeostatic preparedness several tissues should show to 

encounter invading pathogens. Furthermore, tissues such as liver and lung are 

exposed to pathogens in a daily routine base and this could have an impact on the 

basal expression level of several genes involved in sensing and interferon responses.  

Our cell type selective approach revealed the significance of long-lived CX3CR1+ cells 

such as microglia for the protective MAVS-mediated immunity upon infection (Figure 

4.3A). Several studies with pharmacological depletion of microglia have highlighted 

their importance in protection during viral encephalitis (Chhatbar et al. 2018; Seitz, 

Clarke, and Tyler 2018; Waltl et al. 2018; Wheeler et al. 2018). Similarly, mice deficient 

for IL-34, a ligand of the CSF1R have a reduced number of microglia in the homeostatic 

brain and showed increased sensitivity to WNV infection (Wang, Szretter, et al. 2012). 

However, bone marrow chimera experiments led to the conclusion that MAVS-

mediated protection arises from the radio-sensitive compartment. Even though these 

data may initially seem contradictory to our results, a differential interpretation of these 

data may give new insights about the role of MAVS. In that study, whole body 

irradiation of mice was performed since the impact of irradiation on microglia was not 

uncovered yet (Zhao et al. 2016). However, it was recently shown that microglia 

undergo apoptosis to a significant extent after whole body irradiation (Menzel et al. 

2018). This results to an overall significant reduction of microglia density within the 

CNS already 35 days post irradiation. Such a phenotype can be prevented by shielding 

the head of mice to overcome the homeostatic disruption of the CNS. Upon brain 
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protection by shielding, Ly6ChiCCR2+ monocytes are prevented to engraft the CNS 

parenchyma (Mildner et al. 2007). In that experimental setup, monocytic CNS 

engraftment is presumably prevented by the unaffected adult microglia pool that is not 

in apparent need of replenishment. However, it is worth noting that brain engrafted 

myeloid cells show distinct transcriptomic profiles and reveal differential 

responsiveness to stimuli compared to microglia (Shemer et al. 2018). Furthermore, 

our results do not exclude a potential role of MAVS-mediated protection from the 

hematopoietic compartment since we did not analyze the role of MAVS signaling in 

these cells directly. It would be of pivotal interest to perform bone marrow chimera 

experiments in which the CNS parenchyma is protected, to selectively address the role 

of MAVS signaling in the hematopoietic compartment during intranasal VSV infection. 

Such experiments will give significant insights in the role of MAVS signaling in CNS 

infiltrating cells. Furthermore, mice with a specific ablation of MAVS signaling in 

neurons showed a moderate sensitivity upon infection (Figure 4.3A). Within the CNS, 

neurotropic viruses mainly infect neurons and spread transsynaptically (Koyuncu, 

Perlman, and Enquist 2013). Similarly, it has been shown that RIG-I and MDA5 are 

upregulated upon in vitro infection of neurons with JEV (Nazmi, Dutta, and Basu 2011). 

One potential hypothesis could be that RLR signaling within the infected neurons 

controls intrinsic cellular spread to synapses that would lead in absence of MAVS 

signaling to a faster viral spread within the CNS. Such a hypothesis would be 

interesting to address in the future. Notably, the most surprising finding of our study 

was that specific ablation of MAVS in astrocytes had no effect in the protection against 

intranasal VSV infection (Figure 4.3A). Recently, we reported on the significance of 

MAVS signaling for an efficient induction of IFN-I responses upon infection in in vitro 

astrocytes (Ghita et al. 2021b in press). Similarly, in our VSV model, astrocytes are 

abortively infected and comprise the main IFN-β producers. (Detje et al. 2015; 

Pfefferkorn et al. 2016). These data strikingly suggest that MAVS-mediated CNS 

protection may not be IFN-I related. Notwithstanding, the high lethality observed in 

MAVS-/- mice upon infection in our study as well as in other studies with neurotropic 

viruses does not result from altered function of only one cell type or selective cell 

subsets of the CNS or the peripheral compartment. The MAVS adaptor molecule is 

involved in a broad range of cellular functions that could directly affect the 

responsiveness of every cell in the course of inflammation revealing, cell type selective 

phenotypes. Therefore, the increased sensitivity of MAVS-/- mice to the infection may 
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arise as a result of a multifaceted deficiency from the initial steps of infection control till 

the resolution of the inflammation.  

In our infection model, VSV spreads through the olfactory sensory neurons initially 

reaching the glomerular layer of the OB (Kalinke, Bechmann, and Detje 2011). There 

the virus is arrested with microglia accumulating and proliferating to restrict viral 

spreading (Detje et al. 2009). VSV can reach distal parts of the brain such as brain 

stem and cerebellum by axonal transport through mitral cells of the OB. However, VSV 

is controlled and cleared without reaching the spinal cord in infected WT mice. 

Nevertheless, rarely VSV can escape the immunological control in the olfactory bulb 

and then in the brain stem and propagate into the spinal cord leading to severe 

paralysis and eventually death. To decipher whether MAVS signaling is essential to 

restrict viral spreading we performed viral titer determination in a time progressive 

manner. MAVS-/- mice showed a complete inability to control the infection with VSV 

reaching all brain regions and eventually the spinal cord within 6 dpi causing severe 

paralysis in all VSV infected mice. This is in accordance with reports with WNV, TBEV, 

VSV, and LGTV infections during which the viruses showed an enhanced capability to 

spread within the CNS and higher titers are detected compared to WT mice (Suthar et 

al. 2010; Zhao et al. 2016; Kurhade et al. 2016; Ziegler et al. 2017). In contrast, all 

CNS specific MAVS knockout mice showed comparable titers in all the brain regions 

and at each timepoint analyzed (Figure 4.4). However, the majority of microglia 

selective MAVS knockout mice showed titers in the spinal cord at 8 dpi (Figure 4.4). 

This finding could explain the sensitivity of CX3CR1-creER+/-MAVSfl/fl mice that showed 

severe signs of disease between 8 and 13 dpi. In peripheral organs, we only detected 

titers in MAVS-/- spleen homogenates on 2dpi suggesting that VSV could temporarily 

escape the immunological control within spleen due to MAVS deficiency upon 

intranasal VSV instillation (Figure 4.5). Along that line, sinus subcapsular 

macrophages of lymph nodes are vital to control VSV from causing lymph-borne 

neuroinvasiveness (Junt et al. 2007; Iannacone et al. 2010). Similarly, MAVS signaling 

might be essential for splenic tissue resident macrophages to control virus replication 

upon drainage of the virus. Our WT and selective MAVS knockout mice did not show 

signs of VSV titers within liver, lung and spleen suggesting that VSV is not escaping 

the immunological control in peripheral organs upon intranasal VSV instillation. As 

observed with cell type selective MAVS deficient mice in our experiments, brain 

selective cre mouse lines for type I interferon receptor did not show VSV and WNV 
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titers in peripheral organs in contrast to IFNAR-/- mice that showed unrestricted VSV 

and WNV replication in the brain and the peripheral compartment upon infection 

(Chhatbar et al. 2018; Daniels et al. 2017). 

Since MAVS-/- and microglia specific MAVS knockout mice showed increased 

susceptibility we raised the question of whether MAVS regulates IFN-I responses. We 

analyzed IFN-I responses by ELISA at 4 and 6 dpi. The first time point was chosen due 

to the fact that the peak of the IFN-β response was detected between 3 and 4 dpi 

locally in the OB upon intranasal VSV infection (Detje et al. 2015). The second time 

point was selected due to the peak of the inflammatory response and of infiltrating 

immune cells upon VSV infection (Chhatbar et al. 2018; Ghita et al. 2021). At 4 dpi we 

surprisingly detected higher amounts of IFN-β in OB samples from MAVS-/- mice 

(Figure 4.6).  This is in accordance with another study in which higher IFN-β responses 

were also detected in OB from TBEV infected MAVS-/- mice compared to WT control 

mice (Kurhade et al. 2016). However, these results could be explained due to the 

higher virus replication that is observed in MAVS-/- mice suggesting that protective IFN-

I responses within the infected brain may not be mounted in an RLR-dependent 

manner (Figure 4.6). This is also underlined by the finding that still at 6 dpi, all the 

MAVS deficient mouse lines showed comparable or even higher IFN-β responses 

when compared to WT mice (Figure 4.6). IFN-I responses could be compensated by 

other PRRs such as TLRs (Spanier et al. 2014; Tegtmeyer et al. 2019). Furthermore, 

at 4 dpi we also did not find detectable IFN-β in CR, BS and CRBL in all of the 

genotypes analyzed which highlights the local IFN-I response within the OB upon VSV 

infection (Detje et al. 2015). In contrast, at 6 dpi we detected IFN-β responses in all of 

the brain regions with most of the MAVS-/-, GFAP-cre+/-MAVSfl/fl, Syn1-cre+/-MAVSfl/fl 

and CX3CR1-creER+/-MAVSfl/fl mice showing comparable or even higher IFN-β 

responses compared to WT mice (Figure 4.6). Interestingly, we did not detect any IFN-

α in all brain regions and genotypes analyzed (Figure 4.6). These results are in line 

with the puzzling observation that IFN-β responses are predominantly detected upon 

viral encephalitis with almost no contribution of IFN-α in IFN-I signaling within the VSV 

infected CNS (Detje et al. 2015). Notably, we did not observe significant alterations in 

the major pro-inflammatory cytokines such as IL-1α, IL-1β and TNF-α, in the OB 

between infected WT, MAVS-/-, GFAP-cre+/-MAVSfl/fl, Syn1-cre+/-MAVSfl/fl and 

CX3CR1-creER+/-MAVSfl/fl mice. (Figure 4.7). This observation is striking since several 

in vitro studies have shown that MAVS signaling directly regulates the production of 
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these pro-inflammatory cytokines (Ren et al. 2020). Furthermore, MAVS-/- mice 

showed enhanced IL-1α, IL-1β and TNF-α during WNV infection something we did not 

observe in the OB of infected MAVS-/- mice suggesting regional distinct cytokine 

signatures within the infected CNS (Zhao et al. 2016; Daniels et al. 2017). 

Taken together, we showed that MAVS signaling within the CNS is of key relevance to 

protect mice upon VSV infection. In contrast to systemic infection in which MAVS 

signaling is compensated by other PRRs, MAVS signaling in the brain is essential to 

restrict viral replication and spreading upon intranasal VSV instillation (Figure 4.1). 

Delineation of these compartmentalized redundancies showed that the basal gene 

expression of key components of the RLR signaling pathway are higher expressed in 

peripheral tissues compared to brain regions (Figure 4.2). Moreover, a cell type 

selective approach to study the role of MAVS signaling in major CNS resident cells 

highlighted the significance of microglia for MAVS-mediated protection. Mice with a 

specific ablation of MAVS only in long-lived CX3CR1+ cells, such as microglia were 

highly sensitive to intranasal VSV infection (Figure 4.3). Furthermore, the enhanced 

susceptibility to the infection was not attributed to diminished IFN-I responses and 

alterations in major cytokines levels (Figure 4.6 and 4.7). These results revealed once 

more the clinical significance of microglia during viral encephalitis indicating a potential 

target that could be exploited for therapeutic interventions.  

4.2.2 Microglia specific MAVS signaling transcriptomically regulates the 

capacity of microglia to cross-present antigens. 

Upon intranasal VSV infection, microglia undergo a potent transition from homeostatic 

surveilling cells to effector orchestrators of the immune response in order to restrict 

virus spreading. This activation transition requires a morphological change in microglia 

processes and an overall proliferation and accumulation of microglia in the site of 

infection (Chhatbar et al. 2018). To delineate whether MAVS deficiency has an impact 

on microglia density, we histologically analyzed the number of iba1+ cells in the OB 

from infected WT, MAVS-/-, and CX3CR1-creER+/-MAVSfl/fl mice. Our results revealed 

that complete MAVS deficiency leads to a higher numbers of iba1+ cells in the 

glomerular layer of the OB compared to the iba1+ cells of infected WT mice (Figure 

4.10).  However, selective ablation of MAVS in microglia did not alter the number of 

iba1+ cells in the glomerular layer of the OB compared to the number of iba1+ cells of 

infected WT mice (Figure 4.10). This could be explained by the higher titers observed 
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in MAVS-/- mice. The higher number of iba1+ cells in VSV infected MAVS-/- mice is in 

line with previous observations with WNV and TBEV infection experiments in which 

higher numbers of myeloid cells were reported by FACS and histology in the brains of 

infected MAVS-/- mice (Kurhade et al. 2016; Zhao et al. 2016). This increased number 

of myeloid cells in the brains of MAVS-/- mice correlates with an enhanced infiltration 

of cells and sustained inflammation (Kurhade et al. 2016; Zhao et al. 2016). 

Interestingly, no differences in the iba1+ cell density were observed between infected 

WT, MAVS-/-, and CX3CR1-creER+/-MAVSfl/fl mice in the granular cell layer. As 

previously described, VSV is arrested in the glomerular layer with microglia 

accumulating to prevent further virus spread to distal parts of the brain (Chhatbar et al. 

2018; Detje et al. 2009). Therefore, the differences between the genotypes in the 

glomerular cell layer may be explained by the enhanced titers observed in MAVS-/- 

mice with more microglia accumulating in an effort to inhibit virus spreading. 

So far the current knowledge highlighted the significance of MAVS signaling in cells of 

the hematopoietic compartment for protection against viral encephalitis. However, our 

results showed that microglia specific MAVS signaling is of key relevance to promote 

protection during VSV induced encephalitis. To selectively gene target microglia in 

order to ablate MAVS expression, we utilized the CX3CR1 promoter in a tamoxifen 

inducible setup. CX3CR1 is expressed in a broad range of immune cells, such as tissue 

resident macrophages like microglia, and other infiltrating cells such as monocytes, 

dendritic cells, neutrophils, and T cells (Jung et al. 2000; Gerlach et al. 2016). Microglia 

selective targeting is achieved upon tamoxifen administration and a waiting period of 

eight weeks in order to allow immune cell replenishment from bone marrow precursors 

(Goldmann et al. 2013; Yona et al. 2013). However, in order to ensure that we do not 

induce recombination in potentially long-lived CX3CR1+ infiltrating non-microglia cells, 

we performed fate mapping reporter experiments for all the long-lived CX3CR1+ cells 

found in the brain upon VSV infection. Our results revealed that approximately all the 

microglia found in the brain homogenates were recombined whereas Ly6C+ cells, B 

cells, dendritic cells, CD4+ T cells and CD8+ T cells showed minimal to no 

recombination under homeostatic as well as under infection conditions (Figure 4.11). 

We also found a small subset of Ly6G+ cells in the brain homogenates that showed 

recombination. This subset of Ly6G+ cells was stable between PBS and VSV infected 

mice (Figure 4.11). These results suggest that during the generation of selective long-

lived CX3CR1+ MAVS deficient mice, we selectively ablate MAVS on microglia and to 
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a small subset of Ly6G+ cells whereas the pool of Ly6C+ cells, B cells, dendritic cells, 

CD4+ T cells and CD8+ T cells remains unaffected. Even though, Ly6G is considered 

a marker for neutrophils, we cannot conclude whether these long-lived CX3CR1+ 

Ly6G+ cells are indeed neutrophils. Previously, our lab and others showed that there 

is a small subset of long-lived CX3CR1+ Ly6C+ cells in the infected brain which we also 

detect in our experiment revealing a subset of microglia that can express Ly6C in the 

course of neuroinflammation (Chhatbar et al. 2018; Jordao et al. 2019). As discussed 

above, these results highly suggest that the sensitivity of CX3CR1-creER+/-MAVSfl/fl 

mice upon intranasal VSV infection is a microglia specific phenotype with no leakage 

in the CD4+ T cell and CD8+ T cell pool previously described to be essential for RLR-

mediated protection (Suthar et al. 2012; Lazear, Pinto, et al. 2013). 

Since CX3CR1-creER+/-MAVSfl/fl mice showed an enhanced susceptibility to VSV 

infection, we sorted microglia from WT and CX3CR1-creER+/-MAVSfl/fl upon PBS and 

VSV treatment. MAVS ablation on microglia did not heavily affect the transcriptome of 

homeostatic microglia. In contrast, VSV infection directly had an impact on the 

microglia transcriptome from WT mice with microglia selective MAVS ablation showed 

a distinct gene expression profile separating from the microglia of infected WT mice in 

the principal component analysis (Figure 4.12B). Pathway analysis revealed that 

microglia from infected WT mice showed a distinct enrichment in pathways related to 

chromatin and nucleosome assembly compared to microglia from infected CX3CR1-

creER+/-MAVSfl/fl mice (Figure 4.12C). During viral encephalitis, microglia clonally 

expand and change their morphology. The shift between the homeostatic and effector 

phenotype requires differential expression of a broad set of genes (Fujita and 

Yamashita 2020; Holtman, Skola, and Glass 2017). The expression of this broad set 

of genes is controlled by several transcription factors, many of them under the MAVS 

signaling control (Ren et al. 2020). The chromatin and nucleosome accessibility to 

transcription factors might need to be reorganized in these microglia in order to express 

effector genes. MAVS deficiency shuts off a significant portfolio of genes potentially 

needed for full functionality of microglia during infection. MAVS is known to directly 

regulate several transcription factors such as IRF3, IRF7 and NF-kB (Ren et al. 2020). 

MAVS deficiency in microglia might affect the phosphorylation and translocation of 

several transcription factors into the nucleus that usually drive the expression of 

several antiviral genes. Interestingly, we observed a significant de-enrichment of T cell 

activation and adaptive immune response pathways in the microglia of infected 
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CX3CR1-creER+/-MAVSfl/fl mice. Since microglia are the tissue resident macrophages 

and are known to cross-present to antigen-specific CD8+ T cells, we analyzed the 

expression patterns of well described genes in the antigen presentation process 

(Moseman et al. 2020). Tap1 and Tap2, two transporters that shuttle cytosolic peptides 

into the endoplasmic reticulum for the MHC I loading, were heavily downregulated in 

microglia of infected CX3CR1-creER+/-MAVSfl/fl mice compared to infected WT mice 

(Figure 4.12D). This finding is of high significance since it suggests that MAVS 

signaling can affect the cross-presentation process to antigen-specific T cells. Along 

that line, it was recently observed that defective IAV RNA byproducts regulate HLA 

class I proteins in a MAVS-dependent manner in human lung epithelial cells (Rahim et 

al. 2020). Even though, it was recently proposed that tap1 can negatively and positively 

regulate antiviral responses in in vitro infection models this part does not apply to our 

model (Xia et al. 2017; Zhao et al. 2021). Upon intranasal VSV infection, microglia are 

not productively infected since we did not detect iba1+ cells co-localized with VSV in 

the olfactory bulb of infected mice (Figure 4.8). However, it is known that IFN-II 

signaling regulates tap1 expression (Brucet et al. 2004). Our MAVS deficient microglia 

showed an enhanced expression of the IFNGR compared to WT microglia upon 

infection (Figure 4.12).  This could be explained by microglia intrinsic mechanisms in 

a compensatory attempt to restore the microglia - CD8+ T cell axis. Overall, MAVS 

deficiency in microglia transcriptomically affects the cross-presentation potential of 

microglia during viral encephalitis. 

Taken together, we showed that our gene targeting approach is potently selective for 

microglia and not for antiviral CD8+ T cells which are known to have an important role 

in RLR-mediated protection (Figure 4.11). Moreover, selective microglia MAVS 

deficiency did not affect the microglia density in the OB upon infection suggesting that 

the enhanced sensitivity of CX3CR1-creER+/-MAVSfl/fl mice to the VSV infection is not 

related to the amount of microglia cells (Figure 4.10). Notably, our sequencing analysis 

of microglia from WT and CX3CR1-creER+/-MAVSfl/fl mice revealed that MAVS signaling 

in microglia controls the outcome of cross-presentation processes indicating a strong 

impact on the restimulation of infiltrating CD8+ T cells (Figure 4.12). These results 

revealed a novel aspect of MAVS signaling that orchestrate the adaptive immune 

responses within the infected CNS parenchyma. 
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4.2.3 Microglia specific MAVS signaling regulates the transcriptomic fate of 

CD8+ T cells during viral encephalitis. 

Our results suggested that MAVS signaling of microglia is essential for protection upon 

viral encephalitis. Sequencing analysis of microglia revealed that MAVS signaling of 

microglia regulates adaptive immune responses since cross-presentation related 

genes were altered in MAVS deficient microglia during VSV infection. Therefore, we 

raised the question of whether the amount of infiltrating CD8+ T cells may differ 

between infected WT, MAVS-/-, and CX3CR1-creER+/-MAVSfl/fl mice. VSV infected 

MAVS-/- mice showed a significant enhancement of CD8+ T cells in the glomerular layer 

of the OB compared to infected WT mice whereas infected CX3CR1-creER+/-MAVSfl/fl 

mice showed a moderate, but not significant increase in the amount of CD8+ T cells 

compared to infected WT mice (Figure 4.13). Our results suggest that MAVS-/- mice 

show an enhanced infiltration of immune cells, which is in line with previous reports 

studying WNV and TBEV infection models (Kurhade et al. 2016; Zhao et al. 2016). 

However, our microglia specific MAVS deficient mice revealed moderate differences 

compared to WT mice suggesting that microglia-specific MAVS signaling does not 

regulate the recruitment of CD8+ T cells. These data are in line with our recently 

published observations that the recruitment of protective infiltrating CD8+ T cells is 

MyD88-dependent. Neurons are productively infected upon intranasal VSV instillation 

and they produce in a MyD88-dependent manner a broad range of chemokines 

essential to recruit leukocytes into the infected CNS (Ghita et al. 2021). In line with 

that, in a neuroinvasive model of WNV infection, infected neurons produce CXCL10 

which is essential to drive CXCR3+ immune cells to infiltrate the infected brain (Klein 

et al. 2005; Zhang et al. 2008). These data clearly suggest that microglia-specific 

MAVS signaling does not drive the immune cell recruitment into the CNS during viral 

encephalitis. 

Even though we did not observe significant differences in the recruitment of CD8+ T 

cells within the infected CNS in a microglia MAVS-dependent manner, our previous 

sequencing data suggested that microglia MAVS signaling may affect the adaptive 

immune responses. Therefore, we sorted CD8+ T cells from the OB of infected WT and 

CX3CR1-creER+/-MAVSfl/fl mice. Our results revealed distinct gene expression patterns 

between CD8+ T cells of infected WT and CX3CR1-creER+/-MAVSfl/fl mice (Figure 

4.14A and 4.14B). Pathway analysis revealed that chromatin and nucleosome 
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organization were enriched pathways in the CD8+ T cells from WT mice suggesting 

that these CD8+ T cells may undergo higher levels of transcriptional regulation (Shapiro 

and Shapiro 2020). In contrast, CD8+ T cells from CX3CR1-creER+/-MAVSfl/fl mice 

revealed significant de-enrichment in pathways such as T cell activation, T cell receptor 

signaling and regulation of leukocyte proliferation suggesting an effect of microglia-

specific MAVS signaling on the effector phenotype of CD8+ T cells (Figure 4.14C). To 

delineate whether activation of CD8+ T cells was abrogated, we analyzed selective 

genes known to be involved in the T cell activation and T cell effector function during 

acute viral infections (Aguilar-Valenzuela et al. 2018; Shrestha and Diamond 2004; 

Shrestha, Samuel, and Diamond 2006; Wang et al. 2003; Joshi et al. 2007). Our results 

showed that ifng, klrg1 and cd44 were downregulated in the CD8+ T cells from infected 

CX3CR1-creER+/-MAVSfl/fl mice compared to infected WT mice (Figure 4.14D). These 

results indicate that microglia selective MAVS signaling has an effect in the 

transcriptomic fate of CD8+ T cells during viral encephalitis. Along to that, microglia 

depletion experiments during neuroinvasive WNV infection revealed a diminished local 

restimulation of CD8+ T cells within the brain. These observations suggest that 

microglia co-ordinate CD8+ T cell responses within the infected brain (Funk and Klein 

2019). Similarly, in a murine model of WNV –induced neurocognitive dysfunction 

driven by CD8+ T cell synaptic elimination, microglia mediate the phenotype through 

IFNGR signaling. Selective deletion of IFNGR on microglia ameliorates the cytotoxicity 

driven by CD8+ T cells suggesting a close interaction of microglia and CD8+ T cell in an 

IFN-II manner (Garber et al. 2019). Notably, antigen-specific CD8+ T cells sorted from 

WNV infected MAVS-/- brains showed diminished functional avidity when compared to 

antigen-specific CD8+ T cells sorted from WNV infected WT brains (Zhao et al. 2016). 

These results are in line with our observations suggesting that CD8+ T cells acquire a 

functional phenotype upon interaction with MAVS signaling competent brain cells. In 

the same study, the functional avidity of antigen-specific CD8+ T cells sorted from WT 

and MAVS-/- spleens from infected WNV mice remained rather similar suggesting that 

CD8+ T cells do not acquire their functional phenotype in secondary lymphoid organs 

in a MAVS-dependent manner (Zhao et al. 2016). Interestingly, a non-cell autonomous 

RLR-dependent mechanism mediated protection was proposed in adoptive transfer 

experiments with WT and MDA5 deficient CD8+ T cells suggesting that the efficient 

priming of CD8+ T cells does not require intrinsic T cell-dependent RLR signaling during 

WNV infection (Lazear, Pinto, et al. 2013). 
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Taken together, we demonstrated that the enhanced sensitivity of CX3CR1-creER+/-

MAVSfl/fl mice during viral encephalitis is not a result of a diminished infiltration of CD8+ 

T cells since their cell density was moderately increased to the number of CD8+ T cells 

in WT mice (Figure 4.13). However, the transcriptomic effector phenotype of CD8+ T 

cells is regulated by microglia selective MAVS signaling suggesting that the microglia-

CD8+ T cells axis is essential to promote protection during the acute phase of viral 

encephalitis (Figure 4.14). 

4.2.4 Implications for the human system 

Our first study revealed an essential role of microglia selective MAVS signaling in 

coordinating the transcriptomic fate of CD8+ T cell activation. Microglia are the tissue 

resident macrophages of the CNS orchestrating the transition between innate and 

adaptive immune responses during viral encephalitis. Our findings give new insights 

about microglia specific novel therapeutic targets to enhance microglia functional 

efficiency during CNS infection. Furthermore, many studies have revealed the 

neuropathological role of the microglia-CD8+ T cell axis that drives synaptic elimination 

and leads to behavioral alterations, a hallmark neurological outcome of viral 

encephalitis patients (Cain et al. 2019; Garber et al. 2019; Venkatesan et al. 2019). 

Selective targeting of MAVS signaling in microglia might improve the severity of long-

term neurological manifestations in viral encephalitis patients. Notably, every tissue is 

seeded with tissue resident macrophages with specialized functions during health and 

disease. Delineating whether MAVS signaling of other tissue resident macrophages 

such as liver Kupffer cells and lung alveolar macrophages, has similar functions may 

improve therapeutic options against pathogens in other tissues independently of the 

brain. Moreover, several studies in the cancer field have investigated RLR signaling as 

a potential therapeutic target to enhance antitumor immunity (Iurescia, Fioretti, and 

Rinaldi 2020). Interestingly, targeting RLR signaling with the RIG-I agonist, stem loop 

RNA 14 (SLR14) drastically inhibited non-immunogenic tumor growth in periphery. 

SLR14 was mainly taken up by antigen presenting cells and enhanced anti-tumor CD8+ 

T cell responses, suggesting that triggering of MAVS signaling may have affected the 

transcriptomic and functional responses of CD8+ T cells similarly to our model in the 

brain (Jiang et al. 2019; Linehan et al. 2018). Improved understanding of MAVS 

signaling selectively in immune cells may constitute a disease modifying approach for 

infection and cancer.  
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5. Chapter II - Type I interferon signaling of all CNS resident cells protects 

from lethal HSE. 

5.1 Results 

 

HSV-1 is a neurotropic virus of the Herpesviridae family that affects the majority of the 

population, establishing latency in the trigeminal ganglia. Upon reactivation and 

subsequent entry into the CNS, HSV-1 can cause severe herpes encephalitis (HSE). 

IFN-I signalling is essential for the restriction of viral replication and clearance upon 

HSV-1 infection. Identifying the CNS resident cells responsible for protection against 

HSE as well as the antiviral program these cells exhibit is of pivotal relevance. 

5.1.1 Establishment of a model of direct CNS infection with HSV-1 to study 

antiviral IFN-I responses. 

HSV-1 is known to establish latency in the sensory neurons of the trigeminal ganglia 

whereas it rarely gains entry into the CNS upon reactivation. In case the virus gains 

entry into the CNS, the affected individual can have a fully necrotized temporal lobe 

within a couple of hours. The role of IFN-I responses during the course of HSE is 

highlighted by several primary immunodeficiencies studies revealing that components 

of the TLR3 signaling pathway that mount IFN-I responses upon activation, are of 

pivotal significance. In these studies, it was not clear whether the inborn errors were 

relevant to facilitate access of the virus to the CNS, or whether HSV-1 locally spread 

unrestricted due to impaired local immune responses within the CNS. Specifically, little 

is known about the cells that produce and sense type I IFNs and the antiviral program 

CNS resident cells exhibit in order to protect against HSE. To address these important 

questions we first established a model of HSV-1 CNS infection. The HSV-1 virus used 

was a BAC-derived strain of the highly virulent clinical isolate HSV-1 17+ 

(Sandbaumhuter et al. 2013). During the generation of the BAC, the palindromic and 

repetitive ori L sequence that is involved in pathogenesis during acute infection and is 

highly required for efficient reactivation of the virus from latency, was lost and a loxP 

site was introduced instead (Nagel et al. 2008; Balliet and Schaffer 2006). Therefore, 

the strain is called HSV-1 17+ lox. To establish the model and infection dose, C57BL/6 

and IFNAR-/- mice were intracerebrally inoculated with either 100 PFU or 1000 PFU of 

HSV-1 17+ lox and then the mice were monitored for survival and body weight loss. 

C57BL/6 mice inoculated with 100 PFU of HSV-1 17+ lox survived the infection to 
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approximately 70% whereas all of the IFNAR-/- mice succumbed to the infection by 4 

dpi (Figure 5.1A). Interestingly, C57BL/6 mice showed a mean weight loss of 

approximately 12% between 6 and 9 dpi that steadily improved during the course of 

the 21 days of the experiment (Figure 5.1C). In contrast, IFNAR-/- mice showed a 

weight loss of approximately 20% already at 4dpi with severe signs of disease (Figure 

5.1C). Additionally, C57BL/6 mice inoculated with 1000 PFU of HSV-1 17+ lox revealed 

a high susceptibility to the infection with 80% of the mice showing severe signs of 

disease and paralysis between 4 to 6 dpi (Figure 5.1B). IFNAR-/- mice succumbed to 

the infection by 3 dpi upon application of the 1000 PFU dosage (Figure 5.1D). 

Collectively, our data showed that upon i.c. HSV-1 17+ lox infection C57BL/6 mice have 

a significant survival advantage compared to IFNAR-/- mice at both virus dosages 

tested. These data suggest that this model of direct CNS inoculation of HSV-1 can be 

used to study the significance of IFN-I responses within the CNS. However, since we 

raised the question of which CNS resident cells are responsible for protection, we 

decided to use the low dosage of HSV-1 17+ lox infection due to the improved survival 

of our C57BL/6 mice at this dosage. 
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Figure 5.1: Type I interferon signaling is of high significance for protection against HSE. 

(A) C57BL/6 (n=15) and IFNAR-/-(n=8) mice were intracerebrally infected with 100 PFU of 

HSV-1 17+ lox and monitored daily for survival (A) and body weight loss (C). Error bars indicate 

mean ± SEM (N=2, *, p≤0.05 **, p≤0.01; ***, p≤0.001, ****, p≤0.0001; Log-rank (Mantel Cox) 

Test). (B) C57BL/6 (n=10) and IFNAR-/-(n=5) mice were intracerebrally infected with 1000 PFU 

of HSV-1 and monitored daily for survival (B) and body weight loss (D) Error bars indicate 

mean ± SEM (N=1, *, p≤0.05 **, p≤0.01; ***, p≤0.001, ****, p≤0.0001; Log-rank (Mantel Cox) 

Test). Each genotype is compared statistically to the C57BL/6 genotype. In case body weight 

loss exceeded 20% reduction (dotted line) from the initial weight before the infection or the 

overall health status was affected, mice were sacrificed. 

 

During HSV-1 infection of the CNS, type I interferon signaling is essential for survival. 

Both, IFN-α and IFN-β, bind to the IFNAR and mediate subsequent signaling events. 

In order to dissect whether deletion of the IFNAR affects the IFN-I induction we used 

a highly sensitive system to analyze the spatiotemporal induction of IFN-β responses. 

In this system one gene sequence, encoding for luciferase, is under the control of the 
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IFN-β promoter on one IFN-β allele (IFN-βΔβluc/wt). Upon IFN-β induction, luciferase 

expression reports on IFN-β expression thus allowing to monitor IFN-β responses upon 

the administration of luciferin as substrate (Lienenklaus et al. 2009). By crossing these 

mice with IFNAR-/- mice, we generated IFN-β luciferase reporter mice with complete 

IFNAR1 deficiency (IFNAR-/-IFN-βΔβluc/wt). Next, we performed an ex vivo luciferase 

assay. To do that, we intracerebrally inoculated IFN-βΔβluc/wt and IFNAR-/-IFN-βΔβluc/wt 

mice with 102 PFU of HSV-1 17+ lox and analyzed the luminescence at consecutive 

time points in homogenates of the olfactory bulb, cerebrum, brain stem, cerebellum, 

spleen and cervical lymph node homogenates in a bioluminescence reader. Our 

results revealed that in homogenates of the olfactory bulb, cerebrum and cerebellum 

homogenates the IFN-β induction was comparable between the infected IFN-βΔβluc/wt 

and IFNAR-/-IFN-βΔβluc/wt mice at all time points analyzed (Figure 5.2).  Interestingly, 

the brain stem was the only brain region that revealed a significantly higher IFN-β 

induction at 4 dpi in IFNAR-/-IFN-βΔβluc/wt than IFN-βΔβluc/wt mice (Figure 5.2). Similarly, 

IFNAR-/-IFN-βΔβluc/wt mice showed a significantly higher IFN-β induction in the spleen 

and the lymph nodes at 3 dpi and 4 dpi (Figure 5.2). Collectively, these data suggest 

that IFNAR1 deficiency does not affect the IFN-β induction since all organ 

homogenates tested showed either a comparable or even higher IFN-β induction.  

 

Figure 5.2: In vivo FN-β induction is not dependent on the presence of the type I 

interferon receptor during HSE. IFN-βΔβluc/wt and IFNAR-/-IFN-βΔβluc/wt mice were 
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intracerebrally infected with 102 PFU of HSV-1 17+ lox and mice were prepared at the indicated 

days for ex vivo luminescence determination from homogenates of the indicated organ 

homogenates (N=2, n=3-5; *, p≤0.05 **, p≤0.01; ***, p≤0.001, ****, p≤0.0001; two-tailed Mann-

Whitney test).  

HSV-1 spreads to different parts of the CNS depending on the route of infection 

(Marcocci et al. 2020). In order to elucidate in which brain regions HSV-1 replicates 

and which cell types are infected, we analyzed the spatial propagation of HSV-1. 

C57BL/6 mice were intracerebrally inoculated with PBS or 102 PFU of HSV-1 17+ lox 

and at 4 days post inoculation brains were prepared for histological analysis. To 

monitor HSV-1 spreading through the CNS, cryosections from the ipsilateral part of the 

brain were immunolabelled with an anti- HSV-1 antibody (red). Our results revealed 

that upon intracranial injection into the parietal lobe of the right hemisphere, HSV-1 

spreads within the cerebrum (Figure 5.3). Furthermore, virus was also detected in the 

midbrain of the brain stem (Figure 5.3).  Collectively, our results showed that upon 

intracerebral inoculation, HSV-1 was mainly detected in cerebrum and brain stem at 

4dpi.  
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Figure 5.3: HSV-1 propagates within cerebrum and brain stem upon intracerebral HSV-

1 inoculation. (A) Schematic depiction of the mouse brain regions (olfactory bulb (OB), 

cerebrum (CR), brain stem (BS), and cerebellum (CRBL)). (B) C57BL/6 mice were 

intracerebrally injected with PBS or 102 PFU of HSV-1 17+ lox and mice were prepared at 4 dpi 

for histology (N=2, n=4-5 per genotype, representative data). Cryosections were 

immunolabelled for HSV-1 (red) and counterstained with DAPI (white). 

 

Moreover, HSV-1 is known to predominantly infect neurons and spread by axonal 

transport within the CNS compartment (Koyuncu, Perlman, and Enquist 2013; Fekete 

et al. 2018). However, recently it was suggested that microglia sense HSV-1 and 

produce high amounts of IFN-β (Reinert et al. 2016). To assess whether glia cells are 

directly infected or whether they are found in direct proximity of infected neurons, 

histological analysis highlighting HSV-1+ cells and glia cells was performed. We 

intracerebrally inoculated C57BL/6 mice with PBS or 102 PFU of HSV-1 17+ lox and 

prepared mice at 4 days post inoculation. To analyze whether astrocytes co-localize 

with HSV-1, we co-labelled cryosections from the ipsilateral part of the inoculated brain 
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with glial fibrillary acidic protein (GFAP) antibody that labels reactive astrocytes 

(Figure 5.4). Similarly, to analyze whether microglia co-localize with HSV-1, we co-

labelled cryosections from the ipsilateral part of the inoculated brain with ionized 

calcium binding adapter molecule 1 (iba1) that labels myeloid cells such as microglia 

and infiltrating monocytes (Figure 5.4). Quantification of all the HSV-1+ cells revealed 

that more iba1+ cells co-localized with HSV-1 staining than with GFAP+ cells (Figure 

5.4). Thus, myeloid cells seem to be more HSV-1+ co-labeled when compared to 

astrocytes. Whether this is due to direct infection or due to phagocytosis of infected 

material or cells needs to be further clarified.  

 

 

Figure 5.4: Microglia are more prone to be HSV-1+ than astrocytes upon HSV-1 infection. 

C57BL/6 mice were intracerebrally injected with PBS or 102 PFU of HSV-1 17+ lox and mice 

were prepared at 4 dpi for histology (N=2, n=4-5, representative data from infected mice). 

Cryosections were immunolabelled for HSV-1 (red), GFAP (green) or iba1 (green) and 

counterstained with DAPI (white). Quantification of the HSV-1+ cells from the full brain scan. 

Bars indicate mean ± SD (N=2, n=4-5; *, p≤0.05 **, p≤0.01; ***, p≤0.001, ****, p≤0.0001; two-

tailed Mann-Whitney test). 

 

5.1.2 Concomitant IFN-β production from all major CNS resident cells is 

required for protection against HSE. 

In our established HSV-1 intracerebral infection model, we showed that IFN-I signaling 

is essential to protect mice from lethal HSE. To delineate the source of IFN-β ex vivo, 

primary neurons, astrocytes, and microglia were isolated and infected with HSV-1 17 

lox+ at different MOIs. The IFN-β protein levels were measured by ELISA. While 
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neurons and astrocytes did not show any detectable IFN-β in the supernatant at eight 

hours post infection (hpi) at MOI 1 and MOI 10 (Figure 5.5A, B), microglia mounted 

detectable IFN-β responses upon infection with MOI 10 (Figure 5.5C). Furthermore, 

to confirm our observation we assessed the gene expression level of IFN-β in 

microglia. RNA was isolated from untreated microglia and microglia that were infected 

for eight hours at MOI 10 of HSV-1. RT-qPCR results showed a significant upregulation 

of the ifnb in microglia upon HSV-1 17+ lox infection when compared with untreated 

microglia (Figure 5.5D). Collectively, our data revealed that upon in vitro infection of 

neurons, astrocytes, and microglia, microglia are the only cell type that mounts IFN-β 

responses upon HSV-1 infection whereas neurons and astrocytes did not release 

detectable amount of IFN-β.  

 

 

Figure 5.5: Microglia mount IFN-β responses upon in vitro HSV-1 infection. (A) Neurons 

were prepared from E12.5 embryos and were either left untreated or were treated with HSV-1 

17+ lox at MOI 1 or MOI 10 for 8 hours. IFN-β levels were determined from cell free 

supernatants using a highly sensitive IFN-β ELISA. (B) Astrocytes or (C) microglia were 
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prepared from D3 postnatal pups and were either left untreated were treated with HSV-1 17+ 

lox at MOI 1 or MOI 10 for 8 hours. IFN-β levels were determined from cell free supernatants 

using a highly (B) and normally (C) sensitive IFN-β ELISA (D) ifnb expression level was 

quantified by RT-qPCR from untreated or treated with HSV-1 17+ lox at MOI 10 for 8 hours 

microglia cultures. Bars indicate mean ± SD (N=3, mean value of n=1-3 replicates per 

experiment, combined data). Two-tailed Mann-Whitney test *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001.  

 

The function of microglia and their transcriptomic profile are instantly affected when 

isolated from the brain since these cells are derived from their natural environment 

(Haimon et al. 2018). As we have shown that microglia were the sole cell type mounting 

IFN-β responses upon ex vivo HSV-1 infection of primary CNS resident cells, we 

wanted to analyze whether the same holds true in the in vivo situation and therefore 

wanted to uncover the in vivo source of protective IFN-β. Therefore, we generated cell 

type selective IFN-β knockout mice for neurons (Syn1-cre+/-IFN-ββluclox/βluclox), 

astrocytes (GFAP-cre+/-IFN-ββluclox/βluclox) and microglia (CX3CR1-creER+/-IFN-

ββluclox/βluclox) by intercrossing the respective cre mouse lines with IFN-ββluclox/βluclox mice. 

Upon cre-mediated recombination, exon 1 of ifnb is excised and subsequently the 

luciferase gene sequence is controlled by the IFN-β promoter on both alleles thus, 

resulting in cell type specific ifnb knockout mice. We intracerebrally infected C57BL/6, 

IFN-β-/-, GFAP-cre+/-IFN-ββluclox/βluclox, Syn1-cre+/-IFN-ββluclox/βluclox and CX3CR1-creER+/-

IFN-ββluclox/βluclox mice with 102 PFU of HSV-1 17+ lox and monitored the mice daily for 

survival. C57BL/6 mice survived the infection to approximately 70% whereas IFN-β-/- 

mice were highly susceptible and succumbed to the infection until 6 dpi (Figure 5.6). 

Approximately 75% of GFAP-cre+/-IFN-ββluclox/βluclox, Syn1-cre+/-IFN-ββluclox/βluclox and 

CX3CR1-creER+/-IFN-ββluclox/βluclox mice succumbed to the infection the infection and 

showed signs of disease between 6 and 9 dpi (Figure 5.6). Collectively, our data 

suggest that IFN-β is protective upon HSV-1 17+ lox infection in the CNS and that it is 

produced concomitantly by neurons, astrocytes and microglia. 

 



 

85 
 

 

 

Figure 5.6: IFN-β expression by all major CNS resident cells is required for protection 

against HSE. (A) C57BL/6 (n=15), IFN-β-/- (n=8), GFAP-cre+/-IFN-ββluclox/βluclox (n=10), Syn1-

cre+/-IFN-ββluclox/βluclox (n=11) and CX3CR1-creER+/-IFN-ββluclox/βluclox (n=8) mice were 

intracerebrally infected with 102 PFU of HSV-1 17+ lox and mice were monitored daily for 

survival (N=2 per genotype, *, p≤0.05 **, p≤0.01; ***, p≤0.001, ****, p≤0.0001; Log-rank (Mantel 

Cox) Test). C57BL/6 mice are the same data points as in Figure 4.15. Each genotype is 

compared statistically with the C57BL/6 genotype. In case body weight loss exceeded 20% 

from the initial weight or the overall health status was affected, mice were sacrificed. 

 

5.1.3 Concomitant IFNAR signaling of all major CNS resident cells is required 

for protection against HSE. 

To elucidate, which CNS resident cells are triggered by IFN-I to promote protection 

against HSE we generated cell type selective IFNAR1 knockout mice for cells of 

neuroectodermal origin (Nes-cre+/-IFNARfl/fl), neurons (Syn1-cre+/-IFNARfl/fl), 

astrocytes (GFAP-cre+/-IFNARfl/fl), and microglia (CX3CR1-creER+/-IFNARfl/fl) by 

intercrossing the respective cre mouse lines with IFNARflox/flox mice. We intracerebrally 

infected C57BL/6, IFNAR-/-, Nes-cre+/-IFNARfl/fl, GFAP-cre+/-IFNARfl/fl, Syn1-cre+/-

IFNARfl/fl, and CX3CR1-creER+/-IFNARfl/fl mice with 102 PFU of HSV-1 17+ lox and daily 

monitored survival as well as body weight loss. C57BL/6 mice survived the infection to 

approximately 60%, whereas IFNAR-/- mice were highly susceptible and all of the mice 

succumbed to the infection by 4 dpi with a pronounced weight loss (Figure 5.7). Nes-

cre+/-IFNARfl/fl mice showed a significantly higher susceptibility to the infection when 

compared with WT mice with seven out of eight mice showing high weight loss by 4 

dpi and eventually severe signs of disease by 5 dpi (Figure 5.7). Similarly, GFAP-cre+/-

IFNARfl/fl mice showed significant susceptibility upon HSV-1 17+ lox challenge with all 

of the mice succumbing to the infection by day seven (Figure 5.7). Interestingly, Syn1-
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cre+/-IFNARfl/fl, and CX3CR1-creER+/-IFNARfl/fl mice showed signs of disease at later 

time points during the infection, between 5 and 9 dpi and succumbed to the infection 

to a moderate extent when compared to WT mice (Figure 5.7). Collectively, our 

experiments revealed that IFN-I signaling of neuroectodermal cells and especially 

astrocytes is of key relevance for protection against HSE, whereas neurons and 

microglia only contributed moderately to the IFN-I mediated protection during 

intracerebral HSV-1 17+ lox infection. 

 

Figure 5.7: Type I interferon signaling in astrocytes is of high relevance for protection 

against HSE. (A) C57BL/6 (n=12), IFNAR-/-(n=8), Nes-cre+/-IFNARfl/fl (n=8), GFAP-cre+/-

IFNARfl/fl (n=7), Syn1-cre+/-IFNARfl/fl (n=9), and CX3CR1-creER+/-IFNARfl/fl (n=10) mice were 

intracerebrally infected with 102 PFU of HSV-1 17+ lox and mice were monitored daily for 

survival and body weight loss. Error bars indicate mean ± SEM (N=2 per genotype, *, p≤0.05 

**, p≤0.01; ***, p≤0.001, ****, p≤0.0001; Log-rank (Mantel Cox) Test). The data points shown 

for the IFNAR-/- mice are the same data points shown as in Figure 4.15A. Each genotype is 

compared statistically with the C57BL/6 mice group. In case body weight loss exceeded 20% 

(dotted line) from the initial weight before the infection or the overall health status was affected, 

mice were sacrificed. 

Our cell type specific IFNAR gene targeting approach revealed that IFN-I receptor 

signaling is essential for protection mainly in astrocytes and moderately in neurons and 

microglia (Figure 5.7). To elucidate whether IFNAR-mediated protection from each 

CNS resident cell comes from a cell type specific and distinct antiviral program, we 

intracerebrally infected C57BL/6, IFNAR-/-, GFAP-cre+/-IFNARfl/fl, Syn1-cre+/-IFNARfl/fl, 

and CX3CR1-creER+/-IFNARfl/fl mice with 102 PFU of HSV-1 17+ lox. We prepared mice 
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at 4 dpi and the ipsilateral part of the cerebrum was isolated since we detected more 

virus histologically in that brain region (Figure 5.3). We performed RNA extraction and 

the samples were sequenced. Principal component analysis revealed that the 

transcriptomic profiles of C57BL/6, IFNAR-/- and GFAP-cre+/-IFNARfl/fl mice separate 

from each other revealing distinct responses for each of these genotypes. Syn1-cre+/-

IFNARfl/fl, and CX3CR1-creER+/-IFNARfl/fl mice did not clearly segregate from each 

other. However, their transcriptomic profile clearly separated from the one of C57BL/6, 

IFNAR-/- and GFAP-cre+/-IFNARfl/fl mice revealing that Syn1-cre+/-IFNARfl/fl, and 

CX3CR1-creER+/-IFNARfl/fl mice have distinct transcriptomic profiles from C57BL/6, 

IFNAR-/- and GFAP-cre+/-IFNARfl/fl mice (Figure 5.8A). Upon unbiased k-means 

clustering of the statistically significant differentially expressed genes of IFNAR-/-, 

GFAP-cre+/-IFNARfl/fl, Syn1-cre+/-IFNARfl/fl, and CX3CR1-creER+/-IFNARfl/fl mice in 

reference to C57BL/6 mice, we visualized the top 500 genes which are divided into five 

clusters (Figure 5.8B). Collectively, these results show that IFNAR selective gene 

targeting in CNS resident cells leads to distinct transcriptomic signatures in the HSV-1 

infected CNS, further highlighting the cell type specific antiviral programs essential for 

protection. 
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Figure 5.8: Absence of IFNAR signaling in CNS resident cells reveals distinct 

transcriptomic signatures upon HSV-1 infection. C57BL/6, IFNAR-/-, GFAP-cre+/-IFNARfl/fl, 

Syn1-cre+/-IFNARfl/fl, and CX3CR1-creER+/-IFNARfl/fl mice were intracerebrally infected with 102 

PFU of HSV-1 17+ lox and prepared at 4 dpi. RNAseq analysis was performed on RNA 

extracted from the ipsilateral cerebrum. (A) Principal component analysis of ipsilateral 

cerebrum from the indicated infected C57BL/6, IFNAR-/-, GFAP-cre+/-IFNARfl/fl, Syn1-cre+/-

IFNARfl/fl, and CX3CR1-creER+/-IFNARfl/fl mice. (B) Unbiased k-means clustering of the top 

500 statistically significant differentially expressed genes of all genotypes in relation to 

C57BL/6 mice. Each dot represents a single mouse. Analysis was performed by Felix Mulenge, 

TWINCORE.
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5.2 Discussion 

In our second study we analyzed the significance of IFN-I signaling during HSE. 

Several primary immunodeficiencies with distinct CNS manifestations have revealed 

the importance of IFN-I to protect against primary HSV-1 infection (Jouanguy et al. 

2020). Therefore, we addressed the role of IFN-I signaling selectively in major CNS 

resident cells. We established a murine model of HSV-1 infection and analyzed the 

viral spreading and viral tropism of HSV-1. In order to precisely delineate the source of 

protective IFN-I responses as well as the impact of triggering of the IFN-I receptor, we 

generated CNS cell type specific IFN-β and IFNAR1 deficient mice. In these transgenic 

mice, deletions of IFN-β and IFNAR1 were achieved in neurons, astrocytes and 

microglia. Upon HSV-1 infection all analyzed genotypes revealed enhanced sensitivity 

to infection compared to WT mice suggesting that IFN-I mediated protection is a co-

operative response from neurons, astrocytes and microglia. 

5.2.1 Establishment of a model of HSV-1 brain infection to analyze IFN-I 

signaling. 

Inborn errors in the TLR3 signaling pathway have highlighted the significance of IFN-I 

signaling during primary infection with HSV-1, as affected individuals develop lethal 

HSE (Jouanguy et al. 2020). Studies with iPSC-derived neuronal cells identified that 

certain immunodeficiencies directly affected the IFN-I response (Lafaille et al. 2012). 

However, the source of protective IFN-I is not well understood due to the lack of in vivo 

systems that can recapitulate the CNS complexity in an improved manner. Along that 

line, it is not known which CNS resident cells are triggered by protective IFN-I to 

eventually protect the host against lethal HSE. To address these questions, we 

established a model of intracerebral HSV-1 infection to selectively decipher the role of 

IFN-I within the CNS. We intracerebrally inoculated WT and IFNAR-/- mice with two 

dosages of HSV-1 17+ lox in order to establish a model of infection where IFN-I 

signaling is essential for protection. Our results revealed that with both low and high 

dosages of HSV-1, IFNAR-/- mice showed significantly higher sensitivity and weight 

loss compared with WT mice (Figure 5.1). However, WT mice infected with 1000 PFU 

of HSV-1 also showed enhanced susceptibility to infection (Figure 5.1). Therefore, we 

decided to use for our experiments the low dosage of HSV-1 that gave us a prolonged 

and wider time frame to analyze the pathogenesis of HSE. These data are in line with 

a recent report in which WT HSV-1 17+ was used for intracerebral inoculations. In that 
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report, all of the WT mice succumbed to infection upon intracerebral administration of 

20,000 PFU of the original HSV-1 17+ strain (Parker, Murphy, and Leib 2015). Another 

HSV-1 model currently being extensively used for the investigation of HSE is the ocular 

infection model. In this infection model, mouse corneas are scarified with a needle and 

then HSV-1 is applied. Hence, HSV-1 spreads through the sensory neurons of the 

trigeminal ganglia reaching the brain stem and causing pathology in immunodeficient 

mouse lines (Reinert et al. 2016; Yamashiro et al. 2020; Parker, Murphy, and Leib 

2015). The intranasal route of infection may give further insights concerning HSE but 

only a limited number of studies currently use such a model potentially due to the 

restricted CNS penetration observed with several strains (unpublished data from our 

lab) (Shivkumar et al. 2013). Interestingly, in human post mortem tissues of non-HSE 

individuals, latent HSV-1 has been detected in the olfactory bulb which highlights the 

importance of deciphering the restriction mechanisms for HSV-1 CNS entry through 

the olfactory system (Liedtke et al. 1993). The intracerebral route of infection directly 

reports on the role of local immune responses with the infected CNS without 

addressing the viral entry mechanisms. In research questions such as ours, where we 

addressed the role IFN-I signaling from CNS resident cells, it is possible to analyze the 

behavior of CNS resident cells when the same amount of virus replicates with the CNS 

compartment. Future studies could uncover several antiviral CNS specific-

mechanisms with such a model.  

Since our aim was to uncover the source of IFN-β during HSE, we initially raised the 

question of whether IFNAR1 signaling controls the IFN-β induction in a potential 

positive or negative feedback loop. To address that question, we utilized the highly 

sensitive IFN-β luciferase reporter system (Lienenklaus et al. 2009). Our results 

revealed that IFN-β expression in all the analyzed brain regions was rather comparable 

between IFN-βΔβluc/wt and IFNAR-/-IFN-βΔβluc/wt mice upon HSV-1 infection (Figure 5.2). 

Only in the brain stem at the time point of exclusion criteria for IFNAR-/-IFN-βΔβluc/wt 

mice a higher IFN-β response was detected in the IFNAR-/-IFN-βΔβluc/wt mice when 

compared with IFN-βΔβluc/wt (Figure 5.2). These data suggest that IFNAR1 does not 

control the IFN-β response upon HSV-1 infection. This is in clear opposition to modified 

vaccinia virus Ankara (MVA) which is a DNA-encoding vaccine vector. In that model, it 

was observed that peripheral IFN-I responses were dependent on a positive IFN-I 

signaling feedback (Waibler et al. 2007). The brain stem is known to show higher IFN-

I responses compared to other brain regions upon HSV-1 infection (Reinert et al. 
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2016). However, in our experiment this enhanced IFN-β expression may result from 

the higher virus titers possibly found in the IFNAR-/- deficient mice. Collectively, this 

approach could be used for in vivo monitoring of IFN-β responses in the absence of 

PRRs receptors such as cGAS, STING, and even RNA sensors also known to be 

essential during HSE (Ishikawa and Barber 2008; Ishikawa, Ma, and Barber 2009; Sun 

et al. 2013; Menasria et al. 2013; Reinert et al. 2016) 

To enhance the knowledge concerning our HSV-1 infection model, we histologically 

analyzed the ipsilateral part of the brain at 4 dpi. We mainly detected HSV-1 in areas 

of the cerebrum that correspond to hypothalamus and amygdala at that particular time 

point. We also detected HSV-1 spreading in the midbrain of the brain stem (Figure 

5.3). Notably, HSV-1 shows distinct spreading patterns in the murine and the human 

brain (Marcocci et al. 2020). However, there are reports showing HSV-1 spreading in 

similar regions with the ones we observed by utilizing the eye scarification, intranasal 

or lip infection model (Marcocci et al. 2020). Spatiotemporal analysis of HSV-1 

spreading will increase our knowledge not only concerning innate immune responses 

but also about behavioral alterations that usually affect several individuals during HSE. 

Next, we addressed the question of viral tropism upon intracerebral inoculation. Our 

results indicate a higher co-localization of HSV-1 with microglia than with astrocytes 

(Figure 5.4). These data are in accordance with earlier published studies in which it 

has been shown that iba1+ cells co-localize with HSV-1 antigens within the infected 

CNS. However, it is not understood whether these HSV-1+ myeloid cells comprise 

either microglia or infiltrating monocytes (Reinert et al. 2016; Reinert et al. 2021). 

Similarly, it is not clear yet whether these myeloid cells are productively infected or 

have engulfed infected material or infected cells. In post mortem HSE brains, neurons 

were infected by HSV-1 and infected neurons were found in close proximity with 

P2RY12+ microglia (Fekete et al. 2018). Interestingly, STING deficiency renders 

myeloid cells permissive to HSV-1 infections since HSV-1 infected STING-/- mice 

showed an enhanced number of iba1+ HSV-1+ cells compared to WT mice (Reinert et 

al. 2016). 

Taken together, we established a model of HSV-1 infection to study IFN-I signaling 

(Figure 5.1). In this model, IFN-β responses are not controlled by IFNAR1 receptor 

during HSV-1 infection (Figure 5.2). Furthermore, HSV-1 showed distinct patterns of 

viral spreading within the CNS with microglia showing a higher co-localization with 
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HSV-1 compared to astrocytes (Figure 5.3 and 5.4). Overall, our model can provide 

further insights in the role of IFN-I signaling during HSE. 

5.2.2 Dissecting the source of protective IFN-β responses within the HSV-1 

infected CNS. 

Primary human immunodeficiencies have revealed the significance of IFN-I signaling 

during the course of HSE (Jouanguy et al. 2020). Several studies are utilizing in vitro 

approaches with human IPSC-derived cells or mouse brain cells to delineate which 

CNS cells mount IFN-I responses in order to promote protection against HSE (Lafaille 

et al. 2012; Reinert et al. 2016). To address the cellular origin of IFN-β responses, we 

also initially analyzed in vitro murine neurons, astrocytes and microglia upon HSV-1 

17+ lox infection since HSV-1 strains show distinct IFN-I responses. Our results 

showed that cultured neurons and astrocytes did not mount any IFN-β responses upon 

HSV-1 infection while microglia mounted IFN-β responses only after HSV-1 17+ lox 

infection at MOI 10 (Figure 5.5). These results are in accordance with previous 

observations suggesting that microglia mount IFN-β responses upon HSV-1 infection 

with the McKrae and KOS strains in a STING-dependent manner (Reinert et al. 2016). 

However, another study reported that also neurons and astrocytes can mount IFN-β 

responses upon HSV-1 infection with strain F (Sato et al. 2018). These observations 

clearly suggest that the magnitude of IFN-I responses depends on the virus strain. To 

decipher the source of protective IFN-β responses in vivo, we generated cell type 

specific IFN-β deficient mice for neurons, astrocytes and microglia. Upon intracerebral 

HSV-1 infection, all of the cell type selective IFN-β deficient mice showed enhanced 

sensitivity to the infection when compared with WT mice (Figure 5.6). These results 

suggest that protective IFN-β responses arise from all major CNS resident cells such 

as neurons, astrocytes and microglia. This finding highlights the differences between 

the in vitro and in vivo conditions where CNS cells behave differently. Similarly, it was 

recently reported that brain stem sorted neurons, astrocytes and microglia showed 

increased expression of IFN-β transcripts upon cornea infection with HSV-1 

(Yamashiro et al. 2020). 

Taken together, we showed that upon in vitro infection with HSV-1 17+ lox, only primary 

murine microglia mounted IFN-I responses whereas neurons and astrocytes did not 

show any detectable level of IFN-β (Figure 5.5). However, cell type specific ablation 

of IFN-β in neurons, astrocytes and microglia in mice revealed that IFN-β-mediated 
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protection arises from all these CNS resident cells and not only from microglia (Figure 

5.6). These results extend our knowledge concerning IFN-I responses within the HSV-

1 infected CNS. 

5.2.3. Selective type I interferon receptor signaling of CNS resident cells is 

essential for protection with distinct transcriptomic signatures. 

Recently, an IFNAR1 inborn error was discovered in a patient that succumbed to HSE 

highlighting once more the significance of IFN-I signaling during HSE (Bastard et al. 

2021). To dissect which CNS resident cells are triggered by IFN-β responses, we 

generated cell type specific IFNAR deficient mice for cells of neuroectodermal origin, 

neurons, astrocytes and microglia. While all cell type specific IFNAR deficient mice 

showed enhanced susceptibility to infection, HSV-1 infection of the neuroectodermal 

specific IFNAR deficient and astrocytes specific IFNAR deficient mice showed 

statistically significant sensitivity to infection when compared to WT mice (Figure 5.7). 

These results suggest that neurons, astrocytes, and microglia are triggered by IFN-β 

responses to mediate protection against HSE. Along that line mice deficient of STAT1 

only in cells of the neuroectodermal origin, showed enhanced susceptibility to cornea 

infection with HSV-1 suggesting that neuronal IFN-I signaling is essential to protection 

against HSV-1 (Rosato et al. 2016). Protective neuronal IFN-I was shown to be induced 

in a murine model of VSV infection suggesting that this protection is independent of 

the sensing platforms deployed by RNA and DNA viruses (Chhatbar et al. 2018; Detje 

et al. 2009). Furthermore, IFN-I signaling of astrocytes was essential to promote 

protection during WNV, VSV and MHV-A59 infection (Daniels et al. 2017; Chhatbar et 

al. 2018; Hwang and Bergmann 2018). Our sequencing analysis of all cell type specific 

IFNAR deficient mice revealed distinct transcriptomic profiles upon HSV-1 infection 

(Figure 5.8). Although more in depth analysis is required, we can already now 

conclude that IFNAR triggering from each CNS resident cell instructs a selective and 

cell type specific antiviral program. In accordance to that, we recently reported on 

selective transcriptomic signatures between neurons and astrocytes during viral 

encephalitis (Ghita et al. 2021). 

5.2.4 Implications for the human system 

In our second study, we analyzed the role of selective IFN-I signaling during HSE. Our 

results showed that neurons, astrocytes and microglia are participating in protective 
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IFN-I signaling revealing distinct transcriptomic signatures within the infected CNS. 

Delineating the selective antiviral programs each of these CNS cells instruct to promote 

protection will reveal novel unexplored cell type specific antiviral pathways or 

mediators. Furthermore, several type I interferonopathies lead to severe neurological 

manifestations due to unrestricted IFN-I signaling within the CNS (Crow 2015). 

Enhanced knowledge on the CNS cell type specific IFN-I signatures might be beneficial 

for designing potential future treatment strategies.
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6. Concluding discussion 

Viral encephalitis is a life-threatening inflammation within the CNS upon virus entry. 

Nowadays, our therapeutic antiviral arsenal to combat such a disease is very limited 

with many affected individuals succumbing to infection or showing severe post-

encephalitis neurological sequelae. Delineating the pathophysiological mechanisms of 

such a disease arises as a research priority since several pathogens have 

neuroinvasive potential. In our first study, we focused on the role of RLR signaling and 

MAVS, its downstream adaptor signaling molecule, during viral encephalitis. Our 

results indicated that MAVS signaling is essential for protection against lethal viral 

encephalitis with microglia constituting a central role in MAVS-mediated protection. 

Interestingly, MAVS deficiency of microglia did not alter IFN-I and cytokine responses 

and microglia density during viral encephalitis. However, sequencing analysis of 

microglia revealed a MAVS-dependent regulation in the cross-presentation process, a 

hallmark function of microglia during viral encephalitis. Furthermore, sequencing 

analysis of infiltrating CD8+ T cells showed a microglia selective MAVS-dependent 

effect on their transcriptomic fate with activation markers being downregulated in the 

CD8+ T cells from microglia-specific MAVS deficient mice when compared to the ones 

from WT mice. Overall, our results clearly indicated that MAVS signaling of microglia 

is essential to promote protection and to transcriptomically define CD8+ T cells within 

the infected CNS.  

HSV-1 is a neurotropic virus of the Herpesviridae family that affects the majority of the 

global population. In most individuals, HSV-1 establishes latency in the trigeminal 

ganglia. After reactivation in rare cases the virus can enter into the CNS causing severe 

encephalitis, which is typically associated with neurological sequelae. Inborn errors 

have highlighted the significance of IFN-I responses during HSE. Deciphering the 

protective IFN-I mediated programs in a cell type selective manner will pave the way 

for more targeted therapeutic treatment options. In our second study, we analysed the 

source of protective IFN-β responses and the cell type specific IFNAR triggering upon 

HSV-1 infection. Our results indicated that neurons, astrocytes and microglia mount 

protective IFN-β responses, concomitantly. Furthermore, IFNAR triggering mainly of 

astrocytes and to a moderate extent of neurons and microglia mediated protection 

during HSE. Interestingly, sequencing analysis of cerebrum from all cell type selective 

IFNAR deficient mice revealed distinct transcriptomic profiles upon HSV-1 infection 
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indicating that each CNS resident cell promotes protection with a cell type IFNAR 

specific antiviral program. 

During viral encephalitis, a complex web of events is taking place within the infected 

CNS. Monitoring the complex interactions between CNS resident and infiltrating cells 

will improve our knowledge about the molecular and immunological mechanisms in the 

course of that devastating disease.
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