
Regulation of autophagy upon vaccinia virus infection 

Inaugural-Dissertation 

zur Erlangung des Doktorgrades 

der Mathematisch-Naturwissenschaftlichen Fakultät 

der Heinrich-Heine-Universität Düsseldorf 

vorgelegt von 

Houda Khatif 

aus Düsseldorf 

Kaarst, November 2016 



 

aus dem Institut für Virologie 

der Heinrich-Heine-Universität Düsseldorf 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Gedruckt mit der Genehmigung der 

Mathematisch-Naturwissenschaftlichen Fakultät der 

Heinrich-Heine-Universität Düsseldorf 

 

 

Referent: Prof. Dr. Ingo Drexler 

Korreferent: Prof. Dr. Dieter Willbold 

Tag der mündlichen Prüfung: 17.01.2017 
  



 

 

 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  



 

ii 
 

3.2.2. Polymerase chain reaction (PCR) ........................................................................... 21 

3.2.3. Agarose gel electrophoresis .................................................................................... 21 

3.2.4. Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) ............. 21 

3.2.5. DNA sequencing ..................................................................................................... 22 

3.3. Immunological methods ................................................................................................. 22 

3.3.1. Immunoblot ............................................................................................................. 22 

3.3.2. Flow cytometry ....................................................................................................... 24 

3.4. Statistics .......................................................................................................................... 24 

4. Results ................................................................................................................................... 25 

4.1. Deciphering the impact of VACV infection on autophagy ............................................ 25 

4.2. MVA-mediated induction and WR-mediated inhibition of autophagy occurs at the early 
time phase of infection .............................................................................................................. 29 

4.3. MVA-mediated induction of autophagy does not necessitate viral DNA replication but 
efficient virus entry, while WR-mediated inhibition additionally relies on early gene 
expression .................................................................................................................................. 31 

4.4. Screen of potential viral candidates for autophagy interference .................................... 32 

4.5. cGAS-STING-dependent activation of autophagy upon MVA infection ...................... 35 

4.6. VACV interferes with a non-canonical autophagy pathway .......................................... 38 

4.7. MVA infection causes degradation of STING ............................................................... 39 

5. Discussion .............................................................................................................................. 43 

5.1. Differences between VACV strains are not limited to their genome size, but influence 
diverse cellular mechanisms that contribute to immune defence .............................................. 43 

5.2. Autophagy inhibition by WR is a process mediated early after infection ...................... 44 

5.3. Screening of CRISPR-Cas9 generated viral mutants did not deliver any potential 
candidate for autophagy interference ........................................................................................ 45 

5.4. VACV interferes with a non-canonical autophagy pathway, which is different from 
rapamycin-activated autophagy ................................................................................................. 47 

5.5. Is MVA-mediated autophagy responsible for STING degradation? .............................. 49 

5.6. cGAMP is required for STING degradation, but not specifically for autophagy 
induction .................................................................................................................................... 52 

5.7. Concluding remarks ........................................................................................................ 53 

6. Appendix ............................................................................................................................... 54 

7. References ............................................................................................................................. 58 

Acknowledgments ........................................................................................................................ 73 

Eidesstattliche Versicherung ...................................................................................................... 74 



i 
 

I. List of abbreviations 

-/-    knock-out 

°C   Celsius 

µg   microgram 

µl   microlitre 

µm   micrometre 

3-MA   3-methyladenine 

Agn   agonist  

AMP   adenosine monophosphate 

AMPK   AMP-activated kinase 

APCs   antigen presenting cells 

AraC   cytosine arabinoside 

Atg   autophagy-related gene 

ATP   adenosine triphosphate 

BMDCs  bone marrow dendritic cells 

Cas9   CRISPR-associated protein 9 

cDCs   conventional dendritic cells 

CEV   cell-associated enveloped virion 

cGAMP  cyclic guanosine monophosphate–adenosine monophosphate 

cGAS   cyclic GMP-AMP Synthase 

CLIP   class II associated Ii peptide 

Cop.   Copenhagen 

CRISPR  clustered regularly interspaced short palindromic repeats 

C-terminus  COOH-terminus 

CVA   chorioallantois vaccinia virus Ankara 

DC   dendritic cells 

DNA   deoxyribonucleic acid 

dsDNA  double stranded DNA 

dsRed   Discosoma Red 

e.g.   exempli gratia, for example 

ECL   enhanced chemiluminescent 

EEVs   extracellular enveloped virions 

eGFP   enhanced green fluorescent protein
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ER   endoplasmic reticulum 

EVs   enveloped virions 

FACS   fluorescence-activated cell sorting 

FIP200  200 kDa focal adhesion kinase family-interacting protein 

GβL   beta subunit–like protein 

GMP   guanosine monophosphate 

gRNA   guide RNA 

HCMV  human cytomegalovirus  

HLA   human leukocyte antigen 

hr(s)   hour(s) 

HRP   horseradish peroxidase 

HSK   herpetic stromal keratitis 

HSV-1   human herpes simplex virus 1 

i.a.   inter alia 

IEVs   intracellular enveloped virions 

IFN-I   type I interferon 

Ii   invariant chain 

IMVs   intracellular enveloped virions 

IRF3   Interferon regulatory factor 3 

kbp   kilo-base pairs 

kDa   kilo-Dalton 

LC3   microtubule-associated protein 1 light chain 3 

LCMV   lymphocytic choriomeningitis virus 

LPS   lipopolysaccharide 

M   molar 

mA   milliampere 

MEF   mouse embryonic fibroblasts 

MFI   mean fluorescence intensity 

mg   milligram 

MHC   major histocompatibility complex 

MIIC   MHC class II compartment 

min   minute(s) 

ml   millilitre 

MOI   multiplicity of infection 



 

iii 
 

mRNA   messenger ribonucleic acid 

mTOR   mammalian target of rapamycin 

MVA   modified vaccinia virus Ankara 

MVs   mature virions 

MyD88  myeloid differentiation primary-response protein 88 

NP   nucleoprotein 

ns   not significant

N-terminus  NH2-terminus 

ORF   open reading frame 

p.i.   post infection 

p.t.   post transfection 

PAGE   Polyacrylamide gel electrophoresis 

PCR   polymerase chain reaction 

pDNA   plasmid DNA 

PE   phosphatidylethanolamine 

PI3K   phosphatidylinositol 3-kinase 

PI3P   phosphatidylinositol-3-phosphate 

PRAS40   proline-rich Akt/PKB substrate 40 kDa 

PRRs   pathogen recognition receptors 

PUVA   psoralen and ultraviolet A radiation 

qRT-PCR  quantitative reverse transcriptase polymerase chain reaction 

Rapa.    rapamycin 

Raptor   regulatory associated protein of mTOR 

RNA   ribonucleic acid 

SDS   sodium dodecyl sulfate 

sec   seconds 

SIIN   SIINFEKL 

STING   stimulator of IFN genes 

TAP   transporter associated with antigen processing 

TBK1   TANK-binding kinase 1 

TLRs   Toll like receptors 

TRIF   TIR domain-containing adaptor protein inducing interferon β 

U   units 

ULK1   unc-51 like autophagy activating kinase 1 
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Untr.   untreated 

UV   ultraviolet 

V   volt 

VACV   vaccinia virus 

WIPI2   WD repeat domain phosphoinositide-interacting protein 2 

WR   Western Reserve 

wt   wild type 

xg   relative centrifugal force
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II. Zusammenfassung 

Vaccina Viren (VACV) sind doppelsträngige DNA Viren, die zu den Pockenviren gehören, und 

sich ausschließlich im Cytoplasma replizieren, in sogenannten „viral factories“. VACV werden 

unter anderem zur Entwicklung wichtiger Impfstoffe verwendet. Dafür eignet sich der attenuierte 

und replikationsdefiziente Stamm das Modifizierte Vaccinia-Virus Ankara (MVA) sehr gut, 

welcher auch in der Forschung als viraler Vektor eingesetzt wird. MVA ist durch zahlreiche 

Passagen des Ausgangsvirus Chorioallantois Vaccinia Virus Ankara auf 

Hühnerembryofibroblasten entstanden, in deren Verlauf sechs große Regionen im ursprünglichen 

Genom deletiert wurden, die unter anderem für die immunmodulatorischen Eigenschaften wie z.B. 

Immunevasion der Viren entscheidend sind. Diese Regionen dienen als Insertionsstellen zur 

Einführung fremder DNA z.B. zur Expression von Antigenen [1]. Ein umfassendes Verständnis 

der Wirkmechanismen dieser Viren im Umgang mit dem Wirt und der nach Infektion ausgelösten 

Immunantwort sollte die Identifikation neuer Zielstrukturen für immuntherapeutische Ansätze 

unterstützen. 

Während einer Infektion werden Pathogene, die in den Körper bzw. in eine Zelle eindringen, durch 

das Immunsystem erkannt und eine spezifische Immunantwort zu deren Bekämpfung ausgelöst. 

Bei der adaptiven Immunantwort spielen CD4+ T-Zellen eine entscheidende Rolle. Diese sind in 

der Lage fremde Antigene, die von MHC (Haupthistokompatibilitätskomplex) Klasse II 

Rezeptoren auf der Zelloberfläche präsentiert werden, zu erkennen. Peptide endogenen Ursprungs 

werden über Autophagie generiert [2, 3]. In einigen Vorarbeiten konnten wir zeigen, dass bei einer 

MVA Infektion von dendritischen Zellen (BMDCs) Autophagie induziert wird und über verstärkte 

MHC Klasse II Antigenpräsentation eine effiziente Aktivierung von CD4+ T-Zellen stattfindet [4]. 

Eine Infektion durch den Wildtypstamm Western Reserve (WR) führte hingegen zu einer starken 

initialen Beeinträchtigung von Autophagie. Somit war das Ziel dieses Projektes zu untersuchen, 

wie Autophagie von VACV beeinflusst wird. Zum einen war es uns wichtig herauszufinden, wie 

MVA Autophagie induziert, und zum anderen, welche virale und zelluläre Faktoren für die WR-

vermittelte Inhibition von Autophagie verantwortlich sind. 

Die Induktion bzw. Inhibition von Autophagie wurde anhand der LC3-Lipidierung unter anderem 

im Immunoblot nachgewiesen. Nach MVA Infektion wurde im Vergleich zu den WR-infizierten 

Zellen eine starke Zunahme des LC3-II Proteins beobachtet, darstellend für eine Induktion von 

Autophagie.  
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Die Expression vaccinia-viraler Gene findet in einer frühen, intermediären und späten Phase statt. 

Es stellte sich heraus, dass die Inhibition von Autophagie durch ein früh exprimiertes Gen 

vermittelt wird. Zusätzlich konnten wir zeigen, dass Virusadsorption nicht ausreichend ist, sondern 

ein effizientes Eindringen des Virus in die Zelle vorausgesetzt wird. Unter Berücksichtigung dieser 

Ergebnisse wurden 20 VACV-Gene selektiert, welche in MVA nicht vorhanden oder funktionell 

sind und mittels der CRISPR-Cas9 Methode WR-Deletionsmutanten für jedes einzelne Gen 

erzeugt. Diese Mutanten wurden auf den Verlust des inhibitorischen Effekts von VACV auf die 

Induktion von Autophagie in einem in dieser Arbeit etablierten Testverfahren mittels 

Durchflusszytometrie hin untersucht. Leider konnten wir mit den bislang getesteten Mutanten 

keine signifikanten Ergebnisse erzielen. Dies schließt jedoch nicht aus, dass die Deletion zweier 

oder mehrerer Gene gleichzeitig benötigt wird, um eine Aktivierung von Autophagie 

hervorzurufen.  

Auf molekularer Ebene konnten wir feststellen, dass die Induktion bzw. Inhibition von 

Autophagie, die jeweils durch MVA bzw. WR herbeigeführt wird, mit STING (Stimulator of 

Interferon Genes) zusammenzuhängt. Nach Erkennung doppelsträngiger DNA durch cGAS 

(cGAMP Synthetase) wird cGAMP (zyklisches GMP-AMP) produziert und das Adaptorprotein 

STING aktivert. Dies führt letztendlich zur Produktion von Typ I Interferon. In MVA infizierten 

STING knockout BMDCs konnte keine Hochregulation von Autophagie beobachtet werden. 

Zudem fand in Zellen mit normaler STING Expression ein vollständiger Abbau des Moleküls in 

kürzester Zeit nach MVA Infektion statt, was bei WR infizierten Zellen nicht der Fall war. Dies 

kann als Hinweis gewertet werden, dass STING in dem MVA-vermittelten Autophagie-

induzierenden Signalweg eine wichtige Rolle spielt. Demzufolge war es von großem Interesse 

herauszufinden, wie und warum dieser Abbau bzw. die Hemmung des Abbaus stattfindet. Des 

Weiteren wurde der Autophagiesignalweg, der nach MVA Infektion in der Zelle angeschaltet wird 

und der von dem kanonischen Weg abweicht, näher untersucht.  
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III. Summary 

Vaccinia virus (VACV) is a double-stranded DNA virus that belongs to the poxvirus family, and 

replicates exclusively in the cytoplasm in so called viral factories. VACV are i.a. employed to 

establish specific vaccines. An attenuated form of VACV, the replication-deficient modified 

vaccinia virus Ankara (MVA), is commonly and preferentially used as a viral vector. MVA was 

generated through extensive passaging of the parental strain chorioallantois vaccinia virus Ankara 

in chicken embryo fibroblasts. Hence, the MVA genome bears six major deletions that affect genes 

encoding for host range and immune evasion factors, and which are used to introduce foreign 

antigens. Gaining deeper knowledge about how these viruses interact with the host and the immune 

system, should grant the opportunity to identify new targets for immunotherapeutic approaches. 

During an infection, invading pathogens are recognized by the immune system and a specific 

immune response is initiated. In regard of the adaptive immunity, CD4+ T-cells are able to 

recognize MHC (major histocompatibility complex) class II antigens that are presented at the cell 

surface. Thus, autophagy has been demonstrated to be required as an antigen provider for 

production of MHC class II peptides if derived from an endogenous source. In previous 

experiments, we were able to demonstrate MVA infection of dendritic cells (BMDCs) to cause a 

strong CD4+ T-cell activation after recognition of endogenous viral antigens. However, infection 

with the wild type strain Western Reserve (WR) significantly inhibited autophagy. Therefore, we 

aimed to characterize the impact of VACV infection on autophagy, and to identify the viral and 

cellular interaction partners that are responsible for the strain-specific activating or inhibiting 

effects, respectively.  

Autophagy induction or inhibition was tracked by analysing LC3-lipidation mainly through 

immunoblotting. Upon MVA infection, we observed an increase in LC3-II protein synthesis 

contrary to WR-infected cells, demonstrating an induction of autophagy by MVA. VACV gene 

expression occurs in an early, intermediate and late phase. Autophagy inhibition turned out to be 

an early gene mediated process, which required not only cellular adsorption but efficient virus 

entry. Hence, according to these observations, we selected 20 VACV genes being deleted or 

inactive in MVA and generated WR deletion mutants using the CRISPR-Cas9 method. We 

screened the deletion mutants for autophagy induction via a newly established assay based on flow 

cytometry. So far, we were not able to identify the inhibitory candidate gene. Still, it is possible 

that deletion of more than one gene is required to efficiently overcome the inhibitory effect. 
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Further results reflected VACV autophagy interference to likely depend on Stimulator of 

Interferon Genes (STING). STING is a cellular adaptor molecule, which gets activated via the 

second messenger cGAMP (cyclic GMP-AMP), which is produced after double stranded DNA 

stimulation of cGAS (cGAMP synthase). STING activation will finally lead to expression of type 

I interferons. Interestingly, in MVA-infected STING knockout BMDCs autophagy was not 

triggered anymore. Additionally, STING was immediately degraded upon MVA infection in cells 

with regular STING expression, contrary to WR-infected cells. These outcomes emphasize the 

relevance of STING for MVA-mediated induction of autophagy. Thus, it was crucial to 

understand, how and why STING is degraded. Moreover, we tried to further characterize the 

autophagy pathway, which is activated after MVA infection and which strongly differs from the 

canonical pathway. 
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mTOR is a 280 kDa large Serine/Threonine rapamycin sensitive protein kinase, implicated into 

cellular metabolism regulation to monitor protein synthesis, nutrient import and autophagy [39-

42]. The mTOR complex constitutes mTOR itself, the beta subunit–like protein (GβL), the 

regulatory associated protein of mTOR (raptor) and the proline-rich Akt/PKB substrate 40 kDa 

(PRAS40). mTOR activation is controlled by the class I phosphatidylinositol 3-kinase (PI3K)-

AKT pathway through perception of growth factors like insulin [41, 43]. In the case of energy 

deprivation and ATP decrease, mTOR blockage is mediated via AMP-activated kinase (AMPK) 

to stimulate autophagy [38, 43]. 

Autophagy is triggered through activation of the ULK1:Atg13:FIP200 complex by inhibiting 

mTOR [44-46]. ULK1 (unc51-like kinase 1, Atg1 ortholog) and FIP200 (200 kDa focal adhesion 

kinase family-interacting protein) interact with Atg13, which in turn is stabilized by the expression 

of Atg101 [40, 47, 48]. Phagophore nucleation and assembly necessitate the initiation of the PI3K 

complex, composed of the class III PI3K, the regulatory protein kinase p150, Beclin-1 (Atg6 

ortholog) and Atg14L, a Beclin-1-associated key regulator [49, 50]. This results in production of 

phosphatidylinositol-3-phosphate (PI3P), which enables autophagosome formation (Figure 1) 

[38]. 

Vesicle elongation is promoted by two ubiquitin-like conjugation systems [36]. For the first 

system, Atg12 is activated by the E1-like enzyme Atg7 and conjugation to Atg5 is sustained by 

the E2-like enzyme Atg10. Binding of Atg16L1 to Atg5-Atg12, which exhibits an E3-like enzyme 

activity, contributes to the generation of a heterotrimeric complex, located at the phagophore 

membrane. This complex, together with the Atg4B protease, Atg7 and Atg3, encompass the 

second ubiquitin-like conjugation system, which establishes the interaction between 

phosphatidylethanolamine (PE) and the microtubule-associated light chain 3 protein (LC3-I, 

mammalian homolog of Atg8). The conversion of LC3-I to the lipidated and autophagosome-

associated form LC3-II (PE conjugated) is a common marker and regulator for autophagy 

activation. Autophagy is commonly assessed through the determination of the immunoblot signal 

ratio of LC3-II to LC3-I or LC3-II to β-actin [51, 52]. Thus, an increase in LC3-II molecules is 

indicative for autophagy induction [36, 38].  

After fusion of lysosomes with autophagosomes, specific acidic hydrolases are released inside of 

the autolysosome, leading to cargo degradation and finally to vesicle breakdown for metabolic 

recycling. Though, previous investigations demonstrated autophagy to be strongly implicated into 

the adaptive immune response, especially in regard of MHC class II antigen generation [2, 3, 53], 

but can also be involved in production of MHC class I peptides and innate immunity [38]. 
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(HCMV)-encoded pUL138 protein, which is either degraded by the conventional route or by 

lysosomal proteases [38, 56].  

MHC class I molecules are also known to present antigens from exogenous origin in APCs to 

CD8+ T-cells via cross-presentation [57]. The vacuolar cross-presentation implies protein up-take 

by endocytosis or phagocytosis, degradation by proteases and MHC class I loading within these 

compartments. Hence, during cytosolic cross-presentation, proteins are translocated trough 

endosomes and phagosomes to the cytoplasm for proteasomal degradation, and are either 

transported back into the vesicles they originated from, or into the ER-lumen via TAP for regular 

MHC class I loading [58-60]. Dysregulation of autophagy by knocking down specific Atgs in 

tumor cells (e.g. Beclin-1 and Atg12) caused a significant decrease in cross-presentation [38, 61]. 

Possible explanations could be that autophagosomes themselves serve as compartments for cross-

presentation [62] or that peptides traffic via autophagy to these compartments [63].  

However, the role of autophagy in MHC class I antigen presentation remains controversial. In 

absence of Atg5 and Atg7, MHC class I presentation in DCs was significantly increased and upon 

influenza and lymphocytic choriomeningitis virus (LCMV) infection, CD8+ T-cell responses were 

upregulated. This could be ascribed to impaired internalization and endocytic degradation of MHC 

class I molecules [64]. Additionally, autophagy was described to restrict protein ubiquitination and 

therefore proteasomal degradation for efficient MHC class I peptide generation [65]. 

Regarding MHC class II antigens, they are mainly generated from exogenous proteins [66, 67] but 

can also be of nuclear and cytosolic origin if processed through autophagy [66, 68]. In support of 

this notion, 20-30% of natural MHC class II ligands are derived from endogenous proteins 

produced through autophagy [2, 69, 70]. To provide efficient antigen presentation, the MHC class 

II α- and β-chain assemble in the ER and interact with the invariant chain (Ii) to prevent binding 

of premature epitopes. Thus, this complex is transported to the acidic endosomal MHC class II 

compartment (MIIC) within APCs, where Ii is digested, leaving a class II associated Ii peptide 

(CLIP). The binding of MHC class II antigens is mediated by human leukocyte antigen (HLA)-

DR, being responsible for the dissociation of CLIP from the peptide binding groove. Antigens 

generated via autophagy are delivered to MHC class II molecules through direct fusion of 

autophagosomes with MIIC, or of endosomes which then in turn merge with MIIC [38, 71, 72]. 

Silencing of Atg12 inhibits biogenesis of autophagosomes and fusion with MIIC [71]. 

Additionally, Kondylis et al. posit the existence of an endosome-mediated autophagy in 

lipopolysaccharide (LPS)-stimulated DCs, characterized by the formation of MIIC-derived 

autophagosomes [73]. These outcomes supplementary confirmed the relationship between 
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antigens after treatment with an autophagy inhibitor, unraveled the importance of this process for 

peptide generation [4]. Indeed, supplementary experiments unveiled autophagy induction in 

MVA-infected APCs, whereas after infection with wild type strain Western Reserve (WR) or co-

infection with MVA and WR, autophagy was inhibited. These outcomes raised our interest to 

analyse this phenomenon in greater detail, to understand how VACV is activating or inhibiting 

regulatory mechanisms of the immune system, and to identify the inhibitory factors in order to 

improve design and selection of vectors according to a specific immune response. 
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2. Materials 

2.1. Equipment 

Blotting-Equipment      Neolab 
Centrifuges       Pico21, Heraeus 
       Fresco 21, Heraeus 
       5810R, Eppendorf 
       Megafuge 16R, Heraeus 
Cross-linker      Peqlab 
ECL imager      Fusion Fx Vilber Lourmat, Vilber 
Electrophoresis chambers     Neolab 
Flow cytometry equipment     FACSCanto II™, BD  
Freezer (-80°C)     Herafreeze, Thermo Scientific 
       Forma 88000 Series, Thermo Scientific 
Freezer (-20°C)     GNP 4166 Premium NoFrost, Liebherr 
       IG 1166 Premium, Liebherr 
Fridge (+ 4°C)     LKUv 1610 MediLine, Liebherr 
       FKUv 1610 Premium, Liebherr 
       KB 4260 Premium, Liebherr 
       KUR18421, AntiBacteria, Bosch 
Heating plate      MR Hei-Tec, Neolab 
Ice machine      AF124, Scotman 
Incubators      Heracell 150i / 240i, Thermo Scientific 
Micropipettes      Pipetman P2-1000, Gilson  
Microscope      CKX41, Olympus 
       LSM 780, Zeiss 
Microwave      Gn3431MA 
Multi-channel pipette     Pipetman P200N, Gilson 
Nitrogen Tank      Biosafe MD, Cryotherm 
pH-meter      PB-11, Satorius 
Pipetboy      accu-jet pro, Brand 
Power-Supplies      MS 3AP, MS Major Science 
Sonification machine     Sonopuls HD200/UW200, Bandeline 
Spectrophotometer     Nanodrop 1000, Berthold 
Thermoblock      Neolab 
Thermomixer       Thermomixer Comfort,Eppendorf 
Thermocycler      T1 und T3000, Biometra 
UV-Transilluminator     UVsolo TS, Biometra 
Vortexer      Vortex Genie 2, Scientific Industries 
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       VV3, VWR 
Waterbath      type 1083, GFL 
Weighing machine      AEJ 220-4M, KERN & Sohn GmbH  
       Ew 4200-2nm, KERN & Sohn GmbH  
magnetic shaker     St 5 cat, Neolab 
Immunoblot chamber     Neolab 
Working sterile bank      Mars Safety class 2, Labogene  

2.2. Chemicals 

Acetic Acid      Merck 
Agarose      Biozym 
Ampicillin      Roth 
Bacto-Agar      Fluka 
β-mercaptoethanol      Roth 
Bromophenol blue     Merck 
Calcium chloride      Roth 
Dimethyl sulfoxide (DMSO)    Roth/ Sigma 
DNA-Size Standards Hyperladder I   Bioline 
Desoxinucleotides triphosphate (dNTPs)  Qiagen 
Dithiothreitol (DTT)     Merck 
DNase       Roche 
DreamTaq Master Mix (2x)    ThermoFisher 
Dulbecco’s Modified Eagle’s Medium (DMEM)  Gibco 
Endonucleases (restriction enzymes)   New England Biolabs 
Enzyme buffers (10x)     New England Biolabs 
Ethanol absolute     Merck 
Ethylenediaminetetraacetic acid (EDTA)  Merck 
EZ Vision in gel     Amresco 
Fetal bovine serum (FBS)    PAN, Biotech 
FS buffer (FSB, 5x)     Invitrogen 
Glycerol      Roth 
Glycine      Roth 
Hydrochloric acid (HCl, 32%)   Roth 
Isopropanol      Merck 
Kanamycin      Sigma 
LB-Broth (Lennox)     Roth 
Lumi-light Western Blotting Substrate  Roche 
Magnesium chloride     Roth 
Methanol       Sigma 
Nonfat-dried milk     Sufocin 
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Paraformaldehyde     Merck 
Pharm-Lyse (lysing buffer, BMDC preparation) BD 
Phosphate buffered saline (PBS, 1x)   Gibco 
Penicillin/Streptomycin (P/S)   Gibco 
Phenol-chlorophorm     Roth 
Ponceau S      Roth 
Primer p(dT)      Roche 
Proteinase K      AGS GmbH 
Puromycin dihydrochloride    Sigma 
RNasin®      Promega 
qPCR Master Mix Precision Plus (2x)  Primerdesign 
Roswell Park Memorial Institute medium (RPMI) Gibco 
Rotiphorese Gel 30 (acrylamide)   Roth 
Saponin      Sigma 
Sodium acetate (NaAc)    Meck 
Sodium azide (NaN3)     Merck 
Sodium chloride (NaCl)    Sigma 
Sodium dodecyl sulfate (SDS)   Roth 
Sodium hydroxide (NaOH)    Merck 
Sucrose      VWR 
Super script® reverse transcriptase  
(SuperScript® III)     Invitrogen 
T4-DNA-Ligase      New England Biolabs  
T4-DNA-Ligase buffer (10x)    New England Biolabs 
TEMED       Roth  
Tris-Base       Roth 
Tris-borate EDTA buffer (TBE, 10x)  Sigma 
Triton X-100      Sigma 
Trypan blue stain (0.4%)    Gibco 
Trypsin-EDTA (0.05%)    Gibco 
TurboFect      ThermoFisher 
Tween 20      Merck 

2.3. Kits 

Lenti-XTM Lentiviral Expression Systems  Clontech 
MinElute purification Kit    Qiagen 
Plasmid Midiprep Kit     Qiagen 
QIAquick Gel Extraction Kit    Qiagen 
RNA-Isolation Kit     Qiagen 
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2.4. Solutions and buffers 

Growth medium     RPMI/ DMEM 
       10% FBS 
       1% P/S 
        
Freezing-medium     90% FCS 

10% DMSO 
 
LB-medium      20 g on 1 L H2O 

 
LB-Agar      1.5% (w/v) Agar in LB-medium 
 
Saponin Solution     0,025% Saponin 
       dd H2O 
 
6x TBE-Sample buffer    10% (v/v) Glycerol  

6x TBE 
Bromophenol blue 

 
Solutions for Immunoblotting: 

10x Laemmli-running buffer    250 mM Tris-base  
2M glycine  

 
Ponceau       0.1% Ponceau S 
       5% Acetic acid 
 
5x sample loading buffer    250 mM Tris pH 6,8 
       10% SDS 
       7.5% Glycine 
       12.5% β-Mercaptoethanol 
       0.5% Bromphenol blue 
 
Separating gel (12%), small    7.2 ml Acrylamide 
       3.75 ml 2 mM Tris/HCl, pH 8.8 

90 µl 20% SDS  
6.8 ml H2O 
36 µl TEMED 
216 µl 10% APS 

 
Stacking gel, small      1.5 ml Acrylamide  
       1.2 ml 0.5 M Tris/HCl, pH 6.8 

45 µl 20% SDS 
2.1 ml 60% sucrose 
4.2 ml H2O 
12 µl TEMED 
120 µl 10% APS 

 
 
10x TBST      0.1 M Tris/HCl pH 8.0 
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1.5 M NaCl 
0.5% (v/v) Tween 20 

 
10x Transfer buffer     0.5 M Tris-base 
       0.4 M Glycine 
 
1x Transfer buffer     100 ml 10x Transfer buffer 
        200 ml Methanol 
       700 ml dd H2O 
 
Tyr-lysis buffer     50 mM Tris-HCl pH 8 
       150 mM NaCl 
       0.02% NaN3 
       1% Triton X-100  

2.5. Plasmids 

Table 1: List of used vectors 

Name Provider 
ptfLC3 Addgene  
pcDNA3.1D-V5-His-Topo Addgene 
pQCXI Puro DsRed-LC3-GFP Addgene 
pLVX-IRES-Puro Clontech 

2.6. Oligonucleotides 

Table 2: List of oligonucleotides applied for PCR, Q-PCR and sequencing analysis (from Eurofins) 
Sequence 5’  3’ Application Name 
GGGAATTTCAACGTGGCCCA Q-PCR humanSTING_fwd 

AGCAGGTTGTTGTAATGCT Q-PCR humanSTING_rev 
AAGAAGTTAAATGTTGCCCA Q-PCR Fwd mouse STING 

CCACTGAGCATGTTGTTAT Q-PCR Rev mouse STING 
ATCCGCATTTCCGAAGAA Q-PCR B8_fwd 
ACATGTCACCGCGTTTGTAA Q-PCR B8_rev 
AAACGGCTACCACATCCAAG Q-PCR 18S rRNA_fwd 
CCTCCAATGGATCCTCGTTA Q-PCR 18S rRNA_rev 
CTACGTATGCCGAAGTACTC PCR/Sequencing A50R_fwd1 
CTGATATCG CATCCGTTTGTAC PCR/Sequencing A50R_fwd2 
TTCCTAAACTTCCAAACGGGAG PCR/Sequencing A50R_rev1 
TACCGAGGACCCGCTTTAAT PCR/Sequencing A50R_rev2 
GTTTCCTATTAGGGTTCCGC PCR/Sequencing G5R_fwd1 
GTTACCGGATTTATGGAAGAAG PCR/Sequencing G5R_fwd2 
GTTATAGATGCCCCATAGAGTC PCR/Sequencing G5R_rev1 
CGTCTCTTG TCTCTAACGTC PCR/Sequencing G5R_rev2 
GGTTCTTGAGGGTTGTGTTAAA PCR/Sequencing H5R_fwd 
TTGTCGGTAGCCACCTTTAG PCR/Sequencing H5R_rev 
TTCAGGAGCAGAGTTTACATCT PCR/Sequencing A51R_fwd 
CACAGACATCTTTATCCTTTCC PCR/Sequencing A51R_rev 
GTATGTTGGGGAAATATGAACC PCR/Sequencing A52R_fwd 
ATAGTACCGAATTGTTCTTCCG PCR/Sequencing A52R_rev 
ATGGCGGGATATATGGCAAG PCR/Sequencing B20R_fwd 
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GCGGTGTTCCATATTTGCTG PCR/Sequencing B20R_rev 
GCAATGTAATGGAGAGTTACC PCR/Sequencing C19L_fwd 
CATAGCAGCGAACAACAACA PCR/Sequencing C19L_rev 
GGACTCTGGAATCTTAGACG PCR/Sequencing C9.5L_fwd 
GATCCCGATTGGACACCT PCR/Sequencing C9.5L_rev 
GTTCCATATTCCACTAGAGGG PCR/Sequencing WR015_fwd 
GGATACGAGAGCATATGTGC PCR/Sequencing WR015_rev 
GATGCAATACGGTACCGC PCR/Sequencing WR016_fwd 
GAGTTCACAGTAGCTCATTC PCR/Sequencing WR016_rev 
CGTGTCACTGGCTTTGTAGA PCR/Sequencing C2L_fwd 
TACTTCAAGAATGGAAAGCGTG PCR/Sequencing C2L_rev 
TTTATCACACGCGTTTGGATCT PCR/Sequencing M1L_fwd 
CTAAACCAGTGCCTTCTTGACA PCR/Sequencing M1L_rev 
TACAACATAGGACTAGCCGC PCR/Sequencing I3L_fwd 
CCGGTGGTTTGTGATTCC PCR/Sequencing I3L_rev 
CACCACGTGTGTTTCAGGAT PCR/Sequencing I6L_fwd 
ACCTGCACGATCTATCACTG PCR/Sequencing I6L_rev 
GAAGGAGACGGCTACTGT PCR/Sequencing K7R_fwd 
CGTCGGTCATCAGATCTG PCR/Sequencing K7R_rev 
CTATGCCAAGCGTATGTTGTTC PCR/Sequencing L2R_fwd 
ATAGGCATATCACTCACCGATG PCR/Sequencing L2R_rev 
GTCGCGGATATGGAATTCGA PCR/Sequencing WR011_fwd 
GTACCAATTTACCAACCCTCTT PCR/Sequencing WR011_rev 
GCATCGACGCTTCCAAAATTG PCR/Sequencing F16L_fwd 
ACGGAGTATGAGCAGATGCA PCR/Sequencing F16L_rev 
GGTCCCTATTGTTACAGATGG PCR/Sequencing J2R_fwd 
CACAGCAGTTAGTTTTACCACC PCR/Sequencing J2R_rev 
GAGGAGCTGATATAGTCGTAC PCR/Sequencing 204_fwd 
GTAGATGGGTAGTATATTGTACATG PCR/Sequencing 204_rev 
CGT GAT CTA TGA GTT CTT CTT CG PCR/Sequencing H4L_fwd 
TAT CCA TTC AGA GAT CGG CG PCR/Sequencing H4L_rev 
GCA ACC AGT GTT TGA TCA TCC PCR/Sequencing H4L_fwd_2 
CACAACCCTCAAGAACCTTTG PCR/Sequencing H4L_rev_2 
GGGGGCGGCCGCATGGTGAGCAAGGGCGAGGAG PCR/cloning HK_GFP-NotI-fwd 
GGGGGCGGCCGCTGATCAGTTATCTAGATCCGGTG PCR/cloning HK_GFP-NotI-rev 

2.7. Antibodies 

Table 3: List of antibodies used for flow cytometry analysis and immunoblot 
Antibody  Species  Specificity Application Company/ reference 
β-actin mouse  β-/α-actin WB Sigma 
FVD eFluor®660  Viability dye FC eBioscience 
Goat anti-rabbit-POD Goat Secondary antibody WB Jackson ImmunoResearch 
LC3B rabbit  LC3-I and LC3-II WB Sigma 
TMEM173 rabbit  Human STING WB Abcam 
Vaccinia virus Serum rabbit Vaccinia proteins WB  
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2.8. Cell lines 
Table 4: List of used cell lines 

Cell line characteristics Reference 
BHK21 Baby hamster kidney cells ATCC© CCL-10™ 
BMDC Bone marrow dendritic cell C57/BL6 mice 
DC2.4 Immortalized murine dendritic cells Georg Häcker 
HEK293T Human embryonic kidney cells Veit Hornung 
HeLa Human cervical carcinoma cells ATCC© CRM-CCL-2™ 
J774 Macrophage-like cell line Georg Häcker 
MEF Murine embryonic fibroblasts Björn Storck 
MJS Human melanoma cells Emmanuel Wiertz 
Vero76 African-Green-Monkey kidney epithelial cells ATCC© CRL-1857™ 

2.9. Viruses 

Table 5: List of used vaccinia virus strains and recombinant viruses 
Virus Description 
Modified vaccinia virus Ankara (MVA) Wild type MVA strain 

MVA-P7.5-eGFP Recombinant MVA virus expressing eGFP under early and 
late promoter P7.5 

MVA-P7.5-NP-SIIN-eGFP Recombinant MVA virus expressing SIINFEKL peptide and 
eGFP in the nucleus under early and late promoter P7.5 

MVA-P11-eGFP Recombinant MVA virus expressing eGFP under late 
promoter P11 

MVA-P7.5-N1L Recombinant MVA virus expressing N1L gene from WR 
strain 

Western Reserve (WR) vaccinia virus strain Western Reserve  

WR-P7.5-eGFP Recombinant WR virus expressing eGFP under early and 
late promoter P7.5 

WR-ΔN1L Recombinant WR virus having N1L gene deleted 
Chorioallantois vaccinia virus Ankara (CVA)  vaccinia virus strain CVA  
Copenhagen vaccinia virus strain Copenhagen 
Wyeth vaccinia virus strain Wyeth 
Lister vaccinia virus strain Lister 

2.10. Reagents 

Table 6: List of used reagents 
Name Working concentration Company 
AraC 40 µg/ml Sigma 
Bafilomycin A1 100 nM Santa Cruz 
Chloroquine 50 µM Sigma 
3-Methyladenine 5 mM Sigma 
MG132 1 µM Calbiochem 
Psoralen 0.1 mg/ml Sigma 
Rapamycin 50 µg/ml VWR 
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3. Methods 

3.1. In vitro cell culture  

3.1.1. Cell culture 

Cells were cultivated in RPMI or DMEM supplemented with 10% heat inactivated FBS and 

1% penicillin/streptomycin in a 5% CO2 incubator at 37°C. The cells were split in an interval 

of three days and were diluted to reach a confluence of 30-50%. The old medium was discarded, 

the cells were washed once with PBS and detached from surface using 0.05% trypsin-EDTA 

for 3-5 min in the incubator. The cells were then flushed down, resuspended, split and 

transferred into a new flask containing fresh medium.  

3.1.2. Cell freezing and thawing 

To freeze cells, they were harvested as described in 3.1.1 and centrifuged at 160 xg for 5 min 

at room temperature. The supernatant was discarded, the pellet resuspended in an appropriate 

volume of freezing medium and aliquoted in 1.5 ml cryotubes. The tubes were placed in a 

freezing box at -80°C for at least 24 hrs, to be subsequently transferred to the liquid nitrogen 

tank.  

For cell thawing, the frozen cryotube was placed for 2-3 min in a 37°C water bath or incubator. 

The cells were first collected in 5 ml culture medium and pelleted at 160 xg for 5 min at room 

temperature. The medium was discarded, the cells were resuspended in 1 ml fresh culture 

medium and transferred into a cell culture flask. The cells were cultivated in a 5% CO2 incubator 

at 37°C. 

3.1.3. Preparation of bone marrow dendritic cells (BMDCs) 

BMDCs were derived from femurs and tibia of C57/BL6 mice. The bones were set free from 

fur and muscle tissue, disinfected with 70% EtOH and placed into a dish containing growth 

medium. Bones were cut at the edges and cells were flushed out with medium twice using a 

syringe with a 30G needle. The cells were transferred into a 50 ml falcon tube and centrifuged 

at 420 xg for 5 min at room temperature. The supernatant was discarded and the pellet was 

resuspended into 5 ml TAC buffer (diluted 1:10 with dd H2O) for 2 min at 37°C, in order to 

lyse the erythrocytes. The cells were then centrifuged at 420 xg for 5 min at room temperature 

and were taken up in 5 ml growth medium. Afterwards, the cells were filtered through a 100 

µm filter, counted and seeded into a 10 cm petri dish. Cells were seeded into a 10 cm dish to a 

density of 5x106 cells per plate in 10 ml growth medium containing 1% GM-CSF. BMDCs 

were cultivated up to 10 days at 37°C, 5% CO2. At day 3, 10 ml growth medium supplemented 
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with 10% GM-CSF were added to the cells. At day 6, 10 ml medium were exchanged with fresh 

medium containing 10% GM-CSF. 

3.1.4. Generation of stably transfected HeLa dsRed-LC3-eGFP cells 

HeLa cells stably expressing dsRed-LC3-eGFP were generated by using the Lenti-XTM 

lentiviral expression system from Clontech, following manufacturer’s protocol.  

DNA enzyme restriction and ligation 

The dsRed-LC3-eGFP fragment was previously cloned from the pQCXI-Puro-dsRed-LC3-GFP 

plasmid (from Addgene) into the lentiviral pLVX-IRES-puro vector using the NotI and BamHI 

restriction sites. The digest occurred overnight at 37°C. The DNA fragments were run through 

an agarose gel, cut out and purified by using the gel extraction kit from Qiagen. pLVX-IRES-

puro vector and dsRed-LC3-eGFP insert with compatible overhangs were ligated by using the 

T4-DNA ligase in a total volume of 15 µl for 1 hr at 25°C and then overnight at 16°C.  

Transformation of plasmid DNA into chemical competent E. coli cells 

An aliquot of competent E. coli bacteria (XL-1-Blue: recA1 endA1 gyrA96 thi-1 hsdR17 supE44 

relA1 lac [F’ proAB lacIqZΔM15 Tn10 (Tetr)], Stratagene) was thawed on ice for 15 min. A 

volume of 7.5 µl of the ligation mix was added to the bacteria, mixed by pipetting up and down 

and incubated for 30 min on ice. The bacterial cells were heat-shocked for 1 min at 42°C and 

immediately cooled down on ice for 2 min. Through this procedure, the cellular membrane gets 

permeabilized to take up the DNA. One ml LB-medium was added to the sample, which was 

then shaken at 37°C for 1 hr. Afterwards, the bacteria were centrifuged at 3200 xg for 3 min at 

room temperature and the LB-medium was discarded leaving around 100 µl in the tube, in 

which the pellet was resuspended. The bacteria were plated on an agar-plate with the respective 

antibiotic for selective growth overnight at 37°C. 

Lentiviral transduction of HeLa cells 

HeLa cells were transduced with dsRed-LC3-eGFP-pLVX-IRES-puro using the Lenti-XTM 

lentiviral expression system kit from Clontech according to manufacturer’s protocol. For this 

purpose, HEK293T cells were seeded in 10 ml in a 10 cm dish 24 hrs prior to transfection for 

a confluency of 80-90% the next day. The transfection reaction consisted of two mixtures, 

which were prepared individually as described below: 
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Tube 1:      Tube 2: 

557 µl Xfect reaction buffer    592.5 µl Xfect reaction buffer 

36 µl Lenti-X HTX packaging mix   7.5 µl Xfect polymer 

7 µl vector DNA (1 µg/µl)    600 µl total volume 

600 µl total volume 

Each tube was vortexed well before and after mixing tube 2 with tube 1. The mixture was 

incubated for 10 min at room temperature and was then added dropwise to the HEK293T cells, 

which were incubated at 37°C, 5% CO2. Transfection medium was exchanged with 10 ml fresh 

growth medium at the next day and cells were incubated for further 48 hrs at 37°C, 5% CO2. 

The lentiviral supernatants were harvested and filtered through a 0.45 µm filter to get rid of 

cellular debris. The lentiviruses were then either aliquoted and stored at -80°C or directly used 

to infect target cells. For this purpose, HeLa cells were plated in a 10 cm dish in 10 ml growth 

medium 12-18 hrs prior to infection. Polybrene (10 µg/ml) was added to the cells to increase 

transduction efficiency, by reducing charge repulsion between virus and cell. The virus 

supernatant was added to the cells and the plates were centrifuged at 1200 xg for 90 min at 

32°C to improve infection efficiency. At 24 hrs p.i. the virus containing medium was replaced 

by 10 ml fresh growth medium and cells were incubated for further 2 to 3 days. Selection 

occurred by using 2-4 µg/ml puromycin for 3 days.  

3.1.5. Cell transfection 

 Cells were seeded in a 6 well-plate at a density of 2.5x105 cells per well 24 hrs prior to 

transfection. The cells were transfected using TurboFect reagent following manufacturer’s 

protocol. Transfection efficiency was determined after 24-48 hrs by fluorescence microscopy. 

3.1.6. Cell infection 

HeLa cells were seeded in a 6 well-plate at a density of 5x105 cells per well in 1.5 ml medium. 

The cells were infected the next day with MVA or WR in 300 µl under regular shaking for 1 

hr. The wells were filled up with medium to 1 ml and the plate was placed back at 37°C, 5% 

CO2 for the remaining infection time. 

DC2.4 cells and BMDCs were harvested, counted an infected on the same day. Two million 

cells were infected in approximately 200 µl medium in a 15 ml falcon tube for 1 hr at 37°C, 5% 

CO2 under regular shaking. The cells were then transferred to a 6 well-plate and medium was 

adjusted to 1 ml. 
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For the AraC treatment, HeLa or DC2.4 cells were first incubated for 30 min with AraC (40 

µg/ml) at 37°C, 5% CO2 and then infected as described previously. 

In the case of PUVA-treatment, 0.1 mg/ml psoralen were added to 500µl virus containing 

medium in a well of a 6-well plate and was pre-incubated for 15 min at 37°C, 5% CO2. UV-

inactivation of virus occurred in the cross-linker for 15-30 min at 0.1 Joules and was then added 

to the cells. 

3.1.7. Virus titration (TCID50) 

To determine the titer of WR and WR-derived mutants, 2x104 Vero76 cells were seeded in 100 

µl/well RPMI supplemented with 5% FBS of a flat bottom 96-well plate. Virus suspension was 

serially diluted starting from 10-1 to 10-9 using RPMI supplemented with 2% FBS. A volume of 

100 µl of diluted virus suspension was added to the respective well of Vero76 cells. In total 16 

wells per dilution were infected. The plates were analysed for plaque formation at 4-6 days p.i. 

and virus titers were calculated according to the number of infected wells using the following 

formula:  

vp/ml= 10 a + 0.5+ ∑ ( 
𝑏

𝑛
 ) x 10 

vp: virus particles 

a: last dilution with 100% CPE 

b: number of wells with CPE in further dilutions 

n: number of wells per dilution 

3.2. DNA protocols 

3.2.1. Extraction of viral DNA 

BHK cells were seeded in a 6-well plate to a density of 4.105 cells per well for infection with 

MOI 10 the next day. The infected cells were harvested 24 hrs p.i. in 400 µl dd H2O and 

transferred into a 1.5 ml tube. A volume of 50 µl 10x TEN pH 7.4 buffer was added to the cells. 

After freezing and thawing them three times at -80°C, the samples were mixed by vortexing 

and centrifuged at 450 xg for 5 min at room temperature to remove cellular debris. The 

supernatant was then transferred into a new 1.5 ml tube and subjected to 50 µl proteinase K as 

well as 23 µl 20% SDS. The samples were incubated for 3 hrs at 56°C. DNA extraction occurred 

through phenol-chloroform precipitation. Therefore, equal volume of phenol-chloroform 

(around 523 µl) was added to the samples, which were mixed by vortexing for 10-15 sec and 

centrifuged at top speed for 5 min at room temperature. The upper suspension was transferred 

into a clean 1.5 ml tube and extracted again with phenol-chloroform. After the second 
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extraction, 1/10 volume of 3 M sodium acetate and 2 volumes of absolute ethanol were added. 

The samples were placed for 30 min at -80°C and centrifuged at top speed for 10 min at 4°C. 

The supernatant was discarded, the DNA pellet was washed twice with 1 ml 70% ethanol and 

centrifuged for 5 min at 4°C. The pellet was air dried for 10-20 min until all drops of ethanol 

were completely evaporated. The DNA was finally resuspended in 30 µl dd H2O and stored at

4°C until further usage. 

3.2.2. Polymerase chain reaction (PCR) 

To ensure that enough material was submitted for successful sequencing, we amplified the 

isolated viral DNA by using specific primers (Table 2), binding upstream and downstream of 

the region of interest. Every sample was pipetted on ice, placed in the thermocycler afterwards 

and processed as described below: 

PCR-mix:      PCR-program: 

DreamTaq Master Mix (2x)  25 µl   95°C  2 min   
Forward primer (10 µM) 2.5 µl   95°C  30 sec 
Reverse primer (10 µM) 2.5 µl   Tm=57°C 30 sec    30x 
Template DNA  100 ng   72°C  5 min 
dd H2O   X µl   72°C  15 min 
    ∑50 µl   4°C  ∞ 

3.2.3. Agarose gel electrophoresis 

PCR products were loaded on a 1% agarose gel parallel to a DNA ladder and run in 1x TBE 

buffer through electrophoresis at 100 V for 60 min. The DNA was visualized using an UV-

transilluminator. 

3.2.4. Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) 

RNA isolation occurred by using the Qiagen RNA Extraction Kit according to manufacturer’s 

protocol. For cDNA synthesis, 3 µg RNA were mixed with 1 µl DNAse (10U/µl) to a total 

volume of 10 µl. The mix was incubated for 20 min at 37°C for DNA digest and cooled down 

for 10 min at room temperature. The DNAse was heat inactivated for 5 min at 70°C. The 

samples were briefly spun down and promptly placed on ice. The RNA-mix for cDNA synthesis 

was pipetted as follows:       

RNA (after DNAse digest) 4.5 µl    
dd H2O   6.5 µl 
dNTPs (10 mM)  1 µl 
Primer p(dT)   1 µl  
    ∑13 µl 

The samples were incubated for 5 min at 65°C for RNA denaturation and then placed on ice. 

The cDNA reaction was pipetted as described below: 
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RNA-mix   13 µl 
FSB (5x)   4 µl 
DTT (100 mM)  1 µl 
RNAsin (40U/µl)  1 µl 
SuperScript® III (200U/µl) 1 µl 
    ∑20 µl 

The cDNA reaction mix was incubated for 1 hr at 50°C and 15 min at 72°C. The samples were 

either stored at -20°C or directly used for Q-PCR. In this case, Q-PCR products were 

synthesized from cDNA samples using SYBR®Green according to the following reaction: 

qPCR Master Mix Precision Plus (2x) 10 µl 
Forward primer (10 µM)   1 µl 
Reverse primer (10 µM)   1 µl 
cDNA      2 µl 
dd H2O     6 µl 
      ∑20 µl 

Every sample was run in two replicates according to the following program:  

95°C  10 min 
95°C  15 sec 
55°C  15 sec     42x 
72°C  30 sec 
40°C  30 sec 

3.2.5. DNA sequencing 

The samples were sent to Eurofins for sequencing. Sequencing of DNA was performed 

according to the cycle sequencing technology (dideoxy chain termination /cycle sequencing), 

which is based on Sanger sequencing method (Sanger et al., 1977). The cycle sequencing 

technology utilizes a thermo stable DNA polymerase, which allows the repetition of sequencing 

reactions, and tagged ddNTP terminators that are fluorescently labeled with different dyes. A 

laser beam within an automated DNA sequencing machine excites these fluorescent molecules 

for analysis of the DNA fragments produced. Every reaction contained 15 µl of 5-10 ng/µl 

template DNA and 2 µl of 10 μM primer.

3.3. Immunological methods 

3.3.1. Immunoblot 

Cell lysis and protein extraction 

Cells were seeded and infected as described in 3.1.6. After infection time, the cells were scraped 

from the plate, harvested into a 1.5 ml tube and centrifuged at 900 xg for 3 min at 4°C. The 

supernatant was discarded and the cellular pellet was washed one time with cold PBS. 

Afterwards, the cells were resuspended in 60-80 µl TYR-lysis buffer and placed for 20 min at 
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-20°C. After thawing the lysates, they were sonified two times for one minute to break up the 

membranes, and centrifuged at 20.000 xg for 15 min at 4°C to get rid of cellular debris. The 

supernatants were then transferred into fresh tubes and stored at -20°C for short term or -80°C 

for long term.  

Sodium dodecyl sulfate (SDS)- polyacrylamide gel electrophoresis (PAGE) 

Electrophoretic separation of proteins was performed on the basis of their apparent molecular 

weight using SDS-PAGE (Laemmli, 1970). Discontinuous gels consisted of a stacking and a 

12% separating gel. The separating gel was first poured in the gel apparatus. A layer of 

isopropanol was given to the unpolymerized gel to keep the surface flat. Afterwards, the 

isopropanol layer was poured off, the stacking gel was added and the comb was inserted. After 

polymerization, the gels were inserted into the electrophoresis chamber. The comb was 

removed and the wells were rinsed with Laemmli running buffer. Meanwhile proteins were 

denatured by adding 5x sample loading buffer and boiling them for 5 min at 95°C. The samples 

as well as a protein size marker were loaded on the gel. Small gels were run at 30 mA and 300 

V for 1 hr and large gels were run at 60 mA and 300V for 2.5-3 hrs. 

Protein transfer to membrane 

After electrophoresis, the gel was removed carefully from the glass plates and cropped to the 

separating gel. The gel was placed in the blotter on a stack of three Whatman filter papers and 

a nitrocellulose membrane which were previously soaked in transfer buffer solution. The gel 

was then covered by three supplementary Whatman filter papers at the top. The proteins were 

pulled from the gel into the membrane by an electric current of 300 mA, 17 V for 1 hr. Then, 

the membrane was stained for 2-3 min in Ponceau-red solution to verify protein transfer. The 

staining was removed by washing the membrane three times with 1x TBST buffer. In order to 

avoid unspecific binding of the antibody, the membrane was saturated in a 5-10% nonfat milk 

or 3% BSA blocking solution for 1 hr at room temperature or overnight at 4°C under shaking.  

Protein detection 

For protein detection the required primary antibody was diluted in blocking solution. Thus, the 

membrane was incubated with the antibody for 1 hr at room temperature or overnight at 4°C 

under shaking. The blot was then washed one time with 1x TBST buffer for 5-10 min, and 

incubated with a horseradish peroxidase (HRP)-conjugated secondary antibody for 1 hr at room 

temperature. The membrane was extensively washed three times for 10 min with 1x TBST 

buffer and shortly dried using whatman paper, before being coated with enhanced 
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chemiluminescent (ECL) substrate for 5 min. Proteins were detected through 

chemiluminescence and captured by using a photographic film or a CCD camera.  

Membrane stripping  

In order to be able to detect other specific proteins on the same blot by using a primary antibody 

with a different specificity, it is necessary to strip the membrane and eliminate the bound 

antibodies by using a so-called reblot solution. To this end, the membrane was washed two 

times with 1x TBST buffer and two times with deionized water for 5 min, before being 

subjected to re-blot solution and incubated for 30 min at room temperature under shaking. The 

membrane was then rinsed again two times with 1x TBST buffer and blocked for 1 hr at room 

temperature before incubating with new antibodies as described previously. 

3.3.2. Flow cytometry 

Cells were seeded and infected as described in 3.1.6. After infection, the cells were trypsinized, 

transferred into a 1.5 ml tube and centrifuged for 3 min at 600 xg and 4°C. The supernatant was 

discarded and the cells were washed once with 1x PBS. The live/dead staining occurred by 

resuspending the cells in 500 µl viability dye (1:2000 dilution), which were then seeded in a 12 

well-plate and incubated for 20 min on ice in the dark. The samples were transferred back into 

a new 1.5 ml tube, centrifuged for 3 min at 600 xg and 4°C and washed once with 1x PBS. In 

case a saponin wash was carried out, the cells were rinsed with 200 µl 0.05% saponin solution 

and incubated for 2 min on ice. The volume was filled up to 1 ml with PBS and the pellet was 

resuspended gently. The samples were then centrifuged again for 3 min at 600 xg and 4°C. The 

cells were taken up into 150 µl PBS and transferred to a FACS tube containing 150 µl 2% PFA. 

Flow cytometry measurement occurred by using FACS Diva from BD and results were 

analysed through FlowJo. 

3.4. Statistics 

Immunoblots were analysed by comparing the protein band intensities and calculating their 

densitometry through ImageJ software. Statistics were calculated with Graphpad Prism and 

using the student t-test with p ≤ 0.05 considered as significant: one star * indicates p ≤ 0.05, 

two stars ** indicate p ≤ 0.01, three stars *** indicate p ≤ 0.001.
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Analysis of LC3-lipidation through immunoblotting has very often been described to be 

inadequate and time consuming [99]. In order to exclude that our observations were due to 

inappropriate quantification, we aimed to establish a system to measure autophagy by using a 

reliable, easy and rapid quantification method like flow cytometry (Figure 6). To this end, we 

generated HeLa cells stably expressing LC3 fused with two fluorophores, dsRed at the N-

terminus and eGFP at the C-terminus (Figure 6A) [100]. When autophagy is induced, LC3 gets 

naturally cleaved at the C-terminus to enable PE conjugation and generate LC3-II. Thus, after 

autophagy activation, eGFP would be degraded and only dsRed would be present. We were 

able to monitor autophagy simply by analysing the amount of dsRed-only positive cells through 

flow cytometry, or the number of exclusively dsRed-LC3-II dots by confocal microscopy (data 

not shown). Transduction of HeLa cells resulted in 76% of cells stably expressing the fusion 

gene dsRed-LC3-eGFP (Figure 6B). To increase the specificity of dsRed signals and to get rid 

of soluble cytoplasmic proteins, for example not fully degraded eGFP, that might falsify the 

results, we introduced a washing step by using a 0.05% saponin solution (Figure 6C). Saponin 

permeabilizes the cellular membrane, and through extensive washing, only insoluble and 

membrane attached proteins, like the autophagosome-bound dsRed-LC3-II, would remain 

within the cell [101]. As expected, under conditions where autophagy was not induced, we got 

an almost complete loss of eGFP and dsRed signals. However, as demonstrated in Figure 7, 

when autophagy was stimulated, e.g. after MVA infection or rapamycin treatment, we detected 

a three times increase (percentage) of dsRed positive cells if compared to mock cells. Infection 

with WR did not result in any up-regulation of autophagy. Although treatment with 3-MA 

delivered minimal higher values than for mock or WR, which could be related to toxicity and 

cellular stress, the mean percentage of dsRed positive cells was still below the positive control. 

These outcomes were confirmed by analysis of the mean fluorescence intensity (MFI) (Figure 

7). Taken together, MVA induces autophagy, while WR infection causes inhibition of 

autophagy. According to the fact that MVA and WR strongly differ in genome size and gene 

content, we were particularly interested to characterize and identify the WR encoded inhibitory 

factor(s) that prevent autophagy from being activated.  

































5. Discussion 

43 
 

5. Discussion 

After repeated epidemics of variola disease and its successful eradication through vaccination, 

VACV has raised the overall interest and is commonly employed as a viral vector vaccine 

against other diseases [8-10]. Due to its safety profile, MVA has become one of the preferential 

strains for recombinant vaccine generation. Therefore, it is of huge importance to investigate 

and understand the immune responses against VACV infection and recombinant VACV 

vaccination, in order to increase the quality of these vaccines and to avoid possible side effects 

during treatment. Since VACV antigens for MHC class II presentation have been shown to be 

also generated through autophagy [4], the aim of this PhD project was to analyse the relation 

of autophagy to VACV infection and how it is orchestrated. 

5.1. Differences between VACV strains are not limited to their genome size, 

but influence diverse cellular mechanisms that contribute to immune defence 

To study the overall impact of VACV on autophagy, we infected HeLa cells with different 

vaccinia viral strains. LC3-lipidation was significantly up-regulated upon MVA infection, 

while the other strains did not show any induction of autophagy. CVA infection demonstrated 

an intermediate phenotype, however LC3-lipidation was still below the level in MVA infected 

cells. CVA has a genome size of around 192 kbp and belongs to the ancestral strain of MVA. 

As compared to the other strains, CVA possesses 51 fragmented genes that are full-length in 

other orthopoxviruses, but presumably do not encode for functional proteins [110]. Still, we 

have to consider, that the potential inhibitory candidate we are seeking might not be expressed, 

fragmented or dysfunctional in CVA.  

 We focused on MVA, being preferentially used for vaccine development, and WR, known to 

be the most virulent vaccinia strain in animal models [111, 112]. In human as well as in murine 

cells, MVA had an up-regulating effect on autophagy contrary to WR. A co-infection of MVA 

and WR resulted in a dominant negative effect mediated by WR, and emphasized its inhibitory 

impact on autophagy, which was also attributable to the other VACV strains. MVA is 

characterized by six major deletions, that affect genes encoding for host range and immune 

evasion factors. Due to replication deficiency of MVA in mammalian cells, it is self-evident 

that the virus is less virulent than WR. These may be the major reasons for the incapacity of 

MVA to overcome or manipulate the autophagy process for its own advantage. On the other 

side, WR has a completely autophagy-independent replication and survival capacity [96]. 
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Therefore, it is intriguing to uncover the benefit WR has by inhibition of autophagy and also to 

elucidate the mechanism behind it.  

5.2. Autophagy inhibition by WR is a process mediated early after infection  

We further characterized the impact of VACV infection on autophagy. According to our 

findings, VACV interference with autophagy occurs at the early time phase of infection. The 

kinetic experiment revealed an up-regulation of LC3-lipidation within the first hours. The 

strongest inhibitory effect was observed at 4 hrs post WR infection. Beyond this time point, 

after the late phase has started [7, 113], the discrepancy between autophagy induction and 

repression was getting smaller, and LC3-lipidation upon WR infection was enhanced nearly as 

strong as in MVA-infected cells (Supplementary figure 6). Our presumptions were confirmed, 

when we observed that AraC treatment did not alter autophagy induction or inhibition in MVA- 

or WR-infected cells, respectively. AraC blocks DNA replication and disables the intermediate 

and late gene expression, while the early transcription machinery is actuated [114, 115]. Thus, 

the results implied the inhibition of autophagy to be mediated by early genes. Interestingly, it 

was also reported that within the first 2 hrs p.i., around half of VACV ORFs are expressed, 

including host immune modulatory factors [7, 113] and probably the inhibitory gene candidate 

we were looking for. Next, we analysed whether virus replication was required to efficiently 

stimulate autophagy. Surprisingly, there were no significant differences between cells infected 

with UV-inactivated or untreated MVA. However, UV-inactivated WR led to a significant up-

regulation of autophagy, which remained below the induction observed in MVA-infected cells. 

UV-inactivated viral particles are still infectious, however they are not able to replicate and 

late, intermediate, as well as to some extend early genes (particularly large ones) are no longer 

expressed [103, 104]. Partial block of viral early genes justified the induction of autophagy 

upon infection with UV-inactivated WR and emphasize the role of an early gene for inhibition. 

To follow up on this, one could try to repress early gene expression and de novo protein 

synthesis by pre-incubating infected cells with cycloheximide and monitor whether autophagy 

is still induced [116]. In another assay, HeLa cells were subjected to the proteasome inhibitor 

MG132, which supplementary promoted LC3-lipidation after MVA infection or addition of 

rapamycin, two times higher than for cells without MG132. In line with these outcomes, 

MG132 was also reported to inhibit VACV intermediate and late gene expression [117]. 

Furthermore, proteasomal degradation and autophagy where described to have complementary 

functions. Hence, when proteasomes are blocked, their degradative function is taken over by 

autophagy and vice versa [118, 119]. We concluded the WR-mediated inhibition of autophagy 
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to be independent from intermediate and late gene expression, from viral replication, and to be 

mediated by early expressed gene products.  

In a further approach, we addressed whether viral entry is required for autophagy induction, or 

if viral cell attachment is sufficient to induce autophagy. VACV internalization occurs via 

endocytosis that requires vacuolar and vesicular acidification or through fusion with the cellular 

plasma membrane [20, 120, 121]. By pre-treating cells with Bafilomycin A1, an endosomal 

acidification inhibitor, we were able to prevent VACV from entering host cells. Interestingly, 

VACV protein synthesis, which was used as an infection control, was not reduced in the 

presence of bafilomycin A1 neither for MVA nor for WR. A plausible explanation would be 

that the detected proteins were derived from viruses that were attached to the cells, but not 

necessarily internalized, and were lysed together with the cellular proteins. Bafilomycin A1 is 

also able to impede autolysosome formation and to block the autophagy flux [105]. In regard 

of MVA-infected cells, we would have expected an accumulation of LC3-II molecules superior 

to uninfected cells. However, the reduced up-regulation of autophagy in presence of MVA to 

the level of uninfected cells, claimed that the treatment was successful and was an additional 

proof for inefficient virus entry. Via confocal microscopy, one could test whether bafilomycin 

A1 treatment is really able to obstruct VACV entry, by infecting cells with an eGFP expressing 

virus, and tracking if it has successfully penetrated the cellular plasma membrane or not. 

Another possibility would be generation of fusion-deficient viruses, by mutating or deleting 

A27, D8 or H3 genes [122-125], which are involved in cellular attachment and full-length in 

MVA and WR [11], by using the CRISPR-Cas9 method for example. Collectively, these data 

show that influence of VACV on autophagy is an early phenomenon, which necessitates 

efficient virus entry. 

5.3. Screening of CRISPR-Cas9 generated viral mutants did not deliver 

any potential candidate for autophagy interference 

We selected twenty VACV encoded genes that might interfere with autophagy according to 

specific criteria: the gene had to be an early expressed one, which is encoded exclusively by 

WR and not by MVA. We screened the complete genome and picked those early genes, with 

known or unknown functions (Supplementary figure 2) [11, 126]. We engineered WR viral 

mutants using the CRISPR-Cas9 method. Among the 54 mutants that have been sequenced, 

20% were resistant to mutagenesis (no changes in gene sequences), 6% displayed a single 

nucleotide exchange, 7% showed a 1-3 nucleotide insertion and 66% deletion of one nucleotide 
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up to a whole gene fragment. Additionally, five of the 20 selected and tested genes were 

reported to be essential and to be expressed in MVA as well as in WR [11, 127]. Nevertheless, 

we tried, but failed to generate mutants for these genes. Either the viruses were not replicating, 

or the resulting progeny did not exhibit mutations. These outcomes strongly emphasized the 

capacity of the virus to overcome the CRISPR-Cas9 machinery, if the respective gene is 

essentially required for its own survival and replication. Genome editing using the CRISPR-

Cas9 method has been described to be very successful in organisms naturally expressing the 

system like bacteria (up to 100% efficacy) [128], however to vary between 2% and 38% 

efficiency in human cell lines [129, 130]. Recognition and cleavage of the target site via Cas9, 

introduces double strand break and repair through non-homologous end-joining. This process 

is error prone, and can lead to unspecific insertions, deletions or mutations [131, 132] as 

observed for our viral mutants. Though, we were struggling with another major issue 

throughout the assay. The sequencing results demonstrated that in nearly every case, we were 

dealing with a mixed virus population probably consisting of deletion mutants and wild type 

virus (Supplementary figure 4). This could be due to the fact that not all viral particles were 

adequately subjected to the CRISPR-Cas9 deletion procedure, if for example derived from cells, 

which have lost the expression plasmid. Regular selection procedures of the CRISPR-Cas9 

transduced cells are therefore compulsory. Another plausible reason might be that the viruses 

have developed a resistance beyond the gene editing system with the passage of time and over 

the infection cycles, or have acquired a revertant phenotype as demonstrated for HIV-1 [133, 

134] or HCMV [135]. Additionally, the forward and reverse sequences of the viral DNA 

showed nucleotide changes or deletions at distinct sites that did not coincide with each other 

(Supplementary figure 4). If taking into account that the non-homologous end-joining repair 

mechanism of the double strand break results in unpredictable insertions and deletions for every 

individual targeted gene [131, 132], it is understandable that the mutated genes would display 

heterogeneous nucleic acid sequences if compared to the reference. To overcome this problem, 

we started a clonal infection with one viral particle of the previously generated mutants based 

on a limiting dilution assay, and amplified the clones for final infection and screening. Although 

sequencing confirmed frameshift mutations, truncations or deletions in these mutant clones, we 

did not observe significant changes in the capacity of these mutants to stimulate autophagy. 

Altogether, the study did not deliver any inhibitory candidate for autophagy induction. Either 

the gene of interest has not been among the selected ones for mutagenesis, or the inhibition 

could be mediated by co-interaction of two or more genes. It is also probable that the inhibitory 
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function is redundant among the viral proteins, meaning that the function is taken over by 

another protein, when the gene of interest is deleted. 

Disregarding the rapidity and simplicity of the CRISPR-Cas9 technique compared to e.g. 

homologous recombination, a strict quality control of mutants needs to be assured. Some genes 

might require more than one deletion to get fully functional knocked-down. This could be 

achieved by transfecting cells with two or more instead of one gRNA expressing plasmid, or 

by submitting the mutants having been generated using gRNA-1 to a second infection round in 

cells expressing gRNA-2 distinct from the originally used one. Through the CRISPR-Cas9 

method it is also possible to generate deletions of two different genes simultaneously by 

following the same procedure as described [136]. Another idea would be to excise large 

fragments of the WR genome, relative to the six major deletions in MVA, or to consecutively 

reintroduce genome fragments into MVA and to look for autophagy interference. For future 

perspectives, we are planning to take the advantage of an automated, high-throughput siRNA 

screen, targeting early VACV mRNA, and to trace autophagy induction [137]. The cellular 

interaction partner can equally be identified by using a RNAi silencing screen for host cell 

factors [138]. 

5.4. VACV interferes with a non-canonical autophagy pathway, which is 

different from rapamycin-activated autophagy 

While we were looking for an alternative method to identify the inhibitory gene candidate, we 

intended to perform a screen of a VACV ORF library by transfecting cells with plasmids 

expressing the respective gene candidates. Although we tried different cell lines and 

transfection reagents, we constantly observed a strong autophagy induction upon transfection 

with plasmid DNA, to a level that did not allow to differentiate between induction and inhibition 

anymore, which was a prerequisite for our assay. Thus, we sought for cellular receptors that 

recognize dsDNA and are related to autophagy. At that time, J. Chen lab discovered the cGAS-

STING pathway for activation of IFN-I transcription [84]. This was followed by a number of 

publications, describing the implication of Atgs in regulation of cGAS-STING signalling 

cascade [89-91]. With the intention to use STING-deficient cells, in order to compass 

recognition of plasmid DNA and thus unspecific autophagy activation, we ascertained the 

MVA-mediated autophagy to be STING-dependent, but also to be different from the canonical 

and rapamycin-induced autophagy. Thus, in order to identify Atgs that could play a role in the 

VACV-dependent alternative autophagy pathway, we examined the requirement of ATG13 and 
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ULK1 molecules, which belong to the initiator complex of the rapamycin-induced autophagy 

machinery [44-46]. Interestingly, neither ATG13 nor ULK1, nor its homolog ULK2 [139] 

seemed to be essential for the MVA-mediated autophagy. However, LC3-lipidation in 

rapamycin-treated MEF ULK1/2-/- cells was slightly but not significantly reduced. 

Interestingly, two further variants ULK3 and ULK4 have been described to exist in mammalian 

cells, with a sequence similarity of 52% and 41% respectively to the ULK1 kinase region [140]. 

Since ULK3 is able to activate autophagy upon amino acid and serum depletion [141] it is 

possible that rapamycin induces autophagy via ULK3 in MEFs ULK1/2-/-, however the actual 

mechanism has to be investigated in greater detail. To rule out the requirement of ULK1 for 

activation of alternative autophagy, one should analyse the autophagy flux by inhibiting 

autolysosme formation via bafilomycin A1 [105] and assess if MVA and rapamycin still induce 

autophagy. One could also test whether the analysed expression of LC3 is related to normal or 

aberrant formation of autophagosomes, and track other autophagy markers like p62 [142] or 

WIPI2 (WD repeat domain phosphoinositide-interacting protein 2) [143]. These results might 

also give more certainty regarding role of ULK1 in the cGAS-STING pathway upon VACV 

infection [91].  

Our hypothesis of VACV to interfere with an alternative autophagy pathway was strengthened, 

when we observed that in rapamycin-treated and WR-infected HeLa cells autophagy was not 

blocked anymore, although in previous experiments we clearly demonstrate the dominant 

negative effect of WR over MVA. In contrast, for cells which were treated with 3-MA and 

additionally infected with MVA, we would have expected the 3-MA inhibitory effect to prevail, 

especially because the chemical operates relatively at the beginning of the autophagy cascade 

[144], which however was not the case. These results clearly emphasize VACV and the tested 

reagents to act on distinct autophagy pathways.  

So far, two alternative autophagy pathways have been described: the Beclin-1-independent 

[145-147] and the Atg5/Atg7-independent autophagy [148]. Latter is reported to require ULK1, 

but to be LC3-independent and therefore can be excluded from being the pathway we are 

interested in [149]. Though, the Beclin-1-independent autophagy was declared to be 3-MA 

insensitive [148], which would correlate with our findings, since 3-MA and MVA infection 

together did not down-regulate LC3-lipidation. Moreover, proteasome inhibitors like MG132 

were demonstrated to further activate the Beclin-1-independent autophagy in ovarian cancer 

cells [150], which again would be conform to our results, in which MVA-mediated autophagy 

was fostered after MG132 treatment. Both alternative pathways can be inhibited via brefeldin 

A, without impacting canonical autophagy [151], which might deliver further proofs. Thus, one 
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should be careful when using this reagent, since it was notified to block production of VACV 

EVs, but to have no influence on intracellular MVs [152].  

We also thought about the ability of VACV to enhance LC3-associated phagocytosis (LAP), a 

process which is triggered following phagocytosis, wherein LC3 is conjugated to phagosomes 

through autophagy proteins [153-156]. LAP is activated by TLR recognition of pathogens [153, 

157]. Contrary to the conventional autophagy pathway, LAP does not require the pre-initiation 

complex composed of ULK1, ATG13 and FIP200 [157-159], but necessitates expression of 

Beclin-1, Atg7 and Atg5 [153, 160], which would coincide with our results. Additionally, 

Martinez et al. [161] observed that silencing of Rubicon promoted autophagy-related LC3-

lipidation, while recruitment of LC3 molecules to LAP-phagosomes was abolished. These 

findings exhibited Rubicon to negatively regulate autophagy, but to be essential for LAP [161]. 

One more feature of LAP is the formation of single membrane phagosomes, different from the 

double-membraned autophagosomes [153, 160], that could be investigated via correlative light 

and electron microscopy, a method which unifies light and electron microscopy together and 

facilitates study of membranous structures [156, 162]. 

Last, Moloughney et al. emphasized the VACV-induced LC3-lipidation to be Atg5/Atg7-

independent [95], but similarly to Zhang et al., autophagy not to be required for VACV 

replication [95, 96]. However, these results would rather argue for the use of an alternative 

autophagy pathway, or VACV to encode for Atg homologs. 

5.5. Is MVA-mediated autophagy responsible for STING degradation? 

While we were exploring the role of STING in relation to autophagy, we observed a complete 

degradation of STING upon MVA infection. This process turned out to occur early, because 

addition of AraC or infection with PUVA-virus did not prevent STING from being degraded. 

However, it was unclear how and why the degradation is taking place, since in WR-infected 

cells STING protein was intact. We very quickly could deny canonical autophagy to be 

responsible for STING degradation, as in 3-MA-treated and MVA-infected cells STING protein 

stability was not restored. Next, we inspected the possibility of STING to be targeted by 

proteasomes, since the ubiquitin-ligase RNF5 was described to cause STING degradation 

(Figure 27) [107]. In this regard, RNF5 was also shown to regulate autophagy by controlling 

stability of ATG4B ligase, and thus to limit LC3-II formation [163]. Treatment of HeLa cells 

with the proteasome inhibitor MG132 did not spare STING from being degraded, which likely 

refutes RNF5 to be at the origin of STING degradation.  
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Although we were not able to identify the source of STING degradation, there are different 

opportunities that still have to be explored. Even if the original degradation machinery would 

be successfully inhibited and identified, it could be possible that another proteolytic pathway 

gets activated, which would make it difficult to understand how and why STING is degraded.  

5.6. cGAMP is required for STING degradation, but not specifically for 

autophagy induction 

Upon recognition of dsDNA via cGAS, 2’3’-cGAMP binds and activates STING, which escorts 

TBK1 to IRF3 to trigger IFN-I transcription [83-88] (Figure 27). It is reported, that viruses are 

able to encapsulate cGAMP from the originally infected cell, and to transmit it to the next target 

cell to activate STING independently from recogniton of viral DNA [108, 109]. We queried 

whether this is also true for MVA and enough to promote STING degradation. Therefore, we 

transfected HeLa cells with plasmid DNA, synthetic 2’3’-cGAMP or with a cGAMP agonist. 

LC3-lipidation was significantly induced, with no differences between plasmid DNA, cGAMP 

or cGAMP agonist transfected or incubated cells, showing that autophagy is not specifically 

activated by cGAMP but stimulated as soon as foreign substrates enter the cell. Hence, we were 

quite surprised to see that transfection with cGAMP did not cause STING degradation. A 

plausible explanation could be that cGAMP concentration of 1 µg/ml was way too low, as it 

was seven times below the required cGAMP concentration of 10 nM, which was reported to 

deliver robust IFN-β mRNA levels [83]. Incubation with 20 µg/ml cGAMP, which corresponds 

to 28.5 nM, provoked clear STING degradation, which was not the case when incubating with 

cGAMP agonist. These results assume two options: STING degradation occurs either directly 

after cGAS recognition of dsDNA from MVA, or via cGAMP delivered by MVA. It is also 

obvious, that STING degradation proceeds after the molecule has been activated. Although 

cGAMP is important for STING degradation, it is not a prerequisite for autophagy stimulation.  

Still, the inhibitory factor which prevents STING from being degraded in WR-infected cells, 

needs to be identified. DNA-tumor oncogenes were described to encode for proteins that are 

able to block the cGAS-STING pathway. Proteins with the consensus motif LXCXE, where X 

stands for any other amino acid, are implied in antagonizing STING [177]. We identified two 

VACV proteins with that consensus motif, namely WR204 and H4L. WR204 is an early 

expressed gene and a member of the serine protease inhibitor (SPI)-1 family [178], while 

essential H4L is late expressed and presumably incorporated in the virion, since it belongs to 
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the early transcription machinery [179]. However both genes are expressed in MVA and WR 

[11], and can therefore be excluded from being responsible for STING degradation. 

5.7. Concluding remarks 

Without doubt, VACV infection impacts autophagy as well as the cGAS-STING pathway. 

While autophagy is induced and STING is degraded after MVA infection, we observed a total 

inhibition of autophagy and stabilization of STING upon WR infection. MVA-mediated 

stimulation of autophagy is independent from viral DNA replication, but requires efficient virus 

entry. Still, the inhibitory mechanism is not fully scrutinized. We unveiled a temporal overlap 

between STING degradation and onset of autophagy, but up to now were not able to find a 

direct link between these two processes. Autophagy related genes like Beclin-1 or ULK1, 

remain to be investigated in regard of the cGAS-STING pathway, although ULK1 has already 

been shown not to be required for VACV-dependent alternative autophagy. 

 A similar phenomenon was observed in α-herpesviruses, for which autophagy activation was 

transmitted through recognition of dsDNA via the cGAS-STING pathway [180]. Likewise, 

detection of mycobacterium tuberculosis by cGAS was accompanied by enhanced autophagy 

[181]. Hence, it seems to be a commonly active process related to DNA pathogens. 

Due to its antiviral activity, autophagy can easily negatively impact the efficacy of vaccines. 

By gaining deeper knowledge on how VACV interferes with autophagy, we would be able to 

characterize how and to which level antigen presentation is affected. Accordingly, one could 

inhibit the non-canonical autophagy pathway without affecting the host’s cellular homeostasis 

that might be required for other crucial regualtory functions. 
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