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Abstract 
Poxviruses are the most complex mammalian viruses, encoding over 200 genes and replicating 

exclusively in the host cytoplasm. This virus family includes variola virus, the deadliest 

pathogen that ever existed, and vaccinia virus (VACV), the vaccine used for its eradication. 

Now VACV is used to study host-pathogen interactions, as a vaccine vector against other 

pathogens and for oncolytic immunotherapy. Autophagy is used by cells as a defence 

mechanism to engulf and destroy pathogens. Being a cytosolic virus, vaccinia, must circumvent 

this process for successful replication. It has been demonstrated that autophagy is not needed 

for successful VACV replication and that VACV induces LC3 lipidation in the absence of 

ATG5 and ATG7. Thus, during VACV infection, autophagy is activated as a defence 

mechanism, while the virus encodes factors that serve to counteract its inhibitory action. During 

my PhD I showed that VACV modulating drugs impact VACV production and spread. An 

RNAi based screen was utilized to identify several VACV proteins that potentially impact LC3 

lipidation. Furthermore, I show that several autophagy receptor proteins are modulated during 

VACV infection. p62/SQSTM1 initially targets VACV during early stages of infection before 

being shunted to the nucleus via direct VACV induced phosphorylation. Overexpression of p62 

reduces VACV yield and modification of the p62 nuclear localization signal abrogates the 

translocation process leading to p62 targeting of VACV replication sites. Interestingly, 

inhibition of nuclear import of p62 coincides with a drastic decrease of VACV infectivity. 

Additionally, I observed that the receptors NDP52 and Tax1Bp1 are degraded during VACV 

infection. This work suggests that VACV exhibits a unique multi-layered control of autophagy 

to avoid elimination.  
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Impact Statement 
Vaccinia virus (VACV) is a double stranded DNA virus that exclusively replicates in the 

cytoplasm of its host cell. It was used as the vaccine to successfully eradicate smallpox. Variola 

virus, the causative agent of smallpox is thought to have accounted for over 500 million deaths 

prior to the global vaccination campaign initiated by the WHO. This campaign has since been 

discontinued leaving populations at risk of poxvirus infection through bioterrorism or zoonotic 

poxviruses like monkey or cowpox. To date VACV and several VACV derived pox strains are 

studied as vehicles for immunotherapy in cancer research and vaccine delivery against other 

viruses such as HIV.  

These two factors necessitate continued research to further understand the interactions between 

VACV and its host cells. Particularly for immunotherapy applications understanding VACV 

interactions with the cellular immune response is crucial. An important part of this immune 

response, particularly for pathogens residing in the cytoplasm, is autophagy. It provides 

protective immunity by capturing pathogens in autophagosomal membranes which later fuse 

with lysosomes forming autolysosomes where pathogens or other unwanted cytoplasmic 

content is degraded. Many viruses have been shown to modulate this pathway for successful 

infection. 

This study investigates the interplay between VACV and autophagy. It shows that modulation 

of the autophagy pathway impacts VACV spread and yield and also outlines mechanisms by 

which VACV circumvents autophagic degradation through systematic modulation of 

autophagy receptor proteins. For other viruses it has been previously demonstrated that 

counteracting virus-induced modulation of autophagy prevents manifestation of disease. 

Understanding VACV interactions with autophagy is therefore vital to develop anti-poxviral 

agents and to tailor VACV-based immunotherapy tools. 
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1. Vaccinia Virus 

1.1 The Poxvirus family  

The Poxviridae family represents the largest and most complex mammalian viruses known. 

Poxviruses contain a double-stranded linear DNA genome which is 120-360 kbp large and 

encodes over 200 genes1,2. Many viruses including influenza type A virus and human 

parovirus B19 (B19V) replicate in the nucleus of the host cell utilizing components of its 

replication machinery such as cellular polymerases3,4. Contrary to this, poxviruses encode and 

pre-package viral polymerases and transcription factors to enable infection in cells independent 

of the nuclear machinery5,6. However, while poxvirus DNA replication is independent of the 

nuclear DNA machinery, viral proteins are translated on host ribosomes.  

Poxviridae can be divided into two categories: Chordopoxvirinae and Entomopoxvirinae 

depending on the respective host range. Host range and pathogenicity also account for the 

majority of genetic variation across the poxviridae family which has 49 conserved genes. The 

vertebrate poxviruses, Chordopoxvirinae, encode 91 conserved genes6. The Chordopoxvirinae 

are further subdivided into eight genera, including Orthopoxvirus, Leporipoxvirus, and 

Molluscipoxvirus7 (see Figure 1.1). Amongst the Orthopoxvirus genus is variola virus (VARV), 

the deadliest virus to have ever existed. It is estimated that variola virus, the causative agent of 

smallpox, led to over 500 million human deaths before its successful irradiation in 1979 through 

a global vaccination program conducted by the World Health Organization. The immunogenic 

agent used for this vaccination campaign was vaccinia virus (VACV) which provides protective 

immunity against the smallpox virus due to its 94 % sequence identity8. Now VACV is used to 

study host-pathogen interactions and as a recombinant vector for the construction of vaccines 

against other pathogens and even oncolytic immunotherapy9,10.  

Additionally, the Orthopoxvirus genus comprises poxviruses which are known to cause 

zoonotic infections such as monkeypox virus (MPXV), and cowpox virus (CPXV) that have 

not been eradicated and especially in the case of cowpox are relevant today for the cattle 

farming industry. While VACV was initially thought to originate from CPXV, some studies 

suggest that horsepox virus (HPXV) might be the origin of all known VACV strains11. 

Poxviruses have a broad host and cell tropism, but epithelial cells seem to be the primary cell 

type for infection12. Although the origin of poxviruses remains unclear, DNA sequencing and 

bioinformatics analysis have placed the Poxviridae in phylogenetic relation to Asfaviridae, 

Iridoviridae and Phycodnaviridae sharing conserved genes across all four virus families and 

encoding their own transcription machinery13. 
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Figure 1.1 Phylogenetic tree of the poxvirus family 

1.2 Medical history of poxviruses 

In 1980 variola virus (VARV), the causative agent of smallpox was declared the first virus to 

be eradicated by the WHO. And while extensive efforts have been made towards the irradiation 

of polio, smallpox remains the only eradicated human pathogen to date. VARV infections were 

characterized by non-specific symptoms like fever, fatigue and later in infection the 

development of virus filled lesions that spread across the entire body of an infected individual 

(Figure 1.2a). Whilst some poxvirus infections remained restricted to the skin, systemic spread 

of VARV to lymphoid organs and hematopoietic cells, and pulmonary and neurological 

complications were common14. The mortality rate of variola virus lies between 15 and 45 %, 

resulting in 2-3million annual deaths caused by variola virus during its existence. In total over 

300 million people died in the 20th century alone, making smallpox the deadliest human 

pathogen to date14,15. While the biological origin of VARV is unclear, it is suspected that VARV 

might have evolved from Camelpox14.  

Smallpox has been the cause of death for people even in ancient Egypt indicated by smallpox 

scars seen on the mummified remains of Ramses V16. Immunization attempts date back as early 

as 1122 BC where people would inhale or swallow scab material from smallpox lesions, 

however a breakthrough was only made in the late 18th century in England. Observing that dairy 

maids with cowpox lesions seemed to have protective immunity against smallpox, Dr. Edward 
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Jenner, discovered that inoculating humans with cowpox conveyed protective immunity against 

variola virus. Jenner used the term variolae vaccinae (latin for smallpox of the cow) to describe 

the inoculation of individuals with cowpox to confer immunity against subsequent smallpox 

infection, resulting in the first vaccine to be developed14. Nearly 200 years later smallpox was 

targeted for eradication in a world-wide vaccination program led by the WHO. The campaign 

was carried out from 1966 to 1980 immunizing individuals with three different vaccines based 

on live, replicating poxvirus. The origin of this vaccine strain remains unknown, however it has 

since been termed vaccinia virus. The last known natural case was reported in Somalia in 1977 

and in 1980 smallpox was officially declared eradicated14. 

 

Figure 1.2 Poxvirus lesions  
a) Arm of child infected with smallpox. Image adapted and reprinted with permission from17 b) Progression of 
primary VACV vaccination at inoculation site. Image adapted and reprinted with permission from18. 

While smallpox has been eradicated for nearly 40 years now, advancements in synthetic 

biology led to a recent publication in which previously extinct horsepox was reconstructed by 

recreating it from individual DNA fragments19. This bares the potential to reconstitute VARV 

for use as a bioterrorist agent. In addition, zoonotic transmission of monkeypox has a reported 

mortality rate of 10 - 15 %. Monkeypox is endemic in Africa but sporadic outbreaks have also 

been reported in the USA and in individual cases in the UK20,21.  

Treatment of poxvirus infections relied on non-poxvirus specific anti-viral mediation such as 

cidofovir, which has originally been approved for treatment of cytomegalovirus. Limited 

specificity and bioavailability required the development of improved, specific anti-poxvirals22. 

In 2018, the first orthopox-specific anti-viral was globally approved for use in adults and 

children23,24. The drug Tecovirimat (TPOXX®) supresses the viral wrapping protein VP37 and 

therefore prevents formation and egress of enveloped virions (EVs). To date TPOXX® is the 

only FDA approved orthopoxvirus specific anti-viral, and its interactions with other drugs and 

vaccines still need to be studied. Continued investigation on poxvirus biology and its 

interactions with the host are critical for the development of future treatment options and the 

generation of novel vaccines.  

Additionally, it is becoming increasingly important to also learn about poxviral function as tool 

to probe cellular mechanisms for the use in disease treatment. Several VACV strains have been 

Day	10	after	vaccination Day	14	after	vaccination

a) b)

Day	8 of	rash Day	13	of	rash
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tested and already used in clinical trials for their potential applications in immunotherapy. 

Particularly modified vaccinia virus Ankara (MVA), a highly attenuated strain of vaccinia virus 

that was derived from VACV Ankara by over 570 passages in chicken embryo fibroblast cells, 

has been considered as the virus strain of choice as vector for gene delivery. MVA harbours six 

major deletions corresponding to 10 % of lost VACV genome and numerous mutations which 

explain the attenuated phenotype of MVA and its inability to replicate in mammalian cells. 

Other poxvirus strains considered for oncolytic viral therapy include attenuated canarypox virus 

(ALVAC) and attenuated fowl pox (TROVAC) both of which do not replicate in mammalian 

cells eliminating the risk to cause clinical infections among humans25–27. 

1.3 VACV structure and morphology 

VACV virions are large brick-shaped particles and approximately 360nm x 270nm x 250nm in 

size28,5 and composed of approximately 80 different proteins1,5,29–32. The virus produces two 

types of infectious particles during infection: mature virions (MVs), and enveloped virions 

(EVs) (Figure 1.3). MVs are wrapped in a single membrane which contains the viral fusion 

machinery. EVs however contain a MV-like particle that is surrounded by a second lipid 

bilayer2,33. While MV-like particles contained in EVs and MVs are highly similar, they differ 

in protein content as MV-like particles in EVs lack the viral protein A2634. The chemical 

composition of VACV MVs is around 90 % protein, 5 % lipid, and 3.2 % DNA35. 

Both VACV forms contain three substructures; the viral dumbbell shaped core and two lateral 

bodies (LBs) that flank the core6,8 (Figure 1.3). The viral core contains the 191 kbp dsDNA 

genome that encodes approximately 200 genes29, and is densely packaged in the core and 

complexed with viral proteins as well as an early transcription system. The MV membrane is a 

single-lipid bilayer membrane containing 26 membrane proteins. 50 % of these proteins are 

dedicated to fusion36,37.  

The LBs are two proteinaceous structures that reside on either side of the core and pre-package 

effector proteins, including the main components F17, G4, and the viral phosphatase H1. These 

pre-packaged proteins are thought to serve as immediate immunomodulators upon viral entry38. 
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Figure 1.3 Vaccinia virion structure.  
a) VACV as seen by electron microscopy (Image by Dr. Jason Mercer). The dumbbell-shaped core (indicated with C) 
contains the viral dsDNA genome and is flanked by two proteinaceous structures called lateral bodies (LB). The 
virion is surrounded by a lipid bilayer envelope. b) Schematic representation of a mature virion (MV) (left) and an 
enveloped virion (EV) (right). Outlined are the viral genome, the dumbbell-shaped core (yellow) and the two lateral 
bodies. 

 

1.4 The VACV life cycle 

1.4.1 VACV cell fusion and entry 

The VACV life cycle begins with attachment to the host cell where virions use apoptotic 

mimicry to trigger their own uptake by macropinocytosis39,40 (Figure 1.4). MVs and EVs do not 

share any epitopes and rely on different factors for attachment. MVs attach to 

glycosaminoglycans (GAGs) and extracellular laminin on the surface of the host cell2,41–44 while 

EVs are thought to interact with protein growth arrest-specific 6 (Gas6) and the cell surface 

receptor tyrosine-protein kinase receptor UFO (AXL)45. The composition of the viral membrane 

enables virions to mimic apoptotic bodies, inducing their uptake by macropinocytosis39. During 

macropinocytotic uptake of the virion, large scale actin and plasma membrane rearrangements 

take place similarly to endocytic uptake of other viruses. It has also been reported that a subset 

of virions directly fuse at the plasma membrane, bypassing the endocytic internalisation2,46.  

Like all viruses that enter the cell by endocytosis, VACV utilizes the environment within its 

endocytic carriers, in this case macropinosomes, for successful infection. Acidification and 

macropinosome maturation promote fusion of the viral and the limiting macropinosomal 

membrane. Poxvirus fusion is catalysed by the entry fusion complex (EFC) which consists of 

11 proteins that are structured into functional subdomains36,47 and is activated by the acidic 

pH 4.5-5.0 of late macropinosomes46,48. This leads to release of the viral core into the 

cytoplasm48,49. Upon release into the cytosol, the two lateral bodies (LBs) that flank the core are 

degraded by the host cell proteasome and release pre-packaged effector proteins38.  

a) b)
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Figure 1.4 Cell entry of VACV EVs and MVs.  
Both types of VACV virions enter the cell via micropinocytosis. During MV entry acidification of the macropinosome 
activates the viral fusion machinery. Fusion with the delimiting macropinosomal membrane releases the core into 
the host cell cytosol. Since EVs have an additional membrane, acidification of the macropinosome is required to 
promote rupturing of the outer EV envelope which exposes the underlying fusion machinery.  

 

1.4.2 Viral gene expression and core disassembly 

Expression of VACV early genes is initiated within intact viral cores by the pre-packaged viral 

transcription machinery50–53,54,55. Upon transcription the viral mRNAs (vRNAs) are exported 

into the cytosol via pores in the viral core and translated by host ribosomes53,56. The early set of 

transcribed genes encode viral proteins that are required in subsequent viral DNA replication, 

proteins that serve as intermediate transcription factors and proteins that have immune-

modulatory functions56. Early gene expression triggers core uncoating, the second stage of core 

disassembly.  

Uncoating takes place after release of the core into the cytosol and requires expression of the 

viral uncoating factor D5 (Figure 1.5)38,57. The redox environment of the host cytoplasm reduces 

and therefore breaks the disulphide bonds within the viral core38,58. This causes morphological 

changes and expansion transforms the biconcave core into an oval structure. After uncoating, 

the viral genome is released into the cytosol and forms cytosolic structures termed viral 

factories, where the viral DNA is replicated and new virions are assembled. 

Viral intermediate and late gene expression occurs after the onset of DNA replication and only 

from newly replicated genomes6. The majority of intermediate genes encode transcription 

factors for late viral genes, thus directing the final stage of viral gene expression. The viral late 

genes encode the structural proteins and enzymes needed to form new virions during 
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morphogenesis. Additionally, late genes also encode the viral early transcription machinery to 

be packaged in the assembling virions for the next round of infection6.  

 

Figure 1.5 VACV genome uncoating and replication.  
After VACV fuses to the macropinosome membrane, the core is released into the cytosol where it is activated. The 
ubiquitin-proteasome-system, along with the viral factor, D5, is required for full genome release. DNA replication 
can then occur and intermediate and late genes be expressed. Different steps of the VACV life cycle can be inhibited 
using the chemical compounds CHX, MG132 and AraC (red). 

 

1.4.3 Morphogenesis and Egress 

While VACV morphogenesis is not fully understood, it is initiated by membrane crescent 

formation. The crescents are composed of an ER-derived single lipid bilayer and the viral 

scaffold protein D1359,60 and grow into spherical viral membranes. These membranes 

encapsulating electron dense viral matter or viroplasm that contains all essential viral building 

blocks with the exception of viral DNA61,62. Following successful IV formation, these 

intermediates progress to a form of virus referred to as immature virions with nucleoid (IVNs), 

where the viral DNA is injected and condenses into a nucleoid1.  

The immature virions (IVs) then mature into MVs63–66. Maturation of core and lateral bodies 

requires disulphide bond formation in structural proteins of the core and membrane, as well as 

proteolytic processing of a number of viral proteins mediated by the viral protease I764,67,68.  

Once processing is completed, IMVs accumulate in the cell cytoplasm where the majority of 

virions is contained until cell lysis at approximately 72 hpi. However, a subset of IMVs is 
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wrapped in two additional Golgi or early endosome-derived membranes to form wrapped 

virions (WVs)1,69. What determines an IMV to become a WV is not yet understood.  

WVs are transported to the plasma membrane in a process that depends on several viral proteins 

and the host cell cytoskeleton70,71. Here they undergo egress by fusion of the outermost 

membrane with the plasma membrane to be released as enveloped virions (EVs) from about 

8 hpi33,72,73. After egress, a subset of EVs stay attached to the plasma membrane as so-called 

cell-associated EVs (CEVs), whereas the rest is released as extracellular enveloped virions 

(EEVs). This process is initiated by inducing actin polymerization underneath the virion74,75. 

Actin tail formation leads the CEVs away from the infected cell to spread the virions to 

uninfected neighbour cells and also mediates spread between tissues33,76. MVs on the other hand 

are required for host-to-host transmission47,77. 

 

Figure 1.6 The different morphological stages during VACV assembly.  
Electron microscopy showing a VACV infected cell with VACV virions in different stages of morphogenesis (image: 
Dr. Jason Mercer). Morphogenesis starts by formation of membrane crescents (red). The crescents subsequently 
incorporate viroplasm and grow into spherical IVs (blue). Afterwards an unidentified mechanism leads to 
condensation and incorporation of viral DNA forming IVNs (orange). Dynamic phosphorylation and proteolytic 
processing cause condensation of the viral core and lateral bodies leading to maturation of IVNs into intracellular 
MVs (green) which are later released upon cell lysis. 

1.5 Cytoplasmic VACV immune evasion strategies  

The entire VACV life cycle takes place exclusively in the cytoplasm78 (see Figure 1.7). In order 

to successfully replicate here VACV must circumvent the cellular immune defence. To do so, 

the virion contains a large number of immunomodulatory proteins within the two LBs. For 



 24 

example, once the virus enters the cytoplasm the viral phosphatase H1, a LB resident protein, 

abrogates interferon-γ (IFNγ)-mediated immune sensing through dephosphorylation of its 

transcription factor STAT179,38,80.  

Another way to evade immune sensors is through shielding the viral replication site by 

membrane enclosure. VACV DNA replication occurs exclusively in distinct, electron dense 

cytoplasmic structures termed viral factories81. These sites of viral DNA replication get 

surrounded with ER membrane soon after initial viral DNA synthesis at 2 hpi. The wrapping 

persists until virion assembly is initiated at 6 hpi when the ER dissociates from the replication 

sites82. This ER membrane might serve to shield the viral genome from cellular DNA sensing. 
 

 

Figure 1.7 The VACV life cycle.  
The VACV life cycle takes place exclusively in the cytoplasm of the host cells. It begins with attachment to the host 
cell and uptake by micropinocytosis. Acidification and macropinosome maturation promote fusion with the 
macropinosomal membrane. This releases the viral core into the cytoplasm. Viral early genes are expressed and 
promote genome uncoating. Released viral genomes are replicated in the cytosol at so called viral replication sites. 
Viral intermediate and late genes are expressed. Viral late gene expression is followed by morphogenesis which 
produces two forms of infectious particles: the double wrapped enveloped virions (EVs), and the single wrapped 
mature virions (MVs). 
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2. Autophagy  

Autophagy originating from the Greek words auto and phagos for ‘self-eating’ is a cellular 

process used for the delivery of cytoplasmic material to lysosomes for degradation and 

recycling83. The pathway was initially studied in yeast. As such, gene products that were found 

to be involved in autophagy were termed autophagy related genes (ATGs) and numbered 

according to their role in the pathway 84–86. Later human homologs where identified which in 

some cases had already been published in different contexts. Therefore, the nomenclature 

differs between yeast and human autophagy in many cases. Yeast ATG1 for instance is the 

homolog to unc-51-like kinase 1 (ULK1) in humans.  

Autophagy was first thought to be required mainly for survival under starvation conditions, as 

the process is activated during starvation and utilized by cells to recycle components in order 

to synthesize the minimal set of proteins needed for survival. Basal autophagy is however 

constantly active in both eukaryotic and prokaryotic cells with a large portion of amino acids 

for protein synthesis derived from degradation87. Since the initial observation of this process by 

Christian de Douvre who coined the term autophagy88, the knowledge about the involvement 

of this process in various cellular functions has vastly expanded.  

Autophagy can be generally divided into at least three different forms: macroautophagy, 

microautophagy and chaperone-mediated autophagy (CMA). Macroautophagy (hereafter 

referred to as autophagy) involves the formation of autophagosomes, double-membrane 

vesicles that engulf cytoplasmic material, and are destined to fuse with lysosomes to mediate 

cargo degradation89,90. Microautophagy refers to the direct engulfment of cytosol via small 

invaginations in the surface of endosomes and lysosomes that subsequently form intraluminal 

vesicles, which are eventually degraded within these organelles. Lastly chaperone-mediated 

autophagy involves the translocation of cytoplasmic target protein molecules through a 

proteinaceous pore in the lysosome membrane which relies on a KFERQ-like sequence in the 

substrate proteins91.  

In addition, different forms of selective autophagy have been described: Mitochondria and 

peroxisomes were the first organelles found to be selectively degraded by autophagy, termed 

mitophagy and pexophagy respectively92–94. The list of different cellular components found to 

be specifically degraded in an autophagosome-dependent manner has since expanded, creating 

over fifteen different terms for cargo-specific degradation95.  
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2.1 Biogenesis of the Autophagosome 

The formation of autophagosomes requires the concerted action of several different ATG 

proteins as well as the protein light chain 3 (LC3)87. The pathway can be divided into multiple 

stages as detailed in the following section. Since mammalian and yeast autophagy differ in 

some aspects, all outlined mechanisms refer to mammalian autophagy unless specifically 

stated. The most crucial steps and the major proteins involved are shown in Figure 1.8.  

 

Figure 1.8: Simplified schematic of the autophagy pathway.  
During the initial nucleation phase of the phagophore an isolation membrane is formed. This process involves the 
action of the ULK1 complex which phosphorylates Beclin1. The latter forms a complex with PI3K and other proteins 
to facilitate nucleation of the autophagosomal membrane96. Two ubiquitin-like conjugation systems are required 
for the formation of an autophagosome. The first conjugation system is composed of ATG16L1, ATG12 and ATG597 
while the 2nd one acts to covalently attach LC3 (an Atg8 homolog) to phosphatidylethanolamine (PE), a lipid on the 
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surface of autophagosomes. Mammals have at least seven ATG8 proteins98. LC3 is c-terminally cleaved by the ATG4 
protease exposing a c-terminal glycine which is conjugated to PE by ATG399. Membrane bound LC3-PE enables 
direct binding of the ubiquitin-binding scaffold proteins also known as autophagy receptor proteins. Fusion of 
autophagosomes with lysosomes, mediated by several SNARE-like proteins, leads to the degradation of the 
autolysosome cargo100,101. Inhibitors of the autophagy pathway used in chapter 1 are highlighted in red. 

 

2.1.1 Activation of the autophagy pathway  

The most upstream component of the autophagy machinery is the ULK1 complex. This 

complex is comprised of ULK1/2, the autophagy activating kinase, and the interacting proteins 

ATG13, ATG101 and FIP200. Under non-starvation conditions mTOR directly inhibits ULK1 

by phosphorylation which blocks both ULK1 autophosphorylation and AMPK-dependent 

ULK1 phosphorylation102 (Figure 1.9).  

Several cellular cues such as an increase in adenosine-mono-phosphate (AMP) interfere with 

this inhibition. AMP levels are sensed by the AMP kinase (AMPK) which binds both AMP and 

ATP competitively103,104. A large role of AMPK in activating autophagy is the inhibition of 

MTORC1 through direct phosphorylation of its RPTOR subunit105,106. Inhibition of MTORC1 

simultaneously inhibits cellular anabolism and strongly induces autophagy. Additionally 

hypoxia has been described to induce autophagy through AMPK activation107.  

 

Figure 1.9 Regulation of ULK1 complex activity.  
ULK1 is the most upstream kinase in the autophagy pathway. Its activity is controlled by mTOR and AMPK. 

2.1.2 Nucleation 

2.1.2.1 Mechanisms to initiate phagophore nucleation 

The activated ULK complex phosphorylates several components of the PI3 complex which 

contains the class III PI 3-kinase (PI3K, also known as VPS34), the tumour suppressor protein 

Beclin1 (BECN1) and other regulatory proteins such as ATG14, AMBRA1, and p150108,109. 

Phosphorylation of regulatory proteins and BECN1 by ULK1 promotes PIK3C3 activation 

(Figure 1.10).  

Hypoxia

AMP
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In mammals, activated PIK3C3 can be recruited to the endoplasmic reticulum (ER)110,111 and 

produces local pools of phosphatidylinositol-3-phosphate (PI3P) potentially marking the region 

of phagophore initiation. The generation of membrane PI3P by VPS34 is crucial for autophagy. 

ATG14L contains an ER-binding motif, which appears to be essential for the recruitment of the 

other PI3KC3 subunits linking the complex to the ER112. 

Additionally, the vacuole membrane protein 1 (VMP1) potentially stabilizes the association of 

the PI3KC3 complex with the ER membrane. Its enrichment in membranes attracts ATG5 and 

ULK1113. It also interacts with Beclin1 to facilitate the association of ATG16L1 and 

microtubule-associated protein 1 light chain 3 (LC3) with the autophagosomal membranes114.  

Figure 1.10 Phagophore nucleation occurs via PI3P production  
The activated PI3complex produces pools of PI3P which are required for autophagy. 

2.1.2.2 Phagophore origin 

While the detailed mechanisms to initiate mammalian autophagosomal membrane formation 

are yet to be uncovered, it is generally agreed that phagophores are formed de novo by 

nucleation on a pre-existing membrane. Different models of the initiation of phagophore 

formation exist:  

It has been suggested that PI3P production at the ER leads to the formation of so-called 

omegasomes that act as sites of phagophore initiation115. Omegasomes consist of PI3P and 

originate from ER membranes, but also recruit membranes from Golgi, the plasma membrane 

and recycling endosomes97,115.  

Another model proposes that phagophores evolve from Ras-related protein Rab-11A 

(RAB11A)-enriched recycling endosomes. It was suggested that Rab-11A plays a determining 

PI3P
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role in the recruitment of the early autophagy machinery in cooperation with PI3P, indicating 

that recycling endosomes are the primary origin of phagophores while the ER contributes 

secondarily116.  

It is difficult to say with certainty which membranes contribute to phagophore nucleation and 

which contribute to phagophore expansion. Since most studies have been carried out in cells 

undergoing starvation-induced autophagy, the possibility that different membrane sources are 

used in different forms of autophagy should be considered. 

2.1.2.3 The ATG8 protein family 

ATG8 (in yeast) and ATG8-family proteins (in mammals) are crucial for functional autophagy. 

In mammals, at least seven ATG8 orthologs exists. These can be divided into two subfamilies: 

Microtubule-associated protein 1 (MAP) light chain 3 proteins (MAP1LC3, hereafter referred 

to as LC3), and GABA type A receptor–associated protein (GABARAP) family members97. 

The LC3 family consists of LC3a (which exists in two splicing variants; LC3A-a and LC3A-

b), LC3b and LC3c. The GABARAP proteins can be divided into GABARAP, GABARAP-

like 1 (GABARAPL1), and GABARAP-like 2 (GABARAPL2)98.  

The most studied ATG8 ortholog is LC3b, which is critical for the execution of autophagy and 

often used as a marker for autophagy activity and flux. The LC3/GABARAP family proteins 

are produced from separate transcripts but share a high sequence similarity with a conserved 

C-terminal glycine. LC3A-a and -b, LC3c, GABARAP, and GABARAPL1 and -2 display 92, 

94, 71, 59, 60, and 65 % similarity, respectively, in comparison with LC3b. Each 

LC3/GABARAP family protein contains two n-terminal alpha-helices and a c-terminal 

ubiquitin core117. LC3/GABARAP family proteins are often presumed to fulfil functions similar 

to those of LC3b. GABARAP and GABARAPL1 display highest affinity to ULK1 and LC3b 

the lowest, suggesting that GABARAP subfamily proteins serve as scaffolding proteins by 

recruiting ULK1 and Beclin1 to the nucleation site118.  

Rescue experiments showed that LC3b facilitates phagophore elongation, and GABARAPL2 

mediates closure119. Although the fusion activity of GABARAPL2 and LC3b are similar, the 

fusion activity of LC3b is mediated differently120. GABARAP family proteins have a protruding 

N-terminal helix with hydrophobic residues which can penetrate an adjacent membrane and 

interact with the hydrophobic centre of the lipid bilayer121. LC3b however interacts with the 

lipid head group120. The concerted action of these proteins can bring membranes together and 

lead to phagophore elongation and closure.  

Critical for function of ATG8 proteins in autophagy are their LIR docking sites (LDS). Cargo-

bound autophagy receptors interact with the LDS motive via their own 15- to 20-amino acid 
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long LC3 interacting region (LIR) domains122 (for a detailed description of autophagy receptors 

please see section 2.3 of this chapter). The	 LIR	motif	 possesses	 a	W-X-X-L	 sequence,	 with	 X	

representing	any	amino	acid.	Binding	between	LIR	and	LDS	occurs	through	docking	of	the	aromatic	

tryptophan	and	the	hydrophobic	leucin	into	a	hydrophobic	pocket	(HP)	within	the	LDS.	LC3b	and	

ATG8	proteins	contain	two	hydrophobic	pockets	termed	HP1	and	HP2123,124.	 

2.1.2.4 ATG8 family protein conjugation to the phagophore membrane 

Two essential ubiquitin-like conjugation systems drive autophagy to covalently conjugate 

ATG8-family proteins to the phagophore membrane. The first complex crucial for this process 

is the ATG12-ATG5-ATG16L1 complex. The carboxy-terminal glycine of the small ubiquitin- 

like protein ATG12 is activated by transient linkage first to the E1-like enzyme ATG7 and then 

to the E2-like enzyme ATG10, before becoming covalently attached to ATG5125–127. This 

ATG12-ATG5 complex non-covalently associates with the protein ATG16L, forming the 

ATG12-ATG5-ATG16L1 complex that participates in the second ubiquitin-like conjugation 

reaction128 (see Figure 1.11). 

 

Figure 1.11: The lipidation process of ATG8 homologs.  
LC3 proteins and other ATG8 homologs are conjugated onto the expanding phagophore in a multistep process. 
First pre-LC3 is cleaved via ATG4, then LC3-I is covalently attached to PE (lipidated) in a process that requires ATG7 
and ATG3 as E1- and E2-like enzymes. The E3-like ligase function is performed by the ATG12-ATG5-ATG16L1 
complex resulting in the attachment of LC3 to the membrane.  

The second conjugation pathway results in the covalent addition of the lipid 

phosphatidylethanolamine (PE) to LC3. This process, known as ATG8/LC3 lipidation, is 

mediated by the E1-like ATG7 and E2-like ATG3 enzymes. The carboxy-terminal amino acids 

of LC3 are cleaved by the cysteine protease ATG4 presenting a conserved glycine residue. 

Cleaved LC3 can then be transiently linked to ATG7, then to ATG3, and finally to 

phosphatidylethanolamine (PE). The role of an E3-like ligase is filled by the ATG12-ATG5-

ATG16 complex99.  

PE, the co-substrate for the lipidation reaction of LC3 or GABARAP, is required in the 

membrane at the nucleation site and elsewhere129. PE is produced from phosphatidylserine (PS) 
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in mitochondria130, and shuttled from mitochondria to ER, through mitochondria–ER contact 

sites131.  

2.1.3 Elongation 

The size of autophagic cargoes is highly variable. While some cargo particles may only be 

200 nm in size, bacteria and mitochondria can require an autophagosome to extend over 

micrometres132 necessitating the phagophore elongation and closure process to be highly 

flexible and regulated in a cargo-specific manner. 

Mammalian ATG9, which is located in the trans-Golgi network and late endosomes133, is the 

only transmembrane protein that is recruited to the omegasome and required for 

autophagy135 – 137. Induction of autophagy leads to translocation of ATG9 into membranous 

compartments such recycling endosomes. It has been suggested that ATG9 facilitates vesicular 

trafficking from recycling endosomes which feeds membranes onto the growing 

phagophore115,137,138. Recycling-endosome-derived membranes might also contain membrane-

anchored LC3 or GABARAP proteins115, suggesting that LC3-containing membranes formed 

at other cellular locations could also be sources for phagophore elongation.  

2.1.4 Closure 

Phagophore expansion concludes in closure around the cargo at which point the vesicle is called 

an autophagosome. It has been suggested that autophagosomal closure is facilitated by 

endosomal sorting complex required for transport (ESCRT)139 proteins. ESCRTs and associated 

proteins facilitate membrane budding away from the cytosol140. Depletion of ESCRT subunits, 

or their regulatory ATPase Vps4, causes an accumulation of autophagosomes141,142. For yeast it 

was recently confirmed that the ESCRT machinery contributes to autophagosomal closure143. 

Additionally the fusion event is mediated by soluble NSF attachment protein receptors 

(SNAREs)100. 

2.1.5 Maturation and Fusion 

The autophagy protein machinery bound to the outer membrane of the autophagosome 

dissociates prior to fusion with the lysosome. ATG4 proteins are believed to delipidate 

LC3/GABARAP-PE from the outside autophagosome membrane (Figure 1.12).  

After formation, the outer autophagosome membrane fuses with endosomal vesicles to acquire 

factors necessary for lysosomal fusion such as lysosome-associated membrane proteins 

(LAMPs)144,145. This process is called autophagosome maturation and results in an intermediate 

autophagosome146. Through lysosome fusion additional cathepsins and acid phosphatases are 

acquired resulting in a mature autolysosome. While the exterior membrane of the 

autophagosome fuses with the lysosomal membrane, the inner membrane and enclosed contents 
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are degraded by resident hydrolases to generate simple biomolecules such as amino acids that 

are released into the cytosol via lysosomal or vacuolar membrane transporters for protein 

synthesis101. 

 

Figure 1.12 Autophagosomal maturation and lysosome fusion.  
Upon closure of the autophagosome the external autophagy components dissociate. Through maturation the 
autophagosome acquires components required for lysosomal fusion. Upon fusion the autolysosomal content is 
degraded and released into the cytoplasm. 

2.1.6 Non-canonical autophagy 

While the abovementioned pathway reflects the current understanding of canonical autophagy, 

in recent years, several studies have found autophagy pathways that differ from this 

process147,148.  

Non-canonical autophagy is characterized by not requiring the hierarchical involvement of 

ATG proteins that were previously thought to be essential for the formation of an 

autophagosome149: Beclin1-independent autophagy was observed in neuronal cells treated with 

pro-apoptotic compounds150,151 as well as during cell differentiation152. Authophagosomes can 

also be observed in ATG5-null cells when treated with the chemotherapy agent etoposide. In 

this case the elongation of the autophagosomal membrane also does not require ATG7, ATG9 

and LC3153. 

Furthermore, the autophagosomal-membrane does not necessarily originate from a single 

source as shown during the autophagosomal degradation of Streptococcus pyogenes where 

cytoplasmic bacteria are surrounded by multiple isolation membranes which then fuse to 

generate an autophagosome-like vacuole154,155. Initiation of autophagy can also occur in an 

ULK1-AMPK independent manner in response to ammonia or glucose starvation156, this form 

of autophagy has, unlike ULK-dependent autophagy, also been reported to not require the 

binding of FIP200 by ATG16L. Additionally it was shown that LC3 lipidation can occur in 

absence of phagophore formation suggesting that different membrane sites may be the origin 

of non-canonical autophagosome formation157. 
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Lastly some ATG proteins can also be recruited to membranes that differ from phagophores. 

ATG12, ATG5, LC3 and the PI3K-complex but not the ULK1 and ULK2 complexes have been 

reported to localize to the single-membrane macropinosomes158 and during the invasion of 

living cells into epithelial cells in so-called entotic vacuoles159.  

2.2 Xenophagy 

In 2004 it was first shown that autophagy can also be directed against invading bacteria opening 

the field of autophagy directed against pathogens87. This form of autophagy has since been 

termed xenophagy154,160 and is an important component of the cellular immune defence. In some 

instances, xenophagy has only been referred to autophagy directed against bacteria and 

parasites while autophagy targeting viruses would be called virophagy161. For this thesis the 

term xenophagy will be used for autophagy targeting either bacteria or viruses. 

The potency of xenophagy is highlighted by the fact that many viruses, parasites and bacteria 

are predominantly found in vesicles162,163 despite limited availability of nutrients and the 

presence of radicals, hydrolytic enzymes and antimicrobial peptides (Table 1.1). In contrast the 

cytoplasm contains a large number of nutrients, but only few pathogens such as VACV or 

shigella replicate exclusively in the cytoplasm. This suggests that xenophagy is highly effective 

in eliminating cytoplasmic pathogens and that a cytoplasmic lifecycle has to be highly adapted 

to evade autophagy. 

Table 1.1 Comparison between the vesicular and cytoplasmic environment. 

While the process of nutrient-mediated autophagy activation is fairly well understood as 

detailed above, pathogen mediated autophagy may be initiated in different ways. It was recently 

published that cytoplasmic bacteria trigger autophagy through a V-ATPase-ATG16L1 axis164. 

During Salmonella infection the internalized bacteria caused damage to the vacuole they 

resided in. This was sensed by vacuolar ATPases (V-ATPases) that recruited ATG16L1 onto 

the vacuole. Some Salmonella strains however were able to block this process through a 

pathway involving a protein that initiated ADP-ribosylation of the V-ATPase164. A similar 

Vesicles Cytosol

Nutrient
availability

low high

Immunity Radicals
Hydrolytic Enzymes
Antimicrobial Peptides
Low pH

Autophagy

Pathogens Salmonella, Brucella, Legionella, Leishmania, 
Wolbachia, Toxoplasma, Semliki Forrest Virus, 
Plasmodium falciparum

Shigella, Listeria, Trypanosoma,
Herpes Simplex Virus, Vaccinia Virus
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mechanism has not yet been identified in the context of viral infection. However, some 

autophagy receptor proteins have been suggested to contribute to the initiation of autophagy by 

bringing the autophagy machinery in closer proximity to invading bacteria or viruses165 (see 

Section 2.3). 

2.3 Autophagy Receptors   

Autophagy receptors vs. autophagy adaptors 

The terms autophagy adaptor and autophagy receptor have often been used interchangeably in 

the past. However, autophagy receptors are commonly defined as proteins with the ability to 

bind both autophagy substrates, typically via mono- or poly ubiquitin chains, and be recognized 

by the autophagy machinery to be degraded within lysosomes during the course of an 

autophagic response132,166. Autophagy adaptors however are defined as components that 

interact with Atg8 family members but are not involved in cargo recognition and are not 

degraded during autophagy166. 

 

Table 1.2 Involvement of different SLRs in four main forms of autophagy.  
Table based on 167–169 

A sub-class of autophagy receptors are the sequestome 1 like receptors (SLRs). This is a class 

of receptors that vary in size but are structurally similar as they all contain a ubiquitin-binding 

region (UBA or UBAN) which binds non-covalently to ubiquitin, an LC3 interacting region 

(LIR) and a Zinc-finger domain168. SLRs can be involved in different forms of autophagy 

(Table 1.2). How specificity is conveyed by autophagy receptors is not yet fully understood. 

However, it appears that different receptors have preferences for different types of ubiquitin 

chains. So far five SLRs have been identified: p62/SQSTM1, NBR1, NDP52, Optineurin 

(OPTN) and Tax1Bp1 all of which have been connected to xenophagy. The following section 

will explain each of the five receptors in more detail. 

Receptor Autophagy	Involvement
p62/SQSTM1 Pexophagy,	Aggrephagy,	Mitophagy,	Xenophagy
NDP52 Aggrephagy,	Mitophagy,	Xenophagy
Tax1Bp1 Xenophagy
OPTN Aggrephagy,	Mitophagy,	Xenophagy
NBR1 Pexophagy,	Aggrephagy,	Mitophagy,	Xenophagy
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2.3.1 p62/SQSTM1 

 

Figure 1.13: Domain architecture of sequestome-1. 
PB1, Phox and Bem1 domain (blue); TR, TRAF6 interacting region (purple); NLS and NES, nuclear localization signal 
and nuclear export signal (light pink); LIR, LC3interacting region (yellow); KIR, Keap interacting region (light green); 
UBA, ubiquitin-associated domain (dark blue), ZZ, ZZ-type zinc finger domain (grey). The size of the receptor (in 
numbers of amino acids-AA) is indicated. Figure based on168,170,171. 

The most well-known and well-studied autophagy receptor protein is p62 also known as 

sequestome 1 (SQSTM1), or in rare instances referred to as A170 (hereafter referred to as 

simply p62). p62 is a 440 amino acid 62 kDa protein, which binds ubiquitinated protein 

aggregates destined for degradation and was first identified as an LC3 binding protein by the 

Johansen and Tanaka research groups172–174. It has since been found to be important for many 

different forms of autophagy175,176. 

p62 contains an n-terminal Phox and Bem1p (PB1) domain which is a protein-protein 

interaction domain facilitating interaction with numerous protein kinases or self-

oligomerization177. p62 also has a zinc finger domain, two nuclear import signals, one LIR 

motiv, one nuclear export signal and a c-terminal Ubiquitin associated domain (UBA)178. The 

UBA domain of p62 binds both mono- and poly-ubiquitin179,180. During autophagosome 

formation p62 does not only interact with LC3 and ubiquitinated cargo but with a number of 

autophagy related proteins including many autophagy adaptors181,178,182. Due to its tight 

involvement within the autophagic process, p62 has been suggested to be at the centre of a 

complex interaction with various proteins to selectively link cargo into the autophagosome183. 

An important aspect of p62 activation is its phosphorylation at Ser403 in its UBA domain which 

increases the affinity between the UBA domain and polyubiquitin chains enhancing autophagic 

degradation of proteins184. This phosphorylation can occur directly via casein kinase 2 (CK2) 

or TANK-binding kinase 1(TBK1) which in turn also has to be phosphorylated at Ser172 in 

order to phosphorylate p62185. 

Literature on the physiological relevance of p62 is extensive. Aside from its implications in 

autophagy, p62 is involved in a number of different cellular processes. These processes involve 

mTORC1 activity179,186,187, NFκB signalling188,189 and oxidative stress response via the p62-

Keap1-Nrf2 pathway190,191. Some reports have also suggested an involvement of p62 in the 

DNA damage repair192,193.   

The protein is associated with a number of different human diseases. Increased amplification 

of the p62 gene has been implicated in tumour development194 and its accumulation in inclusion 

PB1												 ZZ								 CC																									FW																																															CC																															UBA 966AA
LIR																																		LIR

PB1												 ZZ																			TR																																														UBA 440AA
NLS																					NLS							NES								LIR	KIR

CC																											CC																										CC																					UBAN											ZnF 577AA
LIR

p62/
SQSTM1

NDP52/
CALCOCO2

Tax1Bp1/
CALCOCO3

OPTN

NBR1

LC3

Ubiquitin	Chains

SKICH																											CC																																		GIR															UBZ 446AA
LIR

SKICH																							CC																			CC																						CC																																							 UBA 789AA
LIR

LC3

Ubiquitin	Chains

LC3

Ubiquitin	Chains

LC3

Ubiquitin	Chains

LC3

Ubiquitin	Chains



 36 

bodies has been observed in neurodegenerative diseases such as Alzheimer’s, Parkinson’s 177,195 

and Huntington’s disease173. 

p62 is highly relevant in autophagic degradation of pathogens. The receptor is recruited to the 

invading pathogen during salmonella infection and expression of p62 is required for its efficient 

degradation196. Increased phosphorylation of p62 at Ser351 in mice (equivalent to human 

phospho-Ser349) activates Nrf2 during salmonella infection which leads to Keap1 localization 

at p62. p62 then binds to ubiquitin coated salmonella. Due to Keap1 function as a Cullin3 ligase 

adaptor this likely increases the degradation efficiency of the invading pathogen197. p62 as well 

as autophagy receptor Optineurin (OPTN) have recently been shown to be essential for innate 

host defence against mycobacterial infections in a zebrafish model198. 

2.3.2 NDP52 

 

Figure 1.14: Domain architecture of NDP52.  
LIR, LC3interacting region (yellow); SKICH, SKIP carboxyl homology domain (green); CC, coiled-coil domain (light 
blue); GIR, Galectin8 interacting region (orange); UBZ, ubiquitin binding zinc finger (dark blue). The size of the 
receptor (in numbers of amino acids-AA) is indicated. Figure based on168,170,171. 

The 446-amino acid protein calcium-binding and coiled-coil domain-containing protein 2 

(CALCOCO2) or nuclear dot protein 52 (NDP52), hereafter referred to as NDP52, was 

previously described as a myosin VI binding partner implicated in cell adhesion and cytokine 

signalling199. It is a primarily cytoplasmic protein, but was first identified as present in nuclear 

dots200 where its name originates from.  

The group of Felix Randow has since characterized NDP52 as a major component of bacterial 

autophagy during Salmonella infection. NDP52 contains a non-canonical LIR domain (CLIR), 

has a skeletal muscle and kidney-enriched inositol phosphatase carboxyl homology (SKITCH) 

domain, a large coiled-coil region and a Galectin-8 interacting region (GIR). It uses a c-terminal 

zinc finger to bind ub-chains on cytosolic bacteria. Additionally, it has a second function during 

maturation of autophagosomes by directly interacting with ATG8 orthologs on the outside of 

autophagosomes and myosin VI. Myosin binding initiates a cascade that recruits the endosome 

in close proximity to the autophagosome promoting formation of a degradative 

autolysosome201.  

The GIR motif, unique amongst the SLRs, facilitates NDP52 interaction with galectin-8. The 

cytosolic lectin Galectin-8 is binds exposed host glycans found on ruptured endosomal and 

lysosomal vacuoles. Binding of Galectin-8 through NDP52 is thought to initiate antibacterial 

autophagy202,203. Two recent papers also showed a connection between ULK activation and 
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NDP52 in the context of mitophagy, pexophagy and xenophagy initiation165,204. It was suggested 

that ectopic placement of NDP52 on mitochondria or peroxisomes initiates autophagy through 

ULK1 activation165. Ravenhill et al., found that NDP52 forms a trimeric complex with ULK1 

and other autophagy proteins as a requirement for successful autophagosome formation during 

salmonella infection204. 

2.3.3 Tax1Bp1  

 

Figure 1.15: Domain architecture of Tax1Bp1.  
LIR, LC3interacting region (yellow); UBA, ubiquitin-associated domain (dark blue); SKICH, SKIP carboxyl homology 
domain (green); CC, coiled-coil domain (light blue); The size of the receptor (in numbers of amino acids-AA) is 
indicated. Figure based on168,170,171. 

Tax1-binding protein 1 (Tax1Bp1) is a paralog of NDP52 and both share large sequence 

homologies. While the former has so far received less attention than NDP52, recent papers 

suggest for this protein to function in a very similar way. It was initially discovered in the 

context of viral infection as a binding protein for Tax1205. The human T-cell leukaemia virus 

oncoprotein Tax1 initiates persistent activation of NFκB to achieve oncogenic cell 

transformation. Tax1Bp1 was found to bind Tax1 and thus counteract this process206.  

The central portion of Tax1Bp1 is thought to form coiled-coil structures and helix–loop–helix 

regions, causing homodimerization207. At its c-terminus Tax1Bp1 contains two zinc finger 

domains with, like NDP52, two PPXY-motifs which serve as protein binding domains208. It has 

been shown that Tax1Bp1 can be cleaved by caspases209, the functional consequences of this 

however remain unknown. Tax1Bp1 has several binding partners such as TBK1 and 

optineurin210. 

2.3.4 Optineurin 

 

Figure 1.16: Domain architecture of OPTN.  
LIR, LC3interacting region (yellow); CC, coiled-coil domain (light blue); ZnF, Zinc-finger domain (grey); UBAN, 
ubiquitin binding in ABIN and NEMO domain (blue). The size of the receptor (in numbers of amino acids-AA) is 
indicated. Figure based on168,170,171. 

Another SLR is the 446 amino acid long optineurin (OPTN). The protein targets mitochondria 

in parkin-mediated mitophagy for degradation211,212 and restricts Salmonella growth upon 

phosphorylation213. Like many other receptors OPTN is activated through TBK1 mediated 
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phosphorylation at Ser177 in the LIR motif for OPTN213 and enhances its binding to ub-chains 

to promote selective mitophagy212,214. 

It was suggested that OPTN has further ub-binding independent roles as it directly recognizes 

protein aggregates via its c-terminal coiled-coil domain in a TBK1 dependent manner215. OPTN 

has also been associated with several neuronal diseases in humans such as ALS216, Huntington’s 

disease217 and Parkinsons disease218.  

2.3.5 NBR1 

 

Figure 1.17: Domain architecture of NBR1.  
PB1, Phox and Bem1 domain (blue); LIR, LC3interacting region (yellow); UBA, ubiquitin-associated domain (dark 
blue); CC, coiled-coil domain (light blue); ZZ, ZZ-type zinc finger domain (grey); FW, four-Trp domain or NBR1 box 
(light orange). The size of the receptor (in numbers of amino acids-AA) is indicated. Figure based on168,170,171. 

Finally the 966-amino acid long neighbour of BRCA1 gene 1 protein (NBR1) contains an n-

terminal PB1 domain, a zinc-finger, two LIR motives and a c-terminal UBA-domain219. NBR1 

has a preference for binding K48- and K63-linked di-ubiquitin178. 

The receptor acts co-operatively with p62 to target polyubiquitinated aggregates and organelles 

for selective autophagic degradation220,221. It has been reported that the UBA domain of NBR1 

is structurally different from the one in p62 leading to a higher affinity of NBR1 for ubiquitin222. 

Contrary it was recently published that NBR1 is unable to form clusters with ubiquitinated 

proteins alone but supports p62 and renders p62-mediated clustering into filaments for capture 

of ubiquitinated cargo more efficient223. This would suggest that NBR1 alone is not able to link 

ubiquitinated cargo into autophagosomes.  

2.2.6 Conclusion of SLR action 

In conclusion, SLRs are essential for selective autophagy by binding LC3 as well as 

ubiquitinated cellular content. Mutations or depletions of these proteins are often associated 

with disease, predominately various forms of neurodegeneration224. SLRs often work 

cooperatively with other receptors or autophagy proteins to ensure efficient autophagic flux. 

While there are too many relevant SLR interacting autophagy proteins to note, the 

serine/threonine protein kinase TBK1 is of primary importance as its kinase activity has been 

shown to cause phosphorylation of four different autophagy receptors OPTN, NDP52, p62 and 

Tax1Bp1 on several sites relevant to their function in autophagy212. 
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3 Pathogen interactions with Autophagy 

3.1 Autophagy mediated restriction of virus infection and spread 

A large number of pathogens have been shown to be targeted by the autophagy machinery for 

degradation. These include Sindbis and herpes simplex virus (HSV)225, chikungunya virus 

(CHIKV)226, Ebola virus (EBOV)227, and Sendai virus228.  

Xenophagy also plays a role in innate and adaptive immune sensing: Two toll like receptors 

(TLR3 and TLR7) have been shown to initiate autophagy upon binding to dsRNA and 

ssRNA229,230. Autophagosomes also capture viral pathogen associated molecular patterns 

(PAMPs) and shuttle them to the endosome for TLR recognition mainly through TLR 7. The 

Epstein-Barr virus (EBV) antigen EBNA1 has been found to be presented on MHCII molecules 

via autophagy which results in increased recognition of EBV infected cells by CD4 T-cells231.  

3.2 Benefits of autophagy for virus infection 

While many research groups have shown that autophagy proves to be a potent cellular defence 

against pathogens, some components of the autophagy pathway can be used by viruses to 

mediate successful infection. In these cases the virus typically also inhibits late stages of the 

autophagy pathway to prevent lysosomal degradation (for virus induced modulation of 

autophagy please see section 3.3 of this chapter). 

Early non-degradative stages of autophagy promote HIV yields as autophagy facilitates 

processing of the HIV Gag protein232. Similarly impairment of early steps of autophagy by 

ATG5 depletion decrease the viral yield of Mopeia virus233, Lassa virus233 and Coronavirus234.  

Influenza A virus (IAV) benefits from induction of cellular autophagy by starvation or 

rapamycin treatment in vitro and it was suggested that IAV replication is reliant on autophagy 

to enhance viral RNA synthesis via the interaction of a viral RNA polymerase with  the AKT-

mTOR signalling pathway235.  

Lastly autophagy also plays a role in internalization of EBOV into host cells since depletion of 

Beclin1, Atg7 or LC3b abolishes EBOV uptake236. Particularly LC3b is involved in 

macropinocytotic uptake of EBOV as it associates with forming macropinosomes. Its depletion 

leads to a block in vesicle formation at the cell surface236. 
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3.3 Virus induced modulation of autophagy 

A large number of cytoplasm resident viruses, bacteria and parasites manipulate autophagy 

pathway237. Examples of viral evasion strategies (Figure 1.20) are explored below. 

Generally, three ways in which pathogens have adapted to evade autophagy have been 

observed: 1. Prevention of autophagy induction, 2. Prevention of autophagosomal fusion with 

a lysosome, thereby successfully evading lysosomal degradation, and 3. Modulation of the 

autophagy machinery to avoid pathogen recognition.  

The first to show that viruses can prevent autophagy, Orvedahl et al., demonstrated that the 

large DNA virus, herpes simplex virus type 1 (HSV-1), encodes ICP34.5, a neurovirulence 

protein with the ability to bind Beclin1 to inhibit its autophagy function238. This has implications 

in oncolytic HSV-1 activity in brain tumours239. This interaction was identified to be crucial for 

the manifestation of HSV-1 encephalitis in mice and since then cell-permeable peptide 

inhibitors have been developed to inhibit HSV-1 downregulation of Beclin1240, highlighting the 

importance of a detailed understanding of autophagy for the treatment of viral diseases.  

Aside from HSV-1, human immunodeficiency virus-1 (HIV-1) encodes a Negative Regulatory 

Factor (NEF) that acts as anti-autophagic maturation factor by inhibiting Beclin1, thus 

preventing autophagy induction232. 

Prevention of autophagosomal fusion with a lysosome through viruses is achieved by inhibition 

of different proteins necessary to facilitate autophagosome-lysosome fusion. This has been 

observed for EBV, Karposi’s sarcoma-associated herpes virus (KSHV)241, Hepatitis B virus 

(HBV)242,243 and human parainfluenza virus type 3 (HPIV3)244.  

Modulation of the autophagy machinery to avoid pathogen recognition is often achieved by 

depleting autophagy receptor proteins: Dengue virus has been shown to initiate proteasomal 

degradation of p62 through an unidentified mechanism245. Coxsackievirus B cleaves p62 

through activity of a viral protease246. Adenovirus encodes a protein to prevent recognition of 

membrane damage which would otherwise result in recruitment of NDP52247. 

Viruses that upregulate portions of the autophagy pathway in host cells include poliovirus, 

coxsackievirus and Hepatitis C virus (HCV)248–250. HCV has been suggested to induce 

autophagy to improve cell survival under ER stress251. For enteroviruses such as poliovirus and 

coxsackievirus B the autophagosomal double-membranes are used as scaffolds to enhance viral 

RNA replication252,253.   
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Figure 1.18 Different forms of autophagy inhibition by viruses. 
 

3.4 Poxviruses and autophagy  

The Niemiałtowski lab has been investigating the impact of Ectromelia virus, the causative 

agent of mousepox, on autophagy in host cells254,255. Martyniszyn et al., described in 2011 that 

Beclin1 co-localizes with viral replication sites in infected L929 cells while Beclin2 expression 

levels decrease during infection255. Additionally LC3 lipidation levels were increased in 

splenocytes of BALB/c mice infected with Ectromelia virus and an increase in Beclin1 

expression was observed254. 

Molluscum contagiosum virus (MCV), the only known member of the Molluscipox genus, has 

been found to modulate autophagy via its viral FLICE inhibitory protein (FLIP) MC159256. This 

protein contains an SH3 binding motif that mediates binding to a signalling protein involved in 

endocytic trafficking and suppression of autophagy called SH3BP4. Binding of this protein 

resulted in a reduction of amino-acid starvation induced autophagy. Both viral and cellular 

FLIPs have been shown to suppress autophagy by preventing ATG3 from binding and 

processing LC3. FLIPs thereby limit the ATG3-mediated step of LC3 conjugation to regulate 

autophagosome biogenesis257. VACV however does not contain a homolog of MC159. 

3.4.1 VACV and autophagy 

To date, only four studies investigating the interplay of VACV and host autophagy have been 

published258–261. To answer the question whether the primary viral (MV) membrane may 

originate from autophagy, Zhang et al. used electron microscopy and standard virus infectious 

yield assays to investigate the replication of VACV in ATG5, ATG7 and Beclin1 deficient cell 
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lines. No morphological differences were found and viral replication kinetics did not differ 

between these and respective parental cell lines259.  

The second paper258 sought to investigate the activation of autophagy by VACV. The authors 

found that VACV infection leads to LC3 lipidation independently of the presence of ATG5 or 

ATG7. While ATG5 and ATG7 independent autophagy does exist, and has been shown to 

mediate autophagic degradation of shigella in intestinal cells262, it does typically not involve 

LC3 lipidation153,263. Mologhney et al., also observed ATG12-ATG3 conjugation in the absence 

of ATG5 and ATG7. It was further demonstrated that these ATG12-ATG3 conjugates cluster 

with viral DNA258. They found a complete lack of autophagosome formation in VACV infected 

cells while untreated and starvation induced cells showed on average two and eight 

autophagosomes, respectively. They proposed a model whereby ATG12-ATG3 complexes 

drive aberrant LC3 lipidation due to spatial dislocation from the phagophore, resulting in a 

failure of autophagosome formation. The viral protein causing this complex formation has not 

been identified.  

The third paper presented an siRNA-based screen investigating the relevance of autophagy 

proteins for viral replication. Here ATG proteins were depleted prior to infection with an array 

of different viruses including VACV261. Using a luciferase-based readout Mauthe et al., showed 

that VACV benefits from depletion of all tested SLRs. On the other hand depletion of ULK 

proteins and members of the GABARAP family had a negative effect on viral replication. 

Lastly, it was recently reported that the viral protein F17 can induce dysregulation of the mTOR 

pathway260. Since mTOR inhibits ULK1 Meade et al., studied the effect of F17 on ULK1. They 

showed that ULK1 phosphorylation is not impacted by F17 action on mTOR as S757 

phosphorylation levels did not differ in presence or absence of F17 expression. Investigation 

into the impact of this on LC3 lipidation showed that it occurs in a time-dependent manner in 

infected cells independently of F17.  
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Figure 1.19 Summary of the main findings on poxvirus interaction with the autophagy machinery.  
Mouse pox virus increases LC3 lipidation and BECN1 production. MCV  inhibits starvation induced autophagy. VACV 
replication is negatively affected by SLR expression but relies on GABARAP and ULK1/2 proteins. VACV infection 
also causes LC3 lipidation.  
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4. Aim of the PhD Thesis 

Both VACV and xenophagy have been studied extensively in the past. VACV has been shown 

to encode a wide array of factors to counteract cellular immune responses8. Autophagy however 

has so far not been taken into consideration when studying how VACV counteracts immunity 

with the exception of the four papers outlined above.  

That VACV infection activates autophagy258, yet prevents autophagosome formation, suggests 

that the virus may encode a factor to inhibit the anti-viral role autophagy could play during 

infection. In addition, personal communication with Dr Ingo Drexler indicates that MVA, an 

attenuated VACV strain lacking 10 % of the genome with another 50 % being mutated, is 

restricted by autophagy prior to DNA replication.  

These studies leave much to be investigated with regard to VACV and autophagy. They indicate 

that although VACV infection results in the activation of autophagy, the virus somehow 

prevents autophagosome formation or recruitment of virions or viral proteins into 

autophagosomes. Thus, I hypothesize that VACV intersects with the autophagy pathway during 

early stages of infection. Autophagy may be activated as a defence mechanism in VACV 

infected cells, but the virus encodes one or multiple factors that serve to counteract its inhibitory 

action. A logical step for the virus to interfere with autophagosome formation would be at the 

level of recruitment of virions or viral proteins into the autophagosome.  

In this thesis I set out to study whether autophagy can impact VACV infection and virion 

production using chemical compounds known to increase or decrease autophagic flux. I tested 

whether they can reduce MV and EEV yield as well as spread and also studied if they interfere 

with viral gene expression (Chapter 1). 

Additionally, in collaboration with the Drexler lab at the University of Duesseldorf (Germany), 

I aimed to revisit the previously described phenotype of VACV induced lipidation of LC3 and 

tried to identify the gene(s) responsible for this phenotype using a published siRNA library57 

(Chapter 2).  

Finally, I investigated whether VACV specifically targets autophagy receptor proteins to evade 

autophagosomal degradation. Focussing on p62 in Chapter 3 I found that the pre-packaged viral 

kinases F10 and B1 facilitate activation of NLS2 of p62 leading to its nuclear translocation for 

the majority of the VACV life cycle. 

Furthermore, through this study I generated evidence suggesting that the xenophagy receptor 

NDP52, as well as its paralog Tax1Bp1, are degraded in a proteasome dependent manner during 

the course of VACV infection (Chapter 4).   
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II Materials & Methods  
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1 General Materials and Methods  

1.1 Cell culture  

BSC40 cells, A549 cells and HeLa cells (WT as well as a HeLa based fluorescent cell line) 

were maintained in Dulbecco’s Modified Eagle Medium (DMEM, Life Technologies) 

supplemented with 10	% Foetal Bovine Serum (FBS, Life Technologies), 1	mM sodium 

pyruvate (Thermo Fischer Scientific), 100	µM non-essential amino acids, 2	mM L-alanyl-L-

glutamine dipeptide (GlutaMAX, ThermoFisher) and 1	% Penicillin-Streptomycin (Life 

Technologies) under at 37°C and 5 % CO2. Cell lines were maintained in either T75 or T175 

flasks and passaged two to three times per week using Phosphate-buffered Saline (PBS) and 

Trypsin/EDTA (2.5g Trypsin/litre, 0.2g EDTA/litre). Cell counts were determined using a 

Cellometer (Nexelcom).  

1.2 Viruses  

No new viruses were generated for this study. Recombinant fluorescent, inducible or deletion 

viruses used in this study are part of the Mercer Lab stock, and were generated through 

homologous recombination, as previously described39 or obtained from other laboratories as 

stated below. Briefly, VACV infected BSC40s were transfected with linearized plasmid 4	hours 

post infection (hpi) and harvested at 48	hpi. Plaques were selected by four rounds of fluorescent 

purification and final plaques sequenced to confirm correct insertion of the construct.  

Virus Name Description Source/References 
VACV WR WT Wild-type Western Reserve strain Jason Mercer 
WR E EGFP  VACV WR encoding EGFP under the J2R 

early promoter in the tk locus  
264,265 

WR L EGFP  VACV WR encoding EGFP under the F17R 
late promoter in the tk locus  

265,264,38  

WR mCherry-A4  VACV WR encoding an endogenous C- 
terminal mCherry tagged A4 core protein  

39,40 Previously referred to as 
mCherry-A5  

WR ΔB1mutB12  VACV WR lacking B1 and encoding a B12 
mutation 

266,267 

WR vG1Li VACV WR encoding an IPTG inducible G1 
protein with an n-terminal HA-tag 

268 

WR vI7Li VACV WR encoding an IPTG inducible I7 
protein with an n-terminal HA-tag 

63 

Table 2.1	Table	of	viruses	used	in	this	study		
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1.3 Reagents 

Cytosine arabinoside (AraC) and cycloheximide (CHX) were obtained from Sigma-Aldrich, 

while MG132 was purchased from MERCK Millipore. The drugs were used at 10	μM, 50	μM 

and 25	µM respectively. DMSO (Sigma-Aldrich) was used to dissolve drugs and as negative 

control in all drug related assays. 

Bafilomycin A1 from Streptomyces griseus (Sigma Aldrich) was used at 10	nM. Torin1 

(MERCK Millipore) was used at 250	nM, 3-Methyladenine (3-MA) (Sigma Aldrich) was used 

at 5	mM. and p38 MAP Kinase Inhibitor BIRB 796 (MERCK Millipore) was used at 10	µM. 

Where the drug concentration differed from the here stated amount, it has been indicated in the 

figure legends. Rapamycin from Streptomyces hygroscopicus (Sigma-Aldrich), D-(+)-

Trehalose dihydrate from starch (Sigma-Aldrich), Ivermectin (Sigma-Aldrich) and 

Leptomycin	B solution from Streptomyces (Sigma-Aldrich) were used at varying 

concentrations stated in respective figure legends. 

1.4 Antibodies 

Target Species WB dilution IF dilution Source/Reference 

GFP rabbit 1:1000 1:500 57 

HA.11 rabbit 1:5000 1:1000 BioLegend (#902301) 

Histone 3 rabbit 1:5000 n.a. CST (#9701S) 
LC3b rabbit 1:1000 1:200 CST (#3868S) 
NDP52 rabbit 1:1000 1:100 CST (#60732S) 
p62/SQSTM1 rabbit 1:5000 1:1000 Sigma (#P0067) 
Phospho-p62/SQSTM1 
(Thr269/Ser272) rabbit 1:1000 n.a. CST (#13121S) 

Phospho-p62/SQSTM1 
(Ser349) rabbit 1:1000 n.a. CST (#95697S) 

Phospho-p62/SQSTM1 
(Ser403) rabbit 1:1000 n.a. CST (#39786S) 

Tax1Bp1 rabbit 1:1000 n.a. CST (#5105S) 
TBK1/NAK rabbit 1:1000  CST (#3013S) 
Phospho-TBK1/NAK 
(Ser172) rabbit 1:1000 n.a. CST (#5483S) 

Tubulin rabbit 1:5000 n.a. CST (#9701S) 
VACV L1 (clone 7-D11) mouse n.a. 1:10.000 Bernard Moss 
VACV L4R  n.a. 1:100 37,269 

Table 2.2	Table	of	primary	antibodies	used	in	this	study	
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Target Wavelength WB dilution IF dilution Source/Reference 
mouse 488	nm n.a. 1:400 Invitrogen (#A11029) 
mouse 647	nm n.a. 1:400 Invitrogen (#A11034) 
rabbit 488	nm n.a. 1:400 Invitrogen (#A21236) 
mouse 680CW 1:5000 n.a. Li-COR (#926-68070) 
rabbit 800CW 1:5000 n.a. Li-COR (#926-32211) 

Table 2.3 Table of secondary antibodies used in this study 

Hoechst Trihydrochloride Trihydrate 33342 (Invitrogen #H3570) was used for DNA staining 

in Immunofluorescence (IF) at 1:10,000.  

2 Virology Methods  

2.1 Virus propagation and purification  

Confluent 60	mm dishes of BSC40 cells were infected with the VACV WR at a multiplicity of 

infection (MOI) of 1, and incubated under standard conditions for two days in full DMEM 

containing FBS. Cells were harvested into 1	mM Tris pH	9.0 and lysed by freeze-thawing in 

liquid nitrogen three times to break up the cells and release the virus. The resulting cell extract 

was used to infect two 15	cm dishes of confluent BSC40 cells and incubated for 48	hrs. Cell 

extract from the two dishes was harvested, treated as stated above and used to infect 15 to 20 

15	cm dishes of confluent BSC40 cells. After 48	hrs of infection, cells were scraped in DMEM, 

pelleted at 300	x	g for 5	min and washed twice in PBS using the same centrifugation method.  

The cell pellet was resuspended into 5	ml 10	mM Tris pH 9.0 and incubated on wet ice for 

5	min. Cells were then disrupted with 25 strokes in a tight-fitting tissue homogenizer 

(Wheaton). The resulting cytosolic extract was centrifuged at 2,000	x	g for 10 min. The 

supernatant was centrifugated again to remove cell debris from the extract. The cytosolic extract 

was carefully layered on to 36 % sucrose, 20	mM Tris pH	9.0 in a SW32 ultracentrifuge tube 

(Beckman Coulter), and topped up to the final volume with 10	mM Tris pH 9.0, before loading 

2	ml mineral oil (Sigma #M5904) on top to prevent virus aerosolization. The virus was 

sedimented through the sucrose cushion in a SW32 Ti Rotor (Beckman Coulter) for 80	min at 

4 °C and 43,000	x	g. The pellet was resuspended into 1	mM Tris pH	9.0.  

Sedimented virus was further purified through sucrose band purification. A 25	–	40	% sucrose 

gradient was prepared using the Gradient Master (Biocomp) in SW41 ultracentrifuge tubes 

(Beckman Coulter). The settings used were as follows: 81.5°, 18	rpm, 3	min, in 10mM Tris 

pH	9.0. Sedimented virus was ultra-centrifuged through the gradient at 12,000	x	g for 50	min. 

Subsequently a 21	G needle was used to aspirate the band of purified virus through the tube, 
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and pelleted out of the sucrose through centrifugation at 43,000	x	g for 40	min. Purified virus 

pellets were resuspended in 1	mM Tris pH	9.0 and stored at -80°C. Infectivity of purified virus 

stocks was determined through plaque assay (see methods section 2.4).  

2.2 Mature virion (MV) 24-hour yield  

For 24 hr yields, 30 mm dishes of HeLa cells were infected in DMEM without FBS at MOI	1 

or MOI	0.1 with WT VACV and incubated for 1	hr at 37°C. After incubation, infection media 

was aspirated and replaced with full DMEM, containing compounds of interest at 

concentrations previously indicated. Alternatively for yields of siRNA-transfected cells, cells 

were infected at 72 hrs post siRNA transfection, as described below, and incubated in full 

medium. After 24	hrs incubation or any other timepoint of interest, the media was aspirated and 

cells were scraped into 1	ml of PBS and spun at 300	x	g for 5 min. The cell pellets were then 

resuspended in 100	μl 1	mM Tris pH	9.0 and freeze-thawed three times in liquid nitrogen. The 

obtained MV solution was used in a dilution series on confluent BSC40 cells for plaque assay 

analysis starting at 10-	4 to 10-9 (see section 2.4). 

2.3 Enveloped virion (EV) 24 hour yield 

For EV yield assays the media of infected cells was harvested and centrifuged at 4°C to pellet 

cellular debris. The supernatant was then supplemented with 7D11 antibody at a concentration 

of 1:1,000 to carry out MV neutralization. The mixture was incubated for 1	hr at 37°C and used 

for serial dilutions starting at 10-2 to 10-7 to be used in a plaque assay analysis as stated in 2.4. 

2.4 Plaque assay  

To determine the titre of a purified virus stock or 24-hr yields, plaque assays were performed. 

Serial dilutions were carried out as indicated above. 500	µl of each dilution was applied to one 

well in a 6-well dish containing a monolayer of BSC-40s at 100	% confluency and 500	µl of 

DMEM without FBS. Cells were incubated for 1	hr at 37°C. Infection medium was then 

aspirated and replaced with full supplementary media containing FBS. After 48	hrs of 

incubation at 37°C, media was aspirated and the cells fixed with 0.1 % crystal violet and 

2	%	formaldehyde (FA). Plaque- forming units per millilitre (pfu/ml) were calculated by 

manually counting of plaques.  

For experiments in other cell lines the MOI was adjusted. Since, BSC40 cells are more 

permissive than HeLa cells, a ten times higher MOI is required in HeLa cells to match the 
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infection level in BSC40 cells. In this thesis MOIs in figure legends or descriptions always 

relate to the MOI determined on BSC40 cells. However, an MOI of 30 for BSC40s is more 

equivalent to an MOI of 3 in HeLa cells.  

3 Flow Cytometry  

3.1 Sample preparation  

HeLa cells at approximately 70	% confluency plated in 24-well or 96-well plates were infected 

with either WR mCherry A4, WR E EGFP, or L EGFP, at MOI	1 or MOI	0.1 in DMEM and 

incubated at 37°C for 1	hr in presence or absence of various drugs at different concentrations. 

Unbound virus was aspirated and cells were fed with full medium containing the same drugs. 

Plates were incubated at standard conditions and harvested at either 8	hpi for WR mCherry	A4 

and WR E EGFP and 16	hpi for L EGFP. For harvesting, media was removed and cells were 

washed once with RT PBS before detaching with 100	µl trypsin for 24-well plates or 40	µl 

trypsin for 96-well plates for 10	min at 37°C. After trypsinisation, blocking buffer (5% FBS in 

PBS) was added and cells were resuspended to avoid clumping. FA was added to a final 

concentration of 1 % and left for 10	min for fixation at RT. The fixed cells of 24-well plates 

were pelleted at 300	x	g for 5	min and resuspended in PBS, cells from 96-well plates were 

analysed via flow cytometry directly in the plate. 

3.2 Flow cytometry acquisition and analysis  

Fixed samples were used for flow cytometry. Fluorescence in 488 nm or 594	nm channels was 

measured on a Guava easyCyte HT (Merck). 10,000 and 5,000 events (cells) were recorded per 

24-well and 96-well sample respectively, and gated on the population of live cells from an 

uninfected HeLa cell sample control. The same control was used to differentiate between GFP 

or mCherry signal of infected cells and background noise in the 488	nm and 594	nm channel. 

Cells with higher levels of fluorescence compared to those in uninfected cells were recorded as 

a fluorescent and therefore expressing GFP. The Guava Incyte Software (Merck) was used for 

analysis.  
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4 Microscopy Assays  

4.1 Confocal Imaging  

HeLa cells were seeded on 13	mm glass coverslips (VWR) at 60,000 cells per coverslip the day 

prior to infection. Infection was carried out with WR mCh-A4 or any other desired virus at 

MOI	10 in DMEM, and incubated for 1	hr at 37°C. The media was removed and replaced with 

full medium and incubated for the desired time. Cells were fixed with 4	% FA-PBS for 15	mins. 

Subsequent antibody staining protocols varied depending on the antibody properties. Unless 

noted otherwise cells were permeabilised with ice cold MeOH at -20°C for 20 min, blocked 

with 3	% bovine serum albumin (BSA, from Sigma Aldrich) in PBS for 1	hr, and stained with 

30	µl primary antibody diluted at concentrations indicated in Table 2.2 in 3	% BSA-PBS for at 

least 1	hr at RT or overnight at 4°C. The coverslips were washed three times for 5	mins in 3	% 

BSA-PBS before secondary antibody and Hoechst staining for 1	hr at RT in 30	µl 3	% BSA-

PBS and mounted on glass mounting slides using Shando Immu-Mount (ThermoFisher 

#9990402). Samples were imaged using a 63	x oil immersion objective (ACS APO) on an Leica 

TCS 2012 model SPE confocal microscope. 

4.2 High content imaging 

Prior to image analysis cells were fixed with 4	% FA before washing in PBS three times for at 

least five minutes. Antibody and Hoechst staining was carried out in a 40	µl volume on a shaker 

as stated above. The plates were stored at 4°C prior to imaging. Either the Opera LX high-

throughput microscope (PerkinElmer) or the PerkinElmer Opera LX or the Opera Phenix High 

Content Screening System at 40	x magnification with an air objective using 405	nm, 488	nm, 

594	nm or 647	nm lasers and at least 15 images taken per well. CellProfiler was used to detect 

individual cells, based on Hoechst stained nuclei. Dr Janos Kriston-Vizi carried out the Opera 

based imaging and portions of the image based quantification (notably the p62 translocation in 

DMSO, CHX and AraC treated cells). Dr Artur Yakimovich performed all further analysis of 

image based quantification according to the methods stated in section 10 unless noted 

otherwise.  
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5 Biochemistry 

5.1 Infection time courses  

For western blot or fractionation samples, HeLa cells were seeded in either 60	mm or 35	mm 

dishes for confluency at infection. Infection was carried out in DMEM without FBS with 

VACV WR, or any tagged or deletion virus needed, at MOI 30. Virus was incubated with the 

cells for 1	hr at 37°C, before aspirating and replacing with full medium. Cells were either left 

untreated or treated with the indicated compounds from the start of infection, and incubated at 

standard conditions. Samples were harvested at their respective timepoints, by removing media 

and washing cells in PBS. Cells were harvested in lysis buffer as indicated below.  

5.2 Cellular fractionations  

For separation of nuclear and cytoplasmic fractions of cell lysates the Qproteome cell 

compartment kit (Invitrogen #37502) was used according to manufacturer protocol using ¼	of 

the manufacturers recommended volume of every solution supplied.  

5.3 PLD band shift assay  

To determine the difference between lipidated LC3b and pro-LC3b on a western blot, a 

phospholipase	D (PLD) band shift assay was carried out following the previously published 

methodology270. Cells were lysed on ice in PLD assay buffer (150	mM NaCl, 50	mM Tris-HCl, 

pH	8.0, 5	mM CaCl2, 1	% Triton X-100 (Sigma)) in absence of EDTA or protease inhibitors as 

PLD activity is Ca2+ dependent. Lysates were subject to centrifugation at 15,000	x	g for 10	mins 

at 4°C. The supernatant was divided into four separate tubes of equal volumes of 20	µl each. 

On ice, PLD was added to a final concentration of 2.5	units/μl, or GST-ATG4B was added to 

a final concentration of 0.1	μg/μl. For negative control samples, PLD assay buffer was added 

at an equal volume. Samples were then incubated at 37°C for 1	h while one sample was kept 

on ice as control for enzymatic activity. The reaction was stopped by the addition of 3	x blue 

loading dye (CST #56036S) containing DTT and immediately boiled at 95°C for 5	mins.  

5.4 Plasmid amplification 

Plasmids were supplied in powder form and re-constituted in sterile H2O. Transformation into 

XL1blue bacteria was carried out according to manufacturer protocol. 500	µl of the bacteria 

mixture was plated onto LB agar plates containing Ampicillin (Amp) (Sigma #10835269001) 
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for selection of plasmid positive bacterial colonies. The agar plates were incubated at 37°C 

overnight. On the following day colonies were used to inoculate 5	ml of LB medium containing 

the same antibiotic followed by incubation over night at 37°C on a shaker. The resulting 

bacteria mixture was either subject to DNA extraction via miniprep (QIAprep Spin (Quiagen)) 

or transferred into 500	ml LB media containing ampicillin at the same concentration as used 

before for incubation over night at 37°C on a shaker. Cells were then pelleted and subject to 

DNA extraction and plasmid purification using the PureLink MaxiKit (Invitrogen) according 

to manufacturer protocol. 

5.5 Cytotoxicity assay 

To test for cell viability after drug treatment, cytotoxicity was determined via Lactate 

Dehydrogenase assay using the PierceTM LDH Cytotoxicity Assay Kit (Thermo Scientific). 

The assay indirectly measures cell viability by the amount of extracellular LDH. Viable cells 

have an intact plasma membrane barrier that prevents cytoplasmic content from leaking out of 

the cell. Upon cell death, the plasma membrane integrity is compromised and cytosolic contents 

such as the enzyme LDH are released. Manufacturer’s instructions were followed but using 

half the suggested volume for every reaction. Briefly, the assay of interest was carried out in 

96-well plates (Greiner Bio-one) in a total volume of 100	µl. At assay-dependent times post 

infection or post treatment, 25	µl supernatant from each well was transferred to a clear bottom 

96-well plate (Greiner Bio-one). To each sample, 25	µl PierceTM LDH Reaction Mix was 

added and incubated at RT in the dark for 30	min. The LDH reaction was stopped with 25	µl 

Stop Solution, and the absorbance at 490	nm and 650	nm was read with VersaMax Microplate 

Reader (Molecular Devices) using SoftMax Pro software. The 490 nm absorbance signal was 

background corrected by subtracting the absorbance at 650 nm. Measurements were 

normalized against a “maximum cell death” control where cells were lysed for 10	min.  
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Toxicity results for n=3 biological repeats: 

Drug Cell 
Line 

Incubation 
time Concentration Average 

Toxicity in %  Drug Cell 
Line 

Incubation 
time Concentration Average 

Toxicity in % 

Bafilomycin 
A1 

HeLa 

8 hrs 

4nM 0.00  

Rapamycin 

HeLa 

8 hrs 

100nM 0.00 

10nM 0.00  500nM 0.00 

20nM 0.00  1µM 0.00 

50nM 0.00  5µM 0.00 

100nM 0.00  10µM 0.00 

16 hrs 

4nM 3.21  

16 hrs 

100nM 2.94 

10nM 3.18  500nM 3.37 

20nM 3.19  1µM 3.17 

50nM 3.27  5µM 3.19 

100nM 2.82  10µM 3.34 

24 hrs 100nM 7.35  24 hrs 10µM 6.66 

BSC40 48 hrs 

4nM 0.00  

BSC40 48 hrs 

100nM 0.00 

10nM 1.34  500nM 0.00 

20nM 2.82  1µM 0.22 

50nM 6.19  5µM 0.96 

100nM 29.74  10µM 3.23 

Torin1 

HeLa 

8 hrs 

50nM 0.00  

3-MA 

HeLa 

8 hrs 

0.5mM 0.00 

150nM 0.00  1mM 0.00 

250nM 0.00  2.5mM 0.00 

500nM 0.00  5mM 0.00 

2.5µM 0.00  10mM 1.87 

16 hrs 

50nM 3.10  

16 hrs 

0.5mM 3.80 

150nM 3.05  1mM 3.29 

250nM 4.07  2.5mM 3.41 

500nM 3.92  5mM 3.43 

2.5µM 3.53  10mM 4.01 

24 hrs 2.5µM 5.84  24 hrs 10mM 8.79 

BSC40 48 hrs 
50nM 0.00  

BSC40 48 hrs 
0.5mM 0.00 

150nM 0.32  1mM 3.07 
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250nM 0.38  2.5mM 3.90 

500nM 1.36  5mM 4.24 

2.5µM 2.84  10mM 3.72 

Trehalose 

HeLa 

8 hrs 

10mM 0.00  

 

50mM 0.00  

10mM 0.00  

16 hrs 

10mM 2.97  

50mM 2.81  

10mM 2.56  

24 hrs 100mM 12.23  

BSC40 48 hrs 

10mM 0.00  

50mM 0.53  

100mM 0.00  

Table 2.4	Cytotoxicity	assay	results	

6 Western blot analysis  

6.1 Sample preparation  

Cells were washed with cold PBS and subsequently scraped into 50	-	200	µl (depending on dish 

size) lysis buffer containing protease inhibitor (#5872, NEB). The sample was then left on ice 

for at least 20	mins and subsequently spun down at 20,000	x	g for 10	mins at 4°C. The 

supernatant was either frozen and stored at -20°C or directly supplemented with 3	x blue 

loading dye containing DTT. Prior to western blot analysis the samples were subject to 10	mins 

or 5	min incubation at 95°C for viral or cellular samples respectively.  

6.2 SDS protein separation 

All protein samples were loaded into 12	% Bis-Tris polyacrylamide gels and ran with MES 

SDS buffer (both Thermo Fisher Scientific) at 60 Volt (V) until the running front was close to 

the end of the gel. Transfers were carried out onto 0.2	μm nitrocellulose membrane (Life 

Technologies) using the semi-dry transfer system (both Biorad) at 10	V for 1	hr 15	mins, with 

transfer buffer containing methanol (NuPAGE buffer, Thermo Fisher Scientific). Membranes 

were blocked with 5	% BSA TBS-T (Sigma Aldrich) for 1 hr on a tube roller. Primary 

antibodies were applied in 5	% BSA TBS-T over night at 4°C, then was washed three times in 
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TBS-T. Membranes were incubated with LiCor secondary antibodies for 1	hr at RT, before 

washing three times using TBS-T. Imaging of membranes was carried out with using a LiCor 

Odyssey at 169	µm resolution with scanning quality set to medium and channel intensity of 

both 700 nm and 800	nm channels varied depending on signal strength. Western blot 

quantifications were done using ImageJ (Version 2.0.0) with tubulin used as a loading control 

where applicable.  

If necessary antibody staining was removed from the western blot membrane using NewBlot™ 

IR Stripping Buffer (LI-COR biosciences) for 15	–	20	mins and blocked again using 5	% BSA 

TBS-T before incubation with a new antibody. 

7 qRT-PCR  

Quantitative real-time PCR (qRT-PCR) was carried out to determine knock-down efficiency of 

early VACV genes that were top hits in the LC3 lipidation screen. siRNA treated 33	mm dishes 

of HeLa cells were infected with WT VACV at MOI 60 for 1	hr. Unbound virus was removed 

and replaced with full medium containing. Cells were harvested at 24	hpi. RNA extraction, 

cDNA transcription and qRT-PCR were carried out according to a recently published 

protocol271. RNA extraction was performed according the RNeasey Plus Mini kit (Qiagen) 

protocol. RNA was eluted using 50 µl RNase-free water provided. RNA content was 

determined using the Nanodrop	1000 Spectrophotometer (Thermo Fisher Scientific). 

Subsequently, first-strand cDNA synthesis was carried out on the with Oligo(dT)12-18 Primer 

(Invitrogen), dNTPs (Thermo Fisher Scientific), and approximately 500	ng RNA extract per 

sample, for 5	min at 65°C. RNaseOUT Recombinant Ribonuclease Inhibitor and the 

Superscript	II 5	x	First Strand Buffer (Invitrogen) were added to the reaction mixture alongside 

0.1M DTT and subsequently incubated at 42°C for 2	min. 200 units of Superscript	II Reverse-

Transcriptase was added and incubated in a thermocycler for 50	min at 42°C followed by 

15	min 70°C to inactivate the reaction. 96-well PCR plates and flat 8-cap strips (BioRad) were 

used for RT-qPCR analysis. Amplification of cDNA was performed using Mesa Blue qPCR 

MasterMix Plus for SYBR assay (Eurogentec) using primers indicated below on a CFX 

Connect (BioRad). The protocol was as follows: 5	min at 95°C followed by 40	cycles of 15	s 

95°C, 1	min 60°C. At the end of each qRT-PCR a primer melt curve was generated starting at 

65°C and increasing to 95°C with 0.5°C increments at 5	s each. Viral mRNA threshold cycle 

(CT) values were calculated and expression relative to and glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) housekeeping gene determined.  
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Primer name Sequence (5’-3’) 
E8R FWD Set 2 AAG GCT GGC GAC ATT TAG AG 
E8R REV Set 2 GTG TGG GCG ATT ACC TTT CT 
G5R FWD Set 3 GTA CAG ACC AGG TGG CTT AAA 
G5R REV Set 3 CGG TAC ATT CAG CCT CGT T 
L4R FWD Set 4 GAA CCT TAG CCG TTC AGA TGT A 
L4R REV Set 4 TCT AAG GAG CAG GGA ACA ATT T 
H3L FWD Set 4 GGA TAC TCA CGT GAA GGT CTT G 
H3L REV Set 4 GAT TAT TCC AGT TGG GCT TGT TG 
A28L FWD Set 5 ATG AGG CAA GGC GAG AAG 
A28L REV Set 5 CAG TGG TAC GAC CTG ATA GAT G 
A29L FWD Set 5 TCT ACC AGG AAG AAC TAG CAA ATC 
A29L REV Set 5 CAA ACA GCA CAA CCA GTG TC 
A44L FWD Set 5 TCG GGC AGA GGA AGT TCT AT 
A44L REV Set 5 GCA CGA GGA TTT CTC AGA AGG 
B1R FWD Set 3 GTT TCC GGA TCC TCT GAG TTT 
B1R REV Set 3 GGA GAG TGT TGG AAT GAG TGT 
F11L FWD Set 1 GAG GCT TCA TGC TGG GAT AC 
F11L REV Set 1 GTA CCA CAG TCC TTG GAT TAC C 
A14L FWD Set 2 GTT AGA CCA CAG CAG AGA AGT C 
A14L REV Set 2 GGC ACG AGG GCT TTA ATA CT 
GAPDH fw (RT-PCR, Ctrl) AAG GTC GGA GTC AAC GGA TTT GGT 
GAPDH rv (RT-PCR, Ctrl) ACA AAG TGG TCG TTG AGG GCA ATG 

Table 2.5 RTqPCR primers used in this study 

8 siRNA silencing  

8.1 siRNA-transfection  

siRNAs targeting NDP52 (Ambion #s19994), p62/SQSTM1 (see table 2.5), VACV F10L and 

VACV early gene LC3b hits (see table 2.6) were reconstituted in sterile RNase free water to a 

stock solution of 20	µM and stored at -20	C. siRNA was diluted 1 in 50 in sterile RNAse free 

water. Lipofectamine RNAiMax (Thermo Fisher Scientific) was diluted 1 in 125 in pure 

DMEM for 5	minutes at RT. siRNA dilutions and media containing Lipofectamine were then 

incubated together for a further 1 hr at RT. The AllStar Hs cell death control (Quiagen) was 

used as a control for transfection efficiency, and AllStar negative (Quiagen) as an off-target, 

scrambled siRNA control. For western blot analysis and confocal imaging the siRNA-lipid 

complex mixture was then plated into a 30	mm dish. 300 000 HeLa cells were seeded on top of 

the mixture in 600	µl DMEM containing FBS.  

For high content imaging of the siRNA LC3 screen a recently published protocol for high 

content screening of VACV early genes272 was used. In brief; diluted siRNA stock library 

(133	nM, 15	µl per well) was plated in CellCarrier Ultra 96-well plates (PerkinElmer) and 

stored at -80°C prior to use. Upon thawing, the plates were centrifuged at 600	x	g to collect the 

solution at the well bottom. RNAiMAX transfection reaction mixture was prepared using 
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0.15 µl RNAiMAx and 15 µl DMEM without FBS and incubated for 5	min. The plate seal was 

removed and the RNAiMAX transfection reaction mixture added to pre-laid siRNA and 

incubated at RT for 1	hr. 10,000 HeLa cells per well were seeded in 70	µl full DMEM 

containing FBS. 

For knock down of cellular targets, cells were incubated under standard conditions for 72	hrs 

before infection or harvesting. For knock down of viral targets, cells were incubated with 

siRNA for 24	hrs prior to infection with VACV. To analyse knockdown efficiency of cellular 

targets, cells were harvested for western blot analysis as described above. For analysis of knock 

down efficiency of viral targets cells were subject to qRT-PCR as described in section 7.  

8.2 siRNA sequences 

Target Sequence Source/reference 
p62/SQSTM1 GCAUUGAAGUUGAUAUCGAU[dT][dT]  Sigma 273 
p62/SQSTM1_as AUCGAUAUCAACUUCAAUGC[dT][dT]  Sigma 273 

Table 2.6 siRNA sequences for cellular targets used in this study 

Target Sequence Source/reference 
F10L GAACUACCCUGUUGCGACAtt Ambion life technologies 
F10L_as UGUCGCAACAGGGUAGUUCgt Ambion life technologies 
F11L GUGAUGAUUAUGAACUUAA[dT][dT] 57 
F11L_as UUAAGUUCAUAAUCAUCAC[dT][dT] 57 
E8R GUUUCUCAUGUCUCUAUAU[dT][dT] 57 
E8R_as AUAUAGAGACAUGAGAAAC[dT][dT] 57 
G5R GGAGAAUGGCCGUUGAUAA[dT][dT] 57 
G5R_as UUAUCAACGGCCAUUCUCC[dT][dT] 57 
L4R CAUCACCUAUCUUGUGUAU[dT][dT] 57 
L4R_as AUACACAAGAUAGGUGAUG[dT][dT] 57 
H3L CACAUAUACAGGAGGGUAU[dT][dT] 57 
H3L_as AUACCCUCCUGUAUAUGUG[dT][dT] 57 
A14L GAGUUAGCGGAGUCAUUCA[dT][dT] 57 
A14L_as UGAAUGACUCCGCUAACUC[dT][dT] 57 
A28L GGCAUUAGAUAGGAGAGUU[dT][dT] 57 
A28L_as AACUCUCCUAUCUAAUGCC[dT][dT] 57 
A29L CCAAUCUGAACGCGAUAAU[dT][dT] 57 
A29L_as AUUAUCGCGUUCAGAUUGG[dT][dT] 57 
A44L CUAGUAGCAUGGAAGCAAU[dT][dT] 57 
A44L_as AUUGCUUCCAUGCUACUAG[dT][dT] 57 
B1R GGUAUCUUGCCAUGGACUA[dT][dT] 57 
B1R_as UAGUCCAUGGCAAGAUACC[dT][dT] 57 

Table 2.7 siRNA sequences for viral targets used in this study 

Note: A full list of all early gene siRNAs used for the LC3 lipidation screen can be found in 57. Here only 

the siRNAs used for top hit target verification are stated. 
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9 DNA Electroporation 

To express mutant cellular proteins in vitro, DNA electroporation was conducted following the 

Amanxa® Cell line nucleofector protocol using the Cell Line Nucleofector® Kit R (Lonza). 

In brief, 500 000 HeLa cells were plated in a 15	cm petri dish and sub-cultured for at least three 

days prior to electroporation. 1	x	106 cells were harvested for each electroporation reaction and 

spun at 200	x	g for ten minutes at RT. The pellet was re-suspended in 100	µl room-temperature 

nucleofector solution and supplemented with 2	µg plasmid DNA and transferred into an 

electroporation chamber. Electroporation was carried out using the I-013 program for high 

expression efficiency of HeLa cells. Afterwards cells were immediately resuspended in 1.5	ml 

37°C warm DMEM containing FBS and plated in a 6-well plate with one electroporation 

reaction per well. The cells were incubated over night at 37°C for ~16	hrs before infection or 

harvesting for subsequent analysis. 

Name Description Source 
pDEST EGFP p62 K7A/D69A GFP tagged WT p62 274 
pDEST EGFP p62 
K7A/D69A/R186A/K187A 

GFP tagged NLS	1 mutant p62 274 

pDEST EGFP p62 
K7A/D69A/K264A/R265A 

GFP tagged NLS	2 mutant p62 274 

Table 2.7 Plasmids used for DNA transfection and electroporation used in this study 

10 Computational Analysis 

Computational analysis was performed by Dr Artur Yakimovich according to the following 

protocols. 

10.1 Computational equipment 

Computational analysis of the image-based data from various microscopy modalities has been 

performed using combination of open source software and custom developed code. Image 

analysis was performed on a Desktop PC equipped with Intel Core i7-8700K CPU at 3.7 GHz 

and 32	GB of RAM as well as GeForce 1080 Ti GPU. Detailed procedures of the types of 

analysis performed are described below. 

10.2 Plaque size and number quantification 

Quantification of conventional plaque assay has been performed using a custom developed 

workflow including Weka Trainable Segmentation275 Fiji-Image plugin276, Plaque2.0277 and 

KNIME Software278. Plaque 2.0 software is aimed at analysing fluorescent plaques. In order to 
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use the software for the photographed crystal violet plaques the images were processed using 

the Fiji-Image plugin, Weka and KNIME software. First, using the Weka trainable 

segmentation plugin for Fiji-ImageJ we have devised a user-annotation-based pixel 

classification model employing Fast Random Forest machine learning algorithm. In this 

process the algorithm performs pixel-based predictions of probability whether each pixel 

belongs to the object of interest. Next, pixel predictions were exported as probability maps 

allowing for smooth plaque signal for the downstream processing. This was used to convert the 

photograph into a computational image that can be analysed by Plaque	2.0. Detection, count 

and measurement of the plaques was next performed using the Plaque2.0 software. Specifically 

detection of the plaque border and its centre to measure the size and number of plaques277,279. 

10.3 LC3 lipidation screen analysis 

Image analysis for the LC3 lipidation screen was performed using a custom pipeline for the 

CellProfiler software280 to detect LC3 granularity. Prior to granularity assessment the images 

were processed for computational analysis: Images of cell nuclei were corrected for optics 

shading and then convolved using median filter. Next, the sum of all channel images were 

produced to obtain a cell mask. Subsequently, processed nuclei and total images allowed for 

detection of cell nuclei and cells as primary and secondary objects respectively. Based on the 

detected cells, LC3 signal granularity was measured for each single cell. To do so a shape fitting 

procedure was employed in which granules in the 594 nm channel were matched to a circle of 

a defined size from a broad range of sizes. The readout size was selected based on comparisons 

of LC3 granularity between infected and uninfected HeLa cells. The better the fit for the defined 

circle, the higher the score for the shape fitting event. The sum of all shape fitting event scores 

per cell was used as readout for LC3 granularity on a single cell level. CellProfiler outputs 

produced for each cell were then processed using a custom KNIME-based workflow 

normalizing and grouping the obtained measurements. 

10.4 p62 - PML body analysis 

10.4.1 p62 - PML body 3D analysis 

3D analysis of PML bodies was performed using ZedMate plugin for ImageJ-Fiji. ZedMate 

Laplacian of Gaussian detector identified PML bodies centroids in each individual plane in the 

647	nm channel. These detections where then assembled into Z intensity profiles. Next, 

intensity profiles were averaged and intensity of the p62 signal in the 488	nm channel over the 

centre of the PML body was measured.  Notable  the  measurement  was  restricted  to the  PML  
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body centre to minimize impact of nuclear p62 signal by leakage. Finally, data was grouped 

per each individual condition. 

10.4.2 p62 – PML body single cell analysis 

Analysis of the p62–PML bodies was performed using a custom Fiji-ImageJ macro and a 

CellProfiler pipeline. First maximum intensity projections of 3D confocal microscopy stacks 

were created using a custom Fiji-ImageJ macro. Next, CellProfiler was used to analyse the 

obtained 2D images in a single-cell fashion similar to the pipeline described above (see 

section 10.3). PML bodies detected in the 647 nm channel were associated with individual cells 

based on their location. To avoid bias of the p62 signal translocation from the cell cytoplasm 

to the cell nucleus, a single cell intensity score (SCIS) for PML bodies was determined (see 

Equation below). This was done by measuring p62 signal intensity over PML bodies which was 

then normalized to the nuclear p62 background signal. Finally, single cell data was normalized 

and grouped using a custom KNIME workflow. 

SCIS = %
&
' ()*+,	./012

()34556*+,	./012	7	()*+,	./012

&

89:

     

where 𝑛 is number of single cells in the data point, 𝐼=>?	@ABC  – signal intensity of the PML 

body, 𝐼DEFFG=>?	@ABC  – signal intensity of total cell excluding the PML bodies. 

10.5 Single cell intensity measurements in confocal images 

To measure single cell intensities in confocal images stacks Z-maximum intensity projection 

was performed. Next, upon Gaussian smoothing cells were detected in a custom CellProfiler 

pipeline. Finally, single cell intensities were averaged per image and condition. 
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III Results  
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Chapter 1: Autophagy modulating drugs affect VACV 
infection  
 

The quantification of plaque number and area depicted in Figure 3.1.1 was performed by Dr 

Artur Yakimovich according to the method stated in methods section 10.2. 

1.1 Introduction 

It has been shown that VACV does not require functional autophagy for production of both 

MVs and EVs259, but it has not yet been studied whether inhibition or activation of the 

autophagy pathway affects VACV. In this chapter I examined the effects of several commonly 

used autophagy modulating drugs281 on VACV spread, yield and gene expression. As most 

autophagy inhibitors are not entirely specific and may have effects on other cellular pathways282 

that impact VACV infection, any conclusions drawn from the following experiments must be 

made with caution. The mode of action for these drugs is described below and highlighted in 

Figure 1.8 of the introduction. 

The majority of drugs used to activate autophagy do so by inhibiting mTOR. Two mTOR 

complexes exist in mammalian cells, mTORC1 and mTORC2 which regulate different 

signalling pathways283. Aside from regulating autophagy, mTORC1 is involved in lipid and 

protein synthesis as well as microtubule organization. mTORC2 affects cytoskeletal 

organization283. As such mTOR inhibition can be expected to cause a variety of effects aside 

from autophagy induction.  

Both Torin1 and Rapamycin are mTOR inhibitors. Torin1 is a pyridine-1-quinoline derivative 

that acts as ATP-competitive inhibitor of mTOR. While initially screened at 10 µM for potential 

interactions with other kinases with negative results284, it has since been shown that it can also 

inhibit DNA-PK and PI3K but is 200-fold and 1000-fold more selective for mTOR, 

respectively285. The drug can be used for mTOR inhibition at 5 nM, however at higher 

concentrations of 1.8 µM it can also inhibit PI3K and thus potentially function as an autophagy 

inhibitor286.  

While Torin1 is able to block both mTORC1 and mTORC2, Rapamycin has been found to be 

predominantly an inhibitor of mTORC1287. It was suggested that inhibition of mTORC1 by 

rapamycin activates a negative feedback loop to re-activate mTORC1287,288, which is why it is 

generally thought to be a less potent mTOR inhibitor than Torin1.  

Since both Torin1 and Rapamycin increase the autophagic flux in an mTOR dependent manner, 

I wanted to test the action of an mTOR independent autophagy activator. The disaccharide 
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Trehalose is a less well studied autophagy modulating drug. It induces autophagy by blocking 

cellular import of glucose which generates a starvation like state leading to activation of ULK1 

through AMPK289. Its action on autophagy has also been shown to inhibit cytomegalovirus 

infection in vitro290. It is conventionally used at 100 mM291. 

3-Methyladenine (3-MA) inhibits autophagy by blocking autophagosome formation via the 

inhibition of PI3K292. PI3K is an essential component of the PI3K complex and thereby crucial 

for autophagy initiation. Since PI3Ks also control the activation of mTOR, 3-MA treatment has 

a potential impact on other mTOR regulated pathways. Conversely it has been shown that 

prolonged treatment with 3-MA promotes autophagy under nutrient-rich conditions because 

the drug acts differently on different classes of PI3K292. 3-MA is commonly used at 5-6 mM 

for efficient inhibition of autophagy293,294. 

BafilomycinA1 is a specific inhibitor of the vacuolar H+-ATPase, and inhibits endosomal 

acidification which is necessary for fusion of the autophagosome with the lysosome. As such 

cells treated with BafilomycinA1 are not able to degrade autophagosomes and accumulate them 

in the cytoplasm. 

VACV requires endosomal acidification for entry into the cytoplasm. BafilomycinA1 has 

previously been reported to block VACV entry. Studies in BSC40 cells with one hour pre-

incubation with BafilomycinA1 before infection showed a reduction of viral entry for VACV 

WR of up to 50 % at 50 nM295. However, studies in our lab never resulted in an entry block 

higher than 30 % at 200 nM following the same protocol and was negligible at lower 

concentrations296. In this chapter BafilomycinA1 is used to a maximum concentration of 

100 nM. 

1.2 Autophagy modulating drugs impair VACV spread 

A common method in VACV research to asses virus spread is the plaque assay. For this, very 

low amounts of virions are used to infect a monolayer of cells for 48 hours. In this time a single 

virion would have had enough time to infect one cell and replicated so that the infection is been 

carried over to the neighbouring cells resulting in cell clearing from the point of infection. Upon 

fixation of the monolayer with FA and staining with crystal violet, adherent cells are stained 

purple while the migration of infected cells leaves a hole in the monolayer referred to as a 

plaque. The size of the plaque grows with increasing incubation time, however chemical 

compounds inhibiting or slowing VACV DNA replication or virion assembly lead to a 

reduction in plaque size while drugs that benefit the virus will yield larger plaques. 

I used plaque assays to determine whether the autophagy modulating drugs listed in section 1.1 

of this chapter affect VACV spread. I tested several dilutions of each drug that were within and 
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above the recommended concentration for in vitro tissue culture. While the majority of work 

during my PhD was carried out in HeLa cells, I used BSC40 cells for this assay as HeLa cells 

do not grow confluent enough to reliably measure plaque size or visualize small plaques at all. 

Cells at 90 % confluency were infected with VACV WR WT in presence of the drugs. For each 

drug, one control well containing only the solvent was infected. Solvents were administered 

based on their highest concentration used for each respective drug. BafilomycinA1, Torin1 and 

Rapamycin were dissolved in DMSO. 3-MA was dissolved in water and Trehalose was added 

directly into DMEM. Upon fixation and crystal violet staining, the number of plaques was 

counted and plaque size in µm2 was determined by area measurement (Figure 3.1). To exclude 

cytotoxicity mediated cell death as a potential reason for inhibition of spread, I performed 

cytotoxicity assays. With the exception of Bafilomycin A1 at 100 nM which resulted in 29.7 % 

toxicity, all drugs scored below 10 % for 48 hours incubation on BSC40s (see Materials and 

Methods Section 5.5). 

The early stage autophagy inhibitor 3-MA caused a minor reduction in plaque number across 

all dilutions used. Interestingly high concentrations of 100 mM 3-MA resulted in a drastic 

decrease of plaque size from ~0.5 µm2 in untreated cells to ~0.1 µm2  at 100mM.  

The late stage autophagy inhibitor BafilomycinA1 caused a strong dose-dependent reduction 

in plaque size. Surprisingly low concentrations of the drug seemed to increase plaque number, 

potentially indicating a beneficial effect of inhibition of autophagosomal fusion with the 

lysosome for VACV. 

Treatment with the autophagy activator Torin1 also led to an increase in plaque number at lower 

concentrations suggesting beneficial effects of increased autophagic flux for VACV. The size 

of the plaques was however decreased ten-fold in a dose dependent manner from ~0.5 µm2 in 

untreated cells to ~0.05 µm2  at 2.5 µM.  

Rapamycin is also an early stage autophagy activator. Its action on mTOR also leads to cell 

cycle arrest in G1297. As such I observed that BSC40 cells do not proliferate in the presence of 

Rapamycin leading to holes in the monolayer which were not caused by plaque formation. 

Rapamycin seemed to increase both plaque size and plaque number in my assay. The 

proliferation block made it harder to achieve a reliable readout. Therefor these results cannot 

be used to conclude an effect of Rapamycin on VACV with certainty. Surprisingly this was not 

an issue with Torin1 although both act on mTOR. 

Lastly the mTOR independent autophagy activator Trehalose was tested for its effect on 

VACV. Unexpectedly concentrations of more than 100 mM of the drug led to detachment of 

BSC40 cells from the cell culture dish which is why only three concentrations for this drug are 
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shown. While no effect of Trehalose on plaque area measurements was observed, lower 

concentration of the drug led to a slight decrease in plaque number. 

Figure 3.1 Autophagy modulating drugs impair VACV plaque formation.  
48 hr plaque assays were performed on BSC40 cells using VACV WR WT. BSC40 cells were infected with WR WT in 
presence of drugs or their respective solvent (= Ctrl), incubated with the drugs for 48 hrs, stained and fixed using 
FA containing crystal violet. Representative sample images are displayed with Control indicating a sample without 
drug treatment. Plaque numbers were counted and size was determined by area measurement in µm2. Drug 
concentrations used are indicated on the X-axis. Statistical analysis of n=3 biological repeats: Unpaired T-test with 
* P≤0.05, **P≤0.01 and ***P≤0.001. Error bars represent SEM. 
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1.3 Autophagy modulating drugs impair VACV yield 

In section 1.2 I showed that autophagy modulating drugs have an effect on VACV plaque 

formation. Next I sought to determine whether they also impact VACV yield in the cell line I 

primarily used during my PhD. I infected HeLa cells with VACV WR WT at MOI 0.1 or 

MOI 1, in the presence of the autophagy drugs. The cells were then incubated for 24 hours at 

standard conditions.  

To separate the two different forms of infectious virions EVs and MVs, different methods for 

harvesting were employed. To retrieve extracellular EVs, the supernatant was collected and 

cleared by centrifugation. To assure no MV cross-contamination from broken cells, MV 

neutralization was performed using antibody directed against the MV membrane protein L1 

(7D11) which is required for entry298,299. To retrieve intracellular MVs the cells were scraped 

into PBS, pelleted and resuspended in 1 mM Tris Buffer. Repeated freeze-thaw cycles were 

used to break up the cellular membrane and release the MVs.  

Obtained samples were titrated onto BSC40 cells and incubated for 48 hours without any drugs 

present. Samples were fixed, stained with crystal violet and the number of plaques was counted.  

MV yield was reduced upon treatment with most of the drugs used in section 1.2 (Figure 3.2a). 

The only exception was Rapamycin which showed no reduction in virus yield. The strongest 

effect on MV yield was seen with 3-MA, which led to a two-log reduction in virion production 

at MOI 0.1. Autophagy activating drugs Torin1 and Trehalose both reduced MV yield to 

different degrees with Torin1 having a much stronger effect than Trehalose. 

EV production appeared to be less affected by autophagy modulating drugs than MV 

production (Figure 3.2b). BafilomycinA1, Trehalose and the combination of BafilomycinA1 

and Torin1 had limited to no effect on EV yield. The strongest overall reduction in EV yield 

was seen with 3-MA, as it was with MV yield. Additionally, Torin1 treatment led to a ten-fold 

reduction in yield at MOI 0.1 while the effect was less prominent at MOI 1. Unlike the results 

seen with MV yield, Rapamycin treatment reduced EV yield by 50 % and 30 % for MOI 0.1 

and MOI 1, respectively. Notably at the concentrations chosen, no drug led to an increase in 

VACV EV or MV yield. Toxicity assays were performed to determine whether the reduction 

of VACV yield is due to a drug-mediated cell death. The highest scoring drug in HeLa cells at 

24 hours incubation was Trehalose with 12.2 % cell toxicity. As such, the effect on VACV 

yield is most likely caused by the drug interfering with cellular or viral pathways rather than 

toxicity. 
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Figure 3.2 Autophagy modulating drugs decrease VACV yield.  
a) 24 h yield experiment of VACV MVs. HeLa cells were infected with WR WT in presence of drugs or DMSO (=Ctrl) 
and incubated with the drugs for 24 hrs. Cells were harvested for MV plaque assay analysis. b) 24 h yield 
experiment of VACV EEVs. HeLa cells were infected as described above. Supernatant was taken for plaque assay 
analysis. Drug concentrations: TorinA1 = 2.5 µM, Bafilomycin1 = 100 nM, Trehalose = 100 mM, 3-MA = 10 mM, 
Rapamycin = 5 µM. Statistical analysis of n=3 biological repeats: Unpaired T-test of Ctrl samples with drugs 
indicating * P≤0.05 **P≤0.01. Error bars represent SEM. 

1.4 Autophagy modulating drugs impair VACV late gene expression 

After observing that many autophagy modulating drugs affect VACV spread and yield, I 

wanted to determine whether they directly affect viral gene expression. To test this, I used two 

different fluorescent viruses in which EGFP was expressed under the control of an early or late 

viral promoter. As such cells exhibiting viral early or late gene expression will appear green in 

a microscopy- or flow cytometry-based readout.  

HeLa cells were infected with VACV early EGFP or VACV late EGFP virus at MOI 30 for 

either eight or 16 hours in the presence of autophagy modulating drugs. Cells were then fixed 

in FA and analysed by flow cytometry. The experiment was quantified by gating for green 

fluorescent cells in the 488 nm channel amongst all viable cells, and the mean fluorescence 

intensity was measured (Figure 3.3).  

None of the drugs analysed seemed to cause a significant up- or downregulation of early viral 

gene expression (Figure 3.3a). Out of all drugs BafilomycinA1 seemed to have the strongest 

effect resulting in a dose dependent decrease of the mean EGFP signal to ~60 % of the DMSO 

control. However, variation between the three biological replicates was quite high. Therefore, 

no direct conclusion of an effect of BafilomycinA1 on VACV early gene expression can be 
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drawn. It can however be said that autophagy modulating drugs have little impact on VACV 

early gene expression. 

VACV late EGFP virus was used to determine effects of the drugs on viral late gene expression 

(Figure 3.3b). The autophagy inhibitor 3-MA exhibited a dose dependent inhibition of viral late 

gene expression with a reduction of the mean fluorescence intensity by 93 % at 10 mM, the 

highest concentration used. No other drugs seemed to inhibit late gene expression. Interestingly 

samples with low concentrations of 3-MA displayed a slight increase in mean fluorescence 

intensity compared to the DMSO control. 

 

Figure 3.3 The autophagy inhibitor 3-MA reduces VACV late gene expression.  
a) Flow cytometry analysis of VACV early gene expression in presence of autophagy modulating drugs. Cells were 
infected with VACV early-eGFP virus at MOI 30, expressing GFP under an early viral promotor in the presence of 
autophagy modulating drugs. Cells were incubated for 8 hrs and analysed for mean green fluorescence on a flow 
cytometer. b) Flow cytometry analysis of VACV late gene expression in presence of autophagy modulating drugs. 
Cells were infected with VACV late-eGFP virus at MOI 30, expressing GFP under a late viral promotor in the 
presence of autophagy modulating drugs. Cells were incubated for 16 hrs and analysed for mean green 
fluorescence on a flow cytometer. Drug concentrations used are indicated on the X-axis. Statistical analysis of n=3 
biological repeats: One way Anova with ****P≤0.0001. Error bars represent SEM.   
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1.5 Summary 

In this first chapter I have shown that autophagy modulating drugs impact VACV infection. 

Five drugs known to modulate the autophagy pathway were tested in three different assays to 

determine whether they affected VACV spread, yield and gene expression. In can be concluded 

that all of these drugs affect VACV to varying degrees.  

The only drug that had an effect in all three assays was 3-MA resulting in a significant reduction 

in plaque size, EV and MV yield and inhibition of VACV late gene expression, suggesting that 

an early stage autophagy block negatively affects VACV. 

Low levels of BafilomycinA1 increased the number of VACV plaques, while their size was 

reduced with increasing concentration of the drug. It also had a negative effect on MV but not 

EV yield. I observed some indication that this drug might interfere with early gene expression, 

however variation between biological replicates was too large for a definitive conclusion. 

Additionally, it cannot be excluded that the negative effects of BafilomycinA1 on VACV entry 

contributed to the phenotype at high concentrations of the drug. 

Inhibition of mTOR by Torin1 resulted in an increase in plaque number at low concentrations 

of the drug but plaque size was reduced with increasing levels of Torin1 thus exhibiting a 

similar phenotype to BafilomycinA1. It however decreased the amount of EVs and MVs 

produced in the 24-hour yield assay to a larger degree than BafilomycinA1 and did not show 

an effect on either early or late viral gene expression. 

The other tested mTOR inhibitor Rapamycin negatively affected the formation of the BSC40 

monolayer and thus prevents a reliable conclusion to its effects on VACV spread. It did not 

affect MV yield but slightly reduced EV yield and showed no clear effect on viral gene 

expression.  

Trehalose had generally a lower impact on VACV than most other tested drugs, showing no 

effect on VACV gene expression and only minor reductions in yield. This might be because its 

mechanism of action is reliant on starvation, since most experiments were conducted in HeLa 

cells which are less sensitive to serum starvation than most other cell types. Carrying out these 

experiments in a different cell line might have produced a lager effect.  

While it was previously suggested that VACV does not require autophagy for successful 

replication258, this might indicate a role of the autophagy pathway as a whole or components of 

the autophagy machinery in both restricting and accelerating viral infection. Interestingly low 

concentrations of many drugs used had a positive effect on plaque number and potentially gene 

expression indicating that an imbalance of this signalling pathway could benefit the virus. 

Higher concentrations of both autophagy inhibiting and activating drugs however led to a 
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reduction in plaque number and size, as well as late gene expression in the case of 3-MA. While 

the effects of Torin1 and Rapamycin may also be dependent on changes to other cellular 

pathways under the control of mTOR, effects of Trehalose, 3-MA and BafilomycinA1 indicate 

that VACV may regulate this pathway for successful infection. Thus, it is possible that 

autophagy inhibition or activation interferes with the VACV life cycle. 
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Chapter 2: VACV modulates LC3 lipidation 

Sections 2.5 and 2.6 of this chapter were a collaboration with the laboratory of Dr Ingo Drexeler 

at the University of Duesseldorf (Germany) who generated the dsRed-LC3-GFP cell line used 

in the siRNA screen. The process of siDNA KD, VACV infection and staining was carried out 

in collaboration with Noemi Vago from the laboratory of Dr Ingo Drexeler. High content 

imaging was performed by Dr Janos Kriston-Vizi and computational analysis of the siRNA 

screen was conducted by Dr Artur Yakimovic.  

2.1 Introduction 

In Chapter 1 I have demonstrated that autophagy modulating drugs impair VACV production, 

spread and in some cases gene expression. In particular, the early stage autophagy inhibitor 3-

MA reduced VACVs ability to replicate. While it was previously shown that VACV does not 

require the autophagy components ATG5, ATG7 and Beclin1 to produce infectious virions259, 

the virus may utilize activity of other autophagy components thereby explaining why 3-MA 

negatively affects VACV infection. To further study virus interactions with the host autophagy 

machinery I decided to study the published LC3 lipidation phenotype258 in more detail. 

2.2 VACV infection leads to accumulation of LC3b+ puncta 

To confirm the findings of previous publications that VACV induces LC3 lipidation, I used 

WR VACV with a mCherry tagged core protein (A4) at MOI 10 to perform a 24 hr infection 

time course in HeLa cells. As controls for autophagosome formation, uninfected cells were 

treated with BafilomycinA1, Torin1 and 3-MA for 4 hrs, respectively. Since 3-MA blocks early 

stages of autophagy, very few autophagosomes were observed, while the BafilomycinA1 

induced block of autophagosomal fusion with the lysosome resulting in an enrichment in 

autophagosomes containing lipidated LC3. Cells were fixed in FA, stained for LC3b, and 

analysed using confocal microscopy. 

Moloughney et al., do not specify which LC3 protein was studied with respect to VACV 

induced LC3 lipidation. In this chapter an antibody directed against LC3b was used for 

visualization of LC3. However, LC3b shows large sequence similarities with other members of 

the ATG8 family. LC3A-a and -b, LC3c, GABARAP, and GABARAPL1 and -2 display 92, 

94, 71, 59, 60, and 65% similarity with LC3b respectively300. As such, antibodies against one 

family member often recognize several other ATG8 orthologs.  

VACV infection led to accumulation of LC3b+ puncta indicative of an enrichment of 

autophagosomes (Figure 3.4b). However, Moloughney et al., observed a drastic reduction of 
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autophagosomes during VACV infection in EM. They also saw the formation of an ATG3-

ATG12 conjugate in western blots which was confirmed by mass spectrometric analysis. Since 

the ATG12-ATG5-ATG16L1 complex is essential to conjugating LC3 onto the surface of an 

autophagosome they suggested that the VACV-induced ATG3-ATG12 complex prevented 

LC3 from being covalently attached to the autophagosomal membrane. LC3 lipidation would 

instead be aberrant resulting in a failure to form functional autophagosomes. This suggests that 

LC3b puncta visible in immunofluorescence (IF) are caused by aberrant LC3 lipidation which 

is why circular LC3b+ structures in VACV infected cells will be referred to as LC3b puncta 

hereafter. 

I observed a slight increase in LC3b+ puncta during VACV infection. While at late time points 

post infection viral DNA replication sites appeared to show some minor overlap with 

cytoplasmic LC3b, I was not able to observe direct co-localization between LC3b and newly 

formed virions. Interestingly accumulation of LC3b+ puncta seemed to occur very early in 

infection and was already visible at 1 hpi (Figure 3.4a).   

 

Figure 3.4 VACV infection causes increased punctea formation of LC3b. 
a) HeLa cells were infected with VACV WR mCh A4 at MOI10 for the time indicated. b) HeLa cells were treated with 
3-MA, BafilomycinA1 and/or Torin1 at standard concentrations for 4 hrs. Representative images of three biological 
replicates are shown. Scale bars represent 10 µM. 
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2.3 VACV infection causes increased LC3b lipidation 

When visualizing LC3 protein using western blotting, two bands at 16	kDA and 14 kDa can be 

observed. These bands are indicative of three different states of LC3. In order to allow for 

lipidation, LC3 has to be processed by ATG4 which cleaves the carboxy-terminal amino acids 

turning pro-LC3 (14	kDA) into LC3-I (16	kDa). LC3-I is then linked to PE resulting in lipidated 

LC3 (or LC3-II/LC3-PE) (14	kDa) (for details see Section 2.1.2 in the introduction). Since pro-

LC3 and lipidated LC3 run at the same height on a western blot, an increase in 14	kDa LC3 

could therefore be indicative of lipidated LC3 or cleavage block of pro-LC3. 

Moloughney et al. described an increase in 14 kDa LC3 during VACV infection at  24 hpi 

assuming an increase in lipidated LC3258. To validate these findings and determine the timing 

of LC3 lipidation I did a western blot (WB) based time course using VACV WR WT at MOI 30. 

BafilomycinA1- and Torin1-treated samples were used as positive controls and 3-MA treated 

samples as a negative control for LC3b lipidation. Consistent with Moloughney et al, 14 kDa 

LC3 was increased in VACV infected cells. Quantification showed the increase to occur 

gradually over time with 5-fold more 14 kDa LC3 being present in cells 24 hpi compared to 

uninfected control samples (Figure 3.5). 

 

Figure 3.5 VACV infection causes an increase in LC3-II.  
a) HeLa cells were infected with VACV WR WT MOI30 or incubated with BafilomycinA1 and Torin1 (B+T) or 3-MA 
for 8 hours. b) Quantification of four biological repeats of experiment shown in a). Statistical analysis: Unpaired t-
test with * P≤0.05. Error bars represent SEM. 

However, an increase in 14 kDa LC3b does not necessarily equate to lipidated LC3, opening 

up the possibility that VACV not necessarily causes LC3 lipidation but rather blocks LC3 

cleavage. To differentiate between lipidated and uncleaved LC3 during VACV infection, I used 

a Phospholipase D (PLD) assay270. This assay utilizes the ability of PLD to cleave lipidated 

LC3 but not pro-LC3 (Figure 3.6a). Incubating cell lysate with PLD shifts the lipidated lower 

band LC3 upwards from 14 kDa to 16 kDa, while pro-LC3 remains un-cleaved as the lower 

14 kDa band. ATG4b on the other hand is able to cleave both lipidated and pro-LC3, and is 

used as positive control for the reaction. PLD cleaved LC3 cannot be lipidated again due to the 
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different cleavage sites of ATG4b and PLD. Band shift of LC3 in presence of PLD therefor 

indicates lipidated LC3. 

I performed the PLD cleavage assay at two different timepoints to differentiate between a pro-

cleavage block and LC3b lipidation during both early and late stages of VACV infection. The 

earliest time point with an increase in lower band LC3b sufficient for visualization was 8 hpi 

(Figure 3.6b). 24 hpi was chosen as the late time point as it was the peak of VACV-mediated 

LC3 modification in the WB based time course experiment (Figure 3.6c). The enzymatic 

reaction with either PLD or ATG4b is carried out at 37°C for one hour in absence of protease 

inhibitors. To control for proteasomal degradation of LC3b within the lysate one sample was 

processed for WB analysis directly while another one was incubated without enzyme at 37°C. 

While incubation at 37°C led to some degradation of LC3b, enough LC3b remained to be used 

as functional readout. An additional control used in the PLD assay was uninfected lysate treated 

with BafilomycinA1 and Torin1 which causes LC3b lipidation and should therefore result in 

band shift of the 14 kDA LC3b.  

Both VACV infection and BafilomycinA1 and Torin1 treatment samples displayed an LC3b 

band shift phenotype with the 14 kDa band shifting to 16 kDa in PLD treated samples 

indicating that the 14 kDA LC3b band mainly consists of lipidated LC3b. This was true for 

both 8 and 24 hpi during VACV infection. This suggests that VACV does in fact cause LC3b 

lipidation throughout the course of infection rather than blocking cleavage of LC3b. 
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Figure 3.6 VACV infection causes LC3 lipidation, not pro-cleavage block. 
a) Schematic representation of PLD assay, adapted from Agrotis et al., 2019. b) PLD assay carried out for VACV WR 
WT infection 8 hpi with BafilomycinA1 & Torin1 ctrl. c) PLD assay carried out for VACV WR WT infection 8 hpi with 
BafilomycinA1 & Torin1 ctrl. d) Quantification of three biological repeats of experiment shown in b).  c) 
Quantification of three biological repeats of experiment shown in c). Statistical analysis: Unpaired t-test with * 
P≤0.05 and **P≤0.01. Error bars represent SEM. 

2.4 An early VACV gene causes LC3b lipidation 

To narrow down the search for the viral gene(s) initiating LC3b lipidation, I looked at VACV 

induced LC3b lipidation in the presence of three drugs that are known to interfere with the 

VACV life cycle. Cells were infected with WT VACV (MOI 30) in the presence or absence of 

cycloheximide (CHX; 50 μM), peptide aldehyde MG-132 (25 μM), or the small molecule 

Cytosine arabinoside (AraC; 10 μM), all of which are conventionally used in VACV research 

to inhibit individual steps of the VACV life cycle. CHX prevents viral and cellular protein 

synthesis by interfering with the translational elongation step of the host ribosomes301. It 

therefore inhibits early gene expression but allows for release of the pre-packaged viral proteins 

present in the lateral bodies (see Figure 1.5 in the Introduction). MG132 reversibly inhibits the 

cellular proteasome and thereby prevents viral uncoating, while still allowing for viral early 
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gene expression38,57,302. AraC treatment allows for uncoating and early gene expression but 

blocks late gene expression by interfering with viral DNA synthesis through competing with 

its corresponding triphosphate dCTP as a substrate for the viral DNA polymerase303. However, 

the inhibitory effect of AraC is not specific for viral DNA synthesis but also prevents cellular 

DNA replication through the same mechanism303.  

HeLa cells were infected with VACV WR WT treated with CHX, MG132 or AraC, and 

lipidation of LC3b analysed by WB. In three biological replicates I observed that both 

incubation with MG132 and AraC did not prevent LC3b lipidation during infection. CHX 

however, completely abrogated LC3b lipidation suggesting that an early viral gene product was 

responsible for mediating this modification (Figure 3.7). However, a negative effect of CHX 

on LC3b synthesis cannot be excluded and should be taken into consideration. 

 
Figure 3.7 VACV induced lipidation of LC3b is caused by the expression of an early viral gene.  
a) HeLa cells were infected with VACV WR WT at MOI30 for the time indicated in the presence of 50 μM CHX, 
25 μM MG132, 10 μM AraC or DMSO. Different exposure intensities (exp) for LC3b are shown.  b) Quantification 
of lipidated LC3 for three biological repeats of a). Error bars indicate SEM. 

2.5 A dsRed-LC3-GFP cell line can be used to study VACV mediated 
LC3b lipidation 

To screen for the early viral gene(s) causing LC3 lipidation during VACV infection I utilized 

a VACV early gene siRNA library previously developed in the lab57. The library targets 80 

VACV early genes with three individual siRNAs per gene. The cell line used was a modified 

dsRed-LC3-I-GFP HeLa cell line expressing a fluorescent LC3 construct that was generated 

using a pQCXI-Puro-dsRed-LC3-GFP construct from addgene304 which itself is a modified 

version of another published LC3 construct305. The LC3 sequence used to create the original 

plasmid was rat LC3 but both plasmids have been used in applications with human cell lines. 

Here LC3 bears a n-terminal dsRed tag and a c-terminal eGFP tag. As mentioned above, during 

LC3 processing the c-terminus is modified by ATG4 cleaving the protein at the location 

indicated in Figure 3.6a which leads to removal of the GFP tag. This cleavage process is 

necessary to attach PE to LC3 and to conjugate it to the autophagosome. Thus, lipidated LC3 
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appears only as red, making it screenable in both IF and flow cytometry based readouts 

(Figure 3.8a). Similar constructs have been published and used for various applications in 

autophagy research such as to screen for autophagy inducing drugs with LC3 as readout for 

autophagic flux 306,307.  

As this cell line was only ever used in flow cytometry based assays, I carried out preliminary 

experiments to assess this readout in immunofluorescence (IF) (Figure 3.8b). I chose to do this 

as, while flow cytometry provides information regarding intensity and cell granularity, an 

image-based read-out can provide additional single cell information including the number, size, 

and shape of LC3 puncta.  

HeLa cells were either treated with autophagy modulating drugs as described in section 2.2, or 

infected with VACV WR WT at MOI 10 for several hours. Cells were then fixed with 4 % FA, 

stained with HOECHST to visualize nuclei and VACV replication sites and imaged on a 

confocal microscope. 

While only few red autophagosome puncta were present in untreated and uninfected cells, 

treatment with a combination of BafilomycinA1 and Torin1 drastically increased the number 

of LC3b+ autophagosomes. Additionally, I observed a steady increase in red LC3 puncta during 

a time-course of VACV infection peaking at 24 hpi. These results confirmed that VACV 

infection causes  LC3 lipidation, and indicated that an image-based screen using this cell line 

as a readout for LC3 lipidation was possible.  
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Figure 3.8 A dsRed-LC3-I-GFP cell line is used as readout for LC3b lipidation.  
a) Schematic representation of dsRed-LC3-I-GFP. b) Representative confocal images of the cell line shown in a). 
HeLa cells were treated with 3-MA, Bafilomycin and/or Torin1 at standard concentrations for 4 hrs or infected with 
VACV WR WT at MOI10.  Scale bar indicates 15µM. 

2.6 An early gene screen identifies potential viral regulators of LC3b 
lipidation 

The VACV early gene - LC3b lipidation screen was carried out by transfecting HeLa dsRed-

LC3-I-GFP cells with siRNAs directed against 80 early VACV genes57,272. Cells were reverse 

transfected with siRNAs in 96-well plates and incubated for 16 hrs, which is sufficient for early 

VACV gene depletion57,308,309. Cells were then infected with VACV WR WT at MOI 10. At 

24 hpi, cells were fixed with FA and stained with HOECHST to visualize cell nuclei.  

The plates were imaged at 405 nm to visualize nuclei and 594 nm to visualise the dsRed-LC3 

granules. Several readouts were tested such as the average intensity of the dsRed signal, total 

intensity of dsRed signal, median intensity dsRed signal and granularity spectrum. The latter 

was chosen as read out (Figure 3.9). The granularity spectrum measurement used here is a shape 

fitting procedure matching circles of varying size to the cytoplasmic LC3 puncta we observe. 

The circle size used for the readout of all siRNA treated cells was determined by comparing 

uninfected cells with infected cells that had not been treated with siRNA. The better the selected 
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circle size fits the signal, the higher the score. This makes it possible to detect the occurrence 

of larger granules in the cytoplasm of the cell, thus this is a single cell level read out. For 

detailed information on the analysis method, please see methods section 10.3.  

While I expected to find that depletion of some VACV genes would result in reduced LC3 

puncta, I also observed that depletion of some VACV early genes led to an increase of in the 

granularity score. This suggests that VACV mediated LC3 lipidation is regulated in both 

directions. For controls in this screen I used untreated HeLa cells which were either infected 

(labelled as VACV) or uninfected as well as HeLa cells treated with siScramble also either 

infected or uninfected. While siScramble had no effect on LC3 granularity, VACV infection 

nearly doubled the granularity score both in presence and absence of siScramble compared to 

uninfected cells. The granularity score for VACV treated with siScramble was slightly lower 

compared to untreated VACV infected cells. Thus, applying VACV untreated as threshold 

results in 53 screen results with an increased and 27 screen results with a decreased LC3 

granularity score. Applying VACV siScramble KD as control (indicated by the blue dotted line 

in Figure 3.9) results in 25 screen results with increased LC3 granularity and 55 with decreased 

LC3 granularity score (Figure 3.9).  

Statistical analysis was carried out to decide which genes to select for follow up experiments. 

For the genes whose depletion resulted in granularity increase, I selected the four highest 

scoring genes A44L, B1L, A29L and H3L. Additionally A28L was selected based on the 

performance of siRNA 1. For genes whose depletion resulted in decreased granularity, I 

selected the four lowest scoring genes A14L, E8R, L5R and F11L. Additionally G5L was 

selected also based on the performance of siRNA 1. 
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Figure 3.9 An early VACV gene siRNA screen identifies several candidates for VACV mediated increase and 
decrease of LC3b puncta formation.  
Cells were treated with siRNA for 16 hrs and infected with WR WT at MOI 10. Red puncta of lipidated LC3 were 
detected and used for granularity readout. Figure shows pooled results for all three siRNAs per gene with each dot 
representing an n=3 for one specific siRNA. Error bars indicate SEM. Statistical analysis: Unpaired t-test with * 
P≤0.05, **P≤0.01 and ***P≤0.001  
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2.7 VACV H3, G5, L5 and A14 may mediate VACV-induced LC3b 
lipidation 

For both granularity increase and decrease hits the selected genes serve various different 

purposes in the VACV life cycle. The selected top 5 proteins whose depletion showed an 

increase in LC3b granularity were A44, a hydroxysteroid dehydrogenase; B1, one of the two 

VACV Ser/Thr Kinases; the IMV heparin binding surface protein, H3; a component of the 

VACV entry fusion complex A28, and RNA polymerase 35 subunit, A29. The selected top 5 

genes whose depletion showed a decrease in granularity include: A14, an IMV membrane 

protein; L5, another component of the entry fusion complex; E8, a membrane protein localizing 

to the ER during infection and F11, which is essential for VACV mediated RhoA 

inhibition308,309. Notably out of these ten proteins, five are relevant for VACV structure and 

membrane composition which is interesting as the majority of structural proteins are part of the 

set of late expressing genes310. 

To validate the screening results and confirm that the LC3 puncta seen in the screen correspond 

to the LC3b lipidation results, the various candidate genes were depleted using their respective 

strongest performing siRNA. WB-based LC3b lipidation assays were carried out. Since cells 

were plated at reduced confluency for siKD compared to other WB samples, the MOI was 

increased to 60 to maintain the LC3 lipidation phenotype. The WB results indicated that H3 is 

the strongest candidate for VACV-mediated negative regulation of LC3b lipdation. Depletion 

of H3 resulted in an even stronger lipidation phenotype than siScramble with an increase of 

25 % (Figure 3.10a). Notably the phenotypes for VACV gene depletion mediated LC3b 

lipidation increase seemed less prominent than the ones for gene depletion mediated lipidation 

decrease.  

Here LC3b lipidation was significantly reduced upon depletion of G5, L5 and A14 protein 

expression. A14L KD in particular resulted in a reduction of LC3b lipidation by nearly 50 % 

when compared to VACV infected siScramble samples. Interestingly the uninfected siScramble 

control exhibits 60 % less LC3b lipidation than VACV siScramble. Depletion of A14 therefor 

nearly abrogates the LC3b lipidation phenotype of VACV compared to uninfected siScramble 

treated cells. Other genes whose depletion resulted in significant reduction of LC3b lipidation 

were L5R (reduction of lipidation by 45 % compared to VACV siScramble) and G5R 

(reduction of lipidation by 33 % compared to VACV siScramble) (Figure 3.10b).  

To assure that the siRNA used in these assays could efficiently deplete the target proteins I used 

qRT-PCR to validate the KD efficiency of the siRNAs (Figure 3.10c). All siRNAs showed 

some level of depletion of their respective target gene, however to varying degrees. An  average 

reduction of mRNA transcripts for H3L, F11L and L5R was 30 %, while siRNAs for A28L, 
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B1R and E8R achieved a KD efficiency of 70 %. This variable depletion of gene expression 

should be taken into account when selecting genes for further experiments. H3 depletion might 

have a stronger impact on LC3b lipidation than suggested by Figure 3.10a but limited siKD 

efficiency prevented manifestation of the full phenotype in WB analysis. Likewise the 

reduction of LC3b lipidation in siL5R and siA14L treated samples might be more prominent if 

the KD efficiency was higher. 

 

Figure 3.10 Verification of Lipidation hits of LC3 screen.  
a) Validation of hits for LC3 lipidation increase, sample western blot (left) and quantification of three western blots 
(right). b) Validation of hits for LC3 lipidation decrease, sample western blot (left) and quantification of three 
western blots (right). c) qRT-PCR validation of KD efficiency n = 3 independent repeats in comparison to gene 
expression in siScr samples. Statistical analysis of n=3 repeats for a) and b): Unpaired T-test with * P≤0.05. All 
controls significant with at least  *** P ≤0.0001. Absence of significance indication in target genes means non-
significant. Error bars represent SEM. 
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2.8 Summary 

In this chapter I have shown that VACV infection causes LC3b lipidation through one or more 

early gene products. VACV causes an increase in LC3b lipidation rather than blocking the 

processing of pro-LC3b which I confirmed using a PLD assay. The lipidation phenotype of 

LC3b starts early during infection and increases over time resulting in large amounts of 

lipidated LC3b at 24 hpi as demonstrated in Section 2.3. I also discovered that this phenotype 

is caused by the expression of VACV early gene(s).  

During the course of infection LC3b accumulates in puctae that could potentially indicate fully 

formed autophagosomes, but might also be aggregates of lipidated LC3b as previously 

suggested258. Using a fluorescent dsRed-LC3-I-GFP cell line I carried out an siRNA based 

screen to find the VACV early genes which cause the LC3 lipidation phenotype. Several 

potential candidate genes have been identified whose depletion either up- or downregulates the 

accumulation of LC3b puncta. Using WB analysis of siRNA treated VACV infected cells I 

confirmed that depletion of some of these candidate genes changed the VACV LC3b lipidation 

phenotype. While previous experiments have confirmed that cellular toxicity of the tested 

VACV siRNAs is negligible57, it is likely that the depletion of any of the target genes affects 

normal VACV function, decreasing its infectivity and replication efficiency. This may result in 

an altered LC3b lipidation phenotype as side effect rather than being the cause for VACV 

modulation of LC3b in untreated VACV WT infections. Further analysis will be necessary to 

study these candidate genes and their potential interaction with LC3b in more detail. 

  



 85 

Chapter	3: VACV induces nuclear translocation of p62 to 
evade autophagic degradation 
 

Quantification of nuclear translocation of p62 in section 1.6 was performed by Dr Artur 

Yakimovic. Phenix imaging for section 3.4 and 3.6 as well as image analysis of AraC and CHX 

treated cells in section 3.4 was performed by Dr Janos Kriston-Vizi. The p62-constructs used 

in this chapter were a kind gift from Dr Terje Johansen. The B1 deletion virus used in 

section 3.11 was a gift from Dr Matthew S. Wiebe. 

3.1 Introduction 

I have shown in Chapters 1 and 2 that both inhibition and activation of autophagy appear to 

affect the VACV life cycle and that VACV infection increases LC3b lipidation through the 

action of an early viral gene product. This indicates that VACV interacts with the autophagy 

pathway. As a cytoplasmic virus VACV would likely be targeted for autophagic degradation. 

Yet the presence of the virus reduces autophagosome formation258. I hypothesized that VACV 

evades autophagy through modulation of the autophagy receptors to prevent detection and 

subsequent recruitment of forming autophagosomes. To test this hypothesis I initially 

investigated VACV interactions with p62 as it is the most studied and best understood 

autophagy receptor. Its involvement in several other pathways link autophagy with oxidative 

stress response, cell growth and DNA damage response. Thus, modulation of p62 can also have 

significant impact on other cellular processes. 

3.2 p62 targets incoming VACV virions for autophagic degradation 

Specificity of autophagy receptors for ubiquitinated cargo is thought to be conveyed by the type 

of ubiquitin chain bound to the cargo311. p62 has been shown to prefer binding to K48 and K63 

linked ubiquitin chains. The former of which are also the ones that can be found on VACV core 

proteins312,313. As such I decided to investigate whether p62 targets incoming VACV.  

I infected HeLa cells with VACV WR mChA4 at MOI 10. This virus bears a fluorescent core 

protein (A4) and appears red in confocal imaging. Cells were fixed in 4 % FA and stained for 

p62 and DNA. Interestingly I observed that at two hours post infection red cores could be found 

surrounded by a ring-like structure of p62 (Figure 3.11). While p62 was generally widely 

distributed in the cytoplasm, it was specifically enriched in close proximity to incoming virions. 

Similar phenotypes have been observed for pathogens restricted by autophagic 

degradation273,314. p62 was found to form a similar structure around the much larger cytoplasmic 

parasite toxoplasma gondii273. Clough et al., were able to quantify this phenotype in an image-
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based manner. While I did observe ring-like structures of p62 around VACV in several 

independent experiments, the phenotype was either too short-lived or targeting of p62 limited 

to only a subset of virions which prevented solid quantification. 

 

 
Figure 3.11 p62 forms ring-like structures around cytoplasmic VACV virions.  
Confocal images of HeLa cells infected with WR mCh-A4 at MOI 10 for 2 hours stained for p62 and DNA. Images 
are maximum projections of z-stacks.  

3.3 p62 translocates into the nucleus during the course of VACV infection 

While the localization of p62 to the incoming virion strongly suggested that VACV is targeted 

as cargo for the autophagy machinery, VACV successfully replicates in the cytoplasm. 

Therefore the virus must have found a way to prevent its autophagic degradation. To investigate 

this further I carried out an image-based time course experiment using HeLa cells and VACV 

WR mChA4 at MOI 10. Several timepoints between one and 24 hours post infection were fixed 

in 4 % FA, stained for DNA and p62 and analysed by confocal microscopy (Figure 3.12a). 

While p62 is predominantly a cytoplasmic protein in untreated conditions, infection with 

VACV led to cytoplasmic clumping of p62 by 2 hpi. By 4 hpi p62 was completely translocated 

into the nucleus of the infected cell. Cellular p62 remained nuclear for the majority of the 

VACV life cycle. It appeared to exit the nucleus starting at 18 hpi and was completely 

cytoplasmic again by 24 hpi where it then appeared to localize to viral replication site 

(Figure 3.12a). 

To confirm these results using a biochemical approach, I infected cells with VACV WR WT at 

MOI 30 and harvested cell pellets at various time points (Figure 3.12b). The cell pellets were 

used in a fractionation experiment where the cytoplasmic protein fraction was separated from 

the nuclear fraction. These fractions were subject to WB analysis. Histone 3 was used as 

loading control for the nuclear fraction (Figure 3.12b). This experiment confirmed that during 

the course of infection the amount of cytoplasmic p62 is gradually decreased. Interestingly p62 
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was also present in the nucleus of uninfected cells but initially decreased during infection at 

1 and 2 hpi, suggesting that p62 initially exits the nucleus to target the pathogen for degradation 

before being shunted back into the nucleus. Here the maximum enrichment of nuclear p62 

appears to be at 18 hpi with a subsequent decrease at 24 hpi (Figure 3.12c).  

Figure 3.12 p62 is translocated into the nucleus during VACV infection.  
a) Confocal images of HeLa cells infected with WR mCh-A4 at MOI 10 stained for p62. Images are maximum 
projections of z-stacks and representative of at least three repeats. Scale bar indicates 10 µM. b) Fractionation WB 
of HeLa cells  infected with VACV WR WT at MOI 30. c) Quantification of four biological replicates of b). Error bars 
represent SEM. 
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experiment three times in a 96-well format for imaging on the Phenix high-content microscope. 

Analysis of planar images measuring p62 signal intensity over the nucleus confirmed that in 

both DMSO and AraC treated cells p62 signal intensity increased over time with a maximum 

at 8 hpi. Nuclear intensity of p62 signal subsequently decreased in both DMSO and AraC 

treated cells. Notably, the intensity decrease in AraC treated samples was delayed compared to 

DMSO controls which may be a result of a delay in the infection process due to late gene 

inhibition. CHX treatment completely prevented an increase of p62 fluorescence intensity over 

the nuclear region during infection (Figure 3.13b). Thus, it can be concluded that late gene 

expression is dispensable for the phenotype, while early gene expression is necessary for 

nuclear translocation of p62. 

Figure 3.13 An early VACV gene product causes p62 translocation to the nucleus.  
a) HeLa cells infected with VACV WR mCh-A4 stained for p62 and DNA. Cells were incubated with CHX or AraC 
during infection. Scale bar represents 10 µM. Images are maximum projections of z-stacks and representative of 
at least three repeats. b) Quantification of nuclear translocation of p62 during infection. Phenix based imaging of 
VACV infected HeLa cells. Statistical analysis of n=3 biological repeats for b): Unpaired T-test with **P≤0.01 and ns 
= non-significant. Error bars represent SD. 
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3.5 Inhibition of the Importin channel prevents nuclear p62 and reduces 
infectivity 

Since I have shown in Chapter 1 that several autophagy modulating drugs affect VACV, I 

wanted to test whether any of these drugs potentially interfere with the observed p62 phenotype. 

I infected HeLa cells with VACV WR mChA4 in the presence of either BafilomycinA1, Torin1, 

a combination of BafilomycinA1 and Torin1 or 3-MA for eight hours and subsequently stained 

for DNA and p62.  

Additionally, I infected cells in the presence of LeptomycinB (LMB) or Ivermectin. 

Leptomycin B is an unsaturated, branched-chain fatty acid and specific inhibitor of proteins 

containing nuclear export signal315. LMB inhibits nucleo-cytoplasmic translocation and has 

been shown to lead to accumulation of p62 in the nucleus274. Ivermectin is a specific inhibitor 

of the nuclear membrane α- and β-importin channels and has been shown to restrict 

proliferation of viruses that are strongly reliant on nuclear import316. 

p62 was translocated into the nucleus in presence of Torin1, BafilomycinA1 and 3-MA 

(Figure 3.14a). LMB appeared to further increase the VACV mediated phenotype resulting in 

an even brighter p62 signal. Ivermectin however completely prevented the translocation of p62 

into the nucleus. p62 appeared in cytoplasmic puncta instead, suggesting that VACV shuttles 

p62 into the nucleus via the α/β-importin channels. Interestingly VACV infection and 

combined treatment with BafilomycinA1 and Torin1 did not only show nuclear, but also 

cytoplasmic p62 that appeared to clump in specific areas of the cell that might indicate viral 

replication sites. Overall levels of p62 seemed higher in these cells compared to uninfected 

controls which could indicate that overexpression of p62 hampers VACVs ability to shuttle it 

into the nucleus (Figure 3.14a). 

To determine whether cytoplasmic p62 had an impact on VACV infectivity, cells were again 

infected with VACV WR mChA4 at MOI 10 in the presence of these drugs and fixed at 8 hpi 

using 4 % FA. The cells were then analysed via flow cytometry for VACV infection indicated 

by red fluorescence signal in the 549 nm channel (Figure 3.14b). In DMSO control samples 

~60 % of cells were VACV infected. LMB and Torin1 did not cause a reduction in VACV 

infection. BafilomycinA1 reduced the number of VACV infected cells by ~50 % alone and in 

combination with Torin1 at the highest concentration tested. 3-MA caused a lower reduction in 

VACV infection of ~20 % at the highest concentration used. The strongest effect was displayed 

by the importin blocker Ivermectin which led to a dose dependent reduction of VACV infected 

cells up to 90 % at 125 µM (Figure 3.14b). This is consistent with a VACV drug screen 

previously carried out in the lab that showed Avermectins, the group of macrolytic lactones 

Ivermectin belongs to, amongst the strongest performing drugs for VACV inhibition 
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(Samolej et al., unpublished). Ivermectin prevents nuclear export of all proteins requiring the 

importin channel including viral proteins, thus reduction in VACV infectivity is not necessarily 

attributed to the inhibition of the p62 phenotype. However inhibition of VACV mediated p62 

shuttling might contribute to a reduction in infectivity. 

Figure 3.14 Inhibition of the importin channel blocks nuclear translocation of p62 and reduces VACV infectivity. 
a) Confocal imaging of cells infected with VACV WR mCh-A4 at MOI 10 8 hpi. Cells were treated with drugs at the 
following concentrations: DMSO - 0.1 %; 3-MA – 5 mM; Torin 1 - 250 nM; BafilomycinA1 – 10 nM; LMB – 20 nM; 
Ivermectin – 25 µM. Images are maximum projections of z-stacks and representative of at least three repeats. b) 
Flow Cytometry analysis of HeLa cells infected with VACV WR mChA4 at 8 hpi. mCherry positive cells were 
considered infected. Drug concentrations are indicated on the right in corresponding colours. Statistical analysis 
of n=3 biological  repeats for b): Two-way Anova with **P≤0.01, ***P≤0.001, ****P≤0.0001. Error bars represent 
SD, Scale bar indicates 10 µM. 
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3.6 NLS2 of p62 is required for VACV-mediated nuclear shuttling  

p62 bears two nuclear localization signals (NLSs) at AA 186–189 (NLS1) and AA 264–267 

(NLS2) and one nuclear export signal (NES) at AA 303-320. Pankiv et al., showed that NLS2 

is the more potent NLS. Mutation of two basic residues near NLS1 to alanine inhibits nuclear 

import by 1.5-fold, while mutation of lysine 264 and arginine 265 to alanine near NLS2 

inhibited the nuclear import by 6.3-fold. They also demonstrated that phosphorylation of p62 

at threonine 269 and serine 272 increases the nuclear import activity of NLS2274.  

This research was performed in the Johansen laboratory which designed several phospho-

mimetic mutant p62 constructs containing point mutations within the NLS and a n-terminal 

GFP tag. Dr Johansen kindly provided us with some of the constructs used in that paper274. All 

p62 constructs bear a K7A/D69A mutations in the PB1 domain to prevent polymerization317 

and the interaction of overexpressed constructs with endogenous p62. The NLS1 mutant 

contains two point mutations at R186 and K187 and the NLS2 mutant has two point mutations 

at K264 and R265 (Figure 3.15a).  

I electroporated these constructs into HeLa cells to study their behaviour during infection. Upon 

electroporation cells were given ~18 hours to express the constructs before being infected with 

VACV WR mChA4 at MOI 10. In section 3.4 of this chapter I observed the nuclear shuttling 

phenotype to be most prominent at 4 and 8 hpi in DMSO treated control samples. Because of 

this I chose these time points for image-based experiments when working with p62 constructs. 

After incubation for four or eight hours, the cells were fixated in 4 % FA, stained for DNA and 

imaged by confocal microscopy (Figure 3.15b). While all three p62 constructs were 

predominantly cytoplasmic in uninfected cells, both p62 WT and p62 NLS1mut translocated 

into the nucleus at 4 and 8 hpi. The p62 NLS2mut however failed to enter the nucleus during 

infection and remained cytoplasmic.  

To quantify this, I repeated this experiment in a 96-well format for high-content imaging 

(Figure 3.15c). The translocation of p62 was measured by determining the relative intensity of 

the nuclear GFP signal which was then normalized by the value for uninfected cells. For both 

p62 WT and p62 NLS1mut the nuclear GFP signal intensity increased over time, although the 

NLS1mut presented a less prominent phenotype. At 8 hpi the  nuclear GFP signal intensity had 

increased ~5-fold and ~3.5-fold for p62 WT and p62 NLS1mut respectively. Conversely, 

p62 NLS2mut did not show an increase in nuclear GFP signal intensity over time. Thus, I 

concluded that the NLS2 is necessary for nuclear translocation of p62 during VACV infection. 
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Figure 3.15 Mutation in NLS2 of p62 abrogates nuclear translocation.  
a) Top portion: Schematic representation of the NLS sites within p62. Enlarged bold letters indicate NLS. Blue 
indicates sites of mutation. Red indicates the VACV modulated phosphorylation sites of p62. Figure adapted and 
modified from Pankiv et al., 2009. Bottom portion: Three different GFP-tagged p62 constructs were obtained from 
Terje Johansen, their nomenclature is displayed here. b) GFP-p62 constructs were electroporated into HeLa cells 
and infected with WR mCh-A4 18 hours later. Cells were fixed at time points indicated and imaged on a confocal 
microscope. Images are maximum projections of z-stacks and representative of at least three biological repeats. 
Scale bar represents 10 µM. c) Quantification of the nuclear GFP signal of three biological repeats of GFP-p62 
electroporated cells. Cells were plated in 96-well plates and imaged on a Phenix microscope. Statistical analysis of 
n=3 biological repeats for a): Unpaired T-test with ** P≤0.01, * P≤0.05. Error bars represent SEM. 
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3.7 Cytoplasmic p62 is recruited to VACV replication sites 

While I was able to confirm that p62 NLS2mut does not translocate into the nucleus, the 

comparably weak expression of the construct made it difficult to determine where in the 

cytoplasm the construct was localized. I performed additional electroporation experiments as 

described in section 3.6 and also tried to amplify the p62-GFP signal by staining for GFP in 

addition to DNA before imaging the cells. Interestingly I found that cytoplasmic p62 NLS2mut 

localized to viral replication sites (Figure 3.16a). Additionally, signal amplification revealed 

that not all p62 NLS1mut had translocated into the nucleus, but a small subset remained 

cytoplasmic.  

While I initially tried to quantify this phenotype computationally, the broad distribution of the 

p62 construct made differentiation between p62 localized to replication site and cytoplasmic 

p62 very difficult. Instead I decided to count the cells manually by assigning them a primary 

location (Figure 3.16b). Cells with GFP-p62 that was mainly localized to replication sites rather 

than present in the overall cytoplasm were grouped into the rep site group, while cells with 

primarily nuclear or cytoplasmic p62 were grouped into the nuclear, and cytoplasmic groups, 

respectively. Cells that did not exhibit any GFP signal were discarded from the analysis. From 

this analysis, I concluded that p62 NLS2mut does not translocate into the nucleus and is found 

predominantly in VACV replication sites. 

Figure 3.16 p62 that does not get shunted into the nucleus localizes to viral replication sites.  
a) GFP-p62 constructs were electroporated into HeLa cells and infected with WR mCh-A4 18 hours later. Cells were 
fixed at 8 hpi. GFP signal was amplified with anti-GFP antibody and cells were imaged on a confocal microscope. 
Scale bar represents 10 µM. Images are maximum projections of z-stacks and representative of at least three 
biological repeats. b) Quantification of n=3 biological repeats of confocal images shown in a) with at least 50 
counted cells per construct. 
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3.8 Overexpression of p62 reduces VACV yield 

Having observed that cytoplasmic p62 NLS2mut seems to target viral replication sites in the 

absence of nuclear translocation, I decided to test whether the presence of p62 at replication 

sites impacts VACV production. For this I electroporated the p62 constructs into HeLa cells. A 

pDest-eGFP construct was used as a control. After electroporation, cells were incubated for 

~18 hours to enable sufficient construct expression before being infected with VACV WR WT 

at MOI 1. Additional uninfected samples were harvested for confirmatory protein expression 

analysis by Western blot. Staining the blots for GFP showed similar expression levels for all 

p62-GFP constructs, although p62 NLS2mut was expressed at slightly reduced levels 

(Figure 3.17a&b). Overexpression of WT p62 alone led to a reduction of virion production by 

~50 % compared to the GFP control construct (Figure 3.17c). While p62 NLS1mut expression 

resulted in a similar virus yield to p62 WT, expression of p62 NLS2mut reduced the VACV yield 

by ~60 % compared to p62 WT and 77 % compared to expression of the GFP control construct 

(Figure 3.17c). 

 

Figure 3.17 Overexpression of p62 reduces VACV yield.  
a) HeLa cells were electroporated with p62-GFP constructs. Expression levels were determined via western blot 18 
hours post electroporation. b) Quantification of n=3 biological repeats of a). c)  24 hour yield assay of HeLa cells 
expressing p62-GFP constructs using WR WT MOI 1. Statistical analysis of n=3 biological repeats for a): Unpaired 
T-test with *** P≤0.001. Error bars for WB quantification represent SEM. Error bars for yield assay represent SD. 
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3.9 VACV infection increases p62 phosphorylation at Thr269 and Ser272 

In a recent collaboration between the Mercer and Wollscheid labs (ETH Zurich) a phospho-

proteomic screen was performed to identify viral and cellular substrates of the VACV-encoded 

phosphatase, H1, and serine-threonine kinase, F1067. We decided to re-visit this screen for any 

potential phospho-hits in p62. Two phosphorylation sites in p62 that undergo significant change 

upon VACV infection were identified, threonine269 and serine272 (Thr269/Ser272) 

(Figure 3.18a). These two sites have been described by the laboratory of Dr Terje Johansen to 

be involved in nucleo-cytoplasmic shuttling of p62274 as mentioned in section 3.6. They also 

demonstrated that phosphorylation of p62 at threonine 269 and serine 272 increases the nuclear 

import activity of NLS2274. 

As such I hypothesised that phosphorylation of p62 by VACV at Thr269/Ser272 might serve 

to drive nuclear import of the protein during infection. Commercial antibodies for this specific 

phospho-site are available. I performed a WB time course experiment using VACV WR WT at 

MOI 30 and stained for phosphorylated p62 (Figure 3.18b & c). The effect of VACV infection 

on p62 phosphorylation was also tested. The results are shown in Appendix section 5.5. 

Phosphorylation of p62 at Thr269/Ser272 was increased during the course of infection peaking 

at 4 hpi. Phosphorylation remained upregulated between 2 and 18 hpi. Conversely the overall 

amount of p62 was not increased during infection but gradually decreased by ~30 % until 24 hpi 

(Figure 3.18d & e). 
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Figure 3.18 p62 is phosphorylated during VACV infection.  
a) Schematic representation of p62. A previously conducted VACV phosphorylation screen (Novy et al., 2018) 
revealed that p62 is increased in its phosphorylation status at two specific residues, highlighted in red. b) Western 
Blot of HeLa cell lysates infected with WR WT MOI30 stained for p-p62 (Thr269/Ser272). c) Quantification of three 
biological replicates as shown in b). d) Western Blot of HeLa cell lysates infected with WR WT MOI30 stained for 
p62. e) Quantification of three biological replicates as shown in d). Statistical analysis of n=3 repeats for c) and e): 
Unpaired T-test with *P≤0.05, ** P≤0.01. Error bars represent SEM. 
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translocation to lysosomes. It has been shown that this process is required for mTORC1 

activation by amino acids186. As such VACV mediated Thr269/Ser272 may have a potential 

impact on mTORC1 activation.  

Interestingly p38 proteins have been shown to be utilized by viruses during infection. The 

double stranded DNA virus EBV utilizes the p38 signalling pathway to upregulate expression 

of the viral oncogenic protein LMP1319. VACV also requires upregulation of MAPK 1 and 

MAPK 3 for successful replication320, which might indicate that the virus also upregulates p38δ 

to shuttle p62 into the nucleus. 

Lineares et al., used BIRB796 (also known as Doramapimod), an allosteric pan-p38 MAPK 

inhibitor321 to inhibit p62 phosphorylation at Thr269/Ser272 by p38δ and showed that 

phosphorylation at this site can be induced by nutrient supply after serum starvation in vitro186. 

Treatment with p38δ prevented nutrient induced p62 phosphorylation at Thr269/Ser272. 

I decided to adapt this assay to determine whether VACV induced p-p62 (Thr269/Ser272) is 

mediated through p38δ. As I was not able to induce p-p62 (Thr269/Ser272) in HeLa cells 

through starvation, I changed the cell line to A549 cells which are more sensitive to serum 

starvation (Figure 3.19). Cells were starved in media without FBS or non-essential amino acids 

for four hours before removing the starvation media and replacing it with full medium for 

30 minutes which resulted in p-p62 (Thr269/Ser272). Treatment with BIRB796 blocked p38δ 

and thus prevented phosphorylation of p62 as expected (Figure 3.19). Infection with VACV for 

four hours however induced p-p62 (Thr269/Ser272) both in the presence and absence of 

BIRB796 suggesting that VACV induced phosphorylation of p62 at Thr269/Ser272 is 

independent of p38δ and therefore likely caused by direct action by the virus. 

Figure 3.19 VACV induced phosphorylation of p62 at Thr269/Ser272 is independent of p38δ.  
a) A549 cells were used in a starvation assay to induce p-p62 (Thr269/Ser272) by incubating them in pure DMEM 
without nutrients for four hours and subsequently feeding them for 30 minutes in the presence or absence of 
BIRB 796. Cells were treated with BIRB 796 at a concentration of 10 µM and infected with VACV at MOI 30 for four 
hours. b) Quantification of three biological repeats of a). Statistical analysis of n=3 biological repeats for a): 
Unpaired T-test with ** P≤0.01. Error bars represent SEM. 
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3.11 The viral kinases B1 and F10 mediate p62 phosphorylation at NLS2 

In section 3.10 of this chapter I showed that VACV induced phosphorylation of p62 is 

independent of the cellular kinase p38δ. This strongly suggests that a viral kinase is responsible 

for phosphorylation of p62 at this site. The VACV genome encodes two viral kinases: F10 and 

B1.  

F10 is considered the major protein kinase of VACV322 and has been shown to directly 

phosphorylate serine, threonine and tyrosine residues of cellular and viral proteins, indicating 

that it is a dual specificity kinase323. While F10 is expressed late during the VACV life cycle, it 

is also pre-packaged into the virion at approximately 300 copies per core1. Mutation studies 

have shown that F10 phosphorylation plays a critical role in MV assembly324. Underlining the 

importance of the protein in virion assembly, no F10L deletion virus has been successfully 

generated to date.  

The 34 kDa serine/threonine kinase B1 is also pre-packaged into VACV particles but expressed 

early during infection. B1 has been shown to promote viral genome replication by suppressing 

the host antiviral barrier to autointegration factor (BAF). In the absence of B1, BAF detects and 

binds to cytosolic VACV DNA in the cytosol and inhibits viral replication325,326. The antiviral 

activity of BAF depends on its ability to bind DNA, which can be inhibited by B1-mediated 

phosphorylation325,326. Another substrate of B1 is the viral pseudo-kinase B12. This protein is a 

paralog of B1 and also expressed early during infection but without any reported kinase 

activity266,267.  

In Section 3.4 of this chapter I showed that translocation of p62 into the nucleus requires early 

gene expression as CHX treatment prevented the phenotype to occur while late gene expression 

was not required. This suggests that B1 would be the most likely candidate to facilitate p62 

translocation as the gene is expressed early during infection while F10 is expressed late. 

However, AraC does not prevent the release of pre-packaged proteins present in the viral lateral 

bodies. Thus, a pre-packaged protein may also contribute to the phenotype. As such I also 

decided to test F10 as candidate gene. 

While no deletion virus of F10L is available, a B1R deletion virus (vvΔB1R) has recently been 

generated by the Wiebe laboratory327. I used this virus as well as F10L siRNA to determine if 

the absence of  either of these kinases would impair p62 phosphorylation and nuclear shuttling 

during infection. 

To test the KD efficiency upon siF10L treatment for ~16 hrs, I infected HeLa cells with a 

VACV strain in which F10 has a streptavidin-HA (-SH) tag. The amount of F10 protein can be 

visualized though WB analysis using an HA antibody (Figure 3.20a&b). I carried out infections 
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for 8 hours and 24 hours with or without siKD of F10. The siRNA reduced F10 expression to 

near uninfected levels at 8 hpi, and by over 70 % at 24 hpi. 

After determining that the F10L siRNA was effective at reducing F10 expression, I tested 

whether depletion of B1 or F10 reduced VACV induced phosphorylation of p62 at 

Ser269/Thr272 (Figure 3.20c&d). In WT time courses carried out in Section 3.9 of this chapter, 

I determined that an increase in p-p62 levels could be observed between two and 8 hpi. Thus, I 

chose 4 hpi and 8 hpi as time points for this assay. HeLa cells were treated with siScr or siF10L 

for ~16 hours and subsequently infected with VACV WR WT or vvΔB1R at MOI 30 for four 

to eight hours. Cells were then harvested for WB analysis. 

At 4 hpi treatment with siF10L significantly reduced p62 phosphorylation. While VACV WR 

WT caused a 4.6-fold increase in p-p62 (Ser269/Thr272) compared to uninfected cells, 

depletion of F10 reduced the increase in p-p62 (Ser269/Thr272) to 2.3-fold. vvΔB1R also 

showed reduction of p-p62 (Ser269/Thr272) but to a lesser extent. At this time point no additive 

effect of B1 and F10 depletion was observed. 

At 8 hpi both F10L siRNA treatment and B1 depletion showed a similar reduction in p-p62 

(Ser269/Thr272) compared to the siScr control. Phosphorylation increase was reduced by 38 % 

and 28 % for F10 and B1 depletion respectively when compared to WT siScr infection. 

Interestingly, at 8 hpi depletion of both kinases seemed to have an additive effect, reducing the 

phosphorylation increase by 66 % compared to WT siScr suggesting that both viral kinases 

contribute to phosphorylation of p62 NLS2. 

To determine if this reduction in p62 phosphorylation also led to a reduction in p62 nuclear 

translocation, I carried out siKDs and infections as indicated above, and fixed the cells in 4 % 

FA and stained them for DNA and p62 (Figure 3.20e). At 4 hpi p62 was beginning to 

translocate into the nucleus in siScr treated cells infected with VACV WR WT. The portion of 

p62 still localized in the cytoplasm appeared to clump together in puncta, rather than being 

evenly distributed as it is in uninfected cells. VACV infection upon F10 depletion or in the 

absence of B1 resulted in a complete lack of nuclear accumulation and the parallel accumulation 

of p62 in cytoplasmic puncta.  

By 8 hpi in siScr WT infected cells the majority of p62 had translocated into the nucleus. 

Similarly, cells infected with WT VACV upon treatment with siF10L, or infected with vvΔB1R 

showed that most p62 was nuclear. Consistent with the phosphorylation data, the most 

significant reduction in nuclear p62 translocation was observed in siF10L treated cells infected 

with vvΔB1R. In these cells, p62 remained largely within cytoplasmic puncta with few cells 

accumulating p62 in the nucleus.  
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Figure 3.20 VACV kinases B1 and F10 cause phosphorylation of p62 at Ser269/Thr272 and translocation into the 
nucleus.  
a) Western Blot of HeLa cell lysates infected with WR F10L-SH MOI30 stained for HA to visualize F10 protein. b) 
Quantification of three biological replicates as shown in b). c) Western Blot of HeLa cell lysates infected with WR 
WT or WR ΔB1 virus at MOI30 stained for p-p62 (Ser269/Thr272). d) Quantification of three biological replicates 
as shown in c). e) Confocal images of HeLa cells infected with WR WT or WR vvΔB1 at MOI 10 stained for p62. 
Images are maximum projections of z-stacks and representative of at least three biological repeats. Scale bar 
indicates 10 µM. Statistical analysis of n=3 biological repeats for b) and d): Unpaired T-test with ** P≤0.01 and 
* P≤0.05. Error bars represent SEM. 

  

siS
cr

siF
10

siS
cr

siF
10

siS
cr

siF
10

0

4

8

12

F1
0 

ex
pr

es
si

on
 / 

Tu
bu

lin
 

no
rm

al
is

ed
 to

 u
ni

nf
ec

te
d

Uninfected               8hpi                       24hpi

Uninfected           8 hpi 24 hpi
+                            +                            +

+                            +                            +
siScr

siF10

VACV WR F10L-SH MOI 30

50kDa

a)

WR WT
ΔB1R
siScr

siF10L

VACV MOI 30

+  +                   +  +
+   +                     +        +

+                +                 +                 +
+                 +                 +                 +

50kDa

c)

b)

d)

4 hpi 8 hpi

e)

p62/SQSTM1
HOECHST

8	
hp

i
4	
hp

i

WT	+	siScr WT	+	siF10															ΔB1	+	siScr ΔB1	+	siF10

HA

Tubulin

p-p62/SQSTM1
(Ser269/Thr272)

Tubulin

Unin
fe

ct
ed

W
T+s

iS
cr

W
T+s

iF
10

ΔB
1+

siS
cr

ΔB
1+

siF
10

W
T+s

iS
cr

W
T+s

iF
10

ΔB
1+

siS
cr

ΔB
1+

siF
10

0

2

4

6

p-
p6

2 
(T

hr
26

9/
S

er
27

2)
/tu

bu
lin

 
no

rm
al

iz
ed

 to
 u

ni
nf

ec
te

d **
*

*
**

4 hpi                            8 hpi

*



 101 

3.12 Summary  

In this chapter I have shown that the autophagy receptor protein p62 is a potential restriction 

factor of VACV infection and replication. p62 targets incoming VACV virions presumably for 

autophagic degradation. Overexpression of p62 results in a reduction of virus yield. VACV has 

developed a strategy to evade p62 mediated capture by phosphorylating Thr269/Ser272 of p62 

which activates its 2nd NLS and leads to translocation of p62 into the nucleus where the protein 

resides for the majority of the viral life cycle. Nuclear p62 also increasingly localizes to PML 

bodies (see Appendix for Chapter 3).  

The shuttling process is independent of the cellular kinase p38δ, the only kinase known to 

phosphorylate p62 at this site. This strongly suggests that VACV induced phosphorylation of 

p62 is directly caused by a viral kinase. Along these lines, I have shown that depletion of the 

viral kinases B1 and F10 reduces p62 phosphorylation at Thr269/Ser272 and likewise reduces 

nuclear p62. This suggests that p62 is a dual substrate for both viral kinases. Both kinases are 

pre-packaged into the core of the virion indicating that action of VACV on p62 is immediate 

upon virion uncoating (Figure 3.21a). 

Inhibition of nucleoplasmic shuttling of p62 through a defect in NLS2 results in cytoplasmic 

p62 which localizes to the viral replication sites, potentially targeting VACV proteins and fully 

formed virions for degradation (Figure 3.21b) and further reduces VACV yield in 

overexpression studies. 
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Figure 3.21 Summary model of VACV action on p62.  
a) WT p62 (orange) targets incoming VACV virions for autophagic degradation. To escape this VACV kinases B1R 
and F10L phosphorylate p62 at Thr269/Ser272 of p62 which activates its 2nd NLS and leads to translocation of p62 
into the nucleus. Nuclear p62 accumulates at PML bodies. b) p62 with a defect in its 2nd NLS (yellow) fails to be 
shunted into the nucleus through VACV phosphorylation. Instead p62 localizes to the viral replication sites, 
potentially targeting VACV proteins and fully formed virions for degradation.  

b)

a)
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Chapter	4: VACV induces degradation of the autophagy 
receptors NDP52 and Tax1Bp1 
 

The G1L inducible virus used in section 4.4. of this chapter was generated in the laboratory of 

Bernard Moss and kindly provided to us. 

4.1 Introduction 

In Chapter 3 I have shown that autophagy receptor p62 targets VACV for degradation. 

However, VACV escapes autophagy by mediating translocation of p62 into the nucleus of the 

host cell. However, p62 is not the only autophagy receptor protein. Within the class of 

sequestome-like receptors (SLRs) five different proteins exist, all of which target ubiquitinated 

cytoplasmic content for autophagy (see Introduction Section 2.3). Autophagy receptors can be 

functionally redundant and often multiple receptors target the same cytoplasmic proteins or 

pathogens. As such it is possible that in addition to p62 there are other autophagy receptor 

proteins that target, and are subsequently regulated by, VACV during infection.  

NDP52 is thought to be the main xenophagy receptor. The protein restricts the replication of 

several bacteria. For instance, during salmonella infection NDP52 is essential for binding LC3c 

which is also required for antibacterial autophagy. Absence of either of these proteins leads to 

an inability to mediate autophagic degradation of salmonella328. NDP52 has also been shown 

to target viruses for autophagic degradation. Often pathogens that are restricted by p62 are also 

targeted by NDP52. Coxsackievirus B3 is an example of this329. 

Given that VACV causes p62 translocation into the nucleus and replicates in the cytoplasm, I 

also wanted to investigate other major xenophagy receptors. Since NDP52 is of importance in 

autophagic clearance of both bacteria and viruses, it seemed to be the most logical receptor to 

study next. In this chapter I am investigating whether NDP52 and its paralog Tax1Bp1 are 

modulated during VACV infection. 

4.2 NDP52 is degraded during VACV infection 

To study if NDP52 was modulated during VACV infection, I first wanted to determine the fate 

of the protein during infection. For this, I infected HeLa cells with VACV WR WT at MOI 30 

and harvested the cells at various time points for NDP52 WB analysis. 3-MA or BafilomycinA1 

and Torin1 on uninfected HeLa cells served as drug controls to see how the cellular NDP52 

protein content shifts upon increase or inhibition of autophagosome formation (Figure 3.22a). 

I observed a significant decrease in cellular NDP52 levels during VACV infection. The 

decrease was linear with a maximum reduction of 58 % at 24 hpi compared to uninfected 
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controls. Drug treatment with both 3-MA or BafilomycinA1 and Torin1 seemed to neither 

increase nor decrease NDP52 protein levels but increase variability between biological 

replicates (Figure 3.22a&b). 

To study if VACV infection resulted in any changed the localization of NDP52 I infected HeLa 

cells with VACV WR WT mChA4 at MOI 10. At the time points indicated in Figure 3.22, I 

fixed the cells in 4 % FA and stained them for DNA and NDP52. The cells were then analysed 

by confocal microscopy. NDP52 was cytoplasmic at all infection timepoints investigated. I did 

not see any change in localization of the protein during the course of infection. However, I 

noted that the signal intensity of NDP52 decreased in later timepoints (Figure 3.22c), consistent 

with the reduction observed by during WB analysis (Figure 3.22b). 

Figure 3.22 NDP52 does not change localization during VACV infection but protein levels are reduced. 
a) HeLa cells were infected with VACV WR WT at MOI 30. Cells were scraped at timepoints indicated and used for 
WB analysis. As controls uninfected HeLa cells were treated with 3-MA or BafimolycinA1 and Torin1. b) 
Quantification of four biological replicates of a). c) Confocal images of HeLa cells infected with WR mCh-A4 at 
MOI 10 stained for NDP52. Images representative of at least three replicates. Statistical analysis of n=4 biological 
repeats for a): Unpaired T-test with ** P≤0.01. Error bars indicate SEM. Scale bar indicates 10 µM.  
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4.3 The VACV protease G1 is a potential candidate to degrade NDP52 

Initially I hypothesised that VACV may cleave NDP52 using one of its viral proteases. VACV 

encodes two proteins with protease function, I7 and G1. I7 is a cysteine protease. It is a 

component of the virion core which proteolytically processes several viral and cellular targets. 

Depletion of I7 results in a morphogenesis arrest at the IV to MV stage as it is required for the 

processing of several VACV precursor proteins such as A10, L4 and A1763. The cleavage site 

for I7 has been determined to be an AGX motif and the protein is thought to be the sole protease 

responsible for cleavage of the major viral core and membrane proteins1.  

G1 is a predicted metalloprotease and has been studied less extensively. The protein is also 

present in the virion core and contains a HXXEH motif. This motif is associated with a subset 

of metalloproteases and has been predicted to serve as the catalytic residues for G1268,330. The 

late viral protein was thought to undergo autocatalytic self-processing, but G1 cleavage seems 

to rely on an infection environment as it is not cleaved when expressed in HeLa cells in absence 

of infection331. Repression of G1 expression results in a morphogenesis defect in MVs and the 

protein is essential for viral replication in vivo332. However, cleavage of viral precursor proteins 

occurs unabated in the absence of G1, thus its role as viral protease, its potential substrates and 

consensus cleavage site remain unknown. 

When carrying out WB time course assay on NDP52 as described in Figure 3.4.1a, I observed 

the occurrence of a ~25 kDa band from 2 hpi (Figure 3.23a) in one of the repeats. The intensity 

of this band decreased over time, while from 4 hpi a band at ~12.5 kDa appeared which 

increased in intensity until 24 hpi. I hypothesized that these might be cleavage products of 

NDP52 which would suggest that VACV initiates dual cleavage of the protein. No cellular 

protease or caspase is known to specifically degrade NDP52 and the protein does not bear a 

cleavage site for the viral protease I7. The amino acid sequence of NDP52 does however 

contain two KXXSENE motifs (Figure 3.23b). If these were cleavage sites for a protease they 

would result in two protein fragments of 24.4 kDa and 14.3 kDA length that could be detected 

with an antibody which binds the c-terminus of NDP52. Fittingly the antibody used to study 

NDP52 in this chapter binds somewhere in the grey region depicted in Figure 3.23b.  

G1 also bears two sites that resemble the predicted NDP52 cleavage sites which are a 

KXXTENE motif and a KXX-ENE motif. Given that G1 is thought to undergo autocatalytic 

self-processing this further suggested that KXXSENE could be the G1 cleavage site. 
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Figure 3.23 NDP52 amino acid sequence reveals a conserved motif that could be a potential cleavage site. 
a) HeLa cells were infected with VACV WR WT at MOI 30. Cells were scraped at timepoints indicated and used for 
WB analysis. As controls uninfected HeLa cells were treated with 3-MA or BafimolycinA1 and Torin1. WB was 
stained for NDP52. n = 1 b) Amino acid sequence of NDP52. The protein bears a conserved KXXSENE motive that 
could indicate a potential cleavage site for G1L which would result in a 24.4 kDa and a 14.3 kDa band when assayed 
on a WB. The antibody binding region is highlighted in grey. 
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failed to form plaques on a BSC40 monolayer. This virus exhibited a morphogenesis defect by 

EM268.  

 

Figure 3.24 VACV G1L does not cause NDP52 degradation.  
a) WB of purified G1Li virus stained for HA. b) HeLa cells were infected with VACV G1Li at MOI 30 in the presence 
of 25 µM IPTG. Cells were scraped at timepoints indicated and used for WB analysis. WB was stained for NDP52. 
c) Quantification of n=3 biological repeats of b. d) HeLa cells were infected with VACV G1Li at MOI 30 in absence 
of IPTG. Cells were scraped at timepoints indicated and used for WB analysis. WB was stained for NDP52. e) 
Quantification of n=3 biological repeats of d. Statistical analysis of n=3 biological repeats for c) and d): Unpaired T-
test with *** P≤0.001 and **** P≤0.0001. Error bars represent SEM. 
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indicated in Figure 3.24. In presence of G1 expression, NDP52 protein content was on average 

reduced by 56 % (Figure 3.24b&c) which is similar to the 58 % reduction during VACV WR 

WT infection (Figure 3.22b). However, VACV infection with depletion of G1 expression in 

the absence of IPTG also led to a reduction of cellular NDP52 levels by 73 % (Figure 3.24d&e). 

As such I concluded that G1L does not cause NDP52 degradation. Interestingly in both cases I 

observed an initial drop in NDP52 levels between 30 minutes and 2 hpi before protein levels 

decreased linearly until 24 hpi. Initially I assumed that this phenotype is caused by pre-

packaged G1 which is present in the virion. Pre-packaged G1 within the vG1Li virus can be 

detected by staining WB of virus lysates with anti-HA antibody as G1 was HA tagged during 
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content was linear from 2 hpi until 24 hpi in presence and absence of ITPG this is not the case 

but it could indicate that the protein causing the phenotype is also pre-packaged into the virion. 

4.5 NDP52 degradation is independent of VACV I7 and caspases but not 
proteinases 

Since NDP52 degradation seemingly does not depend on the activity of the viral protease G1, 

I wanted to test other VACV protease I7. To do so, I did infection time courses using a VACV 

which encoded for a temperature sensitive version of the I7 protein due to amino acid 

substitution leading to thermolabile growth. Functional protein can be formed at lower 

temperatures (31 °C), while higher a temperature (40 °C) leads to production of defective I7 

protein333,334. I carried out infections on HeLa cells using VACV WR CTS I7L at MOI 30 and 

incubated the cells at 31 °C or 40 °C for the duration of infection. The cells were then harvested 

for WB analysis (Figure 3.25a). No significant difference between NDP52 abundance in 

presence or absence of functional I7 was observed. Notably, that decrease in NDP52 protein 

levels seemed to be accelerated at the non-permissive temperature of 40 °C likely due to a 

decrease in cellular and VACV life cycle speed at lower temperatures (Figure 3.25b). These 

results indicated that I7 could also be excluded as a potential candidate for NDP52 cleavage. 

Having concluded that neither viral protease causes the NDP52 degradation phenotype, I 

wanted to study if VACV modification of cellular caspases might cause the phenotype. ZVAD-

FMK is a cell-permeant broad-spectrum pan caspase inhibitor and has been shown to inhibit 

the intracellular activation of caspase-like proteases by irreversibly binding to the catalytic 

site335.  

I carried out infection time courses on HeLa cells using VACV WR WT at MOI 30 in presence 

of 20 µM ZVAD-FMK. The cells were harvested at time points indicated in Figure 3.25c and 

used for WB analysis. The caspase inhibitor did not reduce VACV mediated NDP52 

degradation. Cellular levels of NDP52 protein were reduced by 57 % at 24 hpi (Figure 3.25d), 

suggesting that the process is caspase independent. 

Lastly I decided to study if NDP52 was still degraded in the presence of MG132. As MG132 

also prevents initial release of lateral body proteins, it was not added from the beginning of the 

infection. HeLa cells were infected with VACV WR WT at MOI 30 in the presence of AraC. 

At 6 hpi the media was aspirated and the cells washed five times with PBS to remove residual 

AraC. MG132 was added for the remainder of infection. Harvested HeLa cell lysates were 

subject to WB analysis. I observed that inhibition of proteasomal degradation by MG132 

treatment prevented depletion of NDP52 in infected cells (Figure 3.25e&f).  



 109 

This observation is consistent with a recent publication by the laboratory of Dr Geoffrey Smith 

that showed cellular NDP52 levels were 0.38-fold downregulated in a proteasome dependent 

manner during VACV infection336. 

Figure 3.25 Decrease of full length NDP52 is I7 and caspase independent, but proteasome dependent.  
a) HeLa cells were infected with WR Cts I7L MOI 30 and incubated at 31°C or 41°C. b) Quantification of three 
biological repeats of a). c) HeLa cells were infected with WR WT in presence of Caspase Inhibitor ZVAD-FMK at a 
concentration of 20 μM. d) Quantification of three biological repeats of c). e) HeLa cells were infected with WR WT 
in an MG132 assay using AraC at a concentration of 10 μM from the start of infection until 6 hpi and MG132 at a 
concentration of 25 µM from 6 hpi for the remainder of infection. f) Quantification of three biological repeats of 
e). Statistical analysis of n=3 repeats for d) and f): Unpaired T-test with * P≤0.05. Error bars represent SEM. 
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4.6 Inhibition of late gene expression prevents NDP52 degradation 

Having shown that the proteasomal degradation system seems to cause NDP52 degradation 

during VACV infection, suggests the involvement of different viral proteins from the ones I 

have studied thus far.  

As a first step to identify which viral protein maybe responsible for NDP52 degradation I asked 

if the phenotype was reliant on early or late gene expression. To do so I carried out a WB based 

time course on HeLa cells using VACV WR WT at MOI 30 in presence of AraC to prevent late 

gene expression. The samples were harvested at time points indicated in Figure 3.26 and subject 

to WB analysis. I observed that inhibition of late gene expression abrogated the NDP52 

degradation phenotype, suggesting that a late VACV protein is required to cause NDP52 

degradation.  

 

Figure 3.26 Decrease of full length NDP52 is prevented by blocking late gene expression.  
a) HeLa cells were infected with VACV WR WT MOI30. AraC was added at a concentration of 10 μM at 2 hpi. b) 
Quantification of three biological repeats of a). Statistical analysis of n=3 repeats for a): Unpaired T-test with ns = 
non-significant. Error bars represent SEM. 
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4.7 Depletion of p62 and NDP52 does not increase VACV yield  

As I established in Chapter 3 that p62 is a restriction factor of VACV and that overexpression 

of p62 results in a 50 % reduction of virus yield, I wanted to ask if depletion of p62 as well as 

NDP52 benefits VACV replication. To do so I carried out siRNA KDs of p62, NDP52 and p62 

and NDP52 combined in HeLa cells. siScr was used as control treatment. To fully eliminate 

cellular protein levels of the autophagy receptors, siRNA treatment was performed for 72 hours. 

After that the cells were infected with VACV WR WT at MOI 1. At various times between 

12 and 48 hpi cells were harvested and MVs extracted via multiple freeze-thaw processes. 

Plaque assays on BSC40 cells were used to determine the virus yield (Figure 3.27a). 

A subset of cells were harvested for WB analysis prior to infection to confirm siKD efficiency 

(Figure 3.27b). Both siNDP52 and sip62 efficiently reduced the protein amount of their 

respective target genes in all biological repeats. However, no significant benefit for VACV 

yield was observed when either or both receptors where reduced in expression. At 48 hpi p62 

depletion seemed to result in an increased virus yield compared to NDP52 or combined p62-

NDP52 siKD, although variation in yield results between biological replicates for p62 at this 

time point was quite high. Consistent with VACVs ability to efficiently modulate these two 

autophagy receptors, their depletion provides no added benefit for VACV replication.  

Figure 3.27 siKD of NDP52 and p62 does not affect VACV yield. 
a) HeLa cells were infected with VACV WR WT at MOI 1 for 12 to 48 hrs and afterwards scraped for 
plaque assay. b) KD efficiency was verified via western blotting for every individual experiment. 
Representative blots are shown. Graph represents three biological replicates, error bars represent SEM. 

 

 

 

 

12 18 24 48
106

107

108

109

1010

hour post infection

P
FU

siNDP52/p62 KD 24hr yield

siScr

siNDP52

sip62/SQSTM1

siNDP52
+sip62/SQSTM1

12 18 24 48
106

107

108

109

1010

hour post infection

P
FU

siNDP52/p62 KD 24hr yield

siScr

siNDP52

sip62/SQSTM1

siNDP52
+sip62/SQSTM1

p62/
SQSTM1

α-Tubulin

NDP52

α-Tubulin

+	 																														+
+	 														+

siNDP52
sip62/SQSTM1

50kDa

50kDa

b)a)



 112 

4.8 Tax1Bp1 is also degraded during VACV infection 

Having shown that VACV efficiently eliminates NDP52 from the autophagy process I 

hypothesized that the virus also affects Tax1Bp1 due to its sequence similarity with NDP52. 

Tax1Bp1 is like p62 and NDP52 a SLR and as such involved in the autophagy process. While 

Tax1Bp1 has been less extensively studied than both NDP52 and p62, it was initially 

discovered as an antiviral factor by binding to a viral oncoprotein of T cell leukaemia virus205 

underlining its importance in antiviral defence.  

To study if Tax1Bp1 was degraded during VACV infection similarly to NDP52, I again carried 

out WB based time courses with HeLa cells using VACV WR WT at MOI 30. I observed a 

decrease of cellular Tax1Bp1 levels during infection which resulted in a reduction of Tax1Bp1 

by 63 % at 24 hpi compared to uninfected controls (Figure 3.28a&b).  

I next decided to study if this effect was caspase dependent by carrying out WB time course 

assays in presence of ZVAD-FMK. Here Tax1Bp1 protein content was reduced by 48 % at 

24 hpi and thus like NDP52 degradation appeared to be caspase-independent (Figure 3.28c&d). 

I also investigated the potential impact of the proteasomal degradation system on Tax1Bp1 in 

an MG132 treated time course in which HeLa cells were infected with VACV WR WT at 

MOI 30 in the presence of AraC. Like the experiment shown in Figure 3.24e, AraC was 

removed at 6 hpi and replaced with MG132. While I observed a mean reduction of cellular 

Tax1Bp1 levels by >25 % at 24 hpi, this was considerably reduced from untreated and ZVAD-

FMK treated samples and not statistically significant (Figure3.28e&f), suggesting that the 

degradation of Tax1Bp1 during VACV infection is reliant on the proteasomal degradation 

system.  

To see if an early or late VACV gene cause the phenotype, I carried out another time course 

using AraC to inhibit viral late gene expression. Like NDP52, Tax1Bp1 was not degraded in 

absence of VACV late gene expression (Figure 3.28g&h). 

In conclusion, in all conditions tested VACV mediated degradation of NDP52 and Tax1Bp1 

behaved similarly suggesting that both proteins are modulated by VACV through the same or 

a similar viral protein.  
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Figure 3.28 Tax1Bp1 exhibits a similar phenotype to NDP52.  
a) HeLa cells were infected with WR WT at MOI 30 for the time indicated and harvested for WB analysis. b) 
Quantification of three biological repeats of a). c) HeLa cells were infected with WR WT in presence of Caspase 
Inhibitor ZVAD-FMK at a concentration of 20 µM. d) Quantification of three biological repeats of c). e) HeLa cells 
were infected with WR WT in an MG132 assay using AraC at a concentration of 10 μM from the start of infection 
until 6 hpi and MG132 at a concentration of 25 µM from 6 hpi for the remainder of infection.  f) Quantification of 
four biological repeats of e). g) HeLa cells were infected with VACV WR WT at MOI30. AraC was added at a 
concentration of 10 μM at 2 hpi. h) Quantification of three biological repeats of g). Statistical analysis of n=4 
repeats for b) and f) and n=3 repeats for d) and h): Unpaired T-test with **** P<0.0001, * P<0.05 and ns = non-
significant. Error bars represent SEM. 
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4.9 Summary 

In this chapter I have shown, that in addition to p62 VACV also modulates the autophagy 

receptors NDP52 and its paralog Tax1Bp1 by initiating their degradation. This degradation is 

independent of the viral proteases G1 and I7 and also not mediated through caspases. A recent 

publication from the laboratory of Geoffrey Smith found NDP52 amongst a list of the top 50 

cellular proteins to be degraded in a proteasome dependent manner during VACV infection336 

which is consistent with my findings. Tax1Bp1 was not evaluated in the publication. 

Additionally I found that the degradation of NDP52 and Tax1Bp1 is abrogated in presence of 

AraC, suggesting a late VACV protein is responsible for this degradation phenotype. 

Eliminating viral proteases as potential candidates of this phenotype, suggests that NDP52 and 

Tax1Bp1 are instead degraded through the cellular proteasomal degradation system. For VACV 

to initiate this, it might utilize one or multiple of its Kelch proteins. Kelch protein family 

members are involved in several cellular and molecular processes such as cell migration337, 

cytoskeletal arrangement338, regulation of cell morphology339, gene expression340 and protein 

degradation341. 

For VACV, three proteins containing Kelch repeats have been identified: A55 (5 Kelch 

repeats), C2 (4 Kelch repeats) and F3 (3 Kelch repeats). Out of these viral Kelch proteins 

A55342,343 and C2344 are expressed late. F3 on the other hand is expressed early345.  

I have determined that inhibition of late gene expression abrogates the NDP52 and Tax1Bp1 

degradation phenotypes suggesting a late gene causes the degradation of these proteins. Given 

that A55 and likely C2 as well are late proteins they are strong candidates to cause this 

phenotype and should be studied further. 

Finally, siRNA mediated depletion of the autophagy receptors p62 and NDP52 did not result 

in an increase in VACV yield suggesting that the virus has fully adapted to deplete autophagy 

receptors that interfere with its cytoplasmic replication. 
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IV Discussion 
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VACV is an obligate intracellular parasite that replicates exclusively in the cytoplasm of its 

host cell. To enable this process the virus encodes a number of immunomodulatory proteins 

that dampen pro-inflammatory signalling and serve to inhibit detection by cellular immune 

responses.  

One major component of cytoplasmic immunity is autophagy, which engulfs intracellular 

bacteria, viruses or parasites in autophagosomes for fusion with lysosomes. Pathogens are then 

degraded within the resulting autolysosome. The potency of autophagy in cellular defence is 

indicated by the comparatively low number of pathogens specialized in cytoplasmic replication. 

To escape degradation these pathogens have, not surprisingly, developed a diverse range of 

evasion strategies.  

As a large dsDNA cytoplasmic replicating virus encoding for over 200 proteins, many of which 

serving to regulate and control host cells, VACV has emerged as an excellent model system for 

investigating the interplay between viruses and host responses to infection. Yet, interactions 

between VACV and the autophagy machinery have received limited attention. It has been 

reported that VACV does not rely on functional autophagy for successful virion production259, 

yet VACV infection appears to reduce the number of autophagosomes258 suggesting that the 

virus inhibits autophagy.  

My PhD project therefore set out to provide a more comprehensive understanding of how 

VACV alters the host autophagy machinery during infection. Throughout this thesis I studied 

how autophagy modulating drugs impact VACV infectivity and spread, determined potential 

viral regulators of VACV mediated LC3 lipidation and discovered that VACV disables at least 

three of the five SLRs to escape autophagosomal degradation.  

4.1 Autophagy modulating drugs impact VACV infectivity 

As VACV enters the cell through micropinocytosis, it is important to consider the impact of 

these drugs on the macropicocytotic pathway at the concentrations used in this thesis: It was 

suggested that the mechanism of action of Trehalose is independent of macropinocytosis and 

endocytosis346. Whether Trehalose itself suppresses macropinocytosis is not yet established. 

However, as this drug had very little effect on VACV yield, spread and gene expression its 

effect on macropinocytosis in HeLa and BSC-40 cells at the concentrations tested is presumably 

negligible. Torin1 was shown to inhibit macropinocytosis in Dictyostelium amoebae with an 

IC50 of 20 µM and maximum inhibition at 50 µM347, which is considerably lower than the 

maximum concentration of 2.5 µM used in chapter 1. Contrary, no effect of Rapamycin was 

observed when used at concentrations up to 10 µM347. Likewise one study found that 

BafilomycinA1 had no effect on macropinocytosis in macrophages at concentrations up to 
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500 nM348, however other labs have observed an inhibition of macropinocytosis by 

BafilomycinA1 in macrophages at the same concentration349 as well as in KRAS-mutant 

pancreatic cancer cells at 100 nM350 and KRAS mutant A549 cells at 10 nM351. 3-MA does not 

impair the formation of macropinosomes or their fusion with late endosomes or lysosomes but 

was shown to prevent their tethering and fusion with each other in A413 cells at 10 mM. 

To control for the effect the tested drugs may have on VACV entry additional control 

experiments should be performed. As macropinocytosis is highly pH dependent352, measuring 

the cellular pH could be used as an indirect readout. 

For a more direct approach Araki et al., studied the effect of 3-MA on macropinocytosis in 

A431 cells by measuring the cellular uptake of fluorescent dextran upon drug treatment353. A 

similar experiment could be performed to test whether the drugs used in this chapter interfere 

with the VACV entry process. Second, sorting nexin 5 and 1 have been shown to localize to 

early macropinosomes in HEK 293 cells354. Antibody staining of these proteins could pose an 

alternative way to visualize macropinosomes. Additionally, electron microscopy experiments 

could be performed to visualize VACV virions taken up and released from macropinosomes in 

presence of the drug. However, the fact that none of the tested drugs had a significant effect on 

VACV early gene expression suggests that other mechanisms than defective VACV entry cause 

the observed phenotypes. 

I have shown that autophagy modulating drugs impact VACV spread, yield and in the case of 

3-MA, late gene expression. Interestingly both autophagy activating but also inhibiting drugs 

reduced VACV infectivity. While it seems logical that an increase in autophagy would lead to 

increased targeting of VACV for autophagic degradation and thus reduce virus yield, the impact 

of autophagy inhibition through 3-MA seems counter intuitive. 3-MA blocks autophagy by 

inhibiting PI3 kinase. The PI3K and AKT signalling pathway are modulated by a number of 

viruses during infection. Zhang et al., showed that the VACV MV membrane does not originate 

from autophagosomal membranes, as MV yield was unaffected by the depletion of ATG5 and 

Beclin1259. However, this study does not rule out the possibility that VACV may utilize other 

autophagy proteins for successful replication.  

The observation that 3-MA inhibits late viral gene expression indicates that VACV may require 

PI3 kinase or the activity of other autophagy components for its life cycle. In line with this, a 

siRNA screen measuring VACV infection upon depletion of autophagy proteins found that 

combined depletion of ULK1 and ULK2 strongly reduced VACV replication suggesting an 

involvement of ULK proteins in the viral life cycle261. Although it was beyond the scope of this 

PhD project, the contribution of autophagy proteins to VACV replication should be looked into 

in the future.  



 118 

4.2 LC3 is lipidated during VACV infection 

I confirmed previous findings showing that VACV infection causes LC3 lipidation. However, 

the functional relevance of this remains to be determined. I have three hypotheses regarding 

VACV and LC3 lipidation (see Figure 4.1): 1) LC3 lipidation could be aberrant as suggested 

by Moloughney et al. This could be an autophagy evasion strategy by the virus. As cargo is 

recruited into the forming autophagosome via autophagy receptors which bind to LC3, aberrant 

LC3 lipidation would impede this process, leaving forming autophagosomes ‘empty’. 2) 

Perhaps lipidated LC3 contributes to the formation of new virions. It was originally though that 

VACV membranes may utilize autophagy machinery for membrane formation259. While 

Beclin1, ATG5 and ATG7 have been ruled out, a role for lipidated LC3 has not. 3) LC3 

lipidation is a side effect of autophagy activation during infection. Upon sensing of invading 

VACV virions the cell may initiate autophagosomal membrane formation to combat infection. 

However, VACV-induced depletion of autophagy receptor proteins results in excess amounts 

of autophagosomal membranes. 

Using an siRNA screen which targets all early VACV genes, and LC3 puncta formation as read 

out, I identified several VACV early genes that affect the viruses ability to modulate LC3 

lipidation. While several siRNAs were initially found to cause an increase in LC3 puncta 

formation, follow up experiments revealed only one siRNA significantly upregulated LC3 

lipdation upon infection. This siRNA targeted the viral protein H3, which is a heparin sulphate 

binding protein on the surface of IMVs. Some publications indicate that heparin prevents 

autophagy activation in mesangial cells355 and diabetes356. In these studies, diabetic rats were 

treated with heparin over an extended period of time which led to a reduction in LC3b levels 

and number of autophagosomes. It is possible that H3 interactions with heparin during infection 

may increase the effect the polysaccharide has on LC3, thus acting as a negative regulator of 

VACV-induced LC3 lipidation.  

Amongst the candidate genes to cause increased LC3 lipidation, confirmed through WB, are 

G5, L5, and A14. A14 is essential for viral membrane biogenesis and a major component of 

the MV membrane. Together with A17 it forms viral membrane crescents which progress into 

the IV membrane. A14 and A17 also form a lattice that is stabilized by disulphide bonds which 

serves as an anchor within the viral membrane for other proteins important in virion structure 

and morphogenesis 357–359. G5 is thought to be a putative endonuclease required for double-

strand break repair, homologous recombination, and production of full-length viral genomic 

DNA360–362. L5 is another viral membrane protein and part of the entry fusion complex in 

VACV. Virions lacking L5 can bind to cells but not enter the cytoplasm363,364.  



 119 

E8 was also one of the genes selected for WB based validation. While E8 siKD did not lead to 

a significant decrease in VACV mediated LC3 lipidation by WB, the characteristics of this 

protein still make it an interesting target for follow-up experiments. E8 is an ER localized 

membrane protein and ER stress is known to induce autophagy365 and to serve as a source of 

LC3 precursors366. Furthermore, studies on VACV suggest that soon after initial viral DNA 

synthesis, the replication sites become entirely enwrapped by membranes of the ER which is 

essential for efficient VACV DNA replication82. Thus, initial VACV replication seemingly 

takes place in close proximity to sites of autophagosomal origin, further suggesting a need for 

disabling the autophagy pathway for successful replication.  

 

Figure 4.1 Three different models of LC3 lipidation 
1) A viral protein causes ATG12–ATG3 conjugation. The ATG12–ATG3 complex results in aberrant LC3 lipidation 
dislocated from phagophore leading to failure in autophagosome formation. 2) Lipidated LC3 contributes to the 
formation of new virions. 3) LC3 lipidation is a side effect of autophagy activation during infection due to depletion 
of autophagy receptor proteins. 

Based on the screening results, WB validation and the function of the tested viral proteins I 

believe H3, A14, L5 and E8 should be further investigated with regard to their involvement in 

LC3 lipidation. Antibodies have been published for H3367, A14359,368,369 and E8370. For L5 a GFP 

tagged inducible virus exists363. These reagents should be used to look for co-localization of 

these the viral proteins with LC3.  
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While Moloughney et al., stated that the number of fully formed autophagosomes is reduced 

during VACV infection, no statement has been made with respect to the presence of 

autophagosomal membranes258. Electron microscopy could be employed to study the presence 

or absence of autophagosomal membranes in VACV infected cells treated with siRNA 

targeting the genes of interest. It would also be interesting to determine if lipidated LC3 is 

membrane-bound during VACV infection. Immuno-gold labelling of LC3 could be carried out 

to investigate if the protein is conjugated to membranes or, as previously suggested, 

accumulated in puncta due to aberrant lipidation. 

The fact that depletion of different viral proteins resulted in an increase or decrease of LC3 

lipidation speaks against the hypothesis that LC3 lipidation is a side effect of autophagy 

inhibition through depletion of SLRs. Neither of the LC3 lipidation candidate genes are likely 

to be involved in the p62 or NDP52/Tax1Bp1 phenotype. As such VACV seems to cause LC3 

lipidation independently of its action on autophagy receptor proteins. 

Of the five proteins selected from the screening results, three are membrane proteins. This could 

be an indication for an involvement of LC3 in the formation of viral membranes. Zhang et al., 

showed that VACV membrane formation occurs independently of ATG5 and Beclin1259. LC3 

lipidation however also takes place in ATG5 and ATG7 deficient cells during VACV 

infection258. Moloughney et al., suggested that the virus encodes a viral protein that 

compensates for the lack of these proteins which are required for the E3 ligase activity of the 

ATG12-ATG5-ATG16L complex that leads to conjugation of LC3 to PE on the 

autophagosomal membrane. 

The potential interaction between LC3 and VACV membrane proteins would suggest an 

involvement of LC3 in VACV membrane biogenesis. While I did not observe LC3 recruitment 

to the replication site, if LC3 lipidation is aberrant and dispensable for VACV why would the 

virus encode a protein to assure lipidation in absence of ATG5 and ATG7? LC3 siRNA could 

be used to study if the absence of LC3 negatively impacts virion formation. This would also 

allow for determination of which LC3 family member(s) is lipidated during VACV infection. 

While an LC3b antibody was used throughout Chapter 2, the high sequence identity of all 

ATG8 homologs likely results in antibody cross reactivity. As such, it cannot be said if one, or 

multiple. family members are lipidated during VACV infection. Interestingly Mauthe et al., 

saw no impact of siRNA depletion of LC3a/b/c on VACV replication, while depletion of 

GABARAPL1/2 significantly reduced viral replication. 

In conclusion, I have narrowed down the list of potential candidate genes which facilitate 

VACV-mediated lipidation of LC3. The reason for this phenotype remains yet to be 

determined. 
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4.3 VACV initiates p62 translocation into the nucleus to 
escape autophagic targeting 
 

I have shown that p62 targets incoming VACV virions and viral replication sites. The virus 

circumvents this by phosphorylating p62 at Thr269/Ser272 near its 2nd NLS. This leads to 

translocation of p62 into the nucleus, at PML bodies (see Appendix section 5.4), where it cannot 

participate in the autophagosomal process. Mutation of NLS2 results in failed nucleoplasmic 

shuttling and localization of p62 at the viral replication sites. Phosphorylation of 

p62(Ser269/Thr272) is independent of the cellular kinase p38δ and is rather caused by the two 

viral kinases B1 and F10 making p62 a dual kinase substrate of VACV.  

In addition to nuclear translocation, VACV may have developed a second mechanism to 

inactivate p62: Typically, p62 is phosphorylated at Serin403 in its UBA domain during 

autophagy. This increases the affinity between the UBA domain and polyubiquitin chains184. I 

did not observe any increase in p-p62(Ser403) during VACV infection (see Appendix 

Figure 5.6c&d) suggesting that the VACV phosphatase specifically de-phosphorylates this site, 

or that VACV inhibits the host kinase responsible for p62 phosphorylation at Ser403.  

Phosphorylation of p62 at this site occurs via casein kinase 2 (CK2) or the autophagy adaptor 

protein TBK1. TBK1 phosphorylation at Ser172 is required for its activity185. I determined that 

VACV infection not only prevents p-TBK1(Ser172), but actively dephosphorylates this site 

(see Appendix Figure 5.6a). Meade et al., suggested that the absence of TBK1 phosphorylation 

is caused by the VACV phospho-protein F17 which sequesters the mTORC proteins Raptor 

and Rictor leading to mTOR dysregulation which also impacts cGAS-Sting signalling371.  

CK2 is a pleiotropic serine/threonine protein kinase372. While it was thought for a long time that 

CK2 activity is independent of its phosphorylation status373, it has been shown that CK2 activity 

increases upon phosphorylation at Ser194 and Ser277 for CK2α, and Ser148 for CK2β374,375. 

CK2 was also amongst the top three cellular proteins shown to be dephosphorylated during 

VACV infection (Kilcher et al., unpublished).  

This reasons that VACV inhibits selective autophagy of viral proteins and virions through p62 

shuttling into the nucleus as well as potentially inhibiting phosphorylation of the receptor at 

Ser405 through dysregulation of TBK1 and CK2 activity. 

To further test this hypothesis, I will first investigate if p-p62(Ser403) is actively 

dephosphorylated. To do so, I will treat the cells with Chloroquine during infection to initiate 

p-p62(Ser403). I will then do WB assays to study if VACV infection decreases phosphorylation 

at Ser403. Furthermore, I will use VACV ΔF18 virus to confirm the p-TBK1 results reported 
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by Meade et al. The same virus will then be used to study if TBK1 phosphorylation results in 

p-p62(Ser403).  

I will also validate the CK2 dephosphorylation results through WB analysis using CK2 

phospho-antibodies. If CK2 is indeed dephosphorylated during VACV infection, I will employ 

an inducible VACV H1 virus to see if the viral phosphatase causes de-phosphorylation of CK2. 

If found positive the same virus will be used to see if the action of H1 on CK2 contributes to 

prevention of p-p62(Ser403) by WB staining. 

Interestingly I observed that the phosphorylation of p62 is also increased at Serin349 (see 

Appendix Figure 5.5.a&b). Phosphorylation at this site is typically initiated by mTORC1 and 

facilitates interaction between p62 and Keap1. Binding of p62 to Keap1 reduces the interaction 

of Keap1 with its other binding partner Nrf2 and leads to the autophagic degradation of Keap1. 

Since Keap1 is an adaptor for the Cullin3 ubiquitin ligase, Nrf2 is typically constitutively 

degraded under steady-state conditions191,376. Inhibition of Nrf2 degradation results in gene 

expression of Nrf2 target genes, many of which are involved in the oxidative stress response191.  

Recent work in our lab has shown that excessive levels of oxidative stress inhibits VACV 

replication through the abrogation of early and late viral gene expression. To overcome this, 

WT VACV delivers several intrinsic redox modulating enzymes to the cell cytoplasm during 

entry. These suppress oxidative stress in order to facilitate viral replication (Bidgood et al., 

manuscript in preparation).  

Increased phosphorylation of p62 at Serin349 might contribute to the release of Nrf2 from 

Keap1 causing Nrf2 to enter the nucleus and facilitate expression of cytoprotective genes. 

However, since binding of Keap1 by p62 typically occurs in the cytoplasm, it is unlikely that 

nuclear p62 would contribute to the inhibition of Nrf2 degradation. In IF time course 

experiments, I found that the nuclear phenotype of p62 is restricted to ~4-18 hpi. It is possible 

that p-p62(Ser349) has a regulatory role of the oxidative stress response in late stage infection. 

To investigate if p-p62(Ser349) facilitates Nrf2 target gene expression, I will first carry out 

antibody stainings for Nrf2 to see if the protein localizes in the nucleus during VACV infection. 

If this is the case at any point during infection (most likely at later time points), I will carry out 

siRNA KDs of p62, infect the cells with VACV and investigate if Nrf2 still enters the nucleus. 

Subsequently I will harvest samples for RT-qPCR analysis to see if Nrf2 target genes are 

expressed during infection and if this is reliant on the presence of cellular p62. 
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4.4 VACV infection causes degradation of NDP52 and 
Tax1Bp1 
 

I have shown that VACV infection causes degradation of the autophagy receptors NDP52 and 

Tax1Bp1. The degradation occurs independently of the two viral proteases G1 and I7. My work 

indicates that degradation of NDP52 and Tax1Bp1 is proteasome dependent and requires the 

expression of a VACV late gene. I hypothesize that a VACV Kelch protein facilitates this 

proteasomal degradation.  

Members of the Kelch protein family all contain one or multiple Kelch motifs. These range 

from 44 to 56 amino acids in length and are typically arranged in five to seven repeats377. The 

signature motifs in each Kelch repeat are a series of four hydrophobic amino acids followed by 

glycine pair, a conserved tyrosine, and a conserved tryptophan. Each Kelch repeat folds into 

four β-strands that form a single blade of a β-propeller. These propellers primarily function as 

scaffolds for protein-protein interactions. While all Kelch proteins share a similar tertiary 

structure, there is little primary sequence identity between one Kelch repeat and another which 

suggests diverse interacting partners across the Kelch superfamily378.  

For VACV, three proteins containing Kelch repeats have been identified: A55 (5 Kelch 

repeats), C2 (4 Kelch repeats) and F3 (3 Kelch repeats). These proteins all contain a BTB 

domain near the N-terminus and the Kelch repeat structure near the C-terminus343. A BTB 

domain typically acts as an adaptor between E3 ubiquitin ligases and Kelch domains in order 

to form active ubiquitination complexes379. Particularly A55R has been shown to be involved 

in degradative processes. The protein binds Cullin3 and directs the Cul3–RING E3 ligase 

complex to degrade cellular and viral target proteins380.  

Out of the three VACV Kelch proteins F3 is expressed early while A55 and C2 are thought to 

be expressed late. As I have shown that late gene expression is required for NDP52/Tax1Bp1 

degradation, I will electroporate codon optimized constructs encoding for A55 and C2 into 

HeLa cells and harvest the cells for WB analysis to see if the protein amount of NDP52 and 

Tax1Bp1 is reduced in presence of either protein. Co-IPs will be used to look for potential 

direct interactions between the two autophagy receptors and the viral proteins. In addition, IF 

experiments to look for potential co-localization of the Kelch proteins and NDP52 will be 

performed.  

Based on the results of these experiments deletion viruses for either or both VACV Kelch 

protein(s) will be generated. Deletion mutants for all three Kelch proteins have been published 
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and show that functional VACV virions can be produced in absence of these proteins. I will 

use the same protocols to generate vΔA55R343 and vΔC2L344 mutants. These viruses will be 

used in an infection time course assay and the infected cells will be analysed for Tax1Bp1 and 

NDP52 protein content by WB. 

4.5 VACV modulation of other SLRs 

In this thesis I have shown that VACV inhibits the autophagic function of three out of the five 

known SLRs. However, NBR1 and OPTN have not been investigated in this project and may 

also target VACV for degradation. This hypothesis is supported by Mauthe et al., which showed 

that depletion of NBR1 and OPTN increased VACV replication261.  

OPTN has been shown to be involved in autophagic degradation of mycobacteria314 and 

salmonella212,213 and is also a restriction factor for Sendai virus381. Similar to p62, OPTN is 

activated through phosphorylation by TBK1. TBK1 phosphorylates OPTN at Ser177 which lies 

in the LIR motif of OPTN213. Phosphorylation enhances OPTN binding to ubiquitin chains212,214. 

As I mentioned before TBK1 is dephosphorylated during VACV infection, suggesting that it 

cannot phosphorylate p62 or OPTN. This likely has a negative impact on OPTN ubiquitin-

dependent cargo binding. To study this I will use the VACV ΔF18 virus in a WB based time 

course and stain for p-OPTN(Ser177). If F18 depletion results in increased p-OPTN(Ser177), 

I will carry out IF based analysis to determine if OPTN targets incoming VACV virions 

similarly to p62.  

The final SLR is NBR1. While this receptor has not yet been shown to target mammalian 

viruses, it is involved in antiviral defence in Arabidopsis against cauliflower mosaic virus 

(CaMV). A negative regulator of the autophagic activity of NBR1 is Glycogen-synthase-

Kinase 3 (GSK-3) a serine/threonine kinase. It phosphorylates NBR1 at Thr586 which prevents 

the aggregation of ubiquitinated proteins and their selective autophagic degradation. A possible 

regulation of NBR1 may be via upregulation of GSK-3 or direct phosphorylation of NBR1 

though F10 or B1 at Thr586. Unfortunately no commercial phospho-antibodies for NBR1 exist 

to test this hypothesis. 

Additionally a recent publication demonstrates that NBR1 is unable to form filaments with 

ubiquitinated proteins alone but depends on the presence of p62 in an in vitro reconstituted 

system223. If this was also applicable to a cellular environment, the absence of cytoplasmic p62 

possibly suffices to eliminate autophagic functions of NBR1. 
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Figure 4.2 Hypothetical model of VACV modulation of autophagy.  
VACV initiates translocation of p62 into the nucleus by phosphorylating T269/S272 through B1 and H1. VACV Kelch 
protein C2 or A55 facilitate proteasomal degradation of NDP52 and Tax1Bp1. F18 mediated dephosphorylation of 
TBK1 prevents activation of OPTN and p62. Additionally the viral proteins H3 and A14/L5/E8 modulate LC3 
lipidation. 
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4.6 Conclusion 

Autophagy is a highly effective component of the cellular immune defence against invading 

pathogens. As such, obligate intracellular parasites that replicate exclusively (or in part) within 

the cytoplasm rely on autophagy evasion strategies. 

While such strategies have been reported on for a large variety of viruses, VACV interactions 

with the autophagy machinery have so far not been studied extensively. It has been known that 

VACV infection causes an increase in LC3 lipidation258 and that VACV does not require ATG5, 

ATG7 or Beclin1 for successful virion production259. However, a detailed understanding as to 

how VACV escapes autophagic degradation has so far been lacking. 

In this PhD thesis I have presented evidence that VACV has developed an array of defence 

strategies to combat autophagic degradation. I have shown that autophagy modulating drugs 

negatively affect VACV yield, spread and in one case late gene expression. I have also 

narrowed down the list of potential candidate genes to cause the previously published LC3 

lipidation phenotype. Finally, I showed that VACV evades autophagic degradation by 

specifically disabling autophagy receptor function. p62, the most well-known autophagy 

receptor, is shunted into the nucleus by the action of the VACV kinases F10 and B1. NDP52 

and Tax1Bp1 are degraded during the course of VACV infection and the dephosphorylation of 

TBK1 suggests a potential inhibitory mechanism for OPTN.  

Collectively, my findings provide new insight into VACV interactions with the autophagy 

machinery and how this complex virus replicates in the cytoplasm while avoiding destruction. 

Additionally, members of the poxvirus family are also increasingly utilized in gene therapy 

approaches against different forms of cancer. Understanding how these therapeutic viruses 

affect important cellular pathways is crucial for the generation of safe poxvirus-based oncolytic 

agents. More comprehensive molecular characterization of how VACV modulates autophagy 

might therefore provide new angles for improved poxvirus vector-based immunotherapy. 
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A: Data in support of Chapter 2 

5.1-3 An early VACV gene siRNA screen identifies several 
candidates for VACV mediated increase and decrease of 
LC3b puncta formation 
The following three figures depict the si-screening results for every individual siRNA used in 

Chapter 2. Individual dots represent biological replicates. 

 

Figure 5.1 Unpooled siScreening Results for siRNA 1.  
Cells were treated with siRNA for 16 hrs and infected with WR WT at MOI 10. Red puncta of lipidated LC3 were 
detected and used for granularity readout. Figure shows results for siRNA1 with each dot representing one 
biological replicate. Error bars indicate SEM.  
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Figure 5.2 Unpooled siScreening Results for siRNA 2.  
Cells were treated with siRNA for 16 hrs and infected with WR WT at MOI 10. Red puncta of lipidated LC3 were 
detected and used for granularity readout. Figure shows results for siRNA2 with each dot representing one 
biological replicate. Error bars indicate SEM.  
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Figure 5.3 Unpooled siScreening Results for siRNA 3.  
Cells were treated with siRNA for 16 hrs and infected with WR WT at MOI 10. Red puncta of lipidated LC3 were 
detected and used for granularity readout. Figure shows results for siRNA3 with each dot representing one 
biological replicate. Error bars indicate SEM.  
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B: Data in support of Chapter 3 

5.4 Nuclear p62 localizes to PML bodies during infection 

While p62 was fairly evenly distributed across the nucleus in infected cells, it appeared to be 

enriched in puncta-like structures. I hypothesized that these structures are nuclear 

promyelocytic leukemia (PML) bodies, a subset of nuclear bodies which are membrane-less 

organelles composed of protein and sometimes RNA382. While the exact function of PML 

bodies is yet to be determined, they were proposed to facilitate partner protein posttranslational 

modifications such as sumoylation. These modifications are thought to initiate sequestation, 

degradation or activation of said proteins383. p62 was shown to be essential for accumulation of 

polyubiquitinated proteins in PML bodies upon inhibition of nuclear protein export274.  

To determine whether the sites of nuclear p62 enrichment are in fact PML bodies, I performed 

additional time course experiments, as above, and stained for DNA, p62 and PML (Figure 5.4). 

Microscopy analysis showed that areas of increased p62 signal intensity also showed PML 

signal. Computational quantification confirmed that p62 signal intensity over PML bodies 

increased during infection until 12 hpi and decreased again thereafter which coincides with p62 

exiting the nucleus. Notably the number of PML bodies also appeared to increase during 

infection starting at 4 hpi up until 18 hpi (Figure 5.5a). 

While I have shown in Figure 5.5a that p62 signal intensity over PML bodies increases VACV 

infection, I wanted to rule out the possibility that this increase is just an artefact due to overall 

increase in p62 signal intensity in the nucleus. The images were therefore re-analysed including 

normalization for p62 nuclear signal intensity (Figure 5.5b). While this led to some adjustments 

in the data, the p62 signal intensity at PML bodies was still increased. Thus, it can be said that 

nuclear p62 accumulates at PML bodies. 
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Figure 5.4 Nuclear p62 accumulates at PML bodies.  
Confocal images of HeLa cells infected with WR mCh-A4 stained for p62 and PML. p62 signal was imaged at reduced 
exposure to increase visibility of co-localization. Images representative of at least three repeats and are maximum 
projections of z-stacks. Scale bar indicates 20 µM. 
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Figure 5.5 Quantification of nuclear p62 over PML bodies.  
a) The images used in Figure 5.4.1 were analysed for average PML signal intensity over PML bodies. b) The images 
used in Figure 5.4.1 were analysed and normalized to nuclear p62 signal intensity to exclude the possibility that 
the increase in p62 intensity over PML bodies was an artefact caused by nuclear p62 background signal. 
Quantification of three biological replicates. Statistical analysis of n=3 biological repeats: Unpaired T-test with * 
P≤0.05 and **P≤0.01. Error bars represent SEM.  

5.5 VACV infection also increases p62 phosphorylation at 
S346 but not at S403 
 

In Chapter 3 I have shown that VACV induces phosphorylation of p62 at S269/T272 to induce 

p62 translocation into the nucleus. To further investigate if VACV also alters the 

phosphorylation status of other p62 phospho-sites, I obtained commercial antibodies for p62-

pSer346 and p62-pSer409. Phosphorylation of Ser346 has been reported to increase p62 

activity in mediating antioxidant responses191, and Ser403 phosphorylation is implicated in 

selective autophagy184. 

I carried out infection time courses in HeLa cells using VACV WR WT at MOI 30. Cells were 

harvested and lysed for WB analysis. I observed a drastic increase in p62-pSer346 starting from 

8 hpi which peaked at 24 hpi (see Figure 5.6a&b). In uninfected cells phosphorylation at this 

site is induced by mTORC1. This increases p62 binding affinity to Keap1, releasing Nrf2 from 

the Keap1-Nrf2 complex to initiate transcription of genes involved in the antioxidant 

response191. 

To study the p62 phosphorylation status at Ser403, I carried out a HeLa infection time course 

as described above and stained the WB for p62-pSer403. The signal for this antibody was very 

faint for all time points, making it hard to visualize the protein band. I did not observe an 

increase or decrease of p62 phosphorylation at Ser403 (see Figure 5.6c&d), suggesting that 

during the course of VACV infection p62 is not activated for selective autophagy. 
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Figure 5.6 p62 is also phosphorylated at S349 but not S403 during VACV infection.  
a) Western Blot of HeLa cell lysates infected with WR WT MOI30 stained for p-p62 (Ser349). b) Quantification of 
three biological replicates as shown in b). c) Western Blot of HeLa cell lysates infected with WR WT MOI30 stained 
for p-p62 (Ser403). d) Quantification of three biological replicates as shown in c). Statistical analysis of n=3 repeats 
for b) and d): Unpaired T-test with ** P≤0.01 and ns = non-significant. Error bars represent SEM. 

5.6	The autophagy adaptor TBK1 is dephosphorylated 
during VACV infection 
 

The autophagy protein TBK1 is involved in the activation of several autophagy receptors (see 

Introduction Section 2.3). It coordinates the assembly of the autophagic machinery and controls 

IL-1beta activation during mycobacterial infection384. It is also required for autophagy 

induction during HSV1 infection385. The protein links the innate immune response to the 

autophagy pathway386 by activating IRF3 which then enters the nucleus to function as 

transcription factor for IFN-β387. The second important pathway in innate immunity, the cGAS-

STING pathway, is also mediated through a signalling cascade that involves p62 and TBK1. 

STING degradation following activation of the cGAS-STING pathway occurs through 

autophagy and is dependent on p62 which in turn is phosphorylated by TBK1, as such cells 

lacking p62 exhibit elevated IFN responses to cytoplasmic viral and non-viral DNA388. 

Additionally the binding of TBK1 to STING facilitates dsDNA-mediated activation of NFκB 

and IRF3 linking back into the transcription of proinflammatory genes389. Phleboviruses appear 

to evade TBK1 mediated restriction of infection by sequestering TBK1 into viral inclusion 

bodies390.  
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During both mitophagy and xenophagy p62 is phosphorylated at S403 which is important for 

its activity in selective autophagy. Purified p62 has only a weak affinity to K63-linked 

polyubiquitin chains and almost no binding affinity to K48-linked polyubiquitin chains in 

vitro184,391. Therefore autophagy cargo decorated with K48-linked polyubiquitin chains, cannot 

be a substrate of p62-mediated selective autophagy without S403 phosphorylation. p62-pS403 

binds to both types of polyubiquitin chains with higher affinity. Chemical inhibition of TBK1 

has been shown to prevent p62 mediated autophagosomal degradation of mitochondria185. 

Since TBK1 is one of the cellular kinases to phosphorylate p62 at Ser403, I decided to 

investigate if VACV possibly modulates TBK1. The serine-threonine kinase domain of TBK1 

contains an activation loop at Leu164 to Gly199. This loop includes Ser172 which undergoes 

autophosphorylation leading to a conformational change in the activation loop, thereby 

activating TBK1. It is speculated that TBK1 dimers are able to autophosphorylate through the 

interaction of adjacent kinase domains and activation loops392,393.  

I carried out a WB time course using VACV WR WT at MOI 30 and stained the WB membrane 

for TBK1-pSer172 (Figure 5.7a). I observed a significant reduction in phosphorylated TBK1 

by over 60 %. To check if this was due to an overall reduction in cellular levels of TBK1, I 

stained a separate set of WB membranes for overall TBK1 (Figure 5.7b). I did not observe any 

changes in TBK1 levels during infection. 

To see if the phosphorylation status of TBK1 might impact the localization of the protein, I 

carried out a time course assay on cover slips using VACV WR mCHA4 at MOI 10. The cells 

were fixed in 4 % FA and stained for TBK1 and DNA. Interestingly TBK1 seemed to localize 

to viral DNA during infection particularly between eight and twelve hours post infection 

(Figure 5.6c).  

To quantify this observation and narrow down the search for potential VACV gene products 

causing this phenotype I repeated the experiment in a 96-well format and treated some wells 

with CHX (50 µM), MG132 (25 µM) and AraC (10 µM). The nuclear localization phenotype 

did not occur in presence of CHX and AraC suggesting a pre-packaged viral gene product leads 

to accumulation of TBK1 over the nucleus (Figure 5.6d). 

It has since been published that VACV structural phospho-protein F17 sequesters the mTORC 

proteins Raptor and Rictor leading to mTOR dysregulation which impacts cGAS-Sting 

signalling371. Meade et al., also showed that phosphorylation of TBK1 occurs during infection 

of NHDF cells with VACV ΔF17, while WR WT did not initiate TBK1 phosphorylation. In 

several other cell lines however, VACV ΔF17 did not cause an increase in p-TBK1371. 

Additionally Casein kinase 2 (CK2) phosphorylates S403 of p62 directly184. However, since 

chemical inhibition of TBK1 prevents the p62-mediated autophagosomal engulfment of 
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mitochondria185 different kinases probably phosphorylate p62 in a cargo-dependent manner and 

cannot compensate for each other.  

Finally VACV infection also causes an increase in p62 phosphorylation at Ser349 suggesting a 

potential involvement in the oxidative stress response while Ser403 of p62, which is required 

to promote activation of the protein for its involvement in selective autophagy, does not 

increase in phosphorylation status during VACV infection. This might be due to VACV 

induced dephosphorylation of its host kinase TBK1 which is potentially deactivated due to the 

action of VACV protein F17. 
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Figure 5.7 TBK1 is dephosphorylated during the course of infection and accumulates in the nucleus.  
a) Western blot of VACV infected HeLa cells stained for p-TBK1 (left) and quantification of three biological 
replicates. b) Western blot of VACV infected HeLa cells stained for TBK1 (left) and quantification of three biological 
replicates. c) Confocal imaging of HeLa cells infected with WR mCh-A5 in without drug treatment. Cells were 
stained for TBK1 and DNA. Images are maximum projections of z-stacks and representative of at least three 
repeats.  d) Quantification of confocal images of HeLa cells treated with DMSO, CHX, MG132 and AraC. Statistical 
analysis: Unpaired t-test with *** P≤0.0001 and ns = non-significant. Error bars for a) & b) indicate SEM, error bars 
for d) indicate SD. 
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