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ABSTRACT  

 

   

Necroptosis is a pro-inflammatory mechanism of programmed cell death. It has been 

implicated in many diseases such as inflammatory diseases, neurodegenerative diseases, 

cancer and during viral infections. The focus of this research work was to establish the 

relationship between poxvirus pathogenesis and necroptosis, and the translation 

implications of necroptosis in oncolytic virotherapy. Vaccinia virus (VACV) is the 

currently used vaccine for smallpox and it has also been developed as a vaccine vector 

for several pathogens. E3L is one of the key innate immune evasion genes of VACV and 

it encodes E3 protein composed of dsRNA binding domain in the C-terminus and Z-NA-

binding domain (Z-NA BD) in the N terminus. Both domains are necessary for type 1 

interferon resistance and pathogenesis. Recently, it has been shown that in in vitro, the N-

terminus of E3 is necessary to inhibit necroptosis occurring through the host-encoded 

cellular proteins RIP3 and Z-NA-binding protein DAI interaction leading to 

phosphorylation of MLKL, the key executioner step in the pathway. The research work 

presented here clearly demonstrates that in a mouse model, the N-terminus of VACV E3 

is necessary to inhibit necroptosis during pathogenesis in mice. Another poxvirus 

belonging to the same family as VACV is monkeypox virus (MPXV) and is an emerging 

human pathogen. MPXV contains a natural truncation in the N-terminus of its E3 

homologue, F3. The results indicate that during MPXV infection in mice, pathogenesis 

was higher only in DAI knockout mice and not in MLKL knockout mice, suggesting that 

DAI is possibly activating other proteins not leading to necroptosis. The characterization 

of VACV as an oncolytic virus was carried out with a focus on future clinical trials. In 
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this study, a pan screening was conducted in various cancer cell lines as many cancers 

downregulate necroptotic proteins. The results reveal that the N-terminal deletion mutant 

of VACV selectively replicates in cancer cell lines with a deficient necroptotic pathway 

and thus, can be used as a potential treatment against specific tumors and evidently, 

provides abundant scope for future studies.  
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CHAPTER 1 

INTRODUCTION 

 

Infectious diseases caused by pathogens pose a serious concern for global human health 

and security. Among the diverse pathogens, viruses are amongst the most serious, often 

rapidly evolving pathogens that challenge economic and livelihood security in today’s 

world. Viruses are obligate, intracellular pathogens that replicate using the hosts’ cellular 

machinery. Hence, it is critical for viruses to develop strategies to evade the hosts’ innate 

immune defense mechanism for effective replication and spread in the host system. When 

a virus infects a cell, the host cell senses the virus infection and responds by secreting 

interferon (IFN) leading to an innate immune response. The induction of IFN and other 

pro-inflammatory cytokines creates an anti-viral state in the cells and the virus is unable 

to replicate further. 

IFNs are grouped into three types and the main cytokines produced in response to 

a viral infection are Type I IFNs (IFNα/β). The IFN signal transduction pathway consists 

of two signaling cascades: a virus-induced IFN production signal and an IFN receptor-

mediated secondary signal to establish an antiviral state(1).  During virus infection of the 

cell, detection of pathogen-associated molecular patterns (PAMPs) by host pattern 

recognition receptors (PRRs) leads to the IFN production signal. PAMPs are components 

or byproducts of microorganisms during their life cycle inside the host. These PAMPs 

can be recognized by four classes of pathogen recognition proteins (PRPs): toll-like 

receptors (TLRs), retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), 
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nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), and 

cytoplasmic DNA sensors (2). Induction of type 1 IFN have shown to be regulated by 

TLRs and RLRs. Although each pathway induces type 1 IFN production through 

different adaptor and signaling molecules, both pathways converge onto three common 

signaling molecules: interferon regulatory factor 3 (IRF-3), IRF-7, and NF-κB. Following 

activation via the upstream recognition pathways, these signaling components bind the 

IFN-β promoter to produce IFN-β which acts upon the IFN-αβ receptor (IFNAR) in both 

autocrine and paracrine mechanisms(2, 3). This leads to the upregulation of IFN-

stimulated genes (ISGs) and the IFN signaling cascade. The activation of this pathway 

leads to the upregulation of the genes under the control of the interferon stimulated 

response element promoter (ISRE), which includes interferon-induced effector molecules 

such as protein kinase R (PKR) and 2’-5’ oligo adenylate synthetase (OAS).  Upon virus 

infection, these “primed” cells inhibit viral replication and spread(4, 5).  

Programmed cell death (PCD) is an orchestrated suicide mechanism activated in 

response to host cellular defense signals. This leads to cell death that prevents viral 

replication and spread, thus curbing the infection effectively(6-8). Programmed cell death 

pathways include apoptosis, pyroptosis and necroptosis and are differentiated based on 

morphological and immunological characteristics (Figure 1) (9-12).  

Apoptosis is a caspase-dependent pathway that is induced by stimuli such as 

intracellular signals (intrinsic) or activation of death receptors (extrinsic). There are 

various intracellular inducers of the intrinsic pathway such as cytochrome c from 

mitochondria, SMAC/Diablo or Bax that are released in responses to variety of stresses. 
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The extrinsic pathway is initiated by the binding of extracellular death receptor ligands 

such as tumor necrosis factor (TNF), Fas ligand (FasL), and TNF-related apoptosis-

inducing ligand (TRAIL) to their respective transmembrane receptors. Activation of the 

pathway includes the induction of caspases – 8 and -9 in response to cellular signaling. 

This leads to activation of caspases – 3 and -7 known as leading to cell death. Cell death 

is characterized by membrane blebbing, chromosomal fragmentation and the formation 

apoptotic bodies. This results in nonimmunogenic death as the apoptotic bodies retains 

the cellular content and are cleared by phagocytic cells(13, 14). 

Pyroptosis is also a caspase- dependent cell death pathway. Signaling is initiated 

by activation of procaspase-1. This results in the formation of inflammasomes leading to 

activation of inflammatory cytokines such as IL-18 and IL-1β and thus, the pathway is 

considered highly immunogenic. The hallmark of pyroptosis is the loss of cell membrane 

integrity and the release of intracellular contents(13, 15). 

Necroptosis is a recently identified pro-inflammatory mechanism of programmed 

cell death. This is a caspase-independent pathway involving serine/threonine kinase 

receptor interacting proteins (RIP) that regulate the signaling. Although, there are 

different pathways leading to necroptotic cell death, RHIM domain containing protein, 

RIP3, acts as the common point for the different adaptor proteins to dock leading to 

autophosphorylation and recruitment of Mixed Lineage Kinase Domain Like pseudo 

kinase (MLKL). Upon RIP3 activation, MLKL undergoes phosphorylation and 

trimerization leading to loss of membrane integrity and ultimately cell death(16-20).  
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The canonical pathway of necroptosis is initiated when RIP1 interacts with RIP3 

leading to RIP1-RIP3 complex and is activated by Tumor Necrosis Factor (TNF)α. Non-

canonical pathways include the interaction of one of the adaptor proteins, TIR domain-

containing adaptor-inducing interferon-(TRIF) and DNA-dependent activator of 

Interferon (21) (21) with RIP3 leading to RIP3 phosphorylation and eventually MLKL 

phosphorylation leading to cell death (Figure 2) (16, 20, 22-24).  

Necroptosis has been implicated during infections of pathogens such as bacteria 

and viruses serving as a key host defense mechanism. It is demonstrated that viruses have 

evolved mechanism to evade necroptosis. It has been identified that ICP 6 and ICP 10 

encoded by herpes simplex viruses (HSV)1 and M45- encoded viral inhibitor of RIP 

activation (vIRA) found in HSV2 inhibit necroptosis (16, 25, 26). Another virus that has 

recently been implicated in evading necroptosis belongs to poxvirus family, vaccinia 

virus (VACV)(27). 

Among the extensively studied genera of poxviruses is Orthopoxvirus genus that 

includes the causative agent of smallpox, variola virus, its prototypical member, vaccinia 

virus and the recently emerging pathogen, monkeypox virus. Smallpox caused by variola 

virus, was one of the deadliest diseases known to mankind that killed millions of 

people(28). Variolation was one of the first methods to control the spread of smallpox. 

The process involved administration of variola virus from smallpox scabs to people who 

never had the disease(29, 30). Although, fatality from variolation was lesser than 

smallpox itself, this practice was not deemed safe. In 1798, Edward Jenner introduced the 

concept of vaccination where cowpox was used as a vaccination agent against 
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smallpox(30-32). By the early 20th century, VACV was replaced as the vaccination agent 

for smallpox. A massive global eradication campaign was launched by the World Health 

Organization (WHO) in 1956 and by 1980, WHO declared the world to be smallpox 

free(30-34). Thus, VACV has played a pivotal role in the eradication of smallpox. 

Currently, in addition to being used as a smallpox vaccine, VACV is also used as vaccine 

vector for human disease  

Poxviruses are a family of large brick-shaped, enveloped, double stranded DNA 

viruses. They replicate in the cytoplasm and encode most of the factors required for 

transcription and replication. Ineffective termination sequences during late transcription 

results in formation of double stranded (dsRNA), which acts as a pathogen associated 

molecular pattern (PAMP) through pattern recognition receptors (PRRs) (35, 36). 

Vaccinia virus (VACV), a member of the Orthopoxvirus genus, primarily infects 

mammals. Due to its unique mechanism of replication, it has evolved to evade the host 

immune response with approximately one third of its genome dedicated to virulence 

factors(35, 37). VACV depends on its ability to circumvent the host’s IFN system. One 

of the key innate immune evasion gene is E3L.The E3 protein has two main domains: a 

Z-DNA binding domain contained in the amino terminus, and a double-stranded RNA 

binding domain in the carboxy terminus(4, 38-41).  

The C-terminus of E3 has been well characterized. It binds the dsRNA produced 

as a result of viral infections and sequesters it from PRRs. The domain is necessary for 

IFN resistance, host range and full pathogenesis in mice(4, 42). The N-terminus has been 

hard to characterize. In vitro, the domain is not necessary for IFN resistance and 
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replication. In vivo, the domain is necessary for pathogenesis and viral spread(4, 42). 

Intranasal infection of C57BL/6J mice with VACV-E3LΔ83N does not lead to 

pathogenesis. However, in IFNAR-/- mice, intranasal infection of C57BL/6J mice with 

VACV-E3LΔ83N leads to pathogenesis(41, 42). Recent study has demonstrated that the 

in vitro, N-terminus of VACV E3 is necessary to inhibit DAI- dependent necroptotic cell 

death(27). In Chapter 2, we demonstrate the role of necroptosis during VACV 

pathogenesis in mice.  

Monkeypox virus (MPXV) is another member of the Orthopoxvirus genus that 

has garnered attention in the last few years due to the incidences of human transmission 

of the virus. MPXV infects a broad range of animal species(43-46) and can be 

transmitted to humans by means of direct contact with infected animals or human-human 

transmission through broken skin or respiratory droplets. Clinical manifestation of 

MPXV has been characterized by viral prodrome of fever, headache, chills and myalgias 

lasting 1-3 days. This is followed by rash eruption known as maculopapular exanthem 

progressing to vesicular and pustular stages and crusts form in 2-3 weeks. Although, the 

symptoms are similar to smallpox, MPXV infection causes lymphadenopathy that is a 

distinctive hallmark of the disease(47-50).  MPXV is endemic in the West and Central 

areas of Africa, with the first human cases diagnosed in the Congo region of Africa in 

1970(51, 52). Since 2005, Democratic Republic of Congo has reported over 1000 cases 

per year. Incidences outside of Africa although rare, have been documented in United 

States in 2003, Israel in 2018 and United Kingdom is 2018 and 2020 (43, 51-60). There 

are two strains of MPXV, a Central African strain and a West African strain. The Central 
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African strain is known to be more virulent with fatality of 10%. In comparison, West 

African strain causes milder disease(53, 61). 

 

MPXV and VACV have significant genomic similarity. MPXV F3 protein is the 

homologue of VACV E3 protein. Although, the F3 protein has an intact C-terminus, the 

N-terminus has a natural truncation of 37 amino acids (61, 62). MPXV has a broad host 

range infecting wide range of cell types and hosts. Despite having a N-terminal 

truncation, MPXV is shown to phenotypically resemble a wild-type VACV (wtVACV) 

rather than VACV-E3LΔ37N(63). As previously mentioned, it has been shown that the 

N-terminal deletion mutant of VACV undergo DAI-dependent necroptotic cell death, in 

vitro, in L929 cells(27). Unpublished data in the lab indicate that MPXV has intermediate 

IFN sensitivity in L929 cells which is rescued in DAI-/- L929 cells. It is also observed that 

trimerization on MLKL which is thought to be the ultimate step of necroptosis is not seen 

during MPXV infection in L929 cells. In Chapter 3, we discuss the role of necroptosis 

during MPXV infection in mice.  

Cell death is a common pathology in human diseases. Necroptosis has been 

implicated in various diseases such as ischemic brain injury, liver injury, 

neurodegenerative diseases such as multiple sclerosis and Alzheimer’s disease, pathogen 

infections and in cancer (Figure 3) (64, 65).  

The focus of Chapter 4 in this dissertation is to determine the translation outcome 

of using VACV as a potential oncolytic virus to target cancer. Necroptosis is shown to 

have dual effects, either promoting or reducing tumor depending on the cancer. It has 
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been identified that in some cancers, the markers for necroptosis is elevated. RIPK1 is 

commonly overexpressed in glioblastoma, pancreatic ductal adenocarcinoma and in lung 

tumor(66, 67). This upregulation has been correlated with poor prognosis.  In most 

cancers, the key regulators of necroptosis are downregulated. This leads to cell 

proliferation and tumor growth. RIPK1 expression has been noted to be downregulated in 

head and neck squamous cell carcinoma (HNSCC)(68). One of the key regulators of 

necroptosis, RIPK3 is down-regulated in about two-thirds of cancers. In 85% of breast 

cancer patients, RIPK3 expression is reduced when compared to normal tissue. RIPK3 

expression is also downregulated in melanoma, colorectal cancer and acute myeloid 

leukemia(69). These studies indicate that necroptotic regulators can serve as prognostic 

biomarkers in cancer identification and diagnostics.  

Oncolytic virotherapy is one of the recent advances in cancer immunotherapy. It 

involves the use of viruses to selectively target cancerous cells and spare normal cells. 

Oncolytic viruses can be either viruses that naturally replicate in cancer cells and are non-

pathogenic in humans or they can be viruses that are genetically manipulated for use in 

vaccine vectors(68, 70-72). The efficacy of oncolytic virus is dependent of many factors 

such as virus entry, replication and specific targeting(70, 73, 74). Mutations that cause 

cancer lead to dysfunction of the signaling systems responsible for cell death and 

proliferation. Thus, the viruses can be engineered to target these cellular pathways 

thereby inhibiting replication of cancerous cells. There are diverse range of viruses in 

clinical trials for the potential use as oncolytic viruses. These include type 1 herpes 

simplex virus (HSV), reoviruses, measles virus, vaccinia virus and oncolytic adenovirus 
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among other viruses(75-79). Different factors play a role in the selection of virus 

including but not limited to tumor tropism, viral genome, stability of virus, 

immunogenicity, size, pathogenicity and replication efficacy(77, 80).   

In many cancers, the anti-viral response through IFN signaling has be shown to be 

dysregulated(74). An FDA – approved oncolytic virus talimogene laherparepvec (T-

VEC), is a herpes simplex virus type 1 (HSV-1) that has been modified to target tumor 

cells(81, 82). The modification involved the deletion of gene encoding neurovirulence 

factor ICP34.5. This leads to viral replication in cancerous cells but in normal cells, the 

viral replication is inhibited by the interferon cells in the cells (83-85).  

VACV is a 190kb double stranded DNA virus that replicates in the cytoplasm of 

cells. Due to its large genome size, recombination with up to 25kb of foreign DNA can be 

stably incorporated. The virus can replicate in a wide variety of cells and it’s the chances 

of integration into host genome is low since it replicates in the cytoplasm(86, 87). VACV 

E3 protein has been widely studied for its important role of evading host immune 

defenses. E3 contains two domains – dsRNA binding at the C-terminus and Z-DNA 

binding domain at the N-terminus. Both domains are necessary for IFN resistance and 

pathogenesis. VACV with N-terminal deletion has been shown to have reduced 

pathogenesis in mice (5, 27, 42, 88-91).  

Previous studies in the lab have shown that in vitro, N terminal deletion mutant 

VACV-E3LΔ54N selectively replicates in numerous cancer cell lines but not in the 

normal non-cancerous cells. In vivo studies in a SCID mouse xenograft model 

demonstrated that VACV-E3LΔ54N caused tumor regression in MDA-MB-435s, 
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melanoma model. VACV-E3LΔ54N spread and replicated to untreated tumors from 

treated tumor(63, 92). This was indicative of the potential of the virus to travel and 

destroy cancerous cells and thus, decreasing the occurrence of tumor resurgence. In 

Chapter 4, the correlation between necroptosis and the ability of VACV to replicate 

selectively in cancerous cells is discussed.  

This goal of this dissertation is two-fold: to understand the role of necroptosis 

during pox virus pathogenesis and, as a translation focus to identify the potential of 

VACV as an oncolytic virus. 
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Figure 1: Programmed Cell Death Pathways. Apoptosis and Pyroptosis are caspase- 

dependent pathways and Necroptosis is a caspase – independent pathway. Apoptosis can 

be signaled through intrinsic and extrinsic pathways while pyroptosis signals through 

formation of inflammasome. Necroptosis results in the formation of necrosome leading to 

activation of MLKL and cell death.  
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Figure 2: Canonical and Non-canonical Necroptosis Pathways. Canonical pathway 

occurs through activation of RIP1 adaptor proteins while the non-canonical pathways 

occurs through adaptor proteins DAI or TRIF leading to activation of RIP3 and 

phosphorylation of MLKL, resulting in cell death.  
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Figure 3: Programmed Cell Death in Human Diseases.  
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CHAPTER 2 

NECROPTOSIS INHIBITION OF VACCINIA VIRUS PATHOGENESIS IN MICE 

 

ABSTRACT 

Vaccinia virus encodes the multifunctional protein, E3 that functions in evading the 

interferon induced antiviral response. The E3 protein contains two highly conserved 

functional domains. The well-characterized carboxy – terminus contains a double 

stranded RNA binding domain that aids in interferon (IFN) resistance. The less-well 

characterized amino terminus contains a Z-DNA binding domain. Deletion of N-terminus 

domain in E3 (VACV-E3LΔ83N) results in attenuation of the virus in mouse model and 

the pathogenesis is restored in an IFN knockout mouse model. Necroptosis is a pro-

inflammatory, caspase independent mechanism of programmed cell death. In IFN treated 

L929 cells, VACV-E3LΔ83N induces necroptosis and death is dependent on host RIPK3 

protein and on DAI, a sensor of virus infection. In this study, the role of IFN sensitivity 

of VACV-E3LΔ83N in necroptosis during pathogenesis in a mouse model was 

characterized. The results demonstrate that in a C57BL/6J model, IFN-treatment 

significantly reduced pathogenesis during Δ83N infection while there was no significant 

difference during wtVACV infection. Additionally, in a DAI or MLKL knockout model, 

there is no significant difference in pathogenesis between non-IFN treated and IFN-

treated animals during Δ83N infection and the pathogenesis is higher than in C57BL/6J 

mice. Infection with point mutant of key predicted ZNA interacting residue 

(VACV_VACV-E3L-P63A) resulted in reduced pathogenesis in a C57BL/6J  model 
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while this pathogenesis was restored in the DAI or MLKL knockout mouse model. In 

summary, this data suggests that virus-induced necroptosis is important for inhibiting 

vaccinia virus pathogenesis in mice. 
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INTRODUCTION 

 

Type I IFNs (IFN-α/β) are potent, inducible cytokines that play a critical role in the 

innate immune system (1). Type I IFNs (IFN-α/β) are potent cytokines known primarily 

to inhibit virus replication. The IFN signal transduction pathway consists of two signaling 

cascades: a virus-induced IFN production signal and an IFN receptor-mediated secondary 

signal to establish an antiviral state.  During virus infection of the cell, detection of 

pathogen-associated molecular patterns (PAMPs) by host pattern recognition receptors 

(PRRs) leads to the IFN production signal. PAMPs are components or byproducts of 

microorganisms during their life cycle inside the host. These PAMPs can be recognized 

by four classes of pathogen recognition proteins (PRPs): toll-like receptors (TLRs), 

retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), nucleotide-binding 

oligomerization domain (NOD)-like receptors (NLRs), and cytoplasmic DNA sensors 

Induction of type 1 IFN have shown to be regulated by TLRs and RLRs . Although each 

pathway induces type 1 IFN production through different adaptor and signaling 

molecules, both pathways converge onto three common signaling molecules: interferon 

regulatory factor 3 (IRF-3), IRF-7, and NF-κB.  Following activation via the upstream 

recognition pathways, these signaling components bind the IFN-β promoter to produce 

IFN-β which acts upon the IFN-αβ receptor (IFNAR) in both autocrine and paracrine 

mechanisms. This leads to the upregulation of IFN-stimulated genes (ISGs) and the IFN 

signaling cascade. The activation of this pathway leads to the upregulation of the genes 

under the control of the interferon stimulated response element promoter (ISRE), which 
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includes interferon-induced effector molecules such as protein kinase R (PKR) and 2’-5’ 

oligo adenylate synthetase (OAS).  Upon virus infection, these “primed” cells inhibit 

viral replication and spread(4, 5).  

Vaccinia virus (VACV), a prototypical member of the Orthopoxvirus genus, is a 

dsDNA virus(35). VACV replicates entirely in the cytoplasm and encodes numerous 

innate immune evasion genes. About one-third of the genes encoded by VACV are 

responsible for host immune evasion mechanisms. One of the main characteristics of this 

virus is that it is IFN resistant and this is mapped to the E3L gene. The E3L protein has 

two main domains: a Z-DNA binding domain contained in the amino terminus, and a 

double-stranded RNA binding domain in the carboxy terminus. Both domains have been 

shown to be necessary for pathogenesis, PKR inhibition and IFN resistance(42, 86, 87, 

93).  

The function of the N-terminus has been enigmatic. In cell culture models, the N-

terminus has been dispensable for IFN resistance and replication. In mouse models, this 

domain is necessary for pathogenesis and viral spread. In an intranasal infection of 

C57BL/6J mice model, recombinant viruses containing N-terminal deletions in E3L 

replicate efficiently in the nasal mucosa but fail to spread from the nasal cavity to the 

brain. Upon intracranial injection, these virus recombinants exhibit decreased virulence 

even when likely due to poor replication in neuronal tissue. In mice devoid of IFN-/- 

receptors, it was shown that the N-terminus of E3L was necessary to inhibit IFN response 

and VACVE3L Δ83N, a highly attenuated virus, regains its virulence, in both intranasal 

and intracranial infections to the same level as wtVACV. Additionally, during intranasal 
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infection of PKR-/- mice, the pathogenicity of VACVE3L Δ83N was not restored, 

suggesting that other IFN inducible pathways can inhibit the pathogenicity of VACVE3L 

Δ83N in the whole-animal model, in addition to PKR(4, 5, 41, 42).  

Viral infections lead to the production of type 1 interferon in the infected cells 

that acts as the first line of defense creating an anti-viral state in the cells(94-96). 

Programmed cell death is one of the key anti-viral host defense mechanism to control 

viral spread. Although apoptosis is considered the primary cell death mechanism, 

alternative cell death pathways such as pyroptosis and necroptosis have gained significant 

interest in recent times(13).Viruses such as VACV encode anti-apoptotic genes and the 

activation of alternative death pathway becomes important during infection(4, 91). 

VACV E3L gene is one of the key innate immune evasion gene(35, 97). Recently, 

it has been identified that N-terminus of VACV E3 is necessary to inhibit necroptosis, a 

programmed cell death pathway(27). Necroptosis is a recently identified pro-

inflammatory mechanism of programmed cell death. It is a caspase-independent 

mechanism that leads to RHIM-dependent activation of RIP3 resulting in recruitment and 

phosphorylation of downstream pseudokinase known as mixed lineage kinase-like 

(MLKL). Activation of MLKL leads to loss in membrane integrity. The canonical 

pathway of necroptosis involves the RHIM - dependent interaction of RIP1 with RIP3 

leading to conformation changes. Non – canonical activation of this pathway involves 

interaction of either DAI or TRIF leading to complex with RIP3 and activation of the 

executioner of necroptosis, phosphorylation and translocation of MLKL to the plasma 

membrane leading to cell membrane disruption(15-18, 20, 22, 23, 98, 99).  



 

  19 

The Zα domain of VACV E3 protein is necessary for IFN resistance of wtVACV 

in murine L929 cells. The N-terminus of E3 competes with DAI to prevent DAI- 

dependent necroptotic cell death. IFN-treated L929 cells infected with VACV-E3LΔ83N 

led to RIPK3 activation and phosphorylation and aggregation of MLKL. This led to 

membrane blebbing and loss of plasma integrity of the cells. E3 and DAI belong to the 

same family of Zα binding domain containing family of proteins and can compete for Z-

form nucleic acid produced during VACV infection(27).  

In this study, the translation of the in vitro results to an in vivo mouse model was 

studied. The role of N-terminus of VACV E3 to inhibit necroptosis during pathogenesis 

in mice was studied.  
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MATERIALS AND METHODS 

Mice  

C57BL/6J, RIP3-/-, DAI-/- and MLKL-/- were bred and housed at the Arizona State 

University animal facility. RIP3-/- were from Genentech, Inc. and rederived at Charles 

River, DAI-/- were received from Dr. Shizuo Akira, Osaka University and MLKL-/- were 

received from Dr. Jiahuai at State Key Laboratory of Cellular Stress Biology, School of 

Life Sciences, Xiamen University. Colonies were maintained pathogen-free. Four to six-

week old mice were used for all the experiments. Mice of either sex was used in the 

experiments. All animal experiments were approved by the Arizona State University 

Institutional Animal Care and Use Committee (IACUC).  

Viruses and Treatment 

The Western Reserve (WR) strain of vaccinia virus (wtVACV), mutant N-

terminal deletion of 83 amino acids of E3L (VACV-E3LΔ83N) and point mutants, 

VACV-E3LVACV-E3L-P63A and VACV-E3LVACV-E3L-E42A were generated as 

previously described(42, 100). Mouse interferon α (Calbiochem) was administered at 100 

U/mouse along with the virus infection in the indicated experiments.(43, 51, 57) 

Intranasal and intracranial infections of mice 

Mice were anaesthetized using a cocktail containing 37.5 mg/ml ketamine, 7.5 

mg/ml xylazine and 2.5 mg/ml acepromazine maleate. Intra-peritoneal injection of the 

anesthetic was administered at the dose of 1 µl/g of body weight of the mouse. For 

intranasal infections, anaesthetized mice were infected with 10µl of virus in dose range 
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103-108 pfu in 1 mM Tris pH 8.8 using a Pipetman loaded with a protein-loading tip. For 

intracranial infections, anesthetized mice were infected with 5 µl of virus in dose range 

101-104 in 1 mM Tris pH 8.8 using a 30-gauge hypodermic needle and a 50 µl syringe. 

Mice were monitored for weight loss and clinical symptoms. Clinical symptoms that 

were evaluated include eye infection (left and right eye), breathing, hunching, ruffling of 

fur, sneezing and level of activity. Each clinical sign was scored on a scale of 0-3 with 3 

representing severe symptomology. For intracranial infections, neurological symptoms 

were also monitored. Weight loss was also monitored with mice losing 10-20% of 

original weight receiving score of 1 and mice losing 20-30% of original weight receiving 

score of 2. Clinical score assigned was a total of weight loss and clinical symptoms score. 

Mice dropping below 30% of their initial weight or with a clinical score of 17 and above 

were euthanized.  

Tissue Distribution 

Mice were infected intranasally as described above with 106 pfu of wtVACV or 

108 pfu of VACV-E3LΔ83N. At 6 days post infection, mice were sacrificed with 

isofluorane overdose and organs were harvested. Tissue samples were immediately snap 

frozen in liquid nitrogen. Each tissue was weighed, ground to a fine powder in liquid 

nitrogen using a mortar and pestle and resuspended in 10% wt/volume RPMI media 

supplemented with Anti- Anti (Thermo Fisher Scientific). Tissue homogenates underwent 

three cycles of freeze-thaws that consisted of freezing samples at -80°C and then slowly 

thawing the samples on ice, followed by a quick thaw at 37°C and sonication for 30s. 

Titers were determined by a standard plaque assay using BSC40 cell monolayers. 
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Western Immunoblot Analysis 

Mice were infected intranasally as described above with 106 pfu of wtVACV or 

108 pfu of VACV-E3LΔ83N. At 6 days post infection, mice were sacrificed with 

isoflurane overdose and organs were harvested. Tissue samples were immediately snap 

frozen in liquid nitrogen.  Each tissue was weighed, ground to a fine powder in liquid 

nitrogen using a mortar and pestle and resuspended in 4 volumes of RIPA lysis buffer 

containing 1X Halt Protease and Phosphatase Inhibitor Cocktail (Pierce Thermo 

Scientific). The lysates were incubated on ice for 30minutes, centrifuged at 15,000g for 

30 minutes and the resulting supernatant was saved in a new tube. Protein concentrations 

were determined by BCA analysis. The samples were boiled for 5 mins and equal protein 

was loaded on 10% SDS-PAGE gels. Proteins were transferred to nitrocellulose 

membrane, blocked in TBS-Tween containing 3% BSA for 1 hour at room temperature 

and probed with primary antibodies in TBS-T containing 3% BSA overnight at 4°C. 

Membrane was washed in TBS-T and probed with secondary antibody in TBS-T 

containing 3 % non-fat dry milk (Carnation) for 1 hour at room temperature followed by 

chemiluminescent development using SuperSignal West Dura Duration substrate (Pierce 

Biotechnology) and developed using X-ray film.  
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Statistics 

Statistical analysis was done in GraphPad Prism by using a two-tailed, unpaired t 

test. ***P < 0.001, **P < 0.01, *P < 0.05 
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RESULTS 

 

VACV-E3LΔ83N is IFN sensitive in C57BL/6J mice.  The WR strain of VACV 

is a mouse adapted, neurovirulent strain.  E3L is a key innate immune evasion gene of 

VACV. The E3 protein has two domains, the C-terminus dsRNA binding domain and the 

N-terminus Z-DNA binding domain.  Deletion of N-terminus domain in E3 results in 

attenuation of the virus in mouse models and pathogenesis of the N-terminal VACV 

mutant is restored in an IFNAR -/-mouse model in intranasal and intracranial injection 

studies. We sought to ask if treatment with mouse interferon α along with virus at the 

time of infection would reduce the pathogenicity of VACV-E3LΔ83N. C57BL/6J mice 

were infected intranasally with either wtVACV or VACV-E3LΔ83N, with or without 

mouse interferon-α at the time of infection. Mice were monitored for weight loss and 

clinical symptoms. Mice infected with wtVACV had higher clinical score but there was 

no significant difference between non-interferon treated and interferon treated groups of 

mice. This was consistent with previous studies that have shown that wtVACV is IFN 

resistant in cells in culture and in mouse models. VACV-E3LΔ83N infection led to 

decreased pathogenesis in non-interferon treated groups and the treatment with interferon 

along with the virus significantly decreased the pathogenesis. These results are consistent 

with our previous studies that have shown that the N-terminus of E3 is critical to inhibit 

the IFN system (Figure 5).  

IFN sensitivity of VACV-E3LΔ83N is dependent on the necroptosis pathway. 

Induction of necroptosis in IFN-treated mouse L929 cells and pathogenesis in C57BL/6J 
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mice has been shown to be correlated to the Z-DNA binding domain of E3. We assessed 

if the necroptosis pathway is important for the interferon sensitivity of VACV-E3LΔ83N.  

Mice deficient in the necroptosis pathway, RIP3-/-, DAI-/- and MLKL-/- were infected 

intranasally with or without mouse interferon – α. Mice were monitored for weight loss 

and clinical symptoms. Pathogenesis of VACV-E3LΔ83N was restored in the RIP3-/-, 

DAI-/- and MLKL-/- mice but there was no significant difference between the non-treated 

and treated IFN groups in each of the knockout mice. These results indicate that during 

VACV-E3LΔ83N infection, IFN sensitivity and the presence of an active necroptosis 

pathway is critical to inhibit pathogenesis in mice (Figure 6).  

VACV-E3LΔ83N replicates and spreads to the brain at a higher titer in mice 

deficient in the necroptosis pathway. The WR strain of VACV is a mouse adapted, 

neurovirulent strain.  In an intranasal infection, N-terminal deletion mutant of VACV, 

VACV-E3LΔ83N replicates in the nasal mucosa but spreads poorly to the brain as 

compared to wtVACV infection. However, in mice devoid of the interferon – α/β 

receptors, VACV-E3LΔ83N replicates and spreads to the brain at titers comparable to 

wtVACV levels. We sought to identify if the restoration in pathogenesis during VACV-

E3LΔ83N infection in mice deficient in the necroptosis pathway also correlated with 

spread of virus to the brain. C57BL/6J, RIP3-/-, DAI-/- and MLKL-/- mice were infected 

intranasally with 107 pfu of VACV-E3LΔ83N. Each cohort of mice was sacrificed at 6 

days post infection, and the nasal turbinates’ and brain were harvested. VACV-E3LΔ83N 

replicated to high titers in the sinus in all strains of mice. In C57BL/6J mice, spread to the 

brain was very low, whereas in RIP3-/-, DAI-/- and MLKL-/- mice, the virus spread to a 
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significantly higher titer as compared to C57BL/6J. These results are consistent with the 

data that the induction of necroptosis is critical to inhibit pathogenesis in mice (Figure 7).  

Necroptosis markers are detected during VACV-E3LΔ83N infection in 

C57BL/6J mice. To confirm that induction of necroptosis was responsible for inhibition 

of pathogenesis during VACV-E3LΔ83N, we tested for the presence of pMLKL and 

aggregated DAI and RIP3, which are hallmarks for programmed necrosis. C57BL/6J 

mice were either mock -, wtVACV or VACV-E3LΔ83N- infected intranasally at 106 pfu 

dose. At 4 days post infection, nasal turbinates, brain and lungs were harvested from each 

group of mice. Since, VACV-E3LΔ83N does not spread during intranasal infection, we 

probed for the presence of pMLKL in the nasal turbinates’. pMLKL was detected in the 

nasal turbinates’ of mice infected with VACV-E3LΔ83N but was absent during mock or 

wtVACV infection. Aggregated DAI and aggregated RIP3 was present in the nasal 

turbinates’, brain and lungs of mice infected with VACV-E3LΔ83N but not in mock- or 

wtVACV infection. These results confirm that N-terminus of E3 is key to preventing 

necroptosis induction and subsequently leading to pathogenesis in mice (Figure 8).  

Inhibition of Z-DNA-binding correlates with induction of necroptosis in vivo. 

To confirm that the induction of necroptosis correlates with deficient Z-DNA binding 

ability of VACV, we utilized point mutants VACV_VACV-E3L-P63A that has a loss in 

Z-DNA binding and VACV_E2A that retains the Z-DNA binding ability. C57BL/6J, 

RIP3-/-, DAI-/- and MLKL-/- mice were infected intranasally with either of the point 

mutants at 106 pfu dose and clinical scores were evaluated. In C57BL/6J mice, infection 

with VACV_VACV-E3L-P63A led to significant reduction in pathogenesis as compared 
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to mice infected with VACV_E2A. This result is consistent with our data that VACV-

E3LΔ83N with a deletion in the Z-DNA binding domain leads to decreased virulence in 

mice. We also show that in mice deficient in the necroptosis pathway, RIP3-/-, DAI-/- and 

MLKL-/-, pathogenesis is restored during VACV_VACV-E3L-P63A which is represented 

by the significant increased in clinical score. Thus, the presence of an intact Zα – binding 

domain results in inhibiting necroptosis (Figure 10).  

Pathogenesis of VACV-E3LΔ83N is not completely restored during 

intranasal and intracranial infections in mice. The amino terminus of E3 is necessary 

for full pathogenesis mice. In an intranasal infection in C57BL/6J mice, the LD50 for 

VACV-E3LΔ83N is 3 logs lower than wtVACV. We investigated if in mice deficient in 

the necroptosis pathway pathogenesis during VACV-E3LΔ83N leads to restoration of 

dose like wtVACV levels. Mice were infected with varying dose of wtVACV and 

VACV-E3LΔ83N in RIP3-/-, DAI-/- and MLKL-/- mice and monitored for mortality for 14 

days. We observed that although infection with high dose of VACV-E3LΔ83N led to 

increased pathogenesis, the pathogenesis was not restored to wtVACV levels during this 

route of infection. It has been shown that inability of VACV-E3LΔ83N to completely 

suppress PKR activation during infection leads to decreased pathogenesis in mice. 

Previously, we have shown that during intranasal infection, eif2α phosphorylation was 

detected in the nasal turbinates of mice infected intranasally with VACV-E3LΔ83N but 

was absent in mice in brains of mice infected intracranially with VACV-E3LΔ83N. In 

C57BL/6J mice, LD50 for VACV-E3LΔ83N is 1x105 pfu as compared to 1x102 for 

wtVACV (Figure 11).   To test if the sequestration of PKR is important for increased 
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virulence in mice, we infected RIP3-/-, DAI-/- and MLKL-/- mice intracranially with 

wtVACV and VACV-E3LΔ83N and observed for mortality for 14 days. We show that 

during an intracranial infection, there is a 3-log increase in pathogenesis in mice deficient 

in necroptosis during an intracranial VACV-E3LΔ83N infection with an LD50 of 1x102 

pfu. But the pathogenesis is not completely restored to wtVACV levels (Figure 12). We 

propose that the N-terminus of E3 is involved in more than one function during 

pathogenesis in mice.  
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DISCUSSION 

 

In this study, the role of necroptosis during VACV pathogenesis in mice was 

investigated. VACV E3 protein is one of the key innate immune evasion proteins. It is 

believed to confer IFN resistance. While the C-terminal domain has been identified to be 

responsible for dsRNA binding and sequestration, the characterization of the conserved 

N-terminus has been enigmatic. The N-terminus is identified as the Z-NA binding 

domain belonging to the Zα family of proteins. Other notable members of this family 

include Zα domains of ADAR1 and DAI.  

Previous studies have characterized that VACV encoding for a E3L protein 

lacking the Z-NA-BD (VACV E3LΔ83N) underwent DAI- dependent necroptotic cell 

death in IFN treated mouse L929 cells. wtVACV with an intact N-terminus is resistant to 

this programmed necroptosis in vitro. In vivo studies have demonstrated that the N-

terminal deletion mutant of E3 (VACV E3LΔ83N) is apathogenic during intranasal 

infections in mice but the pathogenesis is rescued in mice deficient in the IFNα/β receptor 

(IFNAR-/-) due to the IFN sensitivity of VACV E3LΔ83N. 

In order to determine if the IFN sensitivity of the N-terminal deletion mutant of 

E3 of VACV leads to reduced pathogenesis in C57BL/6J mice, we sought to determine if 

treatment with IFN along with the virus reduced the pathogenicity of the virus. Our 

results demonstrate that during infection with wtVACV, IFN treatment did not 

significantly reduced pathogenesis. However, during VACV E3LΔ83N infection, 
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treatment with IFN significantly reduced pathogenesis. This correlates with the results 

that were previously seen in the IFNAR-/- mice with this virus. The results confirm that 

VACV E3LΔ83N is IFN sensitive in mice.  

In vitro, the absence of an intact Z-NA BD led to DAI- dependent necroptosis 

suggesting that DAI competes with the Z-NA BD of E3 leading to programmed cell 

death. Our results in the mice model correlate with this finding. We observe that in mice 

deficient in the necroptosis pathway – DAI-/-, RIP3-/- and MLKL-/-, IFN sensitivity of 

VACV E3LΔ83N is abolished and the pathogenesis observed is higher than in C57Bl/6J 

mice. These results correlate with the in vitro observation the IFN sensitivity of VACV 

E3 is linked to the Z-NA BD domain of E3.  

Previous studies have demonstrated that during IN infections, VACV E3LΔ83N 

replicates in the nasal tissue but does not spread to the brain. It was also observed that in 

IFNAR-/- mice, the virus significantly spread and replicated in the brain. In our study, we 

observed that viral spread to the brain is higher in the DAI-/-, RIP3-/- and MLKL-/- mice as 

compared to C57Bl/6J mice during VACV E3LΔ83N infection. These results indicate 

that induction of necroptosis leads to restriction of viral replication and spread in mice. 

In order to confirm the induction of necroptosis, we probed for the activation of 

MLKL phosphorylation. Our results indicate that MLKL phosphorylation is seen in the 

nasal tissue of mice infected with VACV E3LΔ83N and not with wtVACV. We have also 

observed aggregated RIP3 and aggregated DAI in the nose, brain and lungs of mice 

infected with VACV E3LΔ83N and not with wtVACV (unpublished data). These results 
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demonstrate that the N-terminus of VACV is necessary to inhibit necroptosis during 

pathogenesis in mice.  

Z-NA-BD of E3 and DAI are both members of the Zα family of Z-NA-binding 

proteins. We evaluated the role of Z-NA-BD to inhibit necroptosis leading to 

pathogenesis. During intranasal infection with a point mutant VACV E3 VACV-E3L-

P63A, we observe that pathogenesis is decreased in C57BL/6J mice but is restored in 

mice deficient in the necroptosis pathway – DAI-/-, RIP3-/- and MLKL-/-. VACV E3 

VACV-E3L-P63A mutation has a loss in Z-NA BD ability and was predicted to behave 

similar to VACV E3LΔ83N. Our results confirm that the loss in Z-NA -BD ability leads 

to necroptosis and reduced pathogenesis. During infection with a point mutant VACV E3 

VACV-E3L-E42A, that retains the Z-NA-BD ability, we observed that the pathogenesis 

was significantly higher since necroptosis was inhibited. These results confirm that 

inhibition of DAI- dependent necroptosis correlated with ability of VACV E3 to bind to 

Z-DNA.  

This research study has established importance of the role of N terminus of 

VACV E3 in evading the host IFN system during pathogenesis. The data presented here 

confirms that the N-terminus of VACV E3 is necessary to prevent the initiation of IFN-

primed virally induced necroptosis in mice. This is a novel mechanism of action since it’s 

a RHIM independent mechanism of viral inhibition of necroptosis that occurs 

independent of canonical activator, RIP1. This novel and innovative mechanism of 

necroptosis can be used as a tool in characterizing the mechanism of pathogen regulation 

and anti-viral defense.  
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FIGURES 

Figure 4: Domains of E3 protein. E3 is a 25 kDa protein containing two domains: a 

dsRNA binding domain on the carboxyl terminus and a Z-form nucleic acid binding 

domain in the amino terminus. Both domains have been shown to be responsible for IFN 

resistance and for full pathogenesis in mice. N-terminus is necessary to inhibit 

necroptosis. The two forms depicted here is the wtVACV containing full length of E3 

and N-terminal deletion mutant VACV-E383N containing deletion of 83 amino acids in 

the N-terminus. 
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Figure 5: IFN sensitivity leads to reduced pathogenicity in a C57BL/6J mouse 

model. Groups of 5-10 C57BL/6J mice were infected with 106pfu of VACV-E383N and 

wtVACV, either with or without 100U of mouse IFNα. Mice were monitored for clinical 

symptoms and weight loss. 
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Figure 6: Necroptosis Pathway is Important for IFN sensitivity of VACV-E3LΔ83. 

Groups of 5-10 C57BL/6J, DAI-/-, RIP3-/- and MLKL-/- mice were infected with 106pfu of 

VACV-E383N, either with or without 100U of mouse IFNα. Mice were monitored for 

clinical symptoms and weight loss. 
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Figure 7: VACVE3Δ83N replicates and spreads to the brain at a higher titer in  

DAI-/-, RIP3-/- and MLKL-/- mice. Groups of 5-10 C57BL/6J, DAI-/-, RIP3-/- and MLKL-

/- mice were intranasally infected with 108pfu of VACV-E383N. At 5dpi, nasal and brain 

tissues were harvested, frozen in liquid nitrogen and tittered in BSC40 to deduct viral 

replication and spread.  
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Figure 8: pMLKL is detected in nasal tissues during VACV-E3LΔ83 infection in 

mice. Groups of 5-10 C57BL/6J mice were infected intranasally with 108pfu of VACV-

E383N or 106pfu of wtVACV. At 5dpi, nasal tissues were harvested, frozen in liquid 

nitrogen and assayed for pMLKL detection. Mouse L929 cells infected with VACV-E3 

Δ37N were used as a positive control.  
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Figure 9: Schematic of E3 Z-NA-Binding Domain and Generated Mutants. E3 is a 

25kDa protein. N-terminus contains Z-DNA binding domain. Point mutation in the N-

terminus was generated to observe phenotype corresponding to loss of Z-NA binding 

(VACV-E3L_P63A). Control point mutant retaining the Z-NA binding ability was also 

generated (VACV-E3L_E42A).   
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Figure 10: Pathogenesis is restored during VACV-E3L-P63A infection in mice 

deficient in the necroptosis pathway. Groups of 5-10 C57BL/6J, DAI-/-, RIP3-/- and 

MLKL-/- mice were infected with 106pfu of VACV-E3L-P63A and VACV-E3L-E42A. 

Mice were monitored for clinical symptoms and weight loss. 
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Figure 11: Intra nasal LD50 Study. Groups of 8-10, DAI-/-, RIP3-/- and MLKL-/- mice 

were infected intranasally with varying increasing doses of wtVACV and VACV-E383N, 

Mice were monitored for clinical symptoms and weight loss. 
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Figure 12: Intra cranial LD50 Study. Groups of 8-10, DAI-/-, RIP3-/- and MLKL-/- mice 

were infected intracranially with varying increasing doses of wtVACV and VACV-

E383N, Mice were monitored for clinical symptoms and weight loss. 
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Fig 13: Proposed model for mechanism of necroptosis inhibition of VACV 

pathogenesis in mice.  
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CHAPTER 3 

MONKEYPOX INHIBITION OF NECROPTOSIS IN MICE 

 

ABSTRACT 

Monkeypox is a recently re-emerging Orthopoxvirus infection of humans. Monkeypox 

caused by monkeypox virus (MPXV) is a member of the Orthopoxvirus genus, which 

includes variola virus and vaccinia virus. Vaccinia virus (VACV E3 is a homolog to 

monkeypox virus, F3. Monkeypox contains a natural truncation at the N-terminus of its 

F3 protein leading to the loss of first 37 amino acids. The N-terminus of E3 is critical to 

inhibit DAI-dependent necroptotic cell death during VACV infections in mice leading to 

increased pathogenesis. In vitro, MPXV shows interferon sensitivity that is DAI and 

RIP3 dependent but does not lead to MLKL trimerization and rapid cell death. In this 

study, the role of necroptosis during MPXV pathogenesis in mice was investigated. In 

vivo results demonstrate that during intra-nasal MPXV infection, pathogenesis was 

rescued in DAI (DAI-/-) model but not in MLKL (MLKL-/-) model, suggesting that DAI is 

inducing other proteins not leading to MLKL phosphorylation. identified that MPXV is 

neurovirulent showing increasing pathogenesis during an intracranial infection in mice. 

The data obtained in mouse model correlates with the in vitro data indicating that 

although the pathway is activated, MPXV inhibits necroptosis.  
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INTRODUCTION 

 

Zoonotic infectious diseases are a cause for concern to the public health and 

global security(54). Monkeypox caused by monkeypox virus (MPXV) is a member of the 

Orthopoxvirus genus, which includes the deadly variola virus. Although it was first 

discovered in 1958 among monkeys, human monkeypox case was first reported in 

Democratic Republic of Congo (DRC) in 1970. MPXV is highly endemic to Central and 

West African countries. The Central African or Congo Basin clade is found to be more 

pathogenic than the West African clade(43, 51, 57).  

In recent times, human monkeypox cases have been reported in humans in fifteen 

countries around the world. The clinical symptoms of monkeypox infection is similar to 

smallpox with the addition of lymphadenopathy that distinguishes it from smallpox. 

Although, the clinical manifestations of monkeypox are milder than smallpox, the fatality 

rates can range up to 10%(36, 53, 63). The current treatment for MPXV infection is the 

smallpox vaccine but there are potential side effects associated with the vaccination. With 

no current vaccine available for monkeypox infections and increasing incidence of the 

disease, it is imperative to understand the mechanism of pathogenesis of the virus(51, 57) 

Among chordopoxviruses, E3L gene is highly conserved except for molluscum 

contagiosum virus and the avipoxvirus genus. For vaccinia virus, E3L expresses a protein 

consisting of a dsRNA binding domain on the carboxyl terminus and a Z-form nucleic 

acid binding domain on the amino terminus. The E3L gene encodes for two proteins, p25 
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and p20, that bind to dsRNA and sequester it away from many of the intracellular dsRNA 

PAMP.  Although the E3L gene is highly conserved, leporipoxviruses myxoma virus 

(MYXV), MPXV and shape fibroma virus lack a full-length homologue. MPXV F3L 

gene is the homologue of E3L and it produces a protein truncated of the first 37 amino 

acids from the N-terminus known as p20 form. This is a result of leaky scanning and 

translation initiation at a second downstream start codon(61, 86, 101).  

Both N-terminal and C-terminal domains of the VACV E3L protein are necessary 

for IFN resistance and pathogenesis in mice. In vitro, VACV-E3LΔ37N with a truncation 

of the first 37 amino acids is IFN sensitive in mouse L929 cells.  In vivo, VACV-

E3LΔ37N pathogenesis is reduced by 1,000-fold during an intracranial infection and 100-

fold during an intranasal infection, as compared to wtVACV(27, 41, 42, 88). 

It is also observed that the N-terminus of VACV E3 is necessary to inhibit 

programmed cell death, necroptosis. Necroptosis is a pro-inflammatory, anti-viral cell 

death pathway in which cells undergo a rapid and explosive death(15, 16). N-terminal 

deletion mutants of VACV undergoes DAI- dependent necroptotic cell death where DAI, 

an interferon stimulated gene containing a Za domain interacts with Z-form nucleic acids 

and a RHIM domain activating RIP3(27). This leads to downstream activation, 

trimerization and eventually, phosphorylation of MLKL. MLKL phosphorylation is the 

key executioner step of necroptosis leading to cell death(15, 20, 22, 23, 27, 99). In vitro, 

VACV-E3LΔ37N undergoes DAI-dependent necroptotic cell death leading to MLKL 

phosphorylation.  
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Unpublished data in the lab indicate that MPXV has intermediate IFN sensitivity 

in mouse L929 cells which is rescued in DAI-/- L929 cells. Although, MPXV replication 

is dependent on DAI and RIP3, MLKL trimerization is not seen in cells infected with 

MPXV. Although, MLKL phosphorylation is known to be the key executioner step of 

necroptosis, it is believed that MLKL trimerizes after being phosphorylated leading to 

cell death. Thus, although DAI is activated in MPXV infected cells, it does not lead to 

necroptotic cell death. 

In this study, we investigated the effect of MPXV pathogenesis mice. The goal of 

the study was to determine if the results we observed in vitro also translated to a mouse 

model.  
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MATERIALS AND METHODS 

 

Mice  

C57BL/6J, DAI-/- and MLKL-/- were bred and housed at the Arizona State 

University animal facility. RIP3-/- were from Genentech, Inc. and rederived at Charles 

River, DAI-/- were received from Dr. Shizuo Akira, Osaka University and MLKL-/- were 

received from Dr. Jiahuai at State Key Laboratory of Cellular Stress Biology, School of 

Life Sciences, Xiamen University. Colonies were maintained pathogen-free. Four to six-

week old mice were used for all the experiments. Mice of either sex was used in the 

experiments.  All animal experiments were approved by the Arizona State University 

Institutional Animal Care and Use Committee (IACUC). All MPXV experiments were 

completed in a biosafety level 3 laboratory (BSL-3) in accordance with protocols 

approved by Arizona State University and the Center for Disease Control and Prevention 

(CDC).   

Viruses and Treatment 

The Western Reserve (WR) strain of vaccinia virus N-terminal deletion of 37 

amino acids of E3L (VACV-E3LΔ37N) and Monkeypox (Zaire Strain 79). Zaire 79 is a 

Central African clade member of MPXV.  
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Intranasal and intracranial infections of mice 

Mice were anaesthetized using a cocktail containing 37.5 mg/ml ketamine, 7.5 

mg/ml xylazine and 2.5 mg/ml acepromazine maleate. Intra-peritoneal injection of the 

anesthetic was administered at the dose of 1 µl/g of body weight of the mouse. For 

intranasal infections, anaesthetized mice were infected with 10µl of virus in dose range 

103-108 pfu in 1 mM Tris pH 8.8 using a Pipetman loaded with a protein-loading tip. For 

intracranial infections, anesthetized mice were infected with 5 µl of virus in dose range 

101-104 in 1 mM Tris pH 8.8 using a 30-gauge hypodermic needle and a 50 µl syringe. 

Mice were monitored for weight loss and clinical symptoms. Clinical symptoms that 

were evaluated include eye infection (left and right eye), breathing, hunching, ruffling of 

fur, sneezing and level of activity. Each clinical sign was scored on a scale of 0-3 with 3 

representing severe symptomology. For intracranial infections, neurological symptoms 

were also monitored. Weight loss was also monitored with mice losing 10-20% of 

original weight receiving score of 1 and mice losing 20-30% of original weight receiving 

score of 2. Clinical score assigned was a total of weight loss and clinical symptoms score. 

Mice dropping below 30% of their initial weight or with a clinical score of 17 and above 

were euthanized.  

Tissue Distribution 

Mice were infected intranasally as described above with 106 pfu of wtVACV or 

108 pfu of VACV-E3LΔ83N. At 6 days post infection, mice were sacrificed with 

isoflurane overdose and organs were harvested. Tissue samples were immediately snap 

frozen in liquid nitrogen. Each tissue was weighed, ground to a fine powder in liquid 
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nitrogen using a mortar and pestle and resuspended in 10% wt/volume RPMI media 

supplemented with Anti- Anti (Thermo Fisher Scientific). Tissue homogenates underwent 

three cycles of freeze-thaws that consisted of freezing samples at -80°C and then slowly 

thawing the samples on ice, followed by a quick thaw at 37°C and sonication for 30s. 

Titers were determined by a standard plaque assay using BSC40 cell monolayers. 
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RESULTS 

 

Pathogenesis is rescued in DAI-/-and MLKL-/- during VACV-E3LΔ37N 

infection. The N-terminus of the E3L gene is necessary for pathogenesis of VACV in 

C57BL/6J mice. This has been demonstrated by reduction in pathogenesis during 

intranasal and intracranial infections in C57BL/6J mice. We hypothesized that the 

induction of necroptosis is critical to inhibition of pathogenesis in mice. C57BL/6J, DAI-

/-and MLKL-/- mice were infected intranasally with 107 pfu of virus and mice were 

monitored for clinical symptoms and weight loss. We demonstrate that VACV-E3LΔ37N 

is highly attenuated in C57BL/6J mice and is rescued in DAI-/-and MLKL-/- mice (Figure 

15 and 16). Thus, N-terminus of E3L gene is critical for inhibition of necroptosis leading 

to enhanced pathogenesis in mice.  

Pathogenesis is rescued only in DAI-/-during MPXV infection. The F3L gene 

of MPXV is believed to be a homolog of E3L gene of VACV. Although MPXV has an 

intact dsRNA binding C-terminus, it has a deletion of 37 amino acids in the Z-DNA 

binding N-terminal domain. We assessed if MPXV demonstrated pathogenesis like 

VACV-E3LΔ37N in mice deficient in necroptosis pathway. Our results demonstrate that 

MPXV as attenuated pathogenesis in C57BL/6J mice and this pathogenesis is rescued 

only in DAI-/- and not in MLKL-/- (Figure 17 and 18). This data is consistent with the 

results we observe in cell culture and suggest that during MPXV infection, DAI is 

possibly activating other proteins that does not lead to necroptosis.  
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MPXV does not spread to brain, lungs and spleen in DAI-/- during an 

intranasal infection. MPXV does not cause pathogenesis in C57BL/6J mice but in DAI-/- 

mice pathogenesis is restored with MPXV infection. To determine the mechanism of 

pathogenesis, viral spread to different tissues was assessed. C57BL/6J, DAI-/- and MLKL-

/- were infected intranasally with MPXV and tissues were harvested. Virus was recovered 

from nasal tissues from all three different mice strains. However, we do not see a 

significant increase in viral spread to brain or lungs in the DAI-/- mice compared to the 

C57BL/6J. We also do not observe any viral spread to spleens in all three strains of mice 

(Figure 19). 

MPXV (Zaire strain) is neurovirulent in mice.  N-terminal deletion mutants of 

VACV demonstrate decreased neurovirulence in C57BL/6J mice. To assess the 

neurovirulence of MPXV, mice were infected intracranially and monitored for clinical 

symptoms and weight loss. We observed that MPXV is neurovirulent with LD50 of 101 

pfu in C57BL/6J. LD50 in RIP3-/- and MLKL-/- were 102 pfu respectively. DAI-/- mice 

were the first group to infected intracranially. We did not predict for MPXV to be 

neurovirulent in mice and hence, the dose range was on the higher end. We observed that 

the virus was neurovirulent with only 20% survival in the lowest dose 103 pfu. It is also 

to be noted that the surviving mice did not show any symptom of infection and we 

believe that the mouse was not infected (Figure 20). 
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DISCUSSION 

 

Monkeypox virus is an emerging human pathogen causing monkeypox disease. 

The treatment for monkeypox is the smallpox vaccine. The discontinuation of smallpox 

vaccination has led to increased susceptibility to monkeypox and is a global health 

security concern. Human monkeypox infections are believed to be transmitted with 

indirect or direct contact with live or dead animals. Although, the specific animal host 

reservoir of monkeypox virus remains unknown, it has been identified in range of 

animals including monkeys, dormice, squirrels (rope and tree) and rats. Thus, it is critical 

to understand the host – pathogen association and identify the mechanism of pathogenesis 

of the virus.  

Monkeypox virus (MPXV) is a member of the genus Orthopoxvirus, which also 

includes vaccinia virus (VACV). Monkeypox expresses F3 protein that is an ortholog of 

VACV-E3 protein. However, F3 contains a deletion of the first 37 amino acids from the 

N-terminus. It is shown that VACV-E3 with 83 amino acid deletion in the N-terminus – 

VACV-E3Δ83N undergoes DAI-dependent necroptotic cell death leading to decreased 

pathogenesis in mice. In this study, we studied the role of necroptosis during monkeypox 

infection in mice.  

Previously, we have demonstrated that the N-terminus of E3 is necessary to 

inhibit VACV pathogenesis. In order to compare the pathogenesis between VACV and 

MPXV infections, we utilized VACV-E3 with 37 amino acid deletion in the N-terminus - 
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VACV-E3Δ37N. During an intranasal infection with VACV-E3Δ37N, we observed that 

pathogenesis was low in C57BL/6Jmice, but this pathogenesis was restored in mice 

deficient in the necroptotic pathway. These results confirm our previous finding that N-

terminus of E3 is critical to evade necroptosis in mice.  

In an IN MPXV infection, we observed that pathogenesis was low in 

C57BL/6Jmice, but this pathogenesis was restored only in DAI-/- mice and not in MLKL-

/- mice. This data correlates with our in vitro results, where in mouse L929 cells, MPXV 

has intermediate IFN sensitivity but the IFN sensitivity is rescued only DAI-/- L929 cells. 

In vitro, we also observed that MLKL phosphorylation is seen in MPXV-infected L929 

cells but trimerization of MLKL is not observed. Recent studies have shown that TAM 

(Tyro3, Axl, and Mertk) kinases are involved in the oligomerization of MLKL that 

results in pore formation in the membrane and eventually cell death. We hypothesize that 

inhibition TAM kinases during MPXV infections leads to absence of MLKL 

trimerization and cell death. We also analyzed the spread of MPXV to different organs 

during IN MPXV infection in C57BL/6J mice and mice deficient in necroptotic pathway, 

namely DAI-/- and MLKL-/-. Although we observed replication of the virus in all groups 

of mice, we did not observe a significant spread of the virus to the brain or lungs of DAI-/- 

as we predicted. MPXV has shown been shown to replicate more in the distal organs, we 

predict that the higher pathogenesis we see in DAI-/- could be due to the spread of virus to 

distal organs. 

Neurovirulence of MPXV has not been studied. WR strain of VACV is a 

neurovirulent strain and the LD50 for VACV-E3Δ37N during an intra-cranial infection is 
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100 times that of wtVACV. Our results indicate that MPXV is highly neurovirulent in 

mice with LD50 in C57BL/6J being 101 pfu and 102 pfu in RIP3-/- and MLKL-/-. Studies 

have shown that MPXV is not pathogenic in immunocompetent mice. Although, the IC 

route of infection is not a natural infection route, this could provide a model to study 

MPXV pathogenesis at a biological level and identify possible transmission mechanisms 

before validating the results in nonhuman primates and nonmurine small animal models. 

Recently, it has been identified that the DAI-/- mice obtained from the lab of 

Shizuo Akira were of a mixed genetic background with C57BL/6J and 129 mixed 

background leading to the absence of subset of population NK1.1+ and Ly49H+ NK cells 

in the DAI-/- mice (102). This could possibly have impacted our viral replication and 

spread to the different organs during the intranasal MPXV infection. However, our 

neurovirulence study emphasizes that the pathogenesis we observed are consistent in all 

the necroptotic deficient mice. Future studies in this direction involve dissecting this 

genetic difference during MPXV pathogenesis. 

This research study identifies the presence of an alternative independent 

mechanism that does not lead to necroptosis and provides an enhanced understanding of 

innate immune evasion by MPXV. Further elucidation of the probable pathways involved 

in the subversion of host’s anti-viral immune response will be critical to the development 

of effective vaccine design against the most important re-emerging Orthopoxvirus for 

humans, MPXV. 
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FIGURES 

 

 

 

 

Figure 14: Domains of VACV E3 and MPXV F3. Depicted here are VACV E3 and 

MPXV F3 proteins. VACV E3 is a 25kDa protein containing N-terminal Z-NA binding 

domain and C-terminus containing dsRNA binding protein. MPXV F3 contains a natural 

37 amino acid truncation at the N-terminus. wtVACV containing contains 37 amino acid 

deletion at the N-terminus VACV-E3Δ37N was used to compare the two homologues.  
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Figure 15: Pathogenesis is rescued in DAI-/-and MLKL-/-during VACV-E3LΔ37N 

infection.  Groups of 5-10 C57BL/6J, DAI-/- and MLKL-/- mice were infected 

intranasally with 107pfu of VACV-E3LΔ37N. Mice were monitored for clinical 

symptoms and weight loss. Percent survival was plotted.  
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Figure 16: Individual Clinical Score during VACV-E3LΔ37N infection. Groups of 5-

10 C57BL/6J, DAI-/- and MLKL-/- mice were infected intranasally with 107pfu of VACV-

E3LΔ37N. Mice were monitored for clinical symptoms and weight loss. Shown here is 

the clinical score calculated for each individual mouse calculated as a combined score 

from clinical symptoms and weight loss.  
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Figure 17: Pathogenesis is rescued only in DAI-/-during MPXV infection. Groups of 

5-10 C57BL/6J, DAI-/- and MLKL-/- mice were infected intransally with 107pfu of 

MPXV – Zaire 79 strain. Mice were monitored for clinical symptoms and weight loss. 
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Figure 18: Individual Clinical Score during MPXV infection. Groups of 5-10 

C57BL/6J, DAI-/- and MLKL-/- mice were infected intranasally with 107pfu of MPXV – 

Zaire 79 strain. Mice were monitored for clinical symptoms and weight loss. Shown here 

is the clinical score calculated for each individual mouse calculated as a combined score 

from clinical symptoms and weight loss.  
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Figure 19: MPXV titers in various tissues. Groups of 8-10 C57BL/6J, DAI-/- and 

MLKL-/- mice were intranasally infected with 107pfu of MPCV – Zaire 79 strain. At 5dpi, 

nasal, brain and lung tissues were harvested, frozen in liquid nitrogen and tittered in 

BSC40 to deduct viral replication and spread.  
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Figure 20: MPXV is neurovirulent in mice. Groups of 5-10 C57BL/6J, DAI-/-, RIP3-/- 

and MLKL-/- mice were intracranially infected with varying increasing doses of MPXV-

Zaire79 strain. Mice were monitored for clinical symptoms and weight loss. Percent 

survival was plotted.  
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Fig 21: Proposed model for mechanism of MPXV inhibition of pathogenesis in mice.  
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CHAPTER 4 

CHARACTERIZATION OF NECROPTOSIS IN CANCER CELL LINES FOR 

ONCOLYTIC VACCINIA POTENTIAL 

 

ABSTRACT 

Oncolytic virotherapy is emerging as a promising new therapeutic approach to target 

cancer. Cancer cells are known develop resistance to programmed cell death pathways. It 

has been identified that majority of cancer cell lines have a deficient necroptotic pathway. 

In this study, the potential use of vaccinia virus (VACV) mutants for oncolytic 

virotherapy was studied. Previous studies in the lab have shown that VACV with a 

nonfunctional E3 protein selectively replicates in necroptosis deficient cells but not in 

necroptosis competent cells, making them potential candidates for oncolytic virotherapy. 

In order to establish the efficacy and selectivity of this treatment, an accurate tumor 

model is required. Various cancer cell lines were screened for expression of necroptotic 

proteins and the functionality of the pathway was studied using cell viability assays. The 

absence of an active necroptotic pathway was correlated to the replication of the N-

terminal deletion mutants of VACV. These results suggest the potential use of using 

VACV mutants as an oncolytic virus to target cancerous cells with a deficient necroptotic 

pathway while sparing the healthy cells with an active necroptotic pathway. Oncolytic 

VACV mutant viruses can also be used in combinatorial treatments to target highly 

resistant tumors.  
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INTRODUCTION 

 

 

Oncolytic virotherapy is emerging as a promising new therapeutic approach to 

target cancer. It involves the use of viruses that can selectively replicate in and destroy 

cancerous cells while sparing normal cells(21, 70, 103). Genetic mutations in cells lead to 

dysregulation of cellular proteins that lead to uncontrolled growth of cells leading to 

tumors. One of the hallmarks of cancer cells is their ability to evade cell death. 

Therapeutics targeting the resistance of cancer cells to programmed cell death could pave 

way for potential advancement in the field of oncolytic virotherapy.  

The three known programmed cell death pathways include apoptosis, pyroptosis 

and necroptosis(8, 13). Although, apoptosis has been well characterized, necroptosis has 

recently been shown to play an important role in anti-viral response. In a canonical 

pathway, necroptosis occurs when tumor necrosis factor (TNF) binds the tumor necrosis 

factor receptor (TNF-R) leading to a signal cascade through RHIM domains of the 

adaptor protein RIP3. RIP3 can interact with different adaptor proteins such as RIP1, 

DAI or TRIF to form a necrosome. These interactions cause autophosphorylation of RIP3 

leading to MLKL phosphorylation and eventually cell death. MLKL is the key 

executioner step of necroptosis(16, 20, 98, 99, 104-107).  

Vaccinia virus (VACV), a member of the Orthopoxvirus genus is a 190 kb double 

stranded DNA virus that replicates in the cytoplasm of infected cells. It has been used for 

vaccination against smallpox. One of the key innate immune evasion gene of VACV is 
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E3L. E3 protein has two domains, a double stranded RNA binding domain at the 

carboxyl- terminus that sequesters dsRNA during produced in cells during viral infection 

and a Z-DNA binding domain at the N-terminus(4, 35, 38, 40, 41, 91, 108). The N-

terminus of VACV E3 has been shown to be necessary to inhibit DAI-dependent 

necroptotic cell death. DAI contains a Zα binding domain that competes with N-terminus 

of E3 during viral infection. Vaccinia virus containing mutation in the N-terminus 

activates DAI leading to necroptotic cell death in infected cells. VACV-E3LΔ83N was 

shown to be apathogenic in C57BL/6Jmice but pathogenic in RIP3-/- and DAI-/- mice. 

Thus, evasion of necroptosis is critical to VACV pathogenesis.  

Majority of cancers are believed to have a silenced RIP3 expression due to 

genomic methylation near the RIPK3 transcription start site (TSS). The loss of RIP3 

expression leads to greater resistance to programmed cell death pathway and to 

chemotherapeutic agents(66-69). Since N-terminal deletion mutant of VACV selectively 

replicate in the absence of an active necroptotic pathway, we propose to utilize this virus 

as a potential oncolytic virus to target cancer cells with a deficient necroptosis pathway. 

Our hypothesis is that the N-terminal deletion mutant would replicate in cells deficient in 

necroptosis pathway (cancer cells) and in normal, healthy cells this virus would not 

replicate due to an active pathway.  

In this study, various cancer cell lines were screened to identify potential cancer 

lines to study the oncolytic potential of VACV.  
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MATERIALS AND METHODS 

 

Cells and Viruses 

Murine and Human cancer cell lines were used in the study. Murine cell lines 

included L929 cells obtained from ATCC and cultured in MEM+5%FBS medium, E0771 

cells obtained from ATCC and cultured in RPMI 1640+10% FBS medium. JC cells 

obtained from ATCC and cultured in RPMI 1640+10% FBS medium. 4T1 cells cultured 

in RPMI 1640 +10% FBS and B16 cells cultured in DMEM+10% FBS. Human cancer 

cell lines included HT 29 cells cultured in McCoy’s 5a medium supplemented with 10% 

FBS. HS578T cells were obtained from ATCC (ATCC HTB-125) and cultured in 

DMEM supplemented with 10% FBS and 0.01 mg/ml bovine insulin. T-47D cells were 

obtained from ATCC (ATCC HTB-133) and cultured in RPMI 1640 supplemented with 

10% FBS. SKBR3 cells were obtained from ATCC (ATCC HTB-30) and cultured in 

McCoy’s 5a medium supplemented with 10% FBS. U251, U87 and U118 cells were 

maintained in Eagle’s Minimal Essential Medium (MEM) containing 5% FBS, while 

U343 was maintained in DMEM containing 5% FBS. Panc-1 cells were maintained in 

Dulbecco’s Modified Eagle's Medium supplemented with 10% FBS. All cells were 

incubated at in the presence of 5% CO2. MDA-MB-435S cells were obtained from 

ATCC (ATCC HTB-133) and were maintained in Leibovitz’s L-15 medium 

supplemented with 10% FBS, 2 mM L-glutamine and 0.01 mg/ml bovine insulin. These 

cells were grown in at 37°C with no CO2. 
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Vaccinia virus strain Western Reserve (WR), designated as VACV, was used as 

the parental viruses to generate VACV-E3LΔ83N, VACV-E3LΔ54N, as previously 

described and were used in the viral infection studies.  

Treatment and Inhibitors of Cells 

Cells used as a positive control for programmed necrosis were pre -treated with 

the pan-caspase inhibitor Z VAD-FMK (ZVD) (ApexBio) at 100μM for 1 hour and 

treated with mouse TNF-α (Sigma) at 20ng/ml  for murine cells or human TNF-α for 

human cells following the one hour pretreatment. For human cells, SMAC mimetic 

(LCL161) was treated along with ZVD to inhibit apoptosis family of proteins.  N-(6-

(Isopropylsulfonyl) quinolin-4-yl)benzo[d]thiazol-5-amine (GSK872, GlaxoSmithKline) 

was used to inhibit RIP3 activity in cells.  

Cell Viability Assay 

Cell viability was determined using propidium iodide staining assay. For positive 

control, cells were treated with ZVD, Hoescht and Propidium Iodide and LCL161 ( for 

human cells) . After 1-hour incubation, TNFα (human and mouse respectively) was 

added. For virus infections, cells were infected with virus diluted in MEM containing 2% 

FBS at an MOI of 5. Cell monolayers were infected with 100 μL of virus after aspirating 

the media off the dishes. Cells were incubated at 37C, 5% CO2 for 1 hour, with rocking 

every 10 minutes. Post infection, cells were over laid with appropriate medium 

containing Hoescht and Propidium Iodide. Cells were incubated for 4 hours for murine 

cell lines and 6 hours for human cell lines. Post-incubation, cells were imaged on an 
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EVOS™ FL Auto Imaging System (Invitrogen™) at 10X objective to evaluate the 

viability of cells.  

Western Immunoblot Analysis 

Cells were pre-treated with interferon (Universal IFN for human cells and mouse 

IFNα for murine cells) for 16 to 18 hrs. Interferon pre-treatment was 100u/ml for L929 

cells and 1000U/ml for all the other cell lines that were screened. Cell lysates were 

prepared by scraping cells and centrifuging for 1,000 g for 10 minutes. Cell pellet was 

lysed in RIPA buffer (25mM Tris•HCl pH 7.6, 150mM NaCl, 1% NP-40, 1% sodium 

deoxycholate, 0.1% SDS) for 10 minutes. Proteins were reduced in Laemmli buffer 

containing DTT. Samples were boiled for 5 minutes, separated on a denaturing 10% SDS 

PAGE gel. Proteins were then transferred to PVDF membranes in transfer buffer (25 mM 

Tris, 192 mM Glycine, 20% methanol) for 60 minutes at 60 volts at 4C. Following 

transfer, the membrane was incubated in blocking buffer (140 mM NaCl, 3 mM KCl, 20 

mM Tris [pH 7.8], 0.05% Tween 20, 3% nonfat milk) for 1 hour at room temperature. 

The blots were incubated in primary antibodies DAI or RIP3 as intended. Primary 

antibodies were diluted in blocking buffer and blots were exposed to antibodies. 

overnight. Secondary goat anti-rabbit IgG conjugated to horseradish peroxidase (1:5000, 

Santa Cruz) or anti-mouse IgG conjugated to horseradish peroxide were incubated at 

room temperature for 1 hour. Immunoreactive bands were visualized by 

chemiluminescent development using SuperSignal West Dura Duration substrate (Pierce 

Biotechnology). 
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Single-Step Growth Curve 

B16 and E0771 cells were treated with or without mouse IFNα for 16-18 hours 

prior to infection. Cells were infected with a MOI of 5 of VACV and VACV-E3LΔ83N 

for 24 hours. At 1 hour and 24 hours, cells were harvested by scraping cells into media. 

The lysates underwent three freeze/thaws with 30min at -80C, 30 min on ice for each 

round of freeze/thaw. Virus was released by sonication and the resulting virus stocks 

were tittered in a monolayer of BSC40 and titers were calculated.  
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RESULTS 

 

RIP3 expression vary among cancer cell lines. Many cancers downregulate 

RIP3 due to genomic methylation near its transcriptional start site. We screened different 

cancer cell lines to identify the levels of RIP3. The cancer cell lines that were screened 

included melanoma, glioblastoma, pancreatic cancer and breast cancer cell lines. Protein 

expression was determined using western blot analysis. We observed that RIP3 levels 

differed between the cell lines. 

 In murine cell lines, B16 – melanoma cell line and 4T1 - stage IV breast cancer 

line was shown to lack RIP3 expression in the presence and absence of mouse IFNα, 

when compared to RIP3 expressing L929 cells. The JC adenocarcinoma and E0771 

breast adenocarcinoma were shown to express RIP3 in the presence and absence of 

mouse IFNα, when compared to RIP3 expressing L929 cells (Figure 24).  

In human cancer cell lines, MDA-MB-435S melanoma, T-47D ductal carcinoma 

and HS578T ductal carcinoma were all shown to lack RIP3 expression. Conversely, the 

SKBR3 adenocarcinoma was shown to express RIP3. Panc-1, pancreatic carcinoma of 

ductal cell origin was shown to express RIP3. The glioblastoma cell lines that were 

screened, namely U87, U118, U251 and U343 were all shown to express RIP3 (Figure 

23). HT29 cells expressing RIP3 were used as a positive control for this assay.  

DAI expression is inducible in mouse cancer lines and is constitutive in 

human cancer cell lines. We screened the different cancer cell lines for DAI expression 
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since N-terminal deletion mutants of VACV undergo DAI- dependent necroptotic cell 

death and our goal is to identify the potential use of these viruses in oncolytic 

virotherapy.  

All the human cell lines, SKBR3, MDA-MB-435S, T-47D, HS578T, Panc -1, 

U87, U87, U118, U251 and U343 have constitutive DAI expression (Figure 23). In 

murine cell lines, E0771, B16 and 4T1 have inducible DAI while treated with mouse 

IFNα while JC cell line has constitutive DAI (Figure 24).  These results indicate that the 

N-terminal deletion mutant can selectively replicate in cells with deficient necroptosis 

pathway leading to potential as oncolytic virotherapy.  

Necroptotic cell death is visualized with TNFα+ZVD treatment in cells with 

intact necroptosis pathway. We sought to determine the functionality of the necroptotic 

pathway with TNFα+ZVD treatment in cells. This assay identified the cells where the 

pathway is deficient signifying the potential cancer cell line candidates for VACV 

replication. In murine cell lines, L929 cell line was used as a positive control. JC and 

E0771 cell lines with intact RIP3 and DAI underwent necroptotic cell death as indicated 

by the uptake of propidium iodide stain signifying the loss of cell membrane integrity. 

B16 and 4T1 cell lines have loss in RIP3 expression as shown by western blots. These 

cell lines do not undergo necroptosis as indicated by healthy, viable cells stained with 

Hoechst dye (Figure 28). In human cell lines, HT 29 cells were used as the positive 

control. We observed that in SkBr3 cells, necroptotic cell death was observed. We did not 

observe necroptosis in MDA-MB-435S, T-47D and HS578T cells (Figure 26). These 

results correlate with the western blot observations that cell death is observed in the 
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presence of an intact necroptotic pathway. Our results in glioblastoma cells indicate that 

the presence or absence of MLKL should also be evaluated while identifying an intact 

necroptotic pathway. Although all four of the glioblastoma cells were expressing DAI 

and RIP3, cell death was observed only in U118 cell line indicating that the other lines 

namely U87, U251 and U353 were potentially not expressing MLKL leading to cell 

survival (Figure 27).  

Cell viability of N-terminal deletion mutant of VACV correlates with loss of 

necroptotic pathway in cancer cell lines. Murine B16 and E0771 cell lines were chosen 

to characterize the replication competency of N-terminal deletion mutant of VACV. As 

previously noted, E0771 has an intact necroptotic pathway. The cells were infected with 

VACV E3LΔ54N and VACV E3LΔ83N at a MOI 5 and cell viability was assessed with 

propidium iodide staining. We observe that there is increased cell death during N-

terminal deletion mutants’ viral infection in these cells. In B16 cells, the loss of RIP3 

expression, led to the inability of VACV E3LΔ54N and VACV E3LΔ83N to cause cell 

death in these cells. This was observed with the cells staying viable and there was no 

significant observation of propidium iodide uptake in these cells (Figure 29).  

pMLKL is detected during VACV E3LΔ83N infection in E0771 cells.  E0771 

cells have an intact DAI and RIP3 system. We assessed the presence of pMLKL as a 

marker during infection with VACV E3LΔ83N in E0771 cells. Our results indicate that 

during infection with wtVACV, pMLKL was not detected in these cells. However, during 

infection with VACV E3LΔ83N, we detected pMLKL in these cells. The positive control 
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used in the experiment was treatment of E0771 cells with TNFα+zVAD that leads to 

pMLKL expression (Figure 30). 

Type 1 IFN sensitivity correlates with presence of an active necroptotic 

pathway. Type 1 IFN system is involved in anti-viral responses. During viral infections, 

production of IFN primes the cells for programmed cell death. We assessed the IFN 

sensitivity of N-terminal deletion mutant VACV E3LΔ54N and VACV E3LΔ83N in 

E0771 cells by determining the growth kinetics during single step growth curve. Our 

results indicate that wtVACV replicates to high titers with or without mouse IFNα. 

During VACV E3LΔ83N replication, there is a 3-log reduction in titers in the presence of 

mouse IFNα and replication was inhibited during VACV E3LΔ54N infection in the 

presence of mouse IFNα. These results indicate that the inhibition of necroptosis correlate 

with VACV replication in E0771 cell line (Figure 31).  

 

 

 

 

 

 

 

 



 

  73 

DISCUSSION 

 

The potential use of N-terminal deletion mutants of VACV as an oncolytic virus 

is likely to be dependent on the necroptosis pathway in the cancerous cells. We screened 

various cancer cell lines to determine the presence or absence of the necroptosis pathway. 

These included melanoma, breast cancer, glioblastoma and pancreatic cancer cell lines. 

Both murine and human cell lines were screened to identify potential lines that can be 

served as mouse model system to test the efficacy of the potential oncolytic viruses.  

It has been published that most cancer cell lines have a deficient RIP3 

expression(69). We sought to identify the cell lines for their RIP3 expression. In human 

cell lines, SKBR3, Panc-1 and all the screened glioblastoma cells expressed RIP3 

whereas T-47D, HS578T and MDA-MB-435S were all RIP3 negative. In murine cell 

lines, JC and E0771 expressed RIP3 while BALB/C 4T1 and C57BL/6J B16 were both 

RIP3 negative. These results indicate the potential cell lines where the N-terminal 

deletion mutant of VACV would replicate. 

Since, VACV E3Δ83N and VACV E3Δ54N undergo DAI – dependent 

necroptotic cell death, we also screened the cell lines for DAI expression. We observed 

that all human cancer cell lines expressed constitutive DAI expression suggesting that the 

presence of type 1 interferon was not necessary for activation in these cells. In murine 

cell lines, only JC cells expressed constitutive DAI expression while B16, E0771 and 4T1 

expressed IFN inducible DAI expression.  
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In order to test the functionality of the necroptosis pathway, we performed cell 

viability assays. We used the classical inducer of necroptotic cell death TNFα and ZVD 

to screen for cells undergoing necroptotic cell death. As hypothesized, cells with active 

necroptotic pathway underwent necroptotic cell death as evidenced by the uptake of 

propidium iodide stain.  

In order to test the replication of N-terminal deletion mutant of VACV, we chose 

two murine cell lines B16 and E0771. We infected cells with VACV E3Δ83N and VACV 

E3Δ54N and observed for cell death. AT 4hpi, we observe that B16 cells that were shown 

to be RIP3 deficient were viable while the E0771 cells having an intact necroptotic 

pathway had significant increase in cell death. These results indicate that N-terminal 

deletion mutant of VACV could be used as a potential oncolytic virus in cells without an 

active necroptotic pathway. The results also correlate with replication data, where we 

observed that in E0771 cells, presence of moue IFNα reduced the replication of N-

terminal deletion mutant of VACV.  

Previous studies in the lab that in vitro, VACV E3Δ54N selectively replicated in 

certain cancer cell lines and also demonstrated that in a xenograft model of cancer using 

MDA-MB-435s cells, VACV E3Δ54N significantly reduced tumor volume in mice. At 

that time, the correlation to necroptosis was not identified. The discovery of necroptosis 

as a pathway to inhibit replication has advanced our understanding of the biological 

significance of programmed cell death pathways during VACV replication and spread.  

 



 

  75 

In the current study, potential cancer cell lines where replication of N-terminal 

VACV mutants correlated with loss in necroptotic pathway have been identified. Future 

work in this direction includes characterizing the effects of viral treatment in a syngeneic 

mouse model to determine the response of a functioning immune system to VACV treatment. 

These studies will provide significant insight into the functioning of the biological and 

immune response when tumors are treated with viruses 
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FIGURES 

 

 

 

 

 

Figure 22: Proposed Mechanism for Potential Use of N-terminal deletion Mutant of 

VACV as an Oncolytic Virus 
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Figure 23: RIP3 and DAI Expression Levels in Human Cancer Cell Lines. Protein 

expression levels were determined for the given human cancer cell lines. Cells either had 

no pre-treatment or had treatment with 1000U/ml of universal IFN for 16-18 hours prior 

to harvest. Harvested cells were lysed and probed for protein expression.   
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Figure 24: RIP3 and DAI Expression Levels in Murine Cancer Cell Lines. Protein 

expression levels were determined for the given murine cancer cell lines. Cells either had 

no pre-treatment or had treatment with 100U/ml of mouse IFNα for 16-18 hours prior to 

harvest. Harvested cells were lysed and probed for protein expression.   
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Figure 25: Cell Viability Assay in Human Cancer Cell Lines. Fluorescent microscopy 

of human melanoma post treatment with TNFα, zVAD-fmk and SMAC mimetic. Blue 

(Hoescht) represents nuclear staining and Red (Propidium Iodide) indicates cell death. 
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Figure 26: Cell Viability Assay in Human Cancer Cell Lines. Fluorescent microscopy 

of human melanoma post treatment with TNFα, zVAD-fmk and SMAC mimetic. Blue 

(Hoescht) represents nuclear staining and Red (Propidium Iodide) indicates cell death. 
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Figure 27: Cell Viability Assay in Human Cancer Cell Lines. Fluorescent microscopy 

representative human cancers post treatment with TNFα, zVAD-fmk and SMAC 

mimetic, LCL161, +/- RIP3 inhibitor GSK872. Blue (Hoescht) represents nuclear 

staining and Red (Propidium Iodide) indicates cell death. 
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Figure 28: Cell Viability Assay in Murine Cancer Cell Lines. Fluorescent microscopy 

of murine cancer cells post treatment with TNFα, zVAD-fmk and SMAC mimetic. Blue 

(Hoescht) represents nuclear staining and Red (Propidium Iodide) indicates cell death. 
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Figure 29: Cell Viability Assay after Viral Infection in B16 and E0771 cells. 

Fluorescent microscopy of B16 and E0771 cells. Cells were either mock-treated, treated 

with TNFα and zVAD-fmk or with N-terminal deletion mutatnt of VACV – VACV-

E3LΔ83N or VACV-E3LΔ37N . Blue (Hoescht) represents nuclear staining and Red 

(Propidium Iodide) indicates cell death. 
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Figure 30: pMLKL Expression in E0771 Cells During VACV-E3LΔ83 Infection. 

Cells treated/infected with mouse universal IFNα, TNFα/zVAD and VACV as indicated. 
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Figure 31: Single Step Growth Curve in E0771 cells. The cells were infected with 

wtVACV, VACV-E3LΔ83N and VACV-E3LΔ54N at a MOI of 5. Viruses were 

harvested at 0 and 24 hpi and tittered by plaque assay in BSC40 cells.  
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CHAPTER 5 

OVERALL DISCUSSION 

 

The E3L gene of vaccinia virus (VACV) encodes a protein that contains two 

domains: dsRNA binging domain in the C-terminus and Z-NA binding domain in the N-

terminus. Both the domains are necessary for IFN resistance and pathogenesis in mice. 

Recently, it has been identified that the N-terminus of E3 is necessary to inhibit DAI-

dependent necroptotic cell death in cells in culture. In this investigation, the role of 

necroptosis in poxvirus pathogeneses and its potential outcome in oncolytic virotherapy 

was dissected. 

N-terminal deletion mutant of VACV (VACV E3Δ83N) is not pathogenic in 

C57BL/6J mice but in mice devoid of IFN receptors (IFNAR-/-), the virus becomes 

pathogenic. We demonstrate that the results correlate when we treat C57BL/6J mice with 

mouse IFNα along with the virus during an intranasal infection in mice. Our results 

indicate that the pathogenesis, measured as a result of clinical symptoms and weight loss, 

was significantly lower in mice treated with mouse IFNα along with VACV E3Δ83N 

compared to mice that were not treated with mouse IFNα. We also observed that during 

wtVACV infection, treatment with mouse IFNα did not significantly alter the 

pathogenesis score. These results indicated that in vivo, VACV E3Δ83N is IFN sensitive. 

In order to determine if the IFN sensitivity of VACV E3Δ83N observed in mice is 

due to the necroptotic pathway, we utilized mice deficient in the necroptotic pathway. 

Our results demonstrate the in RIP3-/-, DAI-/- and MLKL-/-, the IFN sensitivity of VACV 
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E3Δ83N is abolished and pathogenesis is these mice are higher than that observed in 

C57BL/6J mice. We were also able to show that in C57BL/6J mice infected intranasally 

with VACV E3Δ83N, phosphorylation of MLKL is observed in nasal tissue while this 

phenomenon is not observed during wtVACV infection. These observations confirm that 

the N-terminus is necessary to inhibit DAI-dependent necroptotic pathway and thus, 

leading to pathogenesis in mice.  

These results led us to further investigate the effect of a potential Z-NA-binding 

domain in E3 on programmed necrosis. We utilized point mutants of VACV that either 

retained the Z-NA binding ability (VACV_VACV-E3L-E42A) or lost the Z-NA binding 

ability (VACV_VACV-E3L-P63A) to study pathogenesis and compared the results to our 

previous study. We demonstrate that during VACV_VACV-E3L-P63A intranasal 

infection, C57BL/6Jmice have reduced pathogenesis and it is rescued in mice deficient in 

the necroptosis pathway (DAI-/-, RIP3-/- and MLKL-/-). During VACV_VACV-E3L-

E42A infection, there is no significant difference between the groups and the 

pathogenesis is higher than that observed during VACV_VACV-E3L-P63A infection. 

These correlate with our predictions and confirm that the Z-NA binding domain of E3 has 

a significant effect on the inhibition of programmed necrosis for VACV and play a 

pivotal role during pathogenesis in mice.  

Our model for VACV pathogenesis in mice is that Zα domain of N-terminus of 

E3 is replaceable by Zα domain of DAI. Hence, during wtVACV infection, E3 competes 

with DAI and prevents DAI sensing leading to inhibition of necroptosis. This results in 

viral replication and spread leading to pathogenesis observed in mice. During VACV 
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E3Δ83N infection, the loss of N-terminus leads to sensing by DAI leading to necroptosis 

and resulting in decreased viral replication and pathogenesis in mice.  

Monkeypox virus (MPXV) is another member of the Orthopoxvirus genus that 

has recently emerged as a human pathogen. MPXV contains a natural truncation in the N-

terminal Zα domain of its E3 homologue, F3. Since our results with VACV from the 

same genus indicate that Z-nucleic acid-binding function of the N terminus of E3 is 

important for inhibition of induction of necroptosis, we sought to understand its role 

during pathogenesis of MPXV in mice.  

In order to compare MPXV pathogenesis to VACV, we utilized VACV with N-

terminal truncation of 37 amino acids (VACV-E3LΔ37N). Our results indicate that 

during intranasal infection of C57Bl/6 mice with VACV-E3LΔ37N, pathogenesis was 

low, and this was restored in both DAI-/- and MLKL-/- mice, suggesting that the results 

are consistent with our observations with VACV-E3LΔ83N. Due to similar mutation in 

the N-terminal domain of MPXV, we predicted similar results. However, during MPXV 

infection, although the pathogenesis was lower in C57BL/6J mice, it was restored only in 

DAI-/- not in MLKL-/- mice. These results also correlate with in vitro data where in L929 

cells, MPXV has intermediate sensitivity which was rescued in DAI-/- L929 cells and 

there was no MLKL trimerization that occurred in MPXV infected cells. VACV-

E3LΔ83N replicates and spreads to the brain at a significantly higher titer in mice 

deficient in the necroptotic pathway. Data from MPXV pathogenesis study indicate that 

there was no significant difference in spread to brain and lungs during MPXV infection in 

DAI-/- mice compared to C57BL/6Jmice. We predict that the replication and spread could 
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have been higher to the distal organs leading to increased pathogenesis. These results 

collectively suggest during MPXV infections, DAI is activating other proteins that do not 

lead to necroptotic cell death.  

Programmed cell death has been implicated in human diseases. In Chapter 4, we 

aimed to study the translational outcome of VACV undergoing necroptosis. Recently, 

necroptosis has been implicated in many cancers. About two-thirds of cancer are known 

to have a downregulated necroptotic pathway. Previous studies in the lab have identified 

that VACV-E3LΔ54N selectively replicates in cancerous cells and not in normal non-

cancerous cells. In vivo, in a xenograft model of cancer with MDA-MB-435s tumors, 

regression of tumor was observed at a dose of 1x107 pfu. The regression was observed in 

both treated and untreated tumors suggesting that the virus was able to translocate and 

replicate to the untreated side. In a syngeneic BALB/c model with 4T1 tumors, although 

complete tumor regression was not observed, the rate of tumor growth was decreased. 

These results indicated the potential of using N-terminal deletion mutant as an oncolytic 

agent.  

The discovery of necroptosis inhibiting replication of N-terminal deletion mutant 

of VACV and the occurrence of downregulated necroptotic protein markers in many 

cancers, led to the hypothesis that N-terminal deletion mutant of VACV is a potential 

oncolytic agent in cancers with deficient necroptotic pathway. The screening was 

performed on various cancer cell lines such as melanoma, glioblastoma, pancreatic and 

breast cancer cell lines for the necroptotic markers. In the absence of an active 

necroptotic pathway, cancer cell lines undergo the classical TNFα+ZVAD death and the 
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N-terminal deletion mutants – VACV E3Δ83N and VACV E3Δ54N replicated in these 

cell lines. There is a vast scope for expansion of this research to further screening of 

various cancer cell types to identify necroptotic markers for developing personalized 

diagnostics in the field of oncolytic virotherapy.  

This work establishes a relationship between necroptosis and poxvirus 

pathogenesis. VACV E3 does not contain an identifiable RHIM domain and thus, is 

believed to undergo a novel mechanism of inhibiting necroptosis. Data presented in this 

dissertation demonstrate that the N-terminus of VACV E3 is critical to inhibit necroptosis 

and induce pathogenesis in mice. However, VACV EΔ83N does not rescue pathogenesis 

to wtVACV levels in mice deficient in necroptosis pathway. This leads to the question if 

there are other IFN-inducible pathways that are playing a role during pathogenesis. It has 

been shown that during vaccinia infections, PKR activation and necroptosis are distinct 

mechanisms that the virus must evade. Previous research has shown that virulence of 

VACV-E3LΔ83N was not rescued in a PKR knock-out mouse model. However, it has 

also been demonstrated that during VACV-E3LΔ83N pathogenesis, eif2α 

phosphorylation is seen during intranasal infection that is absent during an intracranial 

infection. Presumably, role of inhibition of PKR and necroptosis by using VACV mutants 

that fail to inhibit PKR in pathogenesis will provide greater significance to understand the 

use of programmed necrosis as an innate host defense mechanism. Further research in 

understanding of the role of the Z-NA-BD in E3 can provide insight into the pathogenesis 

of monkeypox virus, as it contains a natural truncation in the N-terminal Zα domain of its 

E3 homologue, F3. The duality of MPXV in being pathogenic despite missing this 
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essential region of the E3 innate immune evasion protein is unique to MPXV. The results 

demonstrated in this work identify that a DAI-dependent, RIPK3- dependent inhibition of 

virus replication that is independent of necroptotic cell death occurs during MPXV 

infection in mice. Thus, it is imperative to identify the innate immune evasion 

mechanisms that occur during Orthopoxvirus infections to provide a better understanding 

of the most important re-emerging Orthopoxvirus disease in humans, MPXV. 

To conclude, this research work also establishes the potential of using N-terminal 

deletion mutants as an oncolytic virus to target specific cancer cell lines. It is critical to 

target tumors with a combinatorial treatment as tumors consist of non-heterogenous 

population of cells. Further in the field of cancer research, chemotherapeutic agents are 

known to be effective against cells that have an upregulated RIP3 expression, Hence, 

when combined with VACV mutant that can selectively replicate in cells with deficient 

RIP3, this would be a highly efficient and effective oncolytic treatment. The further 

elucidation of mechanism of Z-NA-BD of Orthopoxviruses will be critical to 

development of effective VACV based vaccines and viral oncolytic therapies in medical 

research.   
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