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Abstract 

Title of Dissertation:   Molecular Mechanisms of Oncolysis by the Herpes Simplex 
Virus Type 2 Mutant ΔPK  

 
Name:    Aric Gabriel Colunga, Doctor of Philosophy, 2012 
Dissertation Directed by:  Laure Aurelian, Ph.D., Professor 

Department of Pharmacology 
 

 Cancer is a largely incurable and fatal disease that is resistant to standard 

therapeutics. This resistance is mediated by enhanced proliferative and prosurvival 

signals caused by activating mutations in the Ras/Raf/MEK/ERK and PI3K/AKT 

pathways, and the contribution of highly resilient cancer stem cells (CSC). Oncolytic 

virotherapy is based upon cancer specific virus replication and cell lysis. The specificity 

of engineered oncolytic viruses (OV) is accomplished through the deletion of one or 

more genes that are critical to virus replication. The mutations responsible for 

uncontrolled proliferation of cancer cells compensate for these deletions, thereby 

allowing OV to target cancer cells. HSV-2 encodes a unique serine/threonine protein 

kinase (PK)—known as ICP10PK—that activates the Ras and PI3K survival pathways. 

The mutant virus ΔPK, which lacks this PK domain, exhibits severely reduced levels of 

virus replication and latency reactivation while simultaneously inducing programmed cell 

death (PCD) in neurons.  

 This dissertation work investigated the ability of ΔPK to selectively replicate and 

induce PCD in cancer cells and to define the molecular mechanisms involved therein. 

The data demonstrate that ΔPK eradicates cancer cultures and melanoma xenografts 

while sparing normal cells, and is well tolerated in treated mice. ΔPK-induced lysis of 

melanoma monolayer cultures is dominated by caspase- and calpain-mediated PCD, but 

also involves autophagy induction and JNK/cJun activation. Importantly, ΔPK 



eradication of breast and melanoma CSC requires autophagy and/or calpain but not 

caspase activation, and the contribution of calpain-mediated facilitation of autophagic 

flux represents a novel node of cross-talk between these two death pathways.  

In addition, ΔPK infection of melanoma cultures concomitantly inhibits anti-

inflammatory IL-10 secretion while inducing the expression and secretion of numerous 

pro-inflammatory cytokines. Melanoma xenografts treated with ΔPK also exhibit a 

marked innate immune response. Significantly, ΔPK induces its own cancer specific 

replication through the activation of JNK, whereas the induction of PCD has no effect on 

virus growth. Collectively, the data indicate that ΔPK differentially induces a spectrum of 

PCD and pro-inflammatory programs that preclude the selection of resistant 

subpopulations in both quiescent CSC and proliferative tumor cells. These mechanisms 

uniquely potentiate its oncolytic activity and highlight its clinical promise. 
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Chapter 1. General Introduction 

 
1.1 Signaling 

Signal transduction is the process by which cells send, receive, and integrate 

signals from other cells as well as their environment in order to coordinate cellular life 

and death decisions.  A variety of cellular events such as growth, survival, differentiation, 

metabolism and programmed cell death are paramount to the survival of multicellular 

organisms, and are mediated by sophisticated molecular networks that cross-regulate one 

another to facilitate cellular homeostasis. Stimuli or mutations which perturb the system 

into either dysregulated growth or to premature cell death are the foundation of complex 

human diseases. These molecular decision matrices are the focus of the work in Dr. 

Aurelian’s laboratory.  In cancer cells, germline (intrinsic) and/or somatic (acquired) 

mutations push the affected cells towards uncontrolled survival, proliferation and 

invasion, irrespective of the presence of opposing signals.  In this introduction, I will first 

address several signaling pathways which are critical to cell survival and cell death, 

followed by examples of how dysregulation of these pathways leads to tumorigenesis, 

and finally, how these dysregulated pathways can be exploited by engineered viruses to 

facilitate virus replication and ultimately to induce cancer cell death. 

 

1.1.1 Receptors 

The induction of cell proliferation and differentiation is largely regulated by 

growth factors and other ligands which bind to receptors on the cell surface and trigger 

cascades of intracellular signaling. Ligand binding activates receptor tyrosine kinases 
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(RTKs) and G-protein coupled receptors (GPCRs) which are the first step in extracellular 

signal transduction. This first section will describe in general terms the signaling events 

which occur following ligand binding to RTKs. GPCR activation will not be discussed 

further1. 

 

1.1.2 Ras/Raf/MEK/ERK 

The Ras/Raf/MEK/ERK pathway transduces signals from receptors on the cell 

surface and through phosphorylation, modulates many cell processes leading to global 

changes in gene expression, protein stability and localization that have profound effects 

on cell life and death decisions (Fig. 1). The Ras/Raf/MEK/ERK pathway is frequently 

activated in many tumors, which will be discussed in section 1.3.3 with regard to 

melanoma2. 

The small GTP-binding protein, rat sarcoma viral oncogene homolog (Ras), is a 

major mediator of several signaling pathways including Raf/MEK/ERK, PI3K/AKT and 

RalGEF/Ral3. The Ras family of kinases is made up of four proteins, H-Ras, N-Ras, and 

the K-Ras splice variants 4a and 4b which exhibit varying abilities to interact with and 

activate Raf and PI3K. The various isoforms are targeted to the plasma membrane 

through farnesylation, geranylation and/or palmitoylation. Binding of cytokines and 

growth factors to their respective RTKs induces recruitment of Shc/Grb2/SOS coupling 

complex to the activated RTK. SOS (son of sevenless) is a guanine nucleotide exchange 

factor which facilitates the exchange of GDP to GTP on Ras leading to its activation1. 

The Raf family of serine/threonine kinases consists of A-Raf, B-Raf, and C-Raf 

(Raf-1) each with its own tissue specific distribution and activity. Raf kinase is activated 
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primarily through binding and phosphorylation by Ras, though there are multiple 

available phosphorylation sites through which alternate kinases and phosphatases 

modulate Raf activity4. The different Raf isoforms also dimerize and the formation of 

heterodimers may further alter their activities and/or substrate specificities5]. 

 

 

 

 

Figure 1. Ras/Raf/MEK/ERK signaling. 
Adapted6 

 

MEK1/2 (Mitogen-activated protein kinase/ERK kinase 1/2) is a dual specificity 

tyrosine and serine/threonine kinase which is canonically activated by Raf-mediated 

phosphorylation of serine residues in its catalytic domain. Though all three Raf family 
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members can activate MEK1/2, their activity varies (B-Raf > C-Raf >> A-Raf)7. Thus far 

the only kinases which are phosphorylated and activated by MEK1/2 are ERK1/2 

(Extracellular-signal-regulated kinase 1/2) which are serine threonine kinases. Activated 

ERK1/2 can translocate to the nucleus where they can directly phosphorylate numerous 

transcription factors including Ets-1 (erythroblastosis virus E26 oncogene homolog 1), c-

Myc (myelocytomatosis viral oncogene homolog), c-Jun, cFos, and MITF. ERK1/2 

phosphorylation also activates p90Rsk (ribosomal S6 kinase) which activates the 

transcription factor CREB (cAMP responsive element binding protein 1) and 

phosphorylates IKK (inhibitor κB kinase) leading to NF-κB (nuclear factor kappa-light-

chain-enhancer of activated B cells) activation. ERK1/2 phosphorylates many other 

targets (>160) including those which regulate the cell cycle. ERK1 and ERK2 are 

regulated differentially, and ERK1 has been observed to inhibit ERK2 in certain cells8. 

The Ras/Raf/MEK/ERK pathway alters the expression and activity of many 

proteins involved in cell cycle regulation (Figure 2). Depending on the strength,9 and the 

duration of the signaling involved, Ras/Raf/MEK/ERK activation can lead to progression 

through the cell cycle but may also conversely induce cell cycle arrest. Under conditions 

which lead to proliferation Ras/Raf/MEK/ERK induces cyclin D1 expression. 

Ras/Raf/MEK/ERK also induces c-myc which 1) inhibits of p27kip1expression, a negative 

regulator of cdk-cyclin complexes, 2) induces cdk2 and cyclin E and 3) induces cdc25 

phosphatase that are required for cyclin dependent kinase activation. Cdk4 and-6-cyclinD 

complexes phosphorylate Rb releasing the transcription factor E2F to further induce the 

expression of cdk2 and cyclin A and E which induce progression through the G1-S phase 

transition committing the cell to divide1, 10. 
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In contrast, hyperactivation of Ras and Raf have been demonstrated to induce cell 

cycle arrest, likely a critical control point to inhibit unchecked cell proliferation and 

tumorigenesis by activated oncogenes. Ras/Raf/MEK/ERK hyperactivation induces the 

expression of the cyclin dependent kinase inhibitor p21CIP (cyclin-dependent kinase 

inhibitor 1A) and p16INK4A (cyclin-dependent kinase inhibitor 2A) which can block cdk 

complex activity and halt cell cycle progression. p21CIP is transcriptionally regulated by 

p53-dependent and –independent mechanisms both of which can be induced by activation 

of the Ras/Raf/MEK/ERK pathway. Ras/Raf/MEK/ERK activation also induces the 

tumor suppressor p14ARF which binds to MDM2 (murine double minute 2) inhibiting its 

ability to induce the degradation of p53 which induces p21CIP leading to cell cycle arrest1. 

Ras activation of SP1/SP3 and/or E2F has also been proposed to induce p21CIP 

independently of p53, providing an alternative mechanism for cell cycle arrest. Inhibition 

of the cell cycle at each transitional phase (i.e. G1-S, S-G2, etc), provides the cell with 

important opportunities to check and maintain genome integrity including during the 

mitotic process, where translocations can occur leading to aneuploidy. Because of their 

importance in controlling the cell cycle, p14ARF, p16INK4A, p21CIP and p53 are all 

classified as tumor suppressors and they are frequently dysregulated in cancer. 
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Figure 2. Cell Cycle Regulation.  
Adapted6 

 

1.1.3 Other MAPKs  

In addition to ERK, there are two other well characterized MAPK family 

members, namely JNK (c-Jun N-terminal kinase), and p38 MAPK (mitogen-activated 

protein kinase 14) (Figure 3). The JNK family of protein kinases (also known as stress 

activated protein kinases, SAPK) is made up of JNK1 and JNK2 which are ubiquitously 

expressed, and JNK3 which is expressed primarily in the brain. Alternative splicing of 

the JNK mRNAs results in 2-4 isoforms which differ in their substrate and scaffold 

protein binding affinities. It is well established that JNK is activated in response to stress 

and that depending upon the cellular context of the stress, JNK activation can induce 

programmed cell death (PCD), or conversely, survival11.  
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JNK is activated by phosphorylation of Tyr and Thr residues by two MAPKKs, 

MKK4 (SEK1) and MKK7 (SEK2). MKK4 is activated by environmental stress and 

MKK7 is activated downstream of cytokine receptor activation. MKK4 and 7 are 

activated by a diverse group of MAPKKK including the mixed lineage group (MLK1-3, 

DLK, and LZK), the MEKK1 group (MEKK1-4), the ASK group (ASK1 and 2), TAK1, 

and TPL2.  The Rho family of GTPases has been implicated in the activation of JNK 

mediated via MLK, MEKK and ASK groups as well as RTKs12. In addition, JNK can be 

activated by other MAPK pathways as well as the NFκB pathway. Finally, JNK 

activation by cytokines and their receptors is mediated through the TRAF group of 

adaptor proteins which can bind to and mediate the activation of MEKK1, ASK1 and 

TAK1. These activation mechanisms of JNK signaling are coordinated by the JIP group 

of scaffolding proteins that bring together functional series of pathway members for their 

rapid and concerted activation in response to various stresses. Phosphorylation of c-Jun 

by JNK facilitates the nuclear translocation of this transcription factor, which is part of 

the AP-1 transcriptional unit responsible for the induction of numerous stress response 

genes containing AP-1 response elements in their promoter regions11. 

The third major MAPK, p38 MAPK is also a stress-induced kinase and its 

activation generally leads to inhibition of proliferation and/or the induction of apoptosis. 

Upstream of p38 are a wide variety of stress-induced MAPKKKs which activate 

MAPKK-3 and -6 that in turn phosphorylate and activate p38 MAPK.11  
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Figure 3. JNK and p38MAPK Signaling.  
Adapted12 

 

1.1.4 PI3K/AKT 

Ligand induced RTK activation also leads to the activation of PI3K, through two 

distinct mechanisms. A phosphorylated tyrosine residue on the RTK can serve as a 

binding sight for PI3K’s regulatory subunit p85 which recruits and allosterically activates 

the p110 catalytic subunit. Alternatively, PI3K can bind to activated Ras, also leading to 

its catalytic activation (Figure 1). Once activated, PI3K phosphorylates 

phosphatidylinositol 4,5 bisphosphate (PIP2) converting it to phosphatidylinositol 2,4,5 

phosphate (PIP3) which acts as a second messenger for numerous signaling cascades 

(Figure 4).  Phosphoinositide-dependent kinase-1 and -2 (PDK1/2) are activated after 

they bind to PIP3 via their pleckstrin homology (PH) domains. PDK1 and 2 
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phosphorylate and activate AKT which is also recruited to the membrane via a PH 

domain. The PI3K signaling cascade is inhibited by the rapid dephosphorylation of PIP3 

by PTEN. Because of its importance in modulating this pathway, PTEN is a key tumor 

suppressor and is downregulated, mutated or lost in numerous cancers1. 

AKT is a major mediator of PI3K signaling and phosphorylates numerous 

downstream substrates leading to cell cycle progression and survival. AKT inhibitory 

phosphorylation of TSC2 leads to the activation of mTOR, a major regulator of cell 

proliferation, metabolism and survival. AKT phosphorylates several mediators of 

apoptosis, namely Bid, Bad, procaspase 9 inhibiting their activation (See Section 1.2). 

AKT phosphorylation of MDM2 induces p53 degradation, while phosphorylation of 

p21CIP, and p27kip1 inhibit these cdk inhibitors allowing for cell cycle progression. AKT 

can phosphorylate the transcription factor CREB resulting in the recruitment of CBP 

(CREB binding protein) to its promoter to increase prosurvival gene expression including 

B-cell lymphoma 2 (Bcl-2) and myeloid cell leukemia sequence 1 (Mcl-1) (See Section 

1.2). Phosphorylation of IKK by AKT leads to NF-κB activation analogously to the 

Ras/Raf/MEK/ERK axis. Interestingly, AKT can also phosphorylate Raf, modulating its 

activity in such a way that it prevents the induction of senescence. The phosphorylation 

of numerous proteins involved in PCD by AKT also contributes to increased cell 

survival13. 
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Figure 4. PI3K/AKT signaling.  
Adapted6 

 

 

1.2 Programmed Cell Death (PCD) 

When damage to the cell accumulates to irreparable levels, the cell can undergo 

programmed cell death (PCD) (Figure 5). The most simplistic definition of the death of a 

cell is the irreversible loss of plasma membrane integrity14. Morphologically cell death 

has been grouped into three basic types. Type I, better known as apoptosis is 

characterized by chromatin condensation (pyknosis) and fragmentation (karyorrhexis) 

and plasma membrane blebbing. Type II cell death is typified by autophagosome 

accumulation in the cytoplasm. Type III cell death, necrosis, is often defined as lacking 
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type I and type II characteristics, but morphologically exhibits early plasma membrane 

rupture and is associated with dilation of the organelles. This has led to the suggestion 

that necrosis may involve defined molecular pathways (nectroptosis). 

 

1.2.1 Apoptosis 

Apoptosis is perhaps both the best characterized and most well-known death 

program.  Apoptosis is initiated through either of two mechanisms: 1) extrinsic, which is 

initiated through death receptors, and 2) intrinsic, which involves mitochondrial outer 

membrane permeabilization (MOMP), although cross-talk exists between these two 

pathways. Apoptosis is a highly regulated process dependent on the balance of pro- and 

anti-apoptotic signals. Cysteine-dependent aspartate-directed proteases (caspases) are the 

critical modulators of canonical apoptotic cell death. Initiator caspases are activated 

through recruitment and dimerization or multimerization with other adaptor molecules 

through caspase recruitment domains and death effector domains which induce their 

autocatalytic cleavage to their active forms. Extrinsic apoptosis signaling begins by 

binding of proapoptotic signaling molecules such as tumor necrosis factor-α (TNFα), 

TRAIL (TNF-related apoptosis inducing ligand), and lymphotoxin-α, to their respective 

cell surface receptors, TNFR, TRAIL-R1/-R2, and TNFRS14/HVEM (herpes virus entry 

mediator).  Multimerization of these receptors recruit adaptor proteins via their death 

domains (DD) and activate caspase-8. Caspases-8 and -9 initiate cell disassembly in 

response to death signals (initiators) and cleave and activate the executioner caspases (-3, 

-6 and -7) that cleave proteins required for cell survival15.  
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The intrinsic pathway initiates with mitochondrial membrane permeabilization 

(MOMP) resulting in the release of cytochrome C (cyt C), which complexes with Apaf-1 

and procaspase-9 forming the apoptosome and leads to caspase-9 activation. MOMP 

susceptibility is regulated by the balance of anti-(viz. Bcl-2) and pro-(viz. Bad) apoptotic 

Bcl-2 proteins. Pro-apoptotic Bcl-2 proteins localize to the outer mitochondrial 

membrane and regulate cyt C release through their mitochondrial transition pore (MTP)-

forming activity. Cross-talk between intrinsic and extrinsic apoptosis is mediated by 

caspase-8 mediated cleavage of Bid which heterodimerizes with Bak or Bax to induce 

MOMP. Anti-apoptotic Bcl-2 proteins interact with pore forming members, blocking 

their activation. ERK, JNK, and AKT all alter the balance of Bcl-2 proteins. ERK and 

AKT can phosphorylate Bad, Bim, and pro-caspase-9 inhibiting their pro-apoptotic 

functions1 whereas JNK activation alters the balance of Bcl-2 proteins in favor of 

apoptosis. Specifically, JNK phosphorylates 14-3-3 causing it to release Bad and this 

allows it to translocate to the mitochondria.16 Here, Bad competitively binds Bcl-2 

thereby liberating Bax/Bak to facilitate MOMP. JNK also phosphorylates Bcl-2 

disrupting binding to Bax/Bak. Bag-1 binds to the chaperone HSP70 which functions to 

stabilize numerous targets such as Bcl-2 and stimulates the kinase activity of Raf-1, 

inhibiting apoptosis17. IAP (inhibitor of apoptosis) proteins (viz. XIAP and survivin) 

interfere with death execution by inhibiting the protease activity of processed caspases-3 

and -9 and their activity is balanced by negative regulators (viz. Smac/Diablo) that are 

also released upon MOMP. During MOMP, the mitochondrial membrane potential 

(Δψm) is lost which blocks further ATP production critically inhibiting the cell’s ability 

to maintain homeostasis. After MOMP, regardless of the inhibition of downstream 
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proteases, cell death is essentially inevitable and shifts towards necrosis, a caspase-

independent form of cell death16(Figure 5). 

 

 

 

 

 

Figure 5. Programmed Cell Death. 
Adapted from Jennifer Laing (personal communication). 

 



14 
 

 
1.2.2 Calpains 

Calpains are a family of cysteine proteases which are regulated by increases in 

local calcium Ca2+ ion concentrations. Multiple/complex cellular processes including 

neuroprogenitor differentiation depend upon calpain activation. Calpains have more 

recently been described as critical mediators of PCD in a wide variety of cell types.  To 

date, 14 different calpains have been described. The best characterized are calpains 1 and 

2 also known as µ-calpain and m-calpain, which are activated by µM and mM 

concentrations of Ca2+ respectively.  Calpain 1 and 2 are ubiquitously expressed among 

all cell types and reside in the cytosol18.  Other calpain family members reside within 

specific organelle compartments such as the mitochondria (calpain 10)19. Calpains 1 and 

2 have nearly identical 3D structures though they share only (55-65%) sequence 

homology. The domains responsible for their differential Ca2+ binding affinity are not 

known (reviewed in18).   

Calpain 1/2 activation typically occurs due to Ca2+ release from the endoplasmic 

reticulum (ER) and mitochondrial stores in response to stress. Interestingly, calpains 

recognize and cleave their substrate molecules through conformational recognition alone 

and not through a particular amino acid recognition sequence. Calpains are known to 

cleave numerous cellular targets such as a spectrin, apoptosis inducing factor (AIF) and 

caspase-7. Activated calpain 1/2 can also cleave the pro-apoptotic protein Bid to a 

truncated form. tBid causing it to translocate to the mitochondria and facilitate MOMP 

through its association with Bax or Bak20. Alternatively, activation of mitochondrial 

calpain 10 or calpain 2 can cleave inner membrane anchored AIF triggering its release 
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from the mitochondria in either MOMP-dependent or MOMP-independent manner, 

inducing DNA degradation21.   

There are numerous inhibitors of calpain activity available, each with differing 

specificity and activity. Calpastatin is the endogenous inhibitor of calpain and 

overexpression of this protein has been shown to block calpain mediated PCD18. Of the 

available synthetic inhibitors (ALLM, MG132 and PD150606) only PD150606 is free of 

off-target effects such as inhibition of cathepsins and/or inhibition of the proteasome. 

PD150606 binds to calpain in the calcium binding pocket and acts as a non-competitive 

inhibitor whereas other inhibitors, such as MD132 bind to the active sites of calpains, and 

cathepsins, and can also disrupt proteasome activity.   

 

1.2.3 Autophagic cell death 

Autophagy (also known as macroautophagy) is a conserved process by which 

damaged organelles and protein aggregates are recycled. It is dynamically regulated 

through the interaction between Beclin-1, which is a BH3 only protein and the class III 

PI3K, hVps34. The Beclin-1/hVps34 complex phosphorylates phosphatidylinositol to 

PI3P initiating phagophore nucleation and recruitment of other autophagy related genes 

(Atg) of which there are 30 known members. Of these, the Atg5-Atg12-Atg16L-LC3 

complex is considered critical to autophagy. During autophagy progression, cytosolic 

LC3 (Atg8, p35) is cleaved LC3-I (p16) to which phosphatidylethanolamine is covalently 

added to generate LC3-II (p14) that is inserted into the growing autophagosome, serving 

as an autophagy marker22. During selective autophagy, targeted components such as 

protein aggregates, mitochondria (mitophagy), ribosomes (ribophagy), and invading 
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viruses and bacteria (xenophagy) are recruited to the autophagosome by adaptor proteins 

such as p62. These damaged organelles, protein aggregates, and invaders are degraded 

along with LC3-II and p62 when the autophagosomes fuse with lysosomes to become 

autolysosomes23. Bcl-2 and Bcl-XL bind Beclin-1 and inhibit activation of the initiation 

complex, whereas competitive inhibition by Bad facilitates the progression of autophagy. 

These activities are further modulated by phosphorylation events: 1) JNK mediated 

phosphorylation of Bcl-2 dissociates it from Beclin-1, increasing autophagy, 2) Beclin-1 

expression is linked to JNK/c-Jun activation, 3) Akt phosphorylates Bad, whereupon it is 

bound by 14-3-3 decreasing autophagy, and 4) activation of mTOR inhibits autophagy24. 

The role of autophagy in cell death is still controversial and PCD is sometimes 

characterized as cell death with accompanying autophagy. One of the reasons for this 

characterization is that autophagy is considered to function as an alternative ATP source 

during apoptosis. The evidence of autophagy occurring in conjunction with apoptosis is 

interpreted to mean that the process of autophagy does not participate in PCD. However 

inhibition of autophagy does protect cells from death in some systems, implicitly 

demonstrating that autophagic cell death exists25. 

 

1.2.4 Cathepsins 

Cathepsins are cysteine proteases which reside in the lysosome. In all, 11 

cathepsins have been identified in man, with cathepsins B, C, H and L being the most 

ubiquitously expressed. Cathepsins are synthesized in an inactive pro-form and are either 

cleaved autocatalytically or by other proteases in late endosomes as they mature into 

lysosomes or during endosome/lysosome fusion. Cathepsins are most active in the low 
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pH environment of the lysosome, but certain cathepsins remain active at physiologic pH. 

In the lysosome the acidic environment facilitates the denaturing of substrate proteins 

allowing for their cleavage by cathepsins. Cathepsins not only play a role in lysosomal 

degradation, but also in PCD, particularly after disruption of the lysosomal membrane by 

molecules such as hydroxylchloroquine, which is known to destabilize the lysosomal 

membrane and ROS, which can peroxidate the lysosomal membrane leading to its 

disruption. Once in the cytosol, cathepsins can cleave any number of substrates, most of 

which have yet to be definitively identified. Cathepsins have been shown to cleave 

several MTP proteins, namely Bid, Bcl-2, Bcl-xL and Mcl-1 highlighting the 

mitochondria as a key downstream target of cathepsin activity26. 

 

1.2.5 Necrosis/Necroptosis 

Necroptosis and secondary necrosis, which follows apoptosis, are different names 

given to cell death that are defined as cell death lacking apoptotic and/or autophagic 

hallmarks. However, several molecular signatures are now associated with this type of 

cell death, which was previously thought of as entirely unregulated, leading to some 

calling it necroptosis (programmed necrosis). Mitochondrial dysfunction and swelling 

occurs early during necrosis and is accompanied by an increase of ROS. ATP is rapidly 

depleted and Ca2+ homeostasis is lost, calpains and cathepsins are activated and 

morphologically, organelles cluster in the perinuclear space in the time leading up to loss 

of plasma membrane integrity. The evidence that necrosis/necroptosis is in fact a 

programmed cellular fate is slowly accumulating mainly through studies in which both 

apoptosis and autophagy are inhibited. Two candidate molecules which are thought to 
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participate in necrotic cell death are 1) receptor-interacting serine-threonine kinase 1 

(RIP1), which has been implicated in TNFα induced PCD associated with ROS 

production and 2) the mitochondrial matrix protein cyclophilin D, which participates in 

MTP in response to Ca2+ overload and ROS. With respect to both RIP1 and cyclophilin 

D, molecular cross-talk has been observed between Bcl-2 proteins and/or caspases, 

highlighting that a definitive molecular definition for necrosis/necroptosis remains 

unresolved27. 

 

1.2.6 Pyroptosis 

Caspase-1 mediated cell death, termed pyroptosis, is a mechanism by which 

macrophages die and in the process release pro-inflammatory cytokines. Cells possess 

genetically encoded mechanisms to deal with foreign invaders such as viruses and 

bacteria. Microbes express highly conserved often immutable pathogen associated 

molecular patterns (PAMPs) which can be recognized by specific intracellular receptors. 

These receptors act as the cell’s first line of defense in recognizing an invader and 

alerting the body’s immune system. One set of intracellular receptors are called the nod-

like receptors (NLRs) of which there are 43 known members, each with its own affinity 

for a specific pathogen associated molecular pattern (PAMP). In response to foreign 

products such as cytoplasmic double stranded DNA, the NLR, AIM2 (absent in 

melanoma 2) triggers the formation of a complex called the inflammasome with caspase 

1 and PYD and CARD domain containing (PYCARD also known as ASC)28. Within this 

complex, caspase-1 is activated by autocatalytic cleavage events from pro-caspase-1 

(45kDa) to p20 and p10 products. The inflammasome regulates the activation and release 
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of the potent pro-inflammatory cytokines IL-1β, IL-18 and IL-33, but may also be 

responsible for the release of IL-1α and TNFα28. The receptors engaged by these 

cytokines share similarities with the innate immunity Toll-like receptors (TLRs), linking 

IL-1β to IL-1R/TLR signaling.  Caspase-1 is also activated through self-assembly of 

ASC into a 1-2 μm complex known as pyroptosome which forms a pore in the plasma 

membrane and facilitates inflammation independent of other inflammasome 

components29. 

 

1.2.7 Cross-Talk 

It has become increasingly apparent that there is extensive cross-talk between all 

of these death programs. Caspase mediated cleavage of the endogenous calpain inhibitor 

calpastatin, can increase calpain activity30 and calpain can cleave and inhibit several 

caspases including caspase-3, preventing apoptosis30. The Bcl-2 protein Bid can be 

cleaved to tBid residues by cathepsins at Arg 71, caspase-8 at Asp59, or calpain at Tyr54 

and Gly 70  and cleavage by any one of these proteases can presumably facilitate MOMP 

via dimerization of Bax and Bak, subsequently inducing intrinsic apoptosis20, 31.  

Calpain mediated cleavage of Bax also facilitates the induction of MOMP and 

calpains can indirectly induce apoptosis by cleaving the autophagy protein Atg5 (p33 to 

p25) thereby providing a switch between autophagy induction and apoptosis32. In fact 

both Calpain 1 and caspases can cleave many other autophagy genes including Beclin-1, 

Atg 3, -7, and -9, but the molecular consequences of these are unclear. Interaction 

between Beclin-1 and Bcl-2 via their BH3 domains can also facilitate a switch between 



20 
 

apoptosis and autophagy as Beclin-1 has been shown to sequester Bcl-2 from the 

mitochondria thus facilitating MOMP. 

The induction of MOMP clearly damages mitochondria causing a loss of Ca2+ 

homeostasis, potentially activating mitochondrial or cytosolic calpains. Additionally, the 

loss of Δψm is likely a functional cue to induce mitophagy to remove the damaged 

mitochondria. The targeting of inflammasome components such as ASC and AIM2 for 

autophagic degradation attenuates the cleavage of caspase-1 inhibiting IL-1β processing. 

In light of the cross-talk involved between all these processes, cell death signaling 

quickly becomes as complex and interconnected as any kinase cascade. As with any 

signaling cascade, the nature and duration of the stimulus and the cell type play a 

determining role in which process dominates. 

 

1.3 Melanoma 

The life and death of each cell lies in the balance of proliferative signals, 

differentiation, senescence and PCD. Cancer is driven by dysfunctional signaling leading 

to enhanced survival signaling and disruptions of PCD and senescence signaling. Thus, 

activation of proliferative and prosurvival signaling contributes not only to 

carcinogenesis but also to resistance to treatment. To highlight some of the pathways 

which are dysregulated during tumorigenesis, I will focus on melanoma, in which a 

majority of the thesis work was performed. 
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1.3.1 Epidemiology 

Cutaneous melanoma is the fifth and sixth most common cancer in men and 

women respectively, including an overall lifetime risk of 1 in 50. Melanoma is caused by 

mutations in melanocytes, which produce the pigment melanin, and although it is the 

least common type of skin cancer (~4%), melanoma is the deadliest, causing 79% of all 

skin cancer related deaths. Also, while the incidence of many types of cancer has been 

declining in the United States, the incidence of melanoma has more than doubled in the 

past few decades from 6.8 per 100,000 people in 1973 to 20.1 per 100,000 people in 

200733. The diagnosis of melanoma increased by 25% from 2003 to 201034. Men have an 

overall risk of 2.37% (1:37) of getting melanoma in their lifetime, with women slightly 

less so (1.79%, 1:56). Despite the slightly reduced incidence among women, the 

increasing use of tanning beds by younger women may eventually increase the incidence 

of melanoma in this population. Melanoma incidence varies by race, largely along skin 

tone; its incidence is lower among nonwhite populations, however African-Americans 

and Hispanics are more frequently diagnosed with advanced disease, likely owing to their 

reduced access to basic health services which allows the disease to go undiagnosed for 

longer periods35. 

Overall, the 5-year survival rates of patients with melanoma of all stages has 

improved from 78.5% and 86.9% for men and women respectively in 1975-1976, to 

91.1% and 95.1% for men and women respectively between 1999-2006. However, 

patients with metastatic melanoma have a notoriously low survival rate. In patients with 

small melanoma lesions (stage 1/2), the 5-year survival rate is 91-95%. This survival 

drops precipitously with increasing tumor progression such that the 5-year survival rate 
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of stage 3 melanoma ranges from 30-70%, depending on the level of lymph node 

involvement and stage 4 disease, which is characterized by metastasis, has a 5-year 

survival rate of just 10-20%. Treatment of melanoma includes surgical resection, 

radiation, and chemotherapy, but these procedures suffer from high mortality and 

morbidity as a result of limited efficacy, the rapid selection of resistant cells, collateral 

tissue damage, and dose limiting toxicities. There is a desperate need for improvement in 

treating metastatic melanoma36. The recent development of new therapeutic options 

based upon the molecular underpinnings of melanoma will be discussed in Section 1.3.5. 

 

1.3.2 Melanomagenesis  

Primary melanoma is the result of the malignant transformation of melanocytes of the 

basal layer of the epidermis. The process by which transformation of melanocytes occurs 

is not yet fully understood, but it can be graded into three physiological stages: (1) 

confined radial growth; (2) microinvasive processes into the superficial papillary dermis; 

and (3) metastatic melanoma characterized by deeper, vertical growth and invasion of the 

dermis and beyond. Melanoma may in fact be prone to invasion to distant sites owing to 

the natural migratory nature of pigment cell progenitors (melanoblasts) during 

development  

 

1.3.3 Dysregulation of Signaling 

Melanomas arise as the result of numerous, often disparate, but advantageous 

mutations. Despite the overall heterogeneity observed between different melanoma 

tumors, melanoma is typified by constitutive activation of the Ras/Raf/MEK/ERK 
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pathway with upwards of 90% of patient samples exhibiting mutations in either N-Ras 

(10-20%) or B-Raf (50-70%) that are accompanied by the loss or mutation of one or 

more tumor suppressors6. 

 

1.3.3.1 N-Ras Mutation 

Mutations that inhibit Ras GTPase activity or its binding partners lead to constitutive 

activation of Ras. The most common N-Ras mutation in melanoma is L61G. Ras is the 

primary node of activation for Raf signaling but it also activates the PI3K/AKT axis that 

phosphorylates MDM2, NF-kB, Bcl-2 and mTOR (see Section 1.1.4) further enhancing 

proliferation, survival and invasion. As such, tumors bearing activating Ras mutations 

possess a complex web of prosurvival signaling and proliferative cross-talk, making them 

difficult to target by agents which act through a single pathway (viz. Raf) alone37.  

 

1.3.3.2 B-RAF mutation 

B-Raf is expressed in melanocytes and it is mutated in 50-70% of all melanomas. 

While over 65 distinct mutations are known to occur in B-Raf, 90% of the mutations 

found in melanoma are the result of a single base change from T  A at base 1799 which 

translates to a V600E substitution. The charged glutamate (E) residue acts as a 

phosphomimetic between Thr598 and Ser601, resulting in the activation of Raf protein 

kinase (PK) activity by 10.7-fold over wild type, obviating the requirement of Ras for 

activation6. Interestingly, with rare exceptions, in tumors where B-Raf is mutated, N-Ras 

is typically wild-type and vice-versa indicating that these mutations are mutually 

exclusive37. One possible explanation for this observation is that overstimulation of the 
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Ras/Raf axis may somehow be deleterious to the cancer cell. Indeed, the modulation of 

Ras and Raf signaling by AKT is frequently observed in melanomas and forced 

overexpression of constitutively activated V600ERaf induces senescence in both 

melanocytes and melanoma cell lines38. 

Dysregulation of the N-Ras/B-Raf/MEK/ERK axis in melanoma leads to global 

changes in gene expression creating an environment ripe for tumor formation. Activation 

of Ras/Raf/MEK/ERK activates numerous pathways associated with tumorigenesis 

including proliferative and prosurvival signaling, insensitivity to anti-proliferative signals 

leading to unlimited replication potential, pro-angiogenic signaling, and finally, 

invasiveness. The combination of these signals makes melanomas notoriously resistant to 

treatment39. 

 

1.3.3.3 Inactivation of Tumor Suppressors 

Mutations that activate either N-Ras or B-Raf signaling are not tumorigenic in and 

of themselves. The wave of proliferation initiated by B-Raf mutants typically ends in 

senescence mediated through negative feedback by activation of the cyclin dependent 

kinase inhibitor, p16INK4A. Reduction of p16INK4A expression is frequently (60-75%) 

found in metastatic melanoma and it correlates with poor prognosis40. p16INK4A 

expression can be silenced through promoter hypermethylation or overexpression of the 

transcriptional suppressor inhibitor of differentiation 1 (ID1). Familial melanomas are 

also linked to inherited mutations in the CDK2NA and CDK4 loci. Differential splicing of 

CDK2NA results in p16INK4A and p14ARF (Fig. 2), identifying these tumor suppressors as 

critical regulators of melanoma progression. The mutations in CDK4 and CDK2NA that 
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occur in melanoma include inactivating point mutations and deletions in critical binding 

domains41. The tumor suppressor H11 (also known as HSPB8) is silenced by 

hypermethylatation in a large number of melanoma samples. H11 is a small heat shock 

protein which possesses a unique kinase activity and phosphorylation of TAK1 by H11 

induces numerous PCD processes42, 43. 

p53 is mutated in many cancers, highlighting the key role that it plays in DNA 

damage recognition. In melanoma p53, is not frequently mutated (10-20%), however, p53 

expression has been observed to be reduced through promoter hypermethylation or 

through mutations in the p16INK4A/MDM2 axis. This underscores just one of many 

mechanisms which are unique to melanomagenesis as opposed to other cancers. The net 

effect, however, is largely the same, whereby the cells can proceed unchecked through 

the cell cycle and mutations of the cell’s genome can continually accumulate41. This 

expansion of mutations and aneuploidy leads to the dysregulation of multiple signaling 

nodes which drive transformation. It also induces cell-to-cell heterogeneity imparting 

each cell within a given tumor with distinct genetic abnormalities. During treatment this 

genetic diversity facilitates the tumor’s adaptation to therapeutics which target any single 

pathway (acquired resistance)44. 

 

1.3.3.4 PI3K/AKT and PTEN 

 AKT is a major activator of melanoma progression. Aberrant expression of AKT 

is seen in 60% of malignant melanomas45 and loss of PTEN expression is seen in 43% of 

primary melanomas leading to unhindered PI3K/AKT activation46, 47. Of note, PTEN loss 

typically occurs in cells possessing B-RAF but not N-Ras mutations, highlighting that the 
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simultaneous activation of PI3K and MAPK pathways is critical to melanomagenesis48. 

Overexpression of AKT in melanoma has been linked to the transition from radial to 

vertical growth44. AKT phosphorylation of hTERT (human telomerase reverse 

transcriptase) leads to enhanced telomerase activation and maintenance of telomere 

integrity. AKT activation was associated with resistance to TRAIL induced apoptosis. 

Activation of PI3K/AKT3 also likely contributes to melanoma progression through 

phosphorylation of V600EB-Raf at alternate sites. This phosphorylation modulates Raf 

constitutive signaling levels and blocks the induction of oncogene induced senescence49.  

 

 

1.3.4 Clonal Evolution of Melanomagenesis 

The clonal evolution model of melanomagenesis posits that activating mutations in 

N-Ras or B-Raf signaling cause hyperproliferation followed by senescence leading to the 

formation of benign nevi that subsequently acquire inactivating mutations in p16INK4A or 

alternative tumor suppressors leading to increasingly uncontrolled tumor growth and 

invasiveness. However some melanoma arise de novo—in the absence of a pre-existing 

nevus—confounding the complete description of the molecular evolution of 

melanomagenesis as well as the early the clinical detection of this disease50. Certainly 

those melanoma that do arise from nevi seem to follow the above described clonal 

evolutionary path, however the precise order of activating and inactivating mutations 

which give rise to spontaneous melanoma are likely to be quite diverse51. 

Several seemingly opposing pieces of data have confounded researchers as to the 

precise molecular aspects of melanomagenesis. B-Raf mutations are found in up to 80% 
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of benign nevi, and melanomas often contain identical mutations to the nevi from which 

they originate, supporting a model of clonal evolution of melanoma. However, mutant B-

Raf is insufficient by itself to induce tumorigenesis. In fact, forced overexpression of 

V600E B-Raf induces senescence through the upregulation of p16INK4A in melanocytes 

and can induce PCD in melanoma cells as well38. Also, V600E B-Raf cannot transform 

melanocytes which have been immortalized by hTERT expression indicating that 

additional pathways are required for melanomagenesis. Tumor formation by B-Raf or N-

Ras can only be accomplished in p16INK41 -/- mouse melanocytes and defects in p16INK4A 

are associated with dysplastic but not benign nevi, again identifying p16INK4A as a critical 

negative regulator of melanomagenesis. Thus, one plausible model for melanomagenesis 

is that activating N-Ras or B-Raf mutations temporarily induce melanocytes to 

hyperproliferate which is then inhibited through the induction of p16INK4A mediated 

senescence. The later loss of p16INK4A would then allow for tumor progression. However, 

the expression of p16INK4A in nevi is not uniform but rather exhibits a mosaic pattern, 

suggesting that p16INK4A is not the sole mediator of senescence. Indeed, patients who are 

p16INK4A -/- still develop benign nevi, indicating that alternative routes to senescence 

induction likely also control melanomagenesis52. p53 induced senescence and apoptosis 

has been suggested to serve as a redundant control in these individuals though alternative, 

as yet undefined routes, may contribute6.  

 

1.3.5. Treatment 

Melanomas are notoriously heterogeneous. While there are overriding trends such 

as the high prevalence of N-Ras/B-Raf and CDK2NA mutations, no two melanoma 
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tumors are alike. Morerover, individual melanoma tumors exhibit a wide heterogeneity 

among the cells which make up the tumor mass. There are wide cell-to-cell differences in 

surface marker expression as well as proliferation rate. These differences underlie the 

difficulty in treating this disease. As more targeted therapies are generated, the molecular 

validation of these targets within both the patient and the tumor will be imperative in 

order to direct the appropriate treatment schemas. 

 

1.3.5.1 Surgery and Radiation 

As with other cancers, early detection and removal is the key to curing a patient 

with melanoma.  As such, the surgical resection of a suspected melanoma and a wide area 

(2-5cm) of surrounding normal tissue is the recommended treatment for at early stages. 

Melanoma is highly resistant to radiation compared to other cancers, but radiotherapy is 

incorporated when complete surgical resection is impossible. The high doses of radiation 

required for melanoma induce deleterious off-target effects and in the case of metastatic 

disease, only extend survival by ~6 months44.  

 

1.3.5.2 Chemotherapy 

The current options for the treatment of metastatic melanoma are limited and are 

non-curative in most instances. Standard chemotherapeutics which target DNA and 

mitotic processes exhibit limited benefits as well as dose limiting toxicities for patients 

with metastatic disease36. Dacarbazine, a DNA alkylating agent, was approved in 1975, 

becoming the first FDA approved chemotherapeutic agent for metastatic melanoma. 

However many drugs are used off-label, alone and in combination, to treat this highly 
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resistant disease, mostly to no avail. Dacarbazine combined with carmustine and 

tamoxifen or cisplatin and vinblastine have yielded moderate increases in overall 

response, however patient survival was essentially unaffected36. Response rates range 

from 15 to 25% with < 5% exhibiting complete response and < 2% surviving to 6 years 

following treatment53. Temozolomide, an orally available derivative of dacarbazine, 

improved progression-free survival but not overall survival when the two were directly 

compared54, 55. The nitrosourea fotemustine, which can cross the blood brain barrier, has 

been shown to reduce the incidence of brain metastases in melanoma patients, however 

the survival rate was again unaffected56. Furthermore, efforts to improve overall survival 

by using multidrug combinations have largely proven fruitless36, underscoring the need 

for novel therapeutic strategies. 

 

1.3.5.3 Immunomodulation in Melanoma  

Melanomas secrete the anti-inflammatory cytokine, interleukin (IL)-10 that 

functions to reduce immunosurveillance and enhance immune modulation by T 

regulatory cells (Treg), which induce a antiinflammatory Th2 biased response in the 

interstitial milieu57. Melanoma exhibit reduced presentation of tumor associated antigens 

(TAA) by down regulating their presentation on the cell surface. Some of these TAAs are 

known to be potent inducers of an adaptive immune response, but the Th2 bias of the 

melanoma microenvironment facilitates the induction of anergy and imunotolerance36. 

Because of the innate ability of melanomas to evade the immune response, 

adjuvant immunostimulatory therapies are approved for late stage melanoma, but their 

utility is generally limited. Adjuvant IFNα treatment induces both antiproliferative and 
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immunomodulatory effects through 1) the modulation of angiogenesis, 2) the 

enhancement of major histocompatibility complex class I (MHC class I) antigen 

presentation, and 3) CD4+ T cell infiltration. Durable response rates are very low (~3%), 

though an added benefit is seen in patients who exhibit micrometastases rather than 

visceral disease. IL-2 is a cytokine which elicits multiple proinflammatory effects 

including CD4+ T cell proliferation, macrophage, NK and B cell activation, and 

additional cytokine secretion. High-dose IL-2 treatment yields an overall response 

between 10-25%, where 6% of responders actually achieve a complete response lasting 

greater than 10 years. Significant mortality (~2%) and systemic toxicity involving the 

induction of vascular leakiness has limited IL-2 utility. The achievement of lasting tumor 

elimination, albeit in a very small percentage of treated patients, has allowed researchers 

and clinicians to retain the hope that an appropriate immunomodulatory therapy may yet 

provide a cure for a greater number of melanoma patients36. 

 

1.3.5.4 Novel Treatments 

The molecular classification of melanoma has facilitated the screening, 

identification, and synthesis of a plethora of novel compounds which specifically target 

hyperactivated oncogenes such as N-Ras and B-Raf. The concept of ‘oncogene addiction’ 

surmises that cancer cells are dependent upon these activated pathways for sustained 

growth and that targeting these pathways represents a novel therapeutic opportunity 

because normal cells, which rely less heavily on these pathways, would be spared58. 

Currently many promising targeted therapeutics are moving from clinical trials to 

FDA approval. Of note, two new compounds have recently been approved for the 
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treatment of unresectable melanoma, the first such approvals for this disease in over 20 

years. Ipilimumab (manufactured by Bristol-Myers Squibb) is a fully humanized 

antibody raised against cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) which 

induces an antitumoral T cell response. It was FDA approved March 2011. Vermurafenib 

(manufactured by Roche/Genentech) is an ATP competitive inhibitor for V600EBRAF and 

was FDA approved in August, 2011.  

 

1.3.5.5 Ipilimumab 

Ipilimumab is an anti-CTLA-4 antibody and was recently approved as therapy 

against metastatic melanoma. T-cell activation by antigen presenting cells (APC) requires 

the coordinated integration of stimulatory MHC class I signaling with costimulatory 

signaling from CD86. Binding of these two molecules to a T-cell receptor and CD28 

respectively induces T-cell proliferation and IL-2 cytokine secretion. CTLA-4 is 

expressed on the surface of activated T cells and T regulatory cells and competes with 

and blocks the costimulatory signal of CD28 inhibiting its binding to CD80 and CD86 on 

APC. By blocking this signal, CTLA-4 inhibits T cell proliferation and activation. 

Ipilimumab binds to CTLA-4 and prevents it from interacting with CD80 and CD86, and 

this inhibition of an inhibitor, enhances T-cell activation and proliferation. This is thought 

to facilitate the immune recognition of metastatic melanoma59.  

 

1.3.5.6 Targeting Ras/Raf/MEK/ERK  

The Ras/Raf/MEK/ERK pathway is considered a prime pharmacological target 

for melanoma therapy. Only recently have efforts to enhance the specificity and potency 
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of small molecules which target this pathway begun to show promise in the clinic. 

Because Ras is targeted to the membrane through either farnesylation or 

geranylgeranylation, drugs which target the transferases for these moieties have been 

generated. However, these transferases play a key role in targeting a broad range of 

proteins to the intracellular membrane, making these drugs prohibitively toxic to 

patients60. Similarly, the direct inhibition of Ras activity, which can signal both through 

PI3K and Raf, by small molecule inhibitors also exhibited strong dose-limiting toxicity 

and little efficacy, particularly for melanoma. 

Preclinical evidence suggested that targeting of V600EB-Raf may slow tumor 

growth and limit metastasis. However, the use of highly potent inhibitors such as 

sorafenib, a non-specific tyrosine kinase inhibitor, only reduced tumor progression by 

~55%. Sorafenib inhibits B-RAF but it can inhibit various RTKs as well. Combinations 

of sorafenib with more traditional broad spectrum chemotherapeutics improved 

progression-free survival over monotherapy, illustrating the multifactorial nature of 

melanoma61.  

In patients with melanoma possessing V600EB-Raf mutations, the highly specific 

inhibitor, vemurafenib has been quite efficacious both alone and in combination with 

other therapeutic modalities. Recent clinical trials (Phase I-III) with vemurafenib have 

demonstrated overall response rates between 48-81%. When compared to the alkylating 

agent dacarbazine, vemurafenib demonstrated superior efficacy in a Phase III clinical 

trial. The overall response rate for vemurafenib was 48% versus just 5% for dacarbazine. 

The median time for progression free survival was 5.3 months versus 1.6 months and 

overall survival was 84% versus 64% at 6-months for vemurafenib and dacarbazine 
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respectively. Another compound, GSK436 which targets multiple B-Raf mutants, has 

also demonstrated significant efficacy in clinical trials, particularly in shrinking 

metastatic melanoma brain tumors58.  These compounds demonstrate the potential of 

targeting the Ras/Raf/MEK/ERK pathway in melanoma. However, off-target activation 

of ERK1/2 was implicated in the de novo generation of benign squamous cell carcinomas 

in 12% of patients treated with vemurafenib highlighting the cross-talk involved between 

these pathways, and illustrating that further refinement of the specificity of next-

generation compounds is warranted62. 

Despite the significant initial efficacy of these targeted therapeutics in melanoma, 

acquired resistance to therapy inevitably develops in a majority of patients. Activating N-

Ras mutations, secondary B-Raf mutations, dysregulation of the alternative C-Raf 

isoform, and MEK mutations have all been reported to occur following prolonged 

vemurafenib treatment in association with tumor recurrence. Vemurafenib resistant 

tumors have also exhibited augmented signaling through alternative pathways, including 

increases in AKT phosphorylation associated with loss of PTEN expression, mutations in 

CDK4 and β-catenin, and/or the overexpression of cyclinD63. Given the complexity of the 

cross-talk involved in the proliferative and pro-survival signaling activated in refractory 

melanoma, it is clear that the simultaneous targeting of multiple pathways and the 

induction of multiple additive/synergistic death programs is required for lasting therapy64. 

The inhibition of targets downstream of B-Raf may also hold some promise. 

Many early MEK inhibitors exhibited profound off target effects and poor bioavailability; 

however newer compounds are demonstrating some efficacy in the clinic. The search for 

reliable ERK inhibitors is ongoing36. Of note, tumors bearing V600ERaf mutations are 
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sensitive to MEK and ERK inhibition whereas tumors containing N-Ras mutations are 

not. As Ras simultaneously activates PI3K/AKT, this lack of efficacy is not unexpected, 

and highlights the complexity of targeting lower nodes of a highly branched signaling 

pathway44. Due to the inevitable generation of drug resistance, B-RAF and MEK 

inhibitor combinations are also being explored. An added benefit of their combination 

seems to be a reduced incidence of the off target generation of squamous cell 

carcinomas62. 

 

1.4 Cancer Stem Cells  

Cancer stem cells (CSC), also called tumor initiating cells, were initially reported 

in acute myeloid leukemia and were defined through surface marker staining and 

functional characterization as being CD34+/CD38- in immunocompromised mice.  Based 

on surface staining and enrichment, tumor initiating populations have been described for 

nearly all tumor types. CSC are generally defined as a subset of tumor isolates or cultures 

which exhibit unlimited renewal potential, can differentiate into the heterogeneous cell 

types which make up a tumor mass, and can be engrafted into non-obese diabetic 

(NOD)/severe combined immunodeficiency (SCID) mice in limited numbers65. 

Functional assessment of cancer stem cells include the ability to (1) clone in soft agar, (2) 

grow in spheroids under anchorage-independent ‘stem cell-like’ conditions, (3) have high 

efflux activities as determined by Hoechst staining, and (4) induce tumor formation when 

injected at low concentrations (<10,000 cells/injection site) in NOD/SCID mice65, 66. The 

case for melanoma stem cells is perhaps the most controversial with numerous studies 

reporting enhanced tumorigenesis being associated with a wide variety of tumor stem cell 
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markers. Furthermore, a recent study by Quintana et al has suggested that melanomas 

lack CSC subpopulations. CSC could not be selected by any marker67 and one in four 

unenriched melanoma cells were capable of generating tumors in the NOD/SCID ILRγ-/- 

mice, which lack natural killer (NK) cells, implying that potentially all melanoma cells 

are tumorigenic. However, the frequency of tumor initiating cells in melanoma was likely 

overestimated because in another study, melanoma cells with CSC markers CD133 and 

ABCG2 were observed to be killed by NK cells68, highlighting immune involvement in 

targeting and killing melanoma CSC.  

Despite widespread lack of consensus in typifying melanoma stem cells, there 

remain arguments that distinct subsets of cells can provide for chemo- and radio-

therapeutic resistance particularly in anchorage-independent cultures. The reality is likely 

that despite cell-to-cell heterogeneity, each cell may in fact be capable of self-renewal 

and recapitulation of the tumor mass depending on the microenvironment69. Also, rapid 

and frequent phenotype switching has been observed in melanoma70. Nonetheless, it is 

clear that the ability to target these seeds of resistance is of paramount significance to 

establishing lasting tumor elimination. 

 

1.5 Gene Therapy 

Gene therapy is the delivery of nucleic acids into cells and patients to treat 

disease. Viruses, virus based vectors, and targeted non-viral particles are used to replace, 

augment, or knockdown the expression of one or more genes. Initial efforts to replace 

faulty or mutant genes for devastating genetic disorders such as severe combined immune 

disorder (SCID) were halted just as the field was getting started. Early clinical trials in X-
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linked severe combined immune deficiency were designed to replacement the faulty the 

IL2RG gene with a working copy. However, these studies were halted because several 

children to developed leukemia as a result of retroviral insertional activation of a proto-

oncogene71. Additionally, a patient treated with an adenoviral vector succumbed to acute 

liver toxicity as a result of uncontrolled inflammation, halting that trial72. The lessons 

learned from these early grievous missteps have led to a significant refinement of the 

molecular engineering of ever safer gene therapy vectors and a resurgence of gene 

therapy clinical trials. Cancer gene therapy is a field of great interest, particularly because 

the situation is so desperate for patients with metastatic disease. Clinical trials involving 

cancer gene therapy account for 65% of all gene therapy clinical trials 

(www.wiley.com//genmed/cinical/2012). Cancer gene therapy includes the exogenous 

expression of toxic proteins by replication incompetent vectors, and oncolytic 

virotherapy.  

Oncolytic virotherapy, which is based upon the premise of cancer specific virus 

replication and theoretical expansion of therapeutic benefit is the focus of this thesis work 

and will be discussed at length in section 1.5.2 below. Oncolytic virotherapy can be 

augmented by the addition of therapeutic transgenes, the use of combinatorial therapy, 

through targeting of virus to cancer specific receptors, the use of tumor specific promoter 

driven gene expression. Finally, oncolytic viruses by definition kill tumor cells through 

direct lysis; however, activation of antitumoral immune responses is likely a large 

component of efficacy and will be covered in Section 1.7. 
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1.5.1 Oncolytic Virus: History 

Fundamentally, oncolytic viruses (OV) are thought to kill primarily through 

cancer specific replication and lysis. OVs exhibit limited off-target cytotoxicity and, 

through virus replication and spread, uniquely amplify therapeutic efficacy. Cancer 

specific replication is generally achieved by deletion or loss-of-function mutations, which 

are compensated by molecular pathways that are dysregulated in cancer but not normal 

cells.  

The first indications that viruses might have anti-cancer properties came from the 

early 1900’s. In 1904 and 1906 there were case reports of spontaneous cancer remission 

in an individual given an attenuated rabies vaccine and in another individual who 

contracted influenza. In the 1940’s-1960’s a vigorous burst of research activity was 

initiated using naturally occurring virus mutants which had cancer specific activity. Once 

these moved into the clinic however, minimal efficacy diminished the interest in 

oncolytic virotherapy. Virology was really at its infancy at that time, before genetic 

manipulation facilitated the investigation of the contributions of individual viral genes to 

pathogenesis and virus replication73. 

The convergence of advances in molecular biology, genetics, and virology 

allowed for the discovery of genes which are dispensable for virus replication in culture 

but are required for an infectious cycle in vivo. The first proof of concept oncolytic virus 

of the modern era was a herpes simplex virus (HSV) mutant which lacked the HSV 

thymidine kinase (HSV-TK) gene. HSV-TK is required for viral DNA synthesis in non-

dividing cells, and viruses which lack this enzyme rely upon host cell TK expression 

which is found in rapidly dividing cancer cells allowing for cancer cell specific virus 
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replication. One key limitation of this mutant is that because it lacks HSV-TK, the virus 

is inherently resistant to the HSV-TK targeting compound acyclovir, a nucleoside 

analogue that blocks viral DNA synthesis preventing the uncontrolled replication of the 

HSV. HSV-TK is a major safety feature of HSV based replication competent 

virotherapeutics and this lack of secondary control for the HSV-TK- virus led to its 

abandonment for further study. However, this proof of concept fostered the explosion of 

genetically engineered oncolytic virotherapy research currently underway. 

 

1.5.2 Current Oncolytic Viruses 

Virtually all virus families have been pursued as potential oncolytic agents 

including the adenoviridae, asfarviridae, herpesviridae, iridoviridae, papillomaviridae, 

polyomaviridae, poxviridae, hepadnaviridae, circoviridae, parvoviridae, birnaviridae, 

iridoviridae, bronaviridae, filoviridae, orthomyxoviridae, paramyxoviridae, 

rhabdoviridae, coronaviridae, picornaviridae, togaviridae, and retroviridae families. 

However some, such as arenaviridae and buynyaviridae demonstrated little efficacy in 

animals and further experimentation was halted. Others such as the West Nile Virus, 

ilheus virus and dengue virus, and the Russian Far East Encephalitis virus (all are 

flaviviridae), were dropped as oncolytic candidates because they were shown to induce 

encephalitis either in the clinic or in animals. In the following sections, I will focus on 

several oncolytic virus families that have progressed from pre-clinical investigations to 

clinical trials74. These will serve as illustrations of the promise as well as the pitfalls of 

the current generation of oncolytic virotherapies. 
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1.5.2.1 Adenovirus 

Adenovirus is a non-enveloped double stranded DNA virus with an approximate 

genome size of 36kb which is packaged linearly75. Adenovirus has several advantages for 

its use as an oncolytic virus. Adenovirus can be produced in high titers, the viral particles 

are stable, induce efficient gene transfer, and are generally considered to have low 

pathogenic activity76. Adenoviral particles have ~2kb of additional transgene capacity 

that can be increased through the deletion of virulence genes which inhibit virus 

replication in normal cells and impart tumor cell selectivity. Adenoviruses are non-

integrating and their genome is maintained as an episome77, however integration can 

occur at the high infectious doses typically required for therapy, illustrating a potential 

safety issue because integration of viral promoters upstream of proto-oncogenes can 

induce tumor formation78. 

Subgroup C and serotype 5 adenoviruses (Ad5) are those most often used for the 

construction of gene therapy vectors. Wild type Ad5 generally causes mild 

infections/disease/inflammation of the upper respiratory tract and the eye, which is 

cleared in healthy individuals but can be problematic in immunocompromised 

individuals. After virus entry, immediate-early genes (E1) are rapidly expressed. The 

E1A and/or E1B genes (E1B55K specifically) are mutated in oncolytic adenoviruses and 

are responsible for forcing the infected cell to enter S phase. In WT adenovirus, E1A 

binds to cellular Rb thereby releasing E2F which then activates viral E2 gene expression 

and initiates replication. In tumor cells, which exhibit impaired Rb-p16 signaling, E2F is 

already primed to drive virus replication, making E1A-Rb sequestration unnecessary79). 

Another oncolytic adenovirus, dll520 (ONYX-015) contains two mutations in the gene 
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encoding the E1B-55kDA protein. E1B-55kDA binds to p53 inactivating its ability to 

block S phase. Thus, cancer specific replication by adenoviruses harboring these 

mutations takes advantage of the dysregulation of the p53 pathway that occurs in many 

tumors. Of note, viruses harboring these genes deletions are severely replication 

compromised, even in mutant p53 bearing cancer cells relative to wild type virus, 

potentially limiting their therapeutic efficacy. Other adenoviruses that contain mutations 

in virus-associated I (VAI) and VAII RNAs exhibit selective replication in tumors with 

activating Ras mutations. VAI/II RNAs inhibit PKR activation, which is inhibited in 

cancers with activating Ras mutations, allowing for cancer specific replication79. 

Oncolytic adenoviruses have generally proven very safe in early phase clinical 

trials, but their limited replication potential has required the use of alternate strategies to 

boost their efficacy (Section 1.7). Adenovirus is highly immunogenic and the repeated 

administration required for tumor elimination induces neutralizing antibodies which blunt 

the effectiveness of subsequent dosing. Macrophages take up adenovirus removing them 

from circulation and adenovirus particles are readily taken up by the liver. All of these 

phenomena limit the viruses’ efficacy requiring high titers of virus to be injected, 

particularly for systemic administration. Oncolytic adenoviral therapy is not without its 

safety concerns. In a Phase I/II study of 24 patients with refractory metastatic colorectal 

cancer, the overall median survival was 10.7 months with 46% alive at one year. At the 

end of 3 months of treatment 46% had stable disease, and of these individuals the median 

survival was 19 months. The authors note that stable disease may be a useful prognostic 

output for oncolytic viruses80.  
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1.5.2.2 Reovirus  

Reovirus is a non-enveloped virus with a double stranded RNA genome 

composed of 10 segments. Though reoviruses commonly infect the upper respiratory and 

gastrointestinal tracts, they elicit no known pathogenesis in humans. Thus, the oncolytic 

reovirus strains used in clinical trials are unmodified in any way. Reovirus is capable of 

infecting virtually any cell type due to the virus-encoded, σ1 protein which binds to 

ubiquitous sialic acid moieties on the extracellular surface81. Upon infection of normal 

cells, viral dsRNA activates PKR which subsequently shuts down all protein synthesis 

through inhibition of the E2F1α translation initiation machinery82. Efficient virus 

replication occurs in cancer cells83 with constitutively activated Ras which 

phosphorylates and inhibits PKR induction of an antiviral state84. Activating Ras 

mutations occur in 30% of human cancers but ~80% of cell lines tested were susceptible 

to reovirus induced lysis83, suggesting that: 1) there is a broader susceptibility to reovirus 

than would be indicated by the activation of the Ras/Raf/MEK/ERK axis alone or 2) 

culturing the cells otherwise makes them more permissive to reovirus replication. 

Reovirus induces antiviral immunity which can limit its efficacy when delivered 

systemically. However, in a recent clinical trial, the antiviral immune response was 

overwhelmed by injecting >1010 TCID50 (Tissue culture infectious dose) forming units 

into the patient. This extremely large amount of virus was well tolerated, highlighting a 

generally safe profile for oncolytic reovirus. Analysis of blood from these patients 

revealed that most of the virions were inactivated by antibodies, but some were taken up 

by peripheral blood mononuclear cells, which apparently transported the virus to the 

tumor site. In this clinical trial, the 10 patients received surgical resection of their tumors, 
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and no correlations could be made as to clinical efficacy. The authors note the beneficial 

outcome of reovirus being delivered by PBMC as a means by which intravenous injection 

of oncolytic reovirus can circumvent inactivation by antiviral antibodies85. 

 

1.5.2.3 Newcastle Disease Virus 

 Newcastle disease virus (NDV) is a member of the paramyxoviridae family 

which causes deadly outbreaks of disease in the poultry industry and over 250 species of 

birds, however NDV is not associated with human pathogenesis and oncolytic NDV 

strains are not genetically altered in any way. NDV have a nonsegmented single stranded 

RNA genome of ~15kb encoding 6 genes. The virus exhibits broad host cell infectivity 

potential due to virus encoded hemaglutinin-neuraminidase which can bind to ubiquitous 

sialic acid moieties expressed on the surface of all cells, making them ideal candidates to 

target a broad range of tumor types. Similar to reoviruses, the apparent mechanism by 

which NDV can replicate in cancer cells is through a general inability of cancer cells to 

mount antiviral responses and respond to interferons, likely through PKR pathway 

inactivation. Some of the earliest clinical trials designed to investigate oncolytic efficacy 

were performed in the 1950’s and 1960’s using NDV73. These early trials where NDV 

was used as an oncolytic virus were abandoned apparently due to the rapid generation of 

neutralizing antibodies to the virus resulting in inefficacy. However, one trial in which 

oncolysates (NDV lysed cells) of melanoma were injected back into the patients 

produced an astounding survival rate of 63% (81 patients survived) over a 20-year follow 

up period, suggesting that NDV oncolysates may be more effective as antitumor vaccines 

than live NDV strains used as a directly injected oncolytic agents73. Apparently because 
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the study was not performed in a double-blind fashion, the results are rarely mentioned. 

More recent clinical trials have demonstrated again, a fundamental lack of durable 

responses using NDV, though the viruses are generally well tolerated73. Other members 

of the paramyxoviridae family which are being investigated for use as oncolytic viruses 

include attenuated and engineered strains of measles and mumps virus which have 

demonstrated some efficacy in the clinic, though toxic neurovirulence is a major safety 

concern. Vaccine strains, which have undergone extensive clinical safety testing, are also 

now being pursued as oncolytic agents. In a more recent Phase I/II trial, NDV (HUJ 

strain) was administered intravenously for the treatment of glioblastoma. The virus was 

well tolerated and one patient had an initial complete response which relapsed, 

illustrative of the general lack of clinical efficacy observed with oncolytic NDV86. 

 

1.5.2.4 Vaccinia Virus 

Vaccinia virus is the largest of all known viruses, and has a 192kb double 

stranded DNA genome encoding approximately 200 genes. Vaccinia virus has a number 

of advantages in terms of its use in oncolytic virotherapy. It has a broad host cell tropism, 

though no receptor has yet been identified87. It has historically been widely used in 

humans as a vaccine proving its safety profile, although adverse reactions including death 

do occur in rare cases. Antiviral drugs which target various parts of the vaccinia 

replication cycle can be used to halt uncontrolled virus replication. Vaccinia spreads and 

kills cells rapidly in susceptible tissues, it has a very large transgene capacity (>25kb) and 

has evolved to efficiently spread systemically through the blood stream without being 

sequestered by neutralizing antibodies88. 
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Vaccinia virus encodes many virulence genes which facilitate virus replication by 

blocking apoptosis, altering cell signaling and blocking antiviral responses. As with other 

oncolytic viruses, deletion of those genes which are redundantly upregulated in cancer 

cells provides for cancer selective virus replication. Oncolytic vaccinia is frequently 

deleted in viral thymidine kinase (TK), which is responsible for the generation of 

deoxythymidine-5’ phosphate that is incorporated into newly replicated DNA. Rapidly 

proliferating tumor cells upregulate cellular TK that facilitates the replication of vaccinia 

containing these mutations. Deletion of the vaccinia encoded viral growth factor (VGF) 

removes the virus’s ability to stimulate EGFR/Ras/Raf/MEK/ERK signaling cascades in 

normal cells whereas many tumors possess activation mutations in this pathway. Deletion 

of the B18R gene inhibits the virus’s ability to block IFN secretion, a pathway which is 

also frequently dysregulated in cancer cells. Multiple deletions of these virulence genes 

simultaneously enhance cancer specificity and immunomodulation, both of which 

improve the overall therapeutic potential of vaccinia87. Vaccinia strain JX-594 has 

demonstrated some promise in phase I clinical trial targeting hepatocellular carcinomas 

and is currently entering phase III trials89. The liver is a likely target of the systemic 

delivery of any oncolytic virus as all blood is rapidly shunted through hepatic circulation 

and the liver serves as a major detoxification system for the body. 

 

1.6 HSV 

1.6.1 General HSV overview 

The intricate and nuanced molecular biology and pathology of the herpes simplex 

viruses (HSV) belie their name (simplex). HSV belong to the alpha herpesviridae family 
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of double stranded DNA viruses which are typified by broad infection rates among the 

human population while accounting for substantially lower mortality than other viruses90.  

HSV are further classified into two serotypes, HSV type 1 (HSV-1) and HSV type 2 

(HSV-2) which respectively affect upwards of 90% and 25% of the world population. 

HSV-1 is primarily responsible for recurrent orolabial lesions and HSV-2, genital lesions. 

Most infected individuals remain asymptomatic, though all infected individuals actively 

shed virus throughout their lives. The HSV genome is 150kb in length and encodes for a 

minimum of 84 known transcripts90. 

HSV virions are made up of an electron dense core consisting of the dsDNA 

genome, encapsulated by an icosahedral capsid that is asymmetrically surrounded by an 

amorphous set of proteins called the tegument in turn enclosed within a viral glycoprotein 

studded envelope. The genome is packaged as a linear molecule but rapidly circularizes 

upon reaching the host cell nucleus. The genome consists of two unique sequences one 

long (UL) and one short (US) flanked by inverted repeat sequences90. The capsid exists as 

an icosahedron with T=14 symmetry.  The late gene VP5 encodes the major capsid 

component, and serves as an indicator of productive virus replication. The tegument is a 

largely amorphous group of proteins which occupy the space between the envelope and 

the capsid. Tegument proteins are critical to virus replication as they modulate host cell 

antiviral responses, augment viral gene expression, and inhibit apoptosis. The outer 

envelope of HSV is studded by at least 11 distinct viral glycoproteins as well as host cell 

proteins captured during egress.  HSV virions bind to three known receptors, nectins-1 

and -2, the lymphotoxin alpha receptor also known as the herpes virus entry mediator 

(HVEM/ Lymphotoxin-α receptor), and heparin sulfate giving HSV broad cellular 
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tropism. The major viral glycoprotein responsible for cell binding and entry is gD, 

however gI, gL, gH are involved in the subsequent fusion of viral and cellular 

membranes90.   

 

1.6.2 Pathogenesis 

In a host patient, the virus takes a circuitous path from the point of infection, to 

the nearest dorsal root ganglia which enervate the infected area and back again. The 

preferred infectious route of HSV-1 takes the virus from the oral mucosa to the trigeminal 

ganglion. The primary route of HSV-2 infection is though the genital mucosa to the 

sacral ganglion. Lytic infection proceeds in the epithelial/mucosal cells during a primary 

infection herpetic lesions where vacuolar pustules form in symptomatic individuals. 

These HSV virions infect the enervating neurons. After de-envelopment, the virus capsid 

is rapidly transported to the infected neuron’s nucleus though retrograde axonal transport 

machinery. At this stage for reasons that are not completely clear, the virus goes into a 

dormant state known as latency90.   

 

1.6.3 Latency 

HSV has the unique ability to latently infect neurons of the sensory ganglia 

nearest to the primary infection site90. During latency, the viral genome is maintained as 

an extrachromasomal episome and all viral protein expression ceases. The mechanism of 

latency and latency reactivation is still poorly understood but is believed to be related to 

the Latency-Associated Transcript (LAT), which is expressed and processed into several 

smaller RNAs which possess microRNA gene silencing characteristics that target ICP0 
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and ICP34.591, 92. Cellular stress such as UV irradiation, neuronal damage, and hormonal 

fluctuations are all known to trigger latency reactivation.  In the case of HSV-2, latency 

reactivation has been linked to stress induced activation of the AP-1 transcription factor 

complex (C-Jun/cFos) which bind to the promoter region of the UL39 encoding the large 

subunit of ribonucleotide reductase domain, also known as ICP10 in HSV-293, discussed 

in section 1.8. Following latency reactivation, viral proteins are expressed in a temporal 

cascade that initiates the assembly of virus particles, which are then transported 

anterograde down the axon and egress from the nerve terminus. 

 Envelopment and exodus of the intact infectious virions at the nerve terminus can 

elicit a localized lytic cycle associated with tingling of the area also known as prodrome 

in symptomatic individuals. Following prodrome, symptomatic individuals exhibit 

characteristic blisters (3-5) which are filled with clear liquid that contains highly 

concentrated infections virus (106pfu/0.2 ml).  The blisters gradually recede as host 

immune effector cells kill off the infected epithelia. It should be noted that the lesions 

described above are actually not characteristic of most individuals infected with HSV, as 

a vast majority of the Western world are infected yet do not experience any outward 

symptoms. Irrespective of their outward symptoms all HSV-1/-2 infected individuals 

actively shed the virus throughout their lives90. 

During virus entry, the viral glycoprotein and cell membrane fuse releasing 

tegument proteins and capsids into the cytosol. The viral capsid is rapidly translocated to 

the nucleus by actin-dynein transport machinery. At the nuclear membrane surface, the 

capsid docks to the nuclear pore and the viral genome is released into the nucleus where 

it rapidly circularizes90. 
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Once inside the nucleus, a cascade of events occurs resulting in marginalization of 

cellular DNA and the initiation of viral gene expression. Virus replication is carefully 

orchestrated through three successive waves of gene expression, named Immediate Early 

(IE or α), Early (E or β) and Late (L or γ). IE genes are primarily regulatory transcription 

factors which activate E genes which encode enzymes that are required for viral DNA 

replication.  Late genes encode virus capsid and envelope glycoproteins which when 

expressed at high concentrations, mediate self-assembly of virion particles. Upon arrival 

at the cytoplasmic membrane, the capsids and tegument proteins meet up with envelope 

glycoprotein and exit the via lysis90. 

 

1.6.4 HSV as a Gene Therapy Vector 

HSV, are attractive candidates for gene therapy vectors. A vast majority of 

infected individuals experience no inherent pathology from the virus. HSV are very 

promiscuous in that the virus can infect a large variety of cell types both in culture and in 

vivo.  Furthermore, HSV is inherently neurotopic making them ideal vectors for typically 

hard to transduce neurons. Transgene delivery into the brain is readily performed through 

intranasal administration of HSV vectors, eliminating the need for invasive surgery94. 

After virus infects neurons of the nasal passage, the capsid is retrograde transported up 

the axon to the olfactory bulb, which makes direct synaptic connections with the 

hippocampus bypassing the highly formidable blood brain barrier in the process. HSV’s 

large genome allows for the insertion of transgenes in excess of 10kb, the dsDNA 

genome is replicated directly, rather than passing through RNA intermediates, which 

reduces the likelihood of deleterious mutations in either the virus or in the inserted 
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transgenes, and viral DNA is maintained as an episome in the infected cell, precluding 

insertional mutagenesis95. Furthermore, the removal or mutation of specific genes, such 

as ICP34.5 and /or UL39 (ICP6/ICP10) render these viruses replication deficient in 

normal cells, less virulent and inept at reactivation in neurons74 (Discussed in sections 

1.6.5 and 1.8). Thus, in generating a simultaneous knockout/knockin for a viral 

gene/therapeutic transgene, the vectorologist has a safe culturable virus to investigate the 

transgene of interest. HSV vectors are generated from laboratory isolates which retain 

HSV-TK making them sensitive to antiviral acyclovir chemotherapy, a secondary safety 

measure which can halt any unforeseen uncontrolled virus replication96. 

Much of the public has been previously infected with HSV-1 (60-90%) and HSV-

2 (18-50) meaning that they have preexisting immune responses to the virus. In general, 

gene therapy, even oncolytic therapy, requires multiple rounds of vector administration to 

elicit a therapeutic benefit. Both preexisting immunity and the need for repeated dosing 

might be thought to severely limit HSV based vectors, however re-infection with both 

HSV-1 and HSV-2 serotypes is commonplace and individuals have even been observed 

to be superinfected with multiple HSV strains, indicating that preexisting immunity to the 

virus does not preclude subsequent infections. Indeed, an oncolytic HSV (oHSV) 

exhibited no defect in eliminating A20 lymphoma tumors in mice that were pre-

immunized with wild type HSV-197. Mutant HSV constructs can induce a potent antiviral 

immunity. This immunity has been shown to be of therapeutic benefit to HSV patients 

which have frequent recurrent lesions who were treated with a mutant virus vaccine98. 

However, the ability of HSV to evade immune neutralization and to infect patients 
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despite preexisting immunity, underscores the promise of using HSV based vectors for 

gene therapy, which typically requires multiple doses for therapeutic efficacy. 

Therefore, HSV based vectors are likely to succeed despite the prior-infectious 

status of an individual. Most clinical trials have focused on intratumoral injection of 

oncolytic HSV, though intravenous administration of oncolytic HSV was shown to 

effectively target liver metastases. In the 12 patients studied, the virus was well tolerated 

but overall responses were anecdotal99. Of note, just one bolus treatment of 3x106-1x108 

pfu was performed during this trial, though the authors recommend the use of multiple 

doses in future studies. 

 

1.6.5 Oncolytic HSV 

oHSVs come in several varieties. Most of the efforts to generate oHSV involve 

the deletion or mutation of one or more genes required for efficient virus replication. In a 

vast majority of the oHSV being developed, the most commonly targeted genes encode 

ICP34.5, ICP6 (HSV-1), ICP10 (HSV-2) and ICP47. Other virus candidates have been 

examined with various alternative mutations100. 

The γ34.5 gene encodes ICP34.5 which is a neurovirulence gene. ICP34.5 plays 

multiple roles in facilitating virus replication. ICP34.5 binds to and activates protein 

phoshatase-1α which dephosphorylates the transcription factor eIF2α allowing protein 

synthesis to continue despite other antiviral responses typically mediated by PKR. 

ICP34.5 also interacts with the critical autophagy protein Beclin-1 blocking the induction 

of autophagy101. In cancer cells PKR activity is generally downregulated due to enhanced 
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AKT signaling, thus complementing oHSVs which lack ICP34.5 and the ability to 

antagonize PKR signaling100. 

 UL39 codes for the large subunit of ribonucleotide reductase R1 which creates a 

pool of deoxyribonucleotides for viral DNA synthesis. This function is critical for virus 

replication in terminally differentiated neurons, but is dispensable in rapidly dividing 

cells such as those found in a tumor because they express cellular ribonucleotide 

reductase. Of note, most oncolytic HSV-1 possess R1 (ICP6) deletions whereas in 

oncolytic HSV-2 viruses, only a portion of the R1 (ICP10) subunit has been deleted, 

leaving the ribonucleotide reductase domain intact102. Several key differences among the 

two HSV-2 based oncolytic viruses are discussed in Chapter 2. The biology of ICP10 and 

its unique PK activity is discussed in section 1.8. 

 ICP47 down regulates the host cell major histocompatibility complex type I 

(MHC I) and is critical to HSV immune evasion (See Section 1.6.4). Deletion of ICP47 

allows MHCI presentation of tumor and viral antigens in infected cells. At first glance 

this property would seem to counter intuitively inhibit an oHSV possessing such a 

mutation because the induction of anti-viral immune responses may inhibit 

virotherapeutic efficacy. However, it is now appreciated that the induction of antitumor 

immunity by OVs is highly desirable and generally contributes to their overall efficacy 

rather than detracting from it95.  

HSV based oncolytic viruses are very well tolerated in the clinic. However, poor 

virus replication and spread seem to hamper their efficacy. Deletion of α34.5, UL39, 

and/or α47 highly attenuates these viruses in normal cells yet allows for limited 

replication in treated tumors100. An oncolytic HSV virus lacking ICP6 and γ34.5 induced 
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variable cytotoxicity (36%-95%) among several glioblastoma cultures tested. Intracranial 

injection of the virus into glioblastoma xenografts reduced tumor volumes compared to 

controls. Moreover, the virus exhibited robust spread throughout the treated tumor 

masses but did not increase survival, potentially indicating that some cells became 

resistant to the virus103. The authors suggest that multiple treatments and combinatorial 

therapy are warranted to improve therapy. In a Phase I study of oral squamous cell 

carcinoma treated with an oncolytic herpes virus (HSV1716) that lacks both copies of 

ICP34.5 but possesses no other mutations, followed by surgical resection, there was no 

evidence of productive virus replication in the tumors, potentially highlighting an issue 

with virus lacking ICP34.5, though doses of only up to 5x105 pfu were used104. 

Additional clinical trials with other oHSV carrying pro-inflammatory cassettes are the 

subject of Section 1.7 

Several naturally occurring HSV mutants have proven to be effective as oncolytic 

agents. One such virus, HF-10, contains a mutation in UL56, the molecular biology of 

which is unclear but may involve vesicular trafficking of viral capsids in infected 

neurons. HF10 replication appears to involve syncytia formation, an alternative 

mechanism to standard virus induced lysis which is thought to facilitate virus spread. In a 

phase I clinical trial of just 6 patients with non-resectable pancreatic cancer, HF10 was 

proven to be well tolerated, and somewhat effective, with three patients exhibiting stable 

disease, one partial response and two with progressive disease105. Despite the limited 

numbers used in this trial, the authors report that all of the HF10 treated individuals 

survived longer than patients who underwent a standard therapeutic intervention for this 

disease. 
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1.7 Improving oncolytic virus efficacy 

1.7.1 Addition of Transgenes 

Oncolytic viruses were tolerated well in early clinical trials; however, efficacy 

was limited by a relatively poor level of intratumoral replication. Efforts to increase 

efficacy include, expression of cytotoxic genes, expression of pro-drug converting 

enzymes, modulation of the interstitium, fusogenic alterations to increase spread, 

suppression of innate immunity, expression of immunostimulatory genes and use of 

combinatorial therapy. 

 

1.7.2 Cytotoxic Genes  

The goal of the addition of therapeutic transgenes is to augment oncolytic virus 

efficacy. Cytotoxic proteins encoded by oncolytic viruses can increase tumor destruction 

by providing bystander toxicity. The induction of cell death by cytotoxic genes may limit 

virus growth, ultimately limiting efficacy however, the secretion of cytotoxic proteins is 

thought to facilitate bystander toxicity of the oncolytic virotherapy. Inducing cell death 

beyond the infected tumor cell can increase the potential for off-target toxicities, 

particularly when virus is delivered systemically or if the cytotoxic proteins gain access 

to the bloodstream. An oncolytic adenovirus expressing TRAIL demonstrated increased 

efficacy over adenovirus expressing GFP both in culture and in gastric cancer xenografts, 

however the tumors were not completely eliminated among any of the treatment 

groups106. 
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1.7.3 Prodrug Converting Enzymes  

 Another intriguing therapeutic transgene strategy is the use of virally encoded 

pro-drug converting enzymes. In this schema, systemic toxicity is reduced because the 

active agent is only produced in cells which have been infected by the virus but the 

activated drug can then freely diffuse to neighboring cells generating localized bystander 

toxicity. Analogous to the incorporation of cytotoxic genes, the killing of infected cell by 

the toxic compounds my limit efficacy by killing the very tumor cells which are required 

for virus replication and thus potentially reducing replication. However, induction of 

PCD by combinations of chemotherapy and virotherapy have demonstrated increased 

efficacy over either therapy alone. The mechanism associated with this enhanced efficacy 

is likely mediated by improved virus spread and reduction of anti-viral immune 

responses. As such, investigations into the appropriate timing of virotherapy with either 

of these prodrug formulations and/or chemotherapy are likely critical to maximizing the 

therapeutic benefit of these strategies. 

 An oncolytic adenovirus armed with carboxypeptidase G2 driven by a telomerase 

promoter was used to convert the alkylating mustard prodrug ZD2767P into a cytotoxic 

compound that enhanced its efficacy over that of an oncolytic adenovirus lacking the 

transgene107. An HSV-1 based oncolytic virus engineered to express cytochrome P450 

which converts cyclophosphamide into freely diffusible alkylating metabolites, exhibited 

an enhanced antitumoral effect when the prodrug was administered with the virus108, 109. 
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1.7.4 Modulating the Tumor Interstitium 

 Inefficient virus spread due to poor penetration of the tumor interstitium is 

commonly thought to limit virus efficacy. Wild-type HSV infection was blocked by the 

presence of extracellular matrix (ECM) in vitro110, suggesting that ECM degradation by 

matrix metalloproteases would improve virus infection and spread. Treatment with an 

adenovirus expressing relaxin, a peptide hormone that increases the expression of matrix 

metalloprotease, induced increased virus spread and significantly enhanced the survival 

of mice harboring B16 mouse melanoma model when compared to the parent oncolytic 

adenovirus111.  

Tumors require a continuous supply of nutrients and oxygen and induce 

angiogenesis, or blood vessel formation to facilitate their growth. Anti-angiogenic 

therapy is part of the standard of care for the treatment of several metastatic cancers and 

oncolytic virus efficacy is hypothesized to be augmented by the expression of anti-

angiogenic proteins. The use of a secreted VEGFR as a decoy receptor elicited an 

enhanced survival benefit compared with a control virus112. Tumors treated with an HSV-

1 mutant virus which contained a GFP/Endostatin expression cassette in place of UL39, 

was associated with somewhat reduced vessel counts and exhibited enhanced anti-tumor 

efficacy compared to a UL39 deletion mutant alone113. 

 

1.7.5 Tumor Surface Targeting  

The first steps of virus infection are the binding of viral glycoproteins to their 

receptors and fusion of virus envelope with the plasma membrane. Modification of HSV 
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gB, gC, and gD can alter the affinity of these proteins to specific target receptors114. 

Specificity can be conferred through the fusion of high affinity/specificity moieties to gD. 

One such moiety which has been employed is the use of single-chain antibody fragments 

(ScFv). This modality has successfully been used to target oHSVs to epidermal growth 

factor receptor (EGFR) and HER-2 receptor enhancing virus specificity and lysis 

compared to wild type and non-targeted oncolytic viruses. In a Phase I trial of malignant 

gynecologic cancers treated i.p. with an integrin targeted adenovirus (AD5-Δ24-Arg-Gly-

Asp), 71% of patients had stabilized disease over a short term follow up period of 1 

month115. 

 

1.7.6 Tumor specific promoters 

Virus replication occurs through a highly orchestrated cascade of gene expression. 

In oncolytic viruses, the deletion of genes which are critical to replication and virulence 

in non-replicating cells alters the timing of virus gene expression. As described for 

adenovirus, vaccinia virus and HSV, these mutations severely impair virus replication, 

imparting an inability to replicate in normal cell. In transformed cells, these viruses are 

capable of replicating, however virus replication is generally observed to be many orders 

of magnitude lower than their wild type counterparts. Thus, the very steps used to 

generate multiple protein deletions for safety and tumor cell specificity, likely inhibit 

oncolytic virus efficacy. Because reduced replication is associated with poor clinical 

outcome, efforts have been aimed at enhancing cancer specific replication through the 

use of tumor specific promoters.  
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Cancer cells are considered to be addicted to the expression of certain oncogenes, 

Targeting these proteins, typically kinases, is a major focus of cancer research. By 

engineering virulence and replication genes to be driven by tumor-specific promoters, 

oncolytic viruses can leverage this ‘gene addiction’ for virus replication. Through this 

method, OV replication has been enhanced in systems which have previously proven 

resistant to virotherapy. Some of the tumor specific promoters which have been 

employed include carcinoembrionic antigen (CEW), ELK-1 responsive element, and 

hypoxia inducible factor-1α (HIF-1α). Several problems are inherent to using tumor 

specific promoters. Normal cells of different tissues may use the particular promoter 

chosen and drive virus replication in off-target tissues leading to toxicity. Because no two 

tumors are alike, choosing an appropriate promoter-driven virus would require prior 

screening of each patient enrolled in such a study. Indeed, an oHSV in which the 

γICP34.5 gene was driven by the TAA DF3/MUC1 promoter was ineffective at 

eliminating tumors from DF3/MUC1-/- A375 melanoma tumor cells116. Tumors 

themselves are quite heterogeneous, with each cell of a tumor mass likely exhibiting 

differential activation of the targeted promoters. An oncolytic virus that targets only some 

of the tumor cells will create a selective pressure for the development of resistance by 

allowing the non-targeted cells to survive. Resistance is likely to occur in cases where the 

tumor-specific gene becomes dispensable for tumor cell growth thus a careful assessment 

of the considered promoter is warranted to facilitate virus replication in such a way that if 

the tumor cell should be evolutionarily pressed to reduce the expression of that particular 

gene, it will die of PCD anyway. Such a double-edged sword may not actually exist, 
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underscoring the need of an oncolytic virus which can eradicate tumor cells through 

multiple non-redundant mechanisms. 

An alternative mechanism of tumor specific control utilizes negative selection of 

virus growth in normal cells by inserting microRNA (miRNA) targeted sequences within 

the coding region of critical viral genes such as the major HSV regulatory gene ICP4117. 

miRNA reduce target gene expression by influencing mRNA stability. In this schema, 

normal cells, which exhibit constitutive expression of the inactivating miRNA, would 

inhibit virus replication by blocking ICP4 expression. Cancer cells frequently 

downregulate (via hypermethylation) the expression of certain miRNA that inhibit 

oncogene expression and therefore act as tumor suppressors. Thus, in cancer cells that 

have downregulated the expression of the miRNA that can target the engineered ICP4 

mRNA, ICP4 expression would proceed unabated and the miRNA restricted oHSV could 

lyse the infected tumor cells through virus replication. 

 

1.7.7 Fusogenic peptides  

Two limiting factors to virus spread are recognition by the host immune system 

and slow diffusion of virions to neighboring cells. To improve upon these fronts, mutant 

viruses which possess fusogenic activity have been employed. Fusogenic glycoproteins 

cause infected cells to fuse with neighboring cells. The resulting syncytium allows for 

more rapid dissemination of virus. Fusogenic proteins are generally controlled under 

tumor-specific promoters and exhibit higher pre-clinical efficacy over their non-

fusogenic oHSV counterparts118. In a preclinical study, a doubly fusogenic HSV-1 virus 

carrying a fusogenic glycoprotein from gibbon ape leukemia virus as well as having a 
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fusogenic phenotype induced via a random mutatagenesis, named Synco-2D, increased 

antitumoral efficacy in ovarian xenografts compared to a non-fusogenic virus119. As of 

yet, no clinical trials with fusogenic viruses have been performed. 

 

1.7.8 Proinflammatory cytokines 

Proinflammatory cytokine cassettes are by far the most used and arguably the 

most successful strategy for the enhancement of oncolytic virotherapy. Part of the power 

of using a virus to kill tumor cells is that viruses are inherently perceived as threats by the 

immune system which apparently helps facilitate the induction of antitumoral responses 

against the cancer cells they infect. Viral mediated cell lysis releases TAA which can 

induce immune recognition of the tumor cells themselves. A seminal study by Dranoff et 

al demonstrated that the forced expression of the potent proinflammatory cytokine GM-

CSF can induce lasting antitumoral immunity and protection from tumor challenge in a 

syngeneic melanoma model120. The insertion of proinflammatory cytokines cassettes into 

oncolytic viruses allows for local concentrations of the cytokine to rise as the virus 

replicates limiting systemic toxicity while improving oncolytic virus efficacy. GM-CSF 

transgenes have now been widely incorporated into various oncolytic viruses, particularly 

those which have lead to improved clinical outcomes. In a phase I clinical trial with 

oncolytic vaccinia virus (JX-594) which expresses GM-CSF of 10 evaluable patients, 3 

had partial response and 6 had stable disease121. 

In a Phase II trial, a GM-CSF expressing adenovirus administered both 

intratumorally and intravenously for the treatment of solid tumors did not cause any 

grade 4 or 5 adverse events even at an administered dose of 1011 pfu. Moreover, 8 of 12 
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treated patients exhibited stable disease or tumor reduction with several patients 

exhibiting complete responses and extended survival times, particularly for their 

advanced refractory disease122. In a Phase I study of OncoVEXGM-CSF (Biovex), an 

oncolytic herpes virus which has progressed through numerous trials, the virus was 

injected subcutaneously into several metastatic tumor types, and was well tolerated with 

14 of 26 patients’ tumors exhibiting necrosis or apoptosis which was associated with 

expression of HSV antigens in the post-treatment biopsy specimens123. Tumor 

stabilization or regression was seen in both injected and distant (untreated) lesions in a 

total of 9 patients. In a phase II trial, OncovexGM-CSF, demonstrated a 26% objective 

clinical response in patients with unresectable late stage melanoma, which included 

regression of injected tumors as well as distant metastases122. Prior to treatment, the 

tumor samples evidenced elevated numbers of regulatory T cells (Treg), suppressive T 

cells (Ts), and myeloid derived suppressor cells, whereas OncovexGM-CSF treatment 

induced antigen-specific T cell responses and decreased the numbers of these 

immunosuppressive cells in patients which exhibited therapeutic responses. A Phase III 

clinical trial of OncovexGM-CSF has been initiated for unresectable stage III and stage IV 

melanoma124. Of note, OncovexGM-CSF, developed by the company Biovex was 

subsequently bought by Amgen, which has given the virus the incomprehensible name, 

Talimogene laherparepvec. 

IFNα is another proinflammatory cytokine with proven antitumoral efficacy; 

however, when delivered systemically it frequently elicits severe toxicities. Intratumoral 

injection of an oncolytic vaccinia virus that expresses IFNα has exhibited enhanced 

benefits compared to the parent virus125. It is likely that no single cytokine alone will 
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provide optimal efficacy. The expression of a cascade of immune effectors may be 

necessary to switch from a Th2 biased immunomodulatory response to a Th1 cytolytic 

effector mediated immune response87. The induction of immune responses by oncolytic 

viruses can also cause their inactivation by neutralizing antibodies. Thus, even though 

immune recognition is likely the key to lasting tumor elimination, the oncolytic virus 

effectiveness can be reduced by premature inactivation of the virions. Novel ways to 

coordinate the control of virus replication followed by cytokine secretion may provide a 

mechanism to tailor an optimal timing of the immune response for enhanced therapeutic 

benefit in the future87. 

 

1.7.9 Combinatorial therapy with Standard Chemotherapy and Radiation 

High interstitial pressure within the tumor mass can inhibit the delivery of 

therapeutics, particularly larger particles such as oncolytic viruses126. The induction of 

apoptosis by taxanes, a chemotherapeutic which targets microtubules decreases this 

pressure by promoting transvascular permeability potentially facilitating oncolytic virus 

spread127. The induction of apoptosis by either forced expression of TRAIL or by the 

mitotic inhibitor paclitaxel were shown to enhance HSV spread and efficacy128. The 

efficacy of oHSV was enhanced by co-treatment with taxanes, paclitaxel, or radiation and 

the combination of oncolytic viruses with numerous chemotherapeutic agents and 

radiation is currently underway129 . 

Interestingly, systemic administration of reovirus is effective at inhibiting tumor 

growth, though immune recognition has been observed to reduce its effectiveness. 

Combinations of reovirus with chemotherapeutic agents enhance overall antitumor 
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effects, potentially through inhibition of the immune system130. In a Phase I study 

combining oncolytic Reovirus with gemcitabine, inhibition of the immune response 

increased the off-target cytotoxicity of the virus reducing the maximum tolerable dose to 

1010 TCID131. In another Phase I study, using Reolysin (Oncolytics Biotech) in 

combination with the anti-mitotic agent docetaxel, a majority of patients evidence 

complete or partial responses or short term stable disease. In a two stage Phase I dose 

escalation study using intratumoral injection of reovirus (Type 3 Dearing) in conjunction 

with radiotherapy, the therapy was well tolerated and a few patients saw long term 

responses.  Ablation of reovirus neutralizing antibodies by treatment with 

cyclophosphamide resulted in significant toxicities associated with uncontrolled virus 

replication, but enhanced tumor elimination. These issues highlight both the potential 

benefit as well as the potential consequences of immunomodulation of oncolytic 

virotherapy. The combination of reovirus with paclitaxel and carboplatin enhanced 

efficacy in a phase II clinical trial in head and neck cancer, presumably through the 

reduction of neutralizing antibodies. In this trial 9 of 31 patients had stable disease, 6 had 

a partial response, and 1 had a complete response132. These promising results are moving 

reovirus into phase II trials in head and neck cancer as well as in other cancers such as 

melanoma. 

Patients given low dose cyclophosphamide in conjunction with an oncolytic 

adenovirus exhibited increase cytotoxic T cells, induced Th1 type immunity, and 

exhibited significantly improved progression-free survival and overall survival versus 

virus alone. In a Phase I/II study of the oncolytic adenovirus (Onyx-1015) used in 

conjunction with the chemotherapeutic mixture MAP (mitomycin-C, doxorubicin, 
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cisplatin) the virus was well tolerated, however antitumor activity was observed in just 

one patient out of six. In a Phase I study of metastatic colorectal cancer within the liver, 

intravenous oncolytic HSV (NV1010) treatment was followed by chemotherapy. HSV 

infection was documented in liver metastases with a median survival of 25 months with 

one patient living for >62 months after treatment133. Of note, prior to treatment, all the 

patients in this study were seropositive for HSV-1 and 5 of the 12 were seropositive for 

HSV-2, demonstrating that prior exposure to HSV does not preclude oHSV efficacy, at 

least for liver metastases. In a Phase I/II trial of JS1/34.5-/47-/GM-CSF used in 

combination with cisplatin and radiation therapy in squamous cell cancer of the head and 

neck followed by surgical resection, 93% of the patients exhibited complete remission at 

the time of resection, with a disease-specific survival rate of 82% at a median of 29 

months, with 76.5% exhibiting no relapse at the time of publication134. Taken together, 

the combination of oncolytic virotherapy with chemotherapy or radiation likely augments 

the antitumoral effect of both paradigms. These studies underscore the conclusion that 

oncolytic efficacy is likely enhanced both by the induction of PCD in the tumor mass 

which enhances virus spread and inhibition of anti-viral immune responses.  The 

development of an oncolytic virus that has the potential to induce PCD and modulate 

immunity on its own, independent of additional cytotoxic transgenes or therapeutics is 

therefore highly desirable and is the subject of the experimental work performed in 

chapters 2, 3 and 4. 
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1.8 ICP10PK 

1.8.1 Signaling 

HSV-1 and HSV-2 exhibit several distinctions in terms of disease. Key among 

these is that HSV-1 but not HSV-2 is involved in adult herpes induced viral encephalitis. 

The divergence of these two viruses is likely mediated in distinct genetic differences 

between them. The HSV-1 and HSV-2 genomes exhibit ~80% sequence homology 

overall, however several genes are highly divergent2. One gene which differentiates 

between the two viruses is in the UL39 exon encoding the large subunit of viral 

ribonucleotide reductase or R1. The ribonucleotide domain of R1 is 90% identical 

between HSV-1 and HSV-2 whereas the N-terminus exhibits just 50% sequence 

homology indicative of divergent evolution between these two viruses2. 

 R1 is also known as ICP6 in HSV-1 and ICP10 in HSV-2. The work and interest 

of Dr. Aurelian’s laboratory has focused upon the R1 subunit of HSV-2 known as ICP10. 

In the 1970’s her work identified HSV-2 as a neoplastic agent which was associated with 

cervical cancer135. Following on this evidence, she and her colleagues identified a 

particular HSV-2 gene region, subsequently identified as part of UL39 encoding the N-

terminus of ICP10 that mediated this transformation136. Detailed molecular analysis of 

ICP10 identified that N-terminal domain contained a unique serine-threonine kinase 

activity137. 

 ICP10 is made up of an N-terminal extracellular domain, a transmembrane (TM) 

domain, a unique protein kinase (PK) domain and it is followed by the ribonucleotide 

reductase domain137 (Figure 6). Subsequent thorough characterization of ICP10 
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demonstrated that the PK domain functions as a constitutively activated growth factor 

receptor. The signaling cascades that are activated by ICP10PK include 

Ras/Raf/MEK/ERK, PI3K/AKT, and Adenylate cylcase/PKA illustrating the multipotent 

cellular processes that HSV-2 co-opts for efficient virus replication and latency 

reactivation. The N-terminus of ICP6 does not contain a TM domain and does not 

activate the Ras signaling pathway.   

 ICP10PK signaling, like cellular RTK’s requires localization at the plasma 

membrane where it binds to the GEF, SOS which activates Ras through exchange of 

GDP to GTP. ICP10PK also binds and phosphorylates RasGap inhibiting its ability to 

downregulate Ras activation138. This signaling is critically involved in the ability of 

HSV-2 to induce immediate early gene expression and replicate139. Activation of Ras in 

turn activates the rest of the Raf/MEK/ERK and PI3K/AKT signaling cascades. In 

normal cells, this activation induces cFos expression and/or its stabilization leading to 

enhanced cell proliferation and virus replication in infected cells93 (Figure 6). cFos and c-

Jun binding to AP-1 promoter elements within the UL39 promoter cause a feed forward 

amplification of ICP10 expression and maintenance of α gene production, thus enhancing 

virus replication. ICP10PK activity is required for the timely induction of the major 

regulatory proteins ICP4, ICP22, and ICP27 and the efficient induction of ICP0.  
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Figure 6. ICP10PK Domains and Signaling. 
Adapted from Jennifer Laing (personal communication). 
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1.8.2 Neuroprotection  

Ras activation leads to proliferation of ICP10PK expressing mitotic cells138. 

However in post-mitotic neurons, which are the latent reservoir of HSV-2 infection, 

ICP10PK promotes neuronal survival but not proliferation140. Survival of neuronal 

cultures is due to ICP10PK signaling through C-Raf which blocks the activation of 

proapoptotic stress signaling mediated by other viral genes such as ICP0 which can 

induce JNK activation. HSV-1, whose R1 subunit (ICP6) lacks PK activity initiates JNK 

activation and induces apoptosis in hippocampal cultures, and JNK/c-Jun signaling is 

attributed to HSV-1 encephalitis in patients141. Thus ICP10PK is a critical regulator of 

antiapoptotic processes in HSV-2 infected cells, potentially explaining the dearth of 

encephalitis cases which are attributable to HSV-2. The mechanism by which ICP10PK 

inhibits neuronal cell death has been linked to the induction and stabilization of numerous 

antiapoptotic molecules. 

The compelling evidence that ICP10PK is a potent mediator of anti-apoptotic 

signaling in neurons led to work which probed its use as a gene therapeutic for numerous 

neurodegenerative disorders and neurotoxic insults. ΔRR, a virus lacking the 

Ribonucleotide reductase domain but retaining the PK domain of ICP10, is unable to 

replicate in nondividing cells indicating that RR activity is required for virus 

replication142. ∆RR was shown to inhibit the induction of apoptosis in neuronally 

differentiated PC12 cells following neuronal growth factor (NGF) withdrawal143. 

ICP10PK also inhibited the progression of neuromuscular degeneration in rats which 

overexpress superoxide dismutase, a model of amylotrophic lateral sclerosis. Intranasal 

delivery of IP10PK into mice subjected to intracranial injection of 1-methyl-4phenyl-
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pyridinium (MPP+)—a model of Parkinson’s disease—protected hippocampal neurons 

from glutamate excitotoxicity. ICP10PK also increased neuronal survival in the trisomy 

16 mouse model of Down’s syndrome by blocking apoptosis144. 

In the above studies, neuroprotection was associated with numerous antiapoptotic 

activities related to Ras/RAF/MEK/ERK and PI3K/AKT activation. Protection from 

MPP+ was associated with the inhibition of calpain, the blockade of Bax translocation to 

the mitochondria and subsequent AIF release and caspase-3 activation, as well as 

induction of Bcl-2 and HSP70145. ICP10PK prevented apoptosis in an acute glutamate 

toxicity model through the phosphorylation of Bad, the inhibition of CREB cleavage, 

which induced the upregulation of Bag-1 and Bcl-2146. Inhibition of apoptosis during 

serum deprivation of differentiated neuronal cultures was mediated through the 

phosphorylation and stabilization of Bad and Bag-1, the induction of XIAP and the 

downregulation of Smac/Diablo143 (Figure 6). 

ICP10PK also exhibits bystander activity. Conditioned medium from ∆RR 

infected microglia exhibited enhanced secretion of the anti-inflammatory cytokine IL-10, 

compared to control treated cells. IL-10 secretion inhibited N-methyl-D-aspartate 

(NMDA) induced apoptosis in primary hippocampal cultures. Furthermore, ICP10PK 

protected rats from kainic acid induced seizures and this protection was also associated 

with IL-10 production by hippocampal microglia and accompanied by reduced 

expression of TNFα whereas infection with an ICP10PK deleted virus induced 

proinflammatory TNFα secretion147. 

As a whole, the studies performed in the Aurelian Laboratory strongly establish 

ICP10PK as a potent gene therapy candidate for neurodegeneration. Redundant signaling 
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through direct and indirect activation of Ras/Raf/MEK/ERK, PI3K/AKT, and adenylate 

cyclase/PKA are responsible for ICP10PK’s neuroprotective effects as well as bystander 

activity, primarily mediated through the induction of immunomodulatory cytokine 

secretion. All of these pathways likely impinge upon one another fostering an overall pro-

survival and anti-inflammatory niche for neurons which have become infected by HSV-2 

or ∆RR. 

 

1.8.3 ΔPK vaccine candidate/reduced replication 

The studies which demonstrate ICP10PK activity were largely confirmed using 

three mutant constructs: (1) p139TM, an expression vector which lacks the TM domain 

and exhibits no kinase activity; (2) ∆RR, a virus in which the ICP10RR domain has been 

deleted and replaced by LacZ but it retains PK activity and (3) as a negative control, 

ΔPK, a virus in which only the PK domain has been removed, leaving intact the 

endogenous viral promoter and TM domain fused in frame to the RR domain. In the 

above studies ΔPK infected cultures evidenced strong enhancement of apoptosis and 

induction of proinflammatory cytokines148. This induction was largely mediated by 

activation of the JNK/c-Jun pathway leading to the induction of proapoptotic factors such 

as Bad and cleavage of CREB essentially similar to the findings for HSV-1, the UL39 

gene product of which lacks the ability to activate Ras149. ICP10PK is critically involved 

in the replicative cycle of HSV-2, as ΔPK infected Vero cells evidence a delayed onset of 

virus growth under mitotically active conditions (10% FCS) and severely limited 

replication in serum-reduced conditions (>1000-fold reduction vs. WT)139. In organotypic 

striatal cultures, which are a closer approximation to in vivo conditions, ΔPK does not 
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replicate150. When injected subcutaneously, intraperitoneal, intravenously, or 

administered intranasally into wild type rats and mice, ΔPK elicited no mortality or 

behavioral effects in these animals demonstrating a strong safety profile for this mutant 

virus151. 

Because it is severely growth inhibited, ΔPK was investigated for use as a 

therapeutic vaccine for HSV.  ΔPK administration protected against HSV-2 rechallenge 

in immunized mice and guinea pigs.152 ΔPK-induced a potent T helper type (Th1) 

response and increased the number of CD4+ cells producing IFN-γ over those producing 

IL-10. ΔPK also induced IL-12 production from dendritic cells and HSV-2 specific 

CD8+ cytotoxic T-cells. The potent protective immune responses generated by ΔPK 

preclinically allowed it to move into Phase I/II clinical trials as a therapeutic vaccine, 

where it was both well tolerated and highly efficacious in reducing the severity and 

recurrence of HSV lesions over a long term follow-up. The vaccine produced a total cure 

in 37% of individuals exhibiting zero relapses/recurrent lesions over a 6-month  follow 

up period98. These data document the safety of ΔPK, its ability to function in the presence 

of anti-viral immunity allowing for efficacy after repeated administrations, its 

immunostimulatory potential in human patients, and its ability to induce PCD. Taken 

together the data highlight the potential of ΔPK as a novel oncolytic virus candidate. The 

specific rationale is outlined below. 

 

1.9 Experimental Overview 

Cancer occurs through the accumulation of multiple aberrant mutations leading to 

uncontrolled cellular survival and proliferation. These initiating mutations lead to 
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genome wide dysregulation of gene expression, and gross chromosomal abnormalities 

resulting in a heterogeneous mass of interrelated but diverse cells. Current strategies to 

treat cancer include chemotherapeutics and radiation chosen for their ability to kill 

rapidly dividing cells. Two major problems arise as a result of this strategy, namely: (1) 

rapidly dividing epithelial and hematopoietic cells are killed as collateral damage and (2) 

the treatments spare slower growing but highly tumorigenic cancer stem cells (CSC). The 

cells which make up a tumor exhibit high degrees of aneuploidy and heterogeneity. This 

heterogeneity gives tumors inherent evolutionary advantages when challenged by anti-

cancer therapies. Most therapeutics do not ablate each and every last cancer cell. Those 

cells which are not killed are more resistant to that therapy and are responsible for tumor 

recurrence. 

The modern molecular techniques have identified tumor cell specific signaling 

patterns. The development of small molecular inhibitors of these pathways is opening up 

new avenues of therapy which promise enhanced cancer cell selectivity and reduced off-

target cytotoxicities. In the case of melanoma, vemurafenib, a highly specific inhibitor of 

the Ras/Raf/MEK/ERK pathway has recently been approved by the FDA. Current clinical 

data indicate that rapid tumor reductions do indeed occur after vemurafenib treatment of 

melanoma patients harboring V600EB-Raf mutations; however, tumor regrowth rapidly 

occurs. The selection for resistance to these and other single pathway targeted drugs is 

rapid, highlighting the need for cancer therapeutics which simultaneously impinge upon 

multiple molecular signaling nodes to effectively deal with the potential of resistance. 

Dr. Aurelian’s laboratory’s long history of research focusing on ICP10 has 

demonstrated that its protein kinase activity is critically involved in the HSV-2 life cycle. 
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PK activity is absolutely required for efficient virus replication in normal cells. The 

ICP10 gene is regulated through stress signaling, inducing latency reactivation in infected 

neurons. ICP10PK acts as a constitutively activated growth factor receptor which signals 

primarily through Ras/Raf/MEK/ERK but also through PI3K/AKT and adenylate 

cyclase/PKA. This prosurvival signaling has been demonstrated to be a potent gene 

therapeutic strategy for protecting neurons from a wide variety of insults including NGF 

withdrawal, oxidative stress, glutamate excitotoxicity, Parkinson’s-like disease states, 

ALS, and Trisomy 21.  

To interrogate the above neuroprotective activities, a mutant HSV-2 virus, named 

ΔPK, was generated which lacks the protein kinase domain of ICP10. ΔPK was 

successfully shown to be an effective and safe therapeutic vaccine for HSV in both 

animal models and patients. ΔPK was rendered safe by deletion of PK signaling activity, 

which impairs the virus’s ability to replicate in normal cells. Inoculation with ΔPK 

switches the tolerizing Th2 immune response in HSV infected individuals to a Th1 type 

proinflammatory response, highlighting ΔPK’s ability to modulate the immune system. 

This thesis work was based upon the central hypothesis that ΔPK could be used as 

a cancer specific virotherapeutic. Namely, that upregulated prosurvival 

Ras/Raf/MEK/ERK signaling in melanoma would allow for cancer cell specific 

replication of the virus. Furthermore, because ICP10PK inhibits multiple cell death 

programs, ΔPK was expected to concertedly activate multiple PCD pathways, limiting 

the potential of resistance to the virus by any one pathway. ΔPK treatment was expected 

to induce a potent wave of pro-inflammatory responses which can facilitate the 

recognition and clearance of cells by the immune system. 
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In Chapter 2, I describe the initial investigation of ΔPK’s ability to selectively 

replicate within and kill a range of melanoma cell lines and patient derived melanoma 

samples. I also show that virus replication, though specific, is relatively weak and that 

killing of melanoma cells and elimination of treated xenografts is dependent upon the 

induction of calpain and caspase activation and is associated with the induction of the 

autophagy protein, Beclin-1, the tumor suppressor, H11, and a proinflammatory response. 

In Chapter 3, I demonstrate that ΔPK is able to infect, replicate and induce PCD 

in resilient breast and melanoma CSC. ΔPK mediated elimination of anchorage-

independent growth was dependent on calpain and autophagy activation but not caspase 

activation highlighting a significant difference between adherent cultures and their 

tumorigenic (stem-like) counterparts. Furthermore, ΔPK was demonstrated to induce 

calpain activity which enhanced autophagic flux as evidenced by calpain-dependent p62 

degradation, a novel activity not previously described. 

In Chapter 4, I show that ΔPK infection switches melanoma’s immunotolerizing 

secretion of IL-10 to a potent wave of proinflammatory cytokine release, namely GM-

CSF, IL-1β, and TNFα and concomitantly activates stress signaling through JNK 

activation. Proinflammatory cytokine secretion was shown to be associated with TLR2 

signaling. The inflammasome component ASC was associated with activation of the IL-

1β converting enzyme, caspase-1. Virus replication was shown to be dependent upon 

JNK activation. In the final chapter, these findings are summarized and their implications 

are discussed.  
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Chapter 2. The HSV-2 mutant DeltaPK induces melanoma oncolysis 

through nonredundant death programs and associated with autophagy 
and pyroptosis proteinsa 

 

2.1 Introduction 

Malignant melanoma is a commonly diagnosed highly aggressive and drug-

resistant cancer that accounts for ~75% of cancer skin deaths34. Poor prognosis is likely 

related to the failure of conventional therapies to eradicate cancer stem cells that are 

responsible for resistance, invasiveness, and neoplastic progression153. Oncolytic viruses 

are recognized as a promising novel therapy designed to reduce tumor burden by direct 

cell lysis resulting from virus replication and the generation of infectious progeny that 

spreads throughout the tumor154, 155. Virotherapy may also disrupt the tumor vasculature 

and induce anti-tumor immunity154, 155, and it carries the promise of targeting cancer stem 

cells156. Originally developed to target neuronal cancers, the herpes simplex virus (HSV) 

oncolytic constructs were generated from HSV-1 through deletion/modification of the 

neurovirulence gene ICP34.5 and/or the large subunit of ribonucleotide reductase (R1). 

Early clinical trials have shown that oncolytic viral therapies are tolerated well, but their 

efficacy is modest, apparently related to poor virus replication within the tumors157. 

Accordingly, ongoing efforts have focused on improving virus replication through: (i)  

fusogenic alterations that increase virus uptake/spread158, (ii) modulation of the tumor 

milieu159, (iii) suppression of innate immunity or interference with virus-mediated 

immune evasion160, (iv) expression of  immunostimulatory cytokines123, and (v) use of 
                                                      
a Colunga A, Laing J, Aurelian L (2010) The HSV-2 mutant DeltaPK induces melanoma 
oncolysis through nonredundant death programs and associated with autophagy and 
pyroptosis proteins. Gene Therapy, 17 (3): 315-27. 
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cytotoxic drugs in combinatorial therapy160, 161. However, it is becoming increasingly 

evident that evident that the development of oncolytic viruses with distinct molecular 

death functions is highly desirable. Our studies were designed to address this need. They 

are based on the hypothesis that virotherapy strategies that function through the induction 

of multiple non-redundant PCD pathways provide cancer cell killing selectivity and 

increase virus spread through the tumor mass128 while avoiding the replication-related 

limitations of conventional oncolytic viruses. Development of a PCD-based virotherapy 

is particularly desirable for melanoma, which is resistant to a wide spectrum of 

therapeutic modalities162 including canonical oncolytic viruses that function through 

replication-dependent cell lysis163 and evades immune recognition through its suppressive 

milieu/potential164.  

Apoptosis is the best-studied PCD pathway. It is generally mediated by caspases, 

which are cysteine proteases that are activated by cleavage of precursors or by 

autocatalysis165. Caspase-independent PCD mediated by another protease family known 

as calpains, was also reported166. Other PCD pathways include autophagy, which plays a 

major role in cell homeostasis and can crosstalk with apoptosis167 and pyroptosis, a 

caspase-1 dependent inflammatory process that can activate apoptosis through the pro-

inflammatory cytokine TNF-α168. Beclin-1, which is required for autophagy induction, 

acts as a haploinsufficient tumor suppressor protein, the expression of which is inhibited 

in some human tumors169, 170.  

The HSV type 2 (HSV-2) gene ICP10 has a protein kinase (PK) function that 

overrides multiple non-redundant PCD pathways in cultured cells and animal models, 

suggesting that these pathways are likely to be activated by its deletion142, 143, 146, 149, 151, 
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171. We focused on the ICP10PK-deleted virus ∆PK, because it is known to trigger cell 

specific apoptosis141 and it has strong immunotherapeutic activity mediated by the 

induction of CD4+ T helper type 1 (Th1) cells152 that override the Th2 type response 

characteristic of melanoma172. ∆PK also has the distinct advantage that it is tolerated well 

in human patients98, 173. Here, we report that ∆PK has robust melanoma oncolytic activity 

in culture and in animal models (xenografts) through the simultaneous activation of 

multiple non-redundant PCD pathways. These pathways include the activation of distinct 

proteases and are associated with upregulation of the autophagy protein Beclin-1 and the 

pro-apoptotic protein H11/HspB8 previously shown to cause melanoma cell apoptosis43 

and activation of caspase-1 related pyropotosis. To the extent of our knowledge, this is 

the first report that an HSV oncolytic virus causes tumor cell death by these mechanisms, 

notably in melanoma.  

 

2.2 Materials And Methods 

2.2.1 Cells and Viruses   

Melanoma cell lines A2058, A375, MeWo and SKMEL-2 were obtained from the 

American Type Culture Collection (Manassas, VA) and grown in Dulbeco’s modified 

Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS, Gemini Bioproducts, 

Calabasos, CA). For A375, A2058 and MeWo, the medium was supplemented with 

4.5g/L glucose, 1500mg/ml sodium bicarbonate, and 4mM glutamine. Melanoma cultures 

LM, SM, LN, OV, and BUL were established from histologically confirmed metastatic 

melanomas and passaged only 4-6 times prior to study. SM, LN, OV, and BUL were 

obtained from Dr. G. Elias (Franklin Square Hospital, Baltimore MD) and cultured in 
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Iscove’s Modified Dulbecco’s Medium.  LM were obtained from Dr Joseph Sinkovics 

(University of South Florida, Tampa, FL) and cultured in RPMI 1640 medium with 10% 

FBS. Adult primary melanocytes (Cascade Biologics/Invitrogen, Portland, OR) were 

grown in Medium 254 supplemented with 0.5% fetal bovine serum, 3 ng/ml basic 

fibroblast growth factor, 0.2% bovine pituitary extract, 3 μg/ml heparin, 0.18 μg/ml 

hydrocortisone, 5 μg/ml insulin, 5 μg/ml transferrin, 10nM endothelin-1 (human 

melanocyte supplement -2 from Cascade Biologics). WI-38 cells (normal human 

embryonic lung fibroblasts) are an expansion from passage 9 and have a limited lifespan 

of 50 population doublings. Vero cells (African green monkey kidney) were used at a 

relatively late passage (>150) at which they evidence transformation-related properties 

and tumor formation174. WI-38 and Vero cells were cultured in minimal essential medium 

(MEM) with Earle’s salts, 10% FBS, 1mM sodium pyruvate, 0.1mM non-essential amino 

acids.  

The generation and properties of the HSV-2 mutant ∆PK and the revertant virus 

HSV-2(R) were previously described139. ∆PK is deleted in the sequences that encode the 

kinase function of ICP10 (also known as HSV-2 R1). The ICP10 kinase activity functions 

independently of the R1 activity and is required for virus growth. ∆PK expresses the 

kinase negative (ICP10PK deleted) protein p95 under the direction of the authentic 

immediate early (IE) ICP10 promoter139. ΔPK was grown in Vero cells. Cell lysates were 

cleared of cell debris by centrifugation at 3000 x g for 10 min. Virus was used as is or 

further partially purified by centrifugation of the cell lysates at 113,000 x g for 1 hr 

followed by resuspension in MEM with Earle’s salts, 1mM sodium pyruvate, and 0.1mM 

non-essential amino acids, as previously described175.  
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2.2.2 Antibodies, pharmacological inhibitors and chemical reagents  

The generation and specificity of the rabbit polyclonal antibodies to ICP10, which 

recognizes an epitope that is retained by both ICP10 and the PK deleted ICP10 protein 

p95138, 139, 142, 143, 146, 149, 151, 171 and H11/HspB843 were previously described. The 

following antibodies were purchased and used according to manufacturer’s instructions. 

Antibodies to caspase-3 (recognizes both the zymogen and its cleavage products), 

activated caspase-3 (caspase-3 p20), calpain (p80, p78, p28), Beclin-1, ERK1/2, activated 

human caspase-1, and actin were purchased from Santa Cruz Biotechnology (Santa Cruz, 

CA). Antibodies to activated caspase-7, phosphorylated (activated) Akt (pAkt), and total 

Akt were purchased from Cell Signaling Technology (Danvers, MA), antibody to 

phosphorylated (activated) ERK 1/2 (pERK1/2) from Promega (Madison, WI), antibody 

to CD11b  (Mac-1m chain-biotin conjugated) from Leinco (St. Louis, MO), antibody to 

the HSV major capsid protein VP5 from Virusys Corporation (Sykesville, MD) and 

antibody to TNF-α from R&D Systems (Minneapolis, MN). Alexafluor 594-conjugated 

anti-mouse and Alexafluor 488-conjugated anti-rabbit secondary antibodies were 

purchased from Invitrogen (Carlsbad, CA). Horseradish peroxidase-conjugated anti-

rabbit and anti-mouse antibodies were purchased from Cell Signaling Technologies 

(Danvers, MA). The In situ Cell Death Detection Kit (TUNEL) with Fluorescein (FITC) 

labeled dUTP was purchased from Roche (Indianapolis, IN), the calpain inhibitor 

PD150606 from Calbiochem (La Jolla, CA) and the pancaspase inhibitor 

benzyloxcarbonyl-Val-Ala-Asp-fluormethyl ketone (z-VAD-fmk) from Sigma-Aldrich 

(St. Louis, MO) and Promega. 
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2.2.3 Virus growth 

To measure virus replication in culture, the cells were infected at a multiplicity of 

infection (moi) of 0.5 pfu/cell. Adsorption was for 1 hr at 4oC (synchronized infection). At 

this time, virus was removed and the cells were overlaid with MEM with 0% or 10% FBS 

[0 hrs post-infection (p.i.)]. They were collected at various times p.i. and virus was 

released by 7 freeze-thaw cycles and sonication [60 seconds at 25% output power using a 

Sonicator/Ultrasonic processor (Misonix, Inc., Farmingdale, NY]). Virus titers were 

determined by plaque assay on Vero cells and the results are expressed as mean pfu/cell 

(burst size), as described43. To determine the titers of infectious virus in ∆PK-treated 

xenografts, tissues (15 mg samples) collected at 7 days after the last injection were 

suspended in 50 μl of virus adsorption medium (PBS supplemented with 0.2% glucose 

and 0.2% BSA) and homogenized on ice using a sterile pre-chilled micro-pestle. The 

homogenates were cleared of cell debris by centrifugation (3,000xg, 10 min, 4°C) and 

virus titers were determined by plaque assay. 

 

2.2.4 Immunoflourescencence and Immunohistochemistry 

For immunofluorescence, cells grown on glass coverslips, were fixed with 4% 

paraformaldehyde overnight at 4°C.  They were then blocked with 5% normal goat serum 

and 5% BSA (30min at room temperature) and incubated with primary antibody 

overnight at 4°C. They were washed in PBS with 0.1% Tween 20, exposed to 

fluorochrome-labeled secondary antibodies (37°C, 1hr) and mounted in Vectashield with 

DAPI (Vector Laboratories, Burlingame, CA, USA). Slides were visualized with an 
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Olympus BX50 fluorescence microscope utilizing FITC (330–380 nm), UV (for DAPI) 

(465–495nm), and Texas red (540–580nm) cubes. Stained cells were counted in five 

randomly selected 3mm2 fields fields (≥250 cells each) and the percentage of positive 

cells was calculated relative to total number of cells imaged by DAPI, as previously 

described142, 143, 146, 151, 171. For immunohistochemistry, tumor sections were post fixed 

(30min) in 4% paraformaldehyde in PBS (w/v), treated (10min) with 0.3% H202 to 

remove endogenous peroxidases, permeabilized and blocked in blocking solution (10% 

goat serum, 1% BSA, and 0.3% Triton-X 100 in PBS) for 1hr.  Sections (20μm) were 

exposed overnight (4°C) to the primary antibody diluted in blocking solution followed by 

HRP-conjugated secondary antibody diluted in 5% goat serum and 5% BSA (1hr). The 

reaction was developed with ImmPACT DAB substrate (Vector Laboratories, 

Burlingame, CA) and the sections were counterstained with Mayer’s Hematoxylin 

(Sigma-Aldrich). They were dehydrated and mounted in Permount (Sigma-Aldrich). 

Visualization was with an Olympus BX50 microscope under brightfield conditions.  

Stained cells were counted in representative 50μm2 fields in each of 4 tumors/treatment 

and the percentage of positive cells was calculated relative to the total cells/field, as 

described138, 142, 143, 146, 148, 151, 171.  

 

2.2.5 Cell death and TUNEL  

Cell death was determined by trypan blue exclusion and staining with Ethidium 

homodimer-1 (EtHD-1), a cell impermeable red fluorescent nuclear stain that increases 

intensity after binding to the DNA of dead cells. For trypan blue staining, cells were 

collected by centrifugation and the pellet was resuspended in 50μl PBS to which 50μl 
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trypan blue was added. Dead cells were counted by four independent hemacytometer 

counts. EtHD-1 staining was done as per manufacturer’s instructions and visualized by 

microscopy at 4x magnification using a Nikon E4100 fluorescent microscope utilizing 

phase contrast and a Texas Red (540-580nm) cube. Stained cells were counted in five 

randomly selected 3mm2 fields  (≥250 cells each), and the percentage positive cells was 

calculated relative to total number of cells imaged by phase contrast microscopy142. 

Detection of apoptotic DNA fragmentation with 3'-OH ends by the terminal 

deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay used the 

In situ Cell Death Detection kit (Roche) as per manufacturer’s instructions.  

 

2.2.6 Immunoblotting 

Cultured cells were lysed with radioimmunoprecipitation buffer [RIPA; 20 mM 

Tris-HCl (pH 7.4), 0.15 mM NaCl, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate 

(SDS), 0.5% sodium deoxycholate] supplemented with protease and phosphatase 

inhibitor cocktails (Sigma-Aldrich) and sonicated twice for 30 seconds at 25% output 

power with a Sonicator ultrasonic processor (Misonix, Inc., Farmingdale, NY). Xenograft 

tissues were weighed, resuspended in RIPA buffer (0.5ml/g), homogenized using a pre-

chilled motorized pestle (Kontes, Vineland NJ) and cleared of cell debris by 

centrifugation (10,000g; 4°C for 30min). Protein concentrations were determined by the 

bicinchoninic assay (Pierce, Rockford, IL) and 100 μg protein samples were resolved by 

SDS-polyacrylamide gel elecrophoresis (SDS-PAGE) and transferred to polyvinylidene 

fluoride membranes. Immunoblotting was as previously described93, 138, 139, 142, 143, 146, 149, 

151, 171, 176-178. Briefly, membranes were blocked (1hr, room temperature) in 5% nonfat 
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milk in TN-T buffer (0.01 M Tris–HCl pH 7.4, 0.15 M NaCl, 0.05% Tween-20), exposed 

(1hr) to primary antibodies, washed in TN-T buffer and incubated (1 hr) in HRP-

conjugated secondary antibodies. Detection was with ECL reagents and high 

performance chemiluminescence film Hyperfilm ECL from Amersham (Pittsburg, PA). 

Quantitation was by densitometric scanning with the Bio-Rad GS-700 imaging 

densitometer (Bio-Rad, Hercules, CA). The results of three independent experiments are 

expressed as the mean actin-adjusted densitometric units ± s.d.  

 

2.2.7 In vivo studies 

The Animal Care and Use Committee of the University of Maryland School of 

Medicine approved all the described studies. Six-eight week old male nude mice (Balb/c 

nu/nu) were obtained from Charles River Laboratories (Wilmington, MA). To establish 

subcutaneous melanoma xenograft models, nude mice were given A2058, A375 or LM 

melanoma cells (107 in 100μl) by subcutaneous injection into both the left and right hind 

flanks. When the tumors became palpable (~200 mm3 in volume; day 14 for A2058 and 

day 7 for A375 and LM xenografts), animals were randomly assigned to treatment groups. 

Treatments consisted of intratumoral injections of partially purified ∆PK (106 or 107 pfu) 

in a total volume of 100μl of cell culture medium or 100μl of virus-free culture medium 

(control). The treatment protocol consisted of 4 injections given at weekly intervals (1 

injection/week). Every other day, minimum and maximum perpendicular tumor axes 

were measured with microcalipers and tumor volume was calculated using the formula: 

volume=[(length x width2)/2]. Animals were maintained in pathogen-free conditions and 
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were euthanized when their tumors reached 1.5 cm in any one direction. Tissues were 

collected after euthanasia, and processed for virus titration, staining and immunoblotting.  

 

2.2.8 Statistical Analysis  

Analysis of variance (ANOVA) was performed with SigmaStat version 3.1 for 

Windows (Systat Software, Point Richmond, CA). Tumor volumes were compared over 

time between untreated and treated groups by pairwise two-way ANOVA followed by the 

Tukey’s honestly significant difference test. Kaplan-Meier survival analysis was done 

with 1.5 cm of tumor growth in any one dimension as the terminal event and curve 

comparison was by Log Rank (Mantel-Cox) analysis. 

 

2.3 Results 

2.3.1 ∆PK has tumor-selective growth 

∆PK is growth restricted in Vero (African green monkey kidney) cells cultured in 

low serum, a property associated with its failure to activate Ras signaling pathways138, 139. 

As the Ras and B-Raf pathways are activated in most melanoma cultures37, we wanted to 

know whether they compensate for virus growth, providing conditions that enable the 

tumor selectivity characteristic of oncolytic viruses. We studied a panel of 9 human 

melanoma cultures that includes established (A2058, A375, SKMEL-2, MeWo) and 

freshly prepared lines (LM, SM, LN, OV, BUL) with different patterns of activated ERK 

and/or Akt (Fig. 7). Controls were Vero cells, which grow in agarose and cause tumors in 

animals, at least at a relatively high passage174 and normal human lung fibroblasts (WI-

38) and melanocytes, both of which are primary growth-limited cultures. The cells were 
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infected with ∆PK (moi = 0.5) and assayed for virus growth by plaque assay, as described 

in Materials and Methods. Consistent with previous findings138, 139, the growth of HSV-2 

and the revertant virus HSV-2(R) began at 4 hrs p.i. and reached a maximal burst size 

(976 ± 12 pfu/cell) at 24 hrs p.i. By contrast, the growth of ∆PK began at 12hrs p.i. and 

reached maximal, albeit low levels (1.1± 0.1 pfu/cell) at 36 hrs p.i. (Fig. 8A). This 

temporal restriction was released in melanoma cultures, as shown for A2058, MeWo, SM 

and A375 cells, with growth beginning at 4 hrs p.i. as determined both by the burst size 

(pfu/cell) (Fig. 8B) and staining with antibody to the major capsid protein VP5 (Fig. 8C). 

However, the maximal yields of infectious virus (1.1 ± 0.2 pfu/cell), seen at 18-24 hrs p.i. 

were similar to those seen in Vero cells (Fig. 8B). The number of VP5+ cells was also 

relatively low (16 ± 1% at 48hrs p.i) and similar results were obtained for melanoma 

cultures LM, SKMEL-2, LN, OV and BUL.  This was unrelated to the ability of ∆PK to 

infect the cells, because the percentage cells staining with ICP10 antibody (recognizes the 

PK deleted ICP10 protein, also known as p95), which is regulated with IE kinetics and is 

expressed in the absence of VP5179, 180, was consistent with the rate of infection for the 

studied moi (25 ± 5% as early as 4hrs p.i.) (Fig. 8C). ∆PK did not grow in WI-38 cells 

(Fig. 8B) but there was a similar percentage of cells staining with ICP10 antibody (27 ± 

3%, Fig. 8C.), indicative of infection. Normal melanocytes behaved like WI-38 cells 

(data not shown). These findings are in contrast to those obtained for HSV-2 and HSV-2 

(R), the growth of which was similar to that seen in Vero cells for all the studied cultures 

(921 ± 54 and 737 ± 28 pfu/cell, respectively at 24hrs). Collectively, the data indicate that 

∆PK has selective, albeit relatively low growth potential for transformed/tumor cells.  
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Figure 7. Melanoma cultures have distinct ERK/Akt activation patterns. 
  
Extracts of melanocytes and representative melanoma cultures MeWo, A2058, SM, and 
A375 were immunoblotted with antibodies to pERK1/2, total ERK1/2, pAKT and total 
AKT and the results quantitated by densitometry.  pERK/ERK and pAKT/AKT ratios 
were calculated and the results expressed as fold activation± s.d. relative to melanocytes. 
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Figure 8.  ∆PK is a growth-restricted replication competent oncolytic virus. 
(a) Vero cells were infected with HSV-2, ΔPK, or HSV-2(R) (moi = 0.5) in serum-free 
medium and virus titers were determined by plaque assay.  Results are expressed as mean 
pfu/cell (burst size). (b) A2058, MeWo, SM, A375 and Wi-38 cells were infected with 
∆PK and examined for virus growth as in panel (a). Similar growth patterns were seen in 
melanoma cultures LM, SK-MEL-2, LN, OV and BUL. ∆PK did not grow in WI-38 cells 
and in normal melanocytes, but HSV-2 and HSV-2(R) replicated equally well in all the 
cultures. (c) ∆PK-infected A2058 and WI-38, cells were stained with Alexafluor-488 
labeled ICP10 and Alexafluor-594 labeled VP5 antibodies in double 
immunofluorescence. As described in Materials and Methods, ICP10 antibody recognizes 
both the wild type protein and the PK-deleted ICP10 protein, p95. Cells were counted in 
3 randomly selected fields (≥ 250 cells) and the percentage staining cells calculated 
relative to total cells identified by DAPI staining.  Quantitative results are shown for 
A2058 cell at 4-72 hrs p.i., and for WI-38 cells at 48hrs p.i. Similar results were obtained 
for the partially purified virus. 

 



87 
 

2.3.2 ∆PK-induced melanoma oncolysis includes a robust component other than 

virus replication. 

The ∆PK-infected melanoma cultures were examined for cell death by morphology 

[cytopathogenic effect (CPE)], trypan blue exclusion and EtHD-1 staining at 0-72hrs p.i. 

Cultures mock-infected with PBS and ∆PK-infected freshly isolated normal melanocytes 

and WI-38 cells were studied in parallel and served as controls. ∆PK caused a time-

dependent increase in CPE in all the melanoma cultures, with virtually all cells becoming 

rounded, refractile and detached by 72 hrs p.i. This was accompanied by increased 

staining with trypan blue (85-95% positive cells at 72hrs p.i.) or EtHD-1 (63-85% 

positive cells at 72hrs p.i.) and similar results were obtained for cultures grown in serum-

free medium or in medium supplemented with 10% FBS (Fig. 9A, B). Duplicate cultures 

obtained at the same times were stained with antibody to VP5 (Fig. 8C) and the 

percentage dead cells (trypan blue and/or EtHD-1+) was evaluated relative to the 

percentage of VP5 staining cells. The ratio of trypan blue+ or EtHD-1+/VP5+ cells (Fig. 

9; Fig 8C) ranged between 1.8-4.1 for the different cultures at 24-72hrs p.i, with an 

average of 2.8, suggesting that a major component of cell death is through a program 

other than lysis caused by productive virus replication (bystander effect). In this context it 

is important to point out that VP5 also did not co-localize with TUNEL, a marker of 

canonical apoptosis, which was a relatively minor component (12.4 ± 1.1% cells at 48 hrs 

p.i) of the ∆PK bystander effect (Fig. 10). ∆PK-infected primary melanocytes and WI-38 

cells did not stain with trypan blue or EtHD-1 (3.4 - 5.7% positive cells throughout the 

study interval) (Fig. 9B), supporting the conclusion that ΔPK induced cell death is 
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selective for cancer/transformed cells. Similar results were obtained with virus purified as 

previously described175. 

 

 

Figure 9. ΔPK-mediated melanoma oncolysis includes a robust programmed cell 
death (PCD) bystander component.  
(a) A2058 and SM melanoma cultures infected with ΔPK (moi = 0.5) or mock infected 
with adsorption medium were cultured in medium without (0%) or with (10%) FBS and 
cells were stained with Trypan Blue at various times p.i. Four independent 
hemocytometer counts were performed and percentage staining cells was calculated. 
Results from 3 replicate experiments are expressed as mean percentage staining cells. (b) 
Melanoma, primary normal melanocytes and normal fibroblasts (WI-38) infected and 
cultured in serum-free medium were stained with EtHD-1.  Cells were counted in 3 
randomly selected fields (≥ 250 cells) and the percentage staining cells calculated as in 
(a). The image panels are ∆PK infected A2058 cells at 72h p.i. and are representative of 
all the melanoma cultures. Similar results were obtained for the partially purified virus. 
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Figure 10. Apoptosis is a small component of the ∆PK-induced bystander effect.  
A2058 cells were infected with ∆PK (moi = 0.5). At 4-48hrs p.i., the cells were stained 
with Alexafluor 594-labeled VP5 antibody (reflects virus replication) and examined for 
cell death using the In situ Cell Death Detection kit (Roche) that employs FITC-labeled 
dUTP according to the manufacturer’s instructions. Cells were counted in five randomly 
selected fields (≥250 cells), and the percentage positive cells calculated relative to total 
cells identified by DAPI staining. Results are expressed as percentage VP5+ and 
TUNEL+ (apoptotic) cells ± s.d.  
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2.3.3 Calpain and caspases-7 and -3 are activated in ∆PK-infected melanoma 
cultures. 

Having seen that ∆PK-mediated melanoma cell death includes a component other 

than virus replication, we considered the possibility that this component involves PCD. 

We considered caspases-3 and -7, which occupy non-redundant roles within the cell 

death machinery181 and calpains, which act through different PCD pathways 

independently or in cooperation with the caspases166, 171. Extracts of melanoma cells 

infected with ∆PK for 0-24hrs were immunoblotted with antibodies to calpain, and 

caspases-7 and -3 and the results were quantitated by densitometric scanning, as 

described in Materials and Methods. As shown for A2058 cells, ∆PK caused sequential 

and apparently independent activation of these three proteases. Calpain activation, 

expressed as an increased ratio of the active (p76) to inactive (p80) forms of the catalytic 

subunit, was first seen at 1 hr p.i (Fig 11A) and it was followed at 24 hrs p.i. by the loss 

of the p28 regulatory subunit, which is another marker of enzyme activation18 (Fig 11A). 

Activation of caspase-7 was first seen at 4 hrs p.i, as evidenced by the appearance of the 

caspase-7p20 cleavage product and it continued with time p.i., with the smaller p17 and 

p11 breakdown products seen at 24 hrs p.i. (Fig. 11B). Activation of caspase-3 was first 

seen at 24 hrs p.i., and it appeared to be less robust than that seen for caspase-7, as 

determined by the levels of the respective cleavage products (Fig. 11B). 

As calpain can attenuate or facilitate the activity of the caspases30, 182 and it is 

activated before them, we wanted to know whether calpain activation contributes to the 

ability of ∆PK to activate the caspases. Extracts from duplicate cultures infected with 

∆PK in the absence or presence of the calpain inhibitor PD150606 (100μM) were 

immunoblotted with antibodies to calpain followed by caspases-7 and -3. Calpain 
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activation was inhibited by PD150606, as evidenced by reduced p76/p80 ratios and 

retention of p28 (Fig 11A). By contrast, the levels of the caspase cleavage products 

(caspase-7p17 and p11 and caspase-3p17) were increased, at least at 24hrs p.i. (Fig. 11B). 

This is not a technical artifact, because caspase activation was inhibited by the pan-

caspase inhibitor z-VAD-fmk (100μM, Sigma-Aldrich; 20μM Promega), as shown for 

caspase-7 in Fig. 11C. z-VAD-fmk did not affect calpain activation, and neither 

PD150606, nor z-VAD-fmk had any effect on virus growth (data not shown).  Similar 

results were obtained for all the studied melanoma cultures, both in terms of protease 

activation and its inhibition. Collectively, the data indicate that calpain reduces, but does 

not abrogate the ability of ∆PK to cause caspase activation, supporting the interpretation 

that these are independent events.  
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Figure 11. Calpain and caspases-7 and -3 are activated in ΔPK infected melanoma cells.  
(a) A2058 cells were infected with ∆PK (moi = 0.5) or mock infected with PBS in the absence or 
presence of the calpain inhibitor PD150606 (100 μM) and cell extracts obtained at various times 
p.i. were immunoblotted with antibody to calpain that recognizes the inactive (p80) and activate 
(p76) species. Data were quantified by densitometric scanning, as described in Materials and 
Methods and results are expressed as the ratio of the p76/p80 densitometric units ± s.d. The 
extracts of A2058 cells infected with ∆PK as in (a) were immunoblotted with antibody to the 
calpain p28 regulatory subunit. Data were quantified by densitometric scanning and results are 
expressed as densitometric units ± s.d.  Representatives of three replicate experiments are shown  
(***p<0.001 vs. Mock). (b) The immunoblots in panel (a) were sequentially stripped and re-
probed with antibodies to activated caspase-7, activated caspase-3, and actin. Data were 
quantified by densitometric scanning, as described in Materials and Methods, and results are 
expressed as densitometric units ± s.d. (**p<0.01, ***p<0.001 vs. Mock). (d) Extracts of A2058 
melanoma cells infected with ∆PK (moi = 0.5) with or without z-VAD-fmk (Sigma-Aldrich, 
100μM or Promega, 20μM) and cell extracts obtained at 24h p.i. were immunoblotted with 
antibody to activated caspase-7. Representatives of three replicate experiments are shown 
(***p<0.001 vs. ΔPK alone). 
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2.3.4 ∆PK-induced oncolysis is calpain and caspase dependent. 

To examine the role of the activated proteases in ∆PK-induced melanoma cell 

death, the cultures were mock infected with PBS or infected with ∆PK in the absence or 

presence of PD150606 or/and z-VAD-fmk and cell death was determined at 0-72 hours 

p.i by EtHD-1 staining. As shown in Fig. 12 for A2058 and A375 cells, ∆PK caused a 

time-dependent increase in the percentage EtHD-1+ cells that reached maximal levels at 

72hrs p.i. (70.1 ± 5.4% and 78.4 ± 6.8%, respectively). This percentage was significantly 

decreased by PD150606 (30.7±2.8% and 49.1± 2.5% for A2058 and A375 cells, 

respectively) or z-VAD-fmk (35.8±2.5% and 49.6±3.7% for A2058 and A375 cells, 

respectively), but cell death was abrogated in cells treated with the combination of both 

inhibitors. The data indicate that calpain and caspase activation contribute to ∆PK-

induced melanoma oncolysis in an additive fashion, supporting the conclusion that the 

two death pathways function independently.   
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Figure 12. ∆PK-induced melanoma cell death is both calpain and caspase-
dependent.  
(a) A2058 cells were infected with ΔPK (moi = 0.5) or mock-infected with PBS and 
cultured without or with PD150606 (100μM), z-VAD-fmk (20μM) or both PD150606 
and z-VAD-fmk. DMSO (28mM) was used as vehicle control.  Replicate cultures (n = 3) 
were stained with EtHD-1 at various times p.i. and the percentage staining cells 
calculated as in Fig. 2. (b) A375 cells were infected with ΔPK (moi = 0.5) in the absence 
or presence of inhibitors and stained with EtHD-1+ as in (a). ∆PK-infected WI-38 cells 
and mock infected, DMSO treated cells served as controls.  
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2.3.5 ∆PK inhibits the growth of melanoma xenografts. 

To examine whether ∆PK has oncolytic activity in melanoma xenografts, A2058, 

A375 and LM cells were implanted into Balb/c nude mice by subcutaneous (s.c.) 

injection into both flanks. When the tumors became palpable (~200mm3), the animals 

were given intratumoral injections (100μl) of partially purified ∆PK (106 and 107 per 

injection) or culture medium control. A total of 4 injections were given at weekly 

intervals beginning when the tumors were palpable (day 14 for A2058 and day 7 for 

A375 and LM xenografts). The virus dose is unrelated to the specific cell line in which it 

was used and was chosen in order to determine an efficacy range. Tumor volume was 

calculated as described in Materials and Methods. All the mock-treated xenografts 

evidenced time-dependent growth, with A2058 reaching maximal volume at 42 days (Fig. 

13A), A375 at 35 days (Fig. 13B) and LM at 28 days (Fig. 13C), when the mice were 

sacrificed.  ∆PK caused a significant (p<0.001) decrease in the growth of all the tumors. 

In the case of the LM xenografts, complete remission was seen for 7/8 tumors (87.5%) 

followed for 5 months after the last ΔPK injection (Fig. 13C). The lone recurrent tumor 

(seen in one animal) did not reach endpoint criteria (1.5 cm in diameter) by this time. 

Compared to the mock-treated animals, survival was significant (p<0.001), ranging 

between 80% for A2058 and 100% for LM xenografts, as shown for the latter in Fig. 13D. 
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Figure 13.  ΔPK inhibits the growth of melanoma xenografts.  
(a) A2058 melanoma cells (107) were implanted subcutaneously into both flanks of 
Balb/c nude mice and given intratumoral (i.t.) injections (100μl) of ∆PK (n=12; 107 pfu) 
or growth medium (n=6; mock) beginning on day 14, when the tumors were palpable 
(~200mm3). A total of 4 injections were given once weekly and tumor volume was 
calculated as described in Materials and Methods. The difference between mock and ΔPK 
treated animals became statistically significant on day 32 (p<0.001 by 2-way ANOVA) 
and remained significant to the end of the study. Representative animals and tumor 
tissues were photographed at day 42. (b) A375 xenografts were established as in (a) and 
given 4 i.t. injections of ∆PK (n=6; 106 pfu) or growth medium (n=6) at weekly intervals 
beginning on day 7, when the tumors were palpable. The difference between mock and 
ΔPK treatment became statistically significant at day 23 and remained significant by the 
end of the study (p<0.001 by 2-way ANOVA). (c) LM melanoma cells (107) were 
implanted subcutaneously into both flanks of Balb/c nude mice and given 4 i.t. injections 
of ∆PK (n=6; 106 pfu) or growth medium (n=6; mock) at weekly intervals beginning on 
day 7, when the tumors were palpable. Tumor volume in 4 animals was monitored for 5 
months after the last ∆PK injection. The difference between mock and ΔPK treatment 
became statistically significant on day 14 (p<0.001 by 2-way ANOVA) and remained 
significant to the end of the study. Three ΔPK-treated mice showing complete tumor 
eradication were photographed at day 35. (d) Kaplan-Meier survival analysis in animals 
given LM xenografts with the terminal event set at 1.5cm diameter of growth in any one 
direction. ∆PK is significantly different from mock (p<0.001) by Log Rank (Mantel-Cox) 
analysis. 
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2.3.6 Inhibition of tumor growth is associated with low levels of sustained virus 

replication and calpain/caspase activation. 

Mock and ∆PK-treated xenograft tissues were collected at 7 days after the last 

∆PK injection and tissue homogenates were examined for virus replication (infectious 

virus titers) and activation of calpain and caspases-7 and -3, as described in Materials and 

Methods. Virus titers in the ∆PK-treated tissues ranged between 2x102 and 1.5x105 

pfu/ml. In addition, serial sections encompassing the entire tumor mass stained with VP5 

antibody with ~18-25% VP5+ cells/section, indicative of relatively good virus 

penetration. Virus was not isolated from the mock-treated tissues and they did not stain 

with VP5 antibody (Fig. 14). Calpain and caspases-7 and -3 were activated in ∆PK- but 

not mock-treated tissues, as evidenced by: (i) increased ratios of the calpain p76/p80 

isoforms, (ii) loss of the p28 regulatory subunit, (iii) presence of the caspase-7p20 and 

p17 cleavage fragments, and (iv) loss of pro-caspase-3p30 (Fig. 15). Protease activation 

is due to ΔPK and is not an artifact caused by differences in the tumor microenvironment, 

because activation was not observed in mock-treated tumors and the proteases were also 

activated by ΔPK in cultured melanoma cells. Collectively, the data indicate that ∆PK 

replicates at relatively low but sustained levels (still seen at 7 days p.i.) in the melanoma 

xenografts, where it triggers activation of calpain as well as caspases-7 and -3. 
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Figure 14. ∆PK replicates in xenograft tissues. 
Serial sections of A2058 xenografts mock treated or treated with ΔPK as in Fig. 5a were 
collected 7 days after the last ∆PK injection. They were stained with VP5 antibody by 
immunohistochemistry and counterstained with Mayer’s Hematoxylin. 
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Figure 15. Calpain and caspases-7 and-3 are activated in ΔPK-treated xenografts.  
A2058 xenograft tissues mock treated or treated with ΔPK as in Fig. 5a were collected 7 
days after the last ∆PK injection and extracts were immunoblotted with antibodies to 
calpain (a) stripped and sequentially re-blotted with antibodies to activated caspase-7 (b), 
pro-caspase-3 (c) and actin. Each lane represents a different tumor. Representatives of 
three replicate experiments are shown for each antibody. Data were quantified by 
densitometric scanning as described in Materials and Methods, and results are expressed 
as densitometric units (*** p<0.001 vs. Mock). 
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2.3.7 ∆PK upregulates Beclin-1 and H11/HspB8 in melanoma cultures and 

xenografts. 

Two series of experiments were done in order to examine whether ΔPK induced 

cell death is also associated with the activation of other death pathways. In the first series, 

extracts of A2058 cell cultures mock-infected or infected with ∆PK were immunoblotted 

with antibodies to the autophagy protein Beclin-1 and the heat shock protein H11/HspB8. 

Beclin-1 is a critical autophagy protein that is emerging as a potent tumor suppressor and 

is downregulated in some human tumors169, 170. Its expression in melanoma is unknown. 

H11/HspB8 is a small heat shock protein that is silenced in 50-60% of melanomas and 

triggers apoptosis upon forced expression43.  The data summarized in Fig. 16A, B 

indicate that Beclin-1 was minimally expressed in mock-infected cultures and there was 

no expression of H11/HspB8. ∆PK upregulated both Beclin-1 and H11/HspB8, with 

expression first seen at 1hr and 4hrs p.i., respectively. The second series of experiments 

examined Beclin-1 and H11/HspB8 expression in melanoma xenografts. Beclin-1 

expression was inhibited in 4/6 mock-treated tumors and ∆PK caused its upregulation in 

all the studied xenografts (Fig. 16C). H11/HspB8 expression was also inhibited in the 

mock treated xenografts and upregulated in 3/5 of those treated with ΔPK (Fig. 16D).  

Beclin-1 and H11/HspB8 upregulation is not an artifact caused by the tumor 

microenvironment, because it was also seen in cultured melanoma cells and it was not 

seen in the mock-infected tumors. 
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Figure 16.  Beclin-1 and H11/HspB8 are upregulated in ∆PK-treated cultures and 
xenografts.  
A2058 cultures were infected with ∆PK (moi = 0.5) and cell extracts obtained at various 
times p.i. were immunoblotted with antibody to Beclin-1 (a), stripped and re-probed with 
antibodies to H-11/HspB8 (b) and actin. Duplicates of the A2058 xenografts examined 
for calpain and caspase activation in Fig. 7 were immunoblotted with antibody to Beclin-
1 (c) stripped and re-probed with antibodies to H11/HspB8 (d) and actin. Each lane 
represents a different tumor. Representatives of three replicate experiments are shown for 
each antibody. Data were quantified by densitometric scanning as described in Materials 
and Methods, and results are expressed as densitometric units. (*** p<0.001 vs. Mock) 
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2.3.8 Caspase-1-related inflammation is associated with ∆PK oncolysis.  

Pyroptosis is a caspase-1 dependent inflammatory form of cell death that involves 

formation of the inflammasome complex and was originally observed in macrophages183, 

184. As ∆PK induces production of the pro-inflammatory cytokine TNF-α in the 

macrophage-related microglia cells148, we wanted to know whether ∆PK-induced 

oncolysis is also associated with inflammatory processes, which are a known component 

of apoptosis. Duplicates of the mock- and ∆PK-treated xenografts were stained with 

antibodies to activated caspase-1, CD11b (macrophage marker) and TNF-α, which is 

known to activate caspase-1168, trigger apoptosis and slow the growth of some tumors185. 

Staining with all three antibodies was seen in the ∆PK, but not mock-treated tissues (Fig. 

17), indicating that caspase-1 activation and inflammation, both of which are considered 

markers of pyroptosis148, 183, are also associated with ∆PK-induced melanoma oncolysis 

in vivo.  
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Figure 17.  ∆PK-treated xenografts evidence inflammatory processes.  
(a) Duplicates of the A2058 xenografts in Fig. 6, were stained with antibodies to CD11b 
(macrophage marker), TNFα or activated caspase-1 (caspase-1p20) by 
immunohistochemistry and counterstained with Mayer’s Hematoxylin. (b) Staining cells 
were counted in three randomly selected fields (50μm2) and the mean number of positive 
cells per area was calculated. (***p<0.001 vs. Mock) 
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2.4 Discussion  

The salient feature of the data presented in this report is the finding that the 

ICP10PK-deleted virus ∆PK kills melanoma cells in culture and in animal models 

through activation of functionally distinct proteases (non-redundant PCD pathways) and 

in association with upregulation of Beclin-1, H11/HspB8 and caspase-1-related 

inflammation. The following comments seem pertinent with respect to these findings. 

Oncolytic viruses are engineered and selected to exploit genetic defects in tumor 

cells that enable selective virus replication. They are designed to reduce the tumor burden 

by cell lysis resulting from virus replication and the generation of infectious virus 

progeny that spreads throughout the tumor mass154, 155. Their therapeutic promise 

includes the ability to lyse cancer stem cells153, 156 and stimulate anti-tumor immunity154, 

155. HSV is a particularly promising oncolytic virus because it has a broad host spectrum, 

is cytolytic, its genome does not integrate into the cellular genome precluding insertion 

mutagenesis, and antiviral drugs are available to safeguard against unfavorable virus 

replication. However, cumulative data, including early clinical trials, indicate that the 

therapeutic benefits of virotherapy are modest157. As oncolytic viruses are expected to 

spread through the tumor mass lysing the cells through productive replication, their 

limited efficacy was attributed to inhibition of replication by antiviral immunity, 

incomplete dissemination in the tumor mass, and the failure to replicate in quiescent cells, 

which are the majority of cells in the tumor at any one time186, 187. Although ongoing 

efforts are focused on improving virus replication, it is becoming increasingly evident 

that the development of oncolytic viruses with distinct molecular death functions is 

highly desirable. 
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Our studies follow on recent findings that cancer cell death enhances the 

penetration and efficacy of oncolytic viruses128. They are based on the proposition that 

oncolytic viruses that induce multiple PCD pathways that are not the direct outcome of 

productive virus replication, have increased therapeutic efficacy and are not subject to the 

limitations currently ascribed to canonical virotherapy. We focused on melanoma, a 

highly aggressive and drug-resistant cancer of neural crest origin that does not respond to 

replication-based conventional virotherapy163, 188, and on ∆PK, an HSV-2 mutant that 

triggers apoptosis in neurons141. ∆PK differs from the recently described HSV-2 

oncolytic construct FusOn-H2, both in its construction and properties. ∆PK is deleted in 

the ICP10 kinase catalytic domain but it retains its transmembrane domain, which is 

required for membrane localization, protein function and virion stability139, 176-178. The 

kinase deleted ICP10 protein (also known as p95) is present in the virion tegument 

preserving the structural integrity required for optimal virus uptake and thereby, tumor 

penetration176. p95 expression is directed by the authentic ICP10 promoter that has IE 

kinetics and responds to AP-1 transcription factors93 which regulate genes involved in 

tumor cell apoptosis189. ∆PK does not have any genetic defect other than this deletion138, 

139, and it has the distinct advantages of: (i) inducing a Th1 response152 that can override 

the melanoma Th2-based immunosuppressive milieu164, 172, and (ii) being tolerated well 

in humans98, 173. FusOn-H2 differs from ∆PK in that both the ICP10PK catalytic and 

transmembrane domains were replaced with EGFP and the resulting protein was placed 

under the direction of the promiscuous CMV promoter. Most importantly, the virus was 

selected for fusogenic activity imparted by an unrelated and uncharacterized genetic 

alteration that is credited with improved virus replication within tumor cells and oncolytic 



106 
 

activity158, 190. Although DNA fragmentation with 3'-OH ends (TUNEL) was reported in 

one FusOn-H2 treated tumor190, fusogenic activity is considered to be a critical 

mechanism of oncolysis, as reflected by the virus name158, 190.  

Unlike HSV-2 and HSV-2(R) that replicated equally well in all the examined cell 

types, ∆PK had selective growth potential in cancer/transformed cells. It replicated in 

melanoma and Vero cells, but not in normal fibroblasts (WI-38) and melanocytes, at least 

under the conditions used in these studies. This was not due to the absence of infection, 

because the percentage cells staining with antibody to ICP10, which is an IE protein that 

is expressed in the absence of other viral proteins179, 180, was similar to that seen in the 

melanoma and Vero cultures and consistent with that expected for the used moi. The 

maximal levels of virus growth in the melanoma cultures was significantly lower than 

that of ∆PK-induced cell death, with a trypan blue+ or EtHD-1+/VP5+ ratio of 1.8-4.1 for 

the different cultures at 24-72hrs p.i. and similar results were obtained for melanoma 

cultures with distinct patterns of activated survival/proliferation pathways. As VP5 

staining is a marker of infectious progeny production, the data suggest that cell death was 

primarily due to a program other than lysis caused by productive virus growth 

(replication bystander effect). We conclude that the bystander effect was due to activation 

of non-redundant death programs because: (i) calpain and caspases-7 and -3 were 

activated in ∆PK-, but not mock-infected cultures, and (ii) cell death was reduced by the 

calpain inhibitor PD150606 or the pancaspase inhibitor z-VAD-fmk (used at previously 

established effective doses), but it was only abrogated by the combination of both 

inhibitors. Calpain activation was first seen at 1 hr p.i., when it presented as an increased 

p76/p80 ratio. It increased with time and, by 24hrs p.i., was accompanied by the loss of 
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the regulatory p28 subunit. Interestingly, while caspases-7 and -3 generally compensate 

for each other and are not simultaneously activated, our data indicate that both were 

activated by ∆PK. Activation of caspase-7, was first seen at 4 hrs p.i. and it increased 

with time, such that by 24hrs p.i, the p20 cleavage fragment was replaced by the lower 

fragments p17 and p11. Caspase-3 activation was not seen before 24 hrs p.i. This is 

consistent with recent reports that these two caspases are differentially activated191 and 

they have distinct functions/targets181, such that maximal cell death is only seen when 

both are simultaneously activated192.  

Apoptosis is the best studied PCD and it involves both caspase-dependent 

extrinsic and intrinsic pathways165. However, canonical apoptosis (measured by TUNEL+ 

cells) was a relatively small component of the ∆PK-induced cell death.  Caspase-

independent death pathways were also reported, for example through AIF release from 

the mitochondria and its translocation to the nucleus145, 166, as was death caused by both 

caspase-dependent and independent pathways193, 194 or by distinct PCD pathways, such as 

autophagy195.  Calpains are Ca2+-dependent neutral cysteine proteases, the relationship of 

which to the caspases is still poorly understood. Some reports suggest that calpains act 

independently of the caspases in different PCD pathways, while others conclude that they 

cooperate. In the latter case, calpain activation was found to follow or initiate the 

activation of the caspases145, 196. Calpain cleavage of caspases-9 and -3 was reported to 

attenuate or facilitate their activity during apoptosis30, 182, but more recent data suggest 

that calpains function in caspase-independent PCD193, 197, 198. As activation of calpain and 

caspase-7 preceded the onset of ∆PK replication, although activation of caspase-3 was a 

relatively late event, we assume that distinct virus functions are involved in the activation 
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of the three proteases, at least some of which are independent of a fully productive 

replicative cycle. In this context it is important to point out that expression of the IE gene 

ICP0 was shown to act as an initial inducer of apoptosis199, but the contribution of 

cellular genes200 that are likely upregulated by distinct virus functions, cannot be 

excluded. Ongoing studies are designed to examine additional melanoma cultures, 

determine the relative contribution of caspase-7 vs caspase-3 towards melanoma cell 

death and identify the virus genes/functions that differentially activate the distinct 

proteases in ∆PK-infected melanoma cultures.  

 Significantly, ∆PK had robust oncolytic activity in melanoma xenografts. The 

virus was given at a relatively low dose (106-107 pfu) but in repeated weekly intratumoral 

injections, a protocol selected to: (i) favor safety while improving tumor penetration 

through repeated exposure201 and (ii) reduce the risk of developing virus-resistant 

melanoma cells resulting from poor killing, as previously described163. Although these 

studies were limited to 3 melanoma cultures (A2058, A375 and LM), tumor growth was 

inhibited in all cases with virtually absolute survival (80-100%). In the case of the LM 

xenografts, complete remission was seen for 7/8 tumors (87.5%) followed for 5 months 

after the last ΔPK injection and the lone recurrent tumor did not reach endpoint criteria 

(1.5 cm in diameter) by this time.  

Analysis of the ∆PK-treated xenografts at 7 days after the last injection indicated 

that a small number of well distributed cells stained with VP5 antibody and the tissues 

were positive for low titers of infectious virus, indicative of sustained virus replication 

and relatively good levels of tumor penetration. As was the case for the melanoma 

cultures, the ∆PK-treated xenografts were positive for activated calpain and caspases-7 
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and -3. Interestingly, they also evidenced upregulation of Beclin-1 and H11/HspB8. We 

conclude that this is not an artifact of the tumor microenvironment, because both proteins 

were also upregulated in ∆PK-infected melanoma cultures. In addition, the ∆PK-treated 

xenografts were also positive for activated caspase-1 and evidenced increased levels of 

the pro-inflammatory cytokine TNF-α and infiltrating CD11b+ cells (macrophages). In 

this context, it is important to point out that the caspase-1 antibody used in these studies 

is specific for the human protein, suggesting that the activated caspase-1 detected in the 

∆PK-treated xenografts is of melanoma, rather than macrophage origin. The exact 

contribution of these death-related proteins to melanoma oncolysis is still unclear, but 

presently available data underscore their potential cross-talk with caspase and/or calpain-

induced PCD. Autophagy is a process of self-digestion that was reported to cause or 

protect against cell death24, 202 and calpain can cleave autophagy proteins, thereby 

providing a switch between autophagy and apoptosis167. The critical autophagy protein 

Beclin-1 was associated with cell death involving cross-talk with Bcl-2 family members24 

and it acts as a haploinsufficient tumor suppressor protein that is downregulated in human 

tumors169, 170. Pyroptosis is a caspase-1 dependent inflammatory form of cell death that 

involves formation of the inflammasome complex and was originally observed in 

macrophages183, 184. TNF-α, a pro-apoptotic inflammatory cytokine is a death signal and 

it slows the growth of some tumors185. TNF-α can also activate caspase-1168 and caspase-

7 is a caspase-1 substrate191. The finding that these death-associated factors co-exist with 

protease activation suggests that they are likely to be independently upregulated/activated 

by ∆PK and contribute to oncolysis in vivo, possibly through a positive feedback 

amplification loop. However, because in cultured cells oncolysis is abolished through 
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caspase and calpain inhibition, we cannot exclude the possibility that Beclin-1, 

H11/HspB8 and the inflammatory processes function downstream of calpain and/or 

caspase. Infectious virus and VP5 staining were not seen in the liver tissues collected at 

the end of the experimental procedure (data not shown) indicating that there was no 

systemic toxicity.  In fact, ∆PK was also well tolerated in early clinical trials98, 173. 

Collectively, the data indicate that ∆PK is a promising melanoma virotherapy 

strategy in which the relatively limited virus replication is associated with a robust tumor 

cell killing bystander effect apparently mediated by alternative PCD programs. Ongoing 

studies are designed to elucidate the role of the various death programs in melanoma cell 

death in culture and in vivo, verify whether they differ for distinct melanoma cultures, 

examine if virus resistant cells, including nestin-1+ cancer stem cells emerge during the 

course of virotherapy and determine the role of TAA load and tumor immunity in the 

oncolytic activity of ∆PK.  
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Chapter 3. The oncolytic virus ΔPK eradicates cells with cancer stem 
cell (CSC)-like properties through calpain-facilitated autophagy. 
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3.1 Introduction  

Cancer stem cells (CSC) are tumor cells that retain many of the properties of normal 

stem cells, including the ability to differentiate into multiple cell types, proliferate and 

maintain neoplastic clonality203, 204. They are characterized by growth under anchorage-

independent conditions, resistance to drug and radiation therapy, expression of drug 

export machinery, and the presence of enhanced DNA repair pathways. CSC initiate 

tumor formation in immunedeficient mice and are consequently believed to be 

responsible for tumor recurrence and poor prognosis69, 205, 206. 

The discovery of unique phenotypic markers for CSC identification has been a 

research priority, but tumor heterogeneity and variable levels of putative markers 

expression at different tumor stages are a major challenge. In breast cancer, the 

CD44+CD24-/low phenotype and the transcription factors Oct4 and BMI1207-209 correlate 

with aggressive disease, resistance to standard therapies, and poor prognosis205, 210-212, 

suggesting that they identify CSC. However, the expression levels vary even among 

distinct breast cancer cell lines and the significance of these and other markers is still 

widely debated213. In melanoma, examination of a large panel of putative CSC markers 

failed to correlate a specific marker with tumor initiating capacity, a finding that was 
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interpreted to indicate that melanoma do not have a unique subpopulation67, 214. However, 

other studies have associated anchorage-independent growth, tumor initiation, metastasis 

and resistance to therapy with the expression of ABCG2, CD20, CD133, CD271 or 

nestin,66, 68-70, 215-223, suggesting that they may identify melanoma CSC. Current strategies 

use a combination of molecular markers and functional properties to identify CSC, 

notably anchorage-independent growth, which is an established in vitro surrogate of 

tumorigenic potential220. Most promising in this context, is the 3-D multicellular tumor 

spheroids model that is believed to better represent the tumor microenvironment and 

includes a gradient of proliferating cells that is similar to that found in avascular micro-

regions of tumors224, 225. Elimination of cell sub-populations with anchorage-independent 

growth characteristics, enhanced tumorigenic potential and resistance to traditional 

therapies is a highly desirable, if still elusive therapeutic goal.  

Oncolytic virotherapy is an innovative targeted strategy designed to reduce tumor 

burden by direct cell lysis resulting from selective virus replication in the tumor cells and 

the generation of infectious progeny that spreads throughout the tumor mass155, 226. 

Oncolytic viruses already in clinical trial belong to a few virus families, including oHSV. 

A majority of the oHSV were generated from HSV-1 through deletion/modification of 

the γICP34.5 and/or UL39 genes that are respectively involved in neurovirulence and 

viral DNA replication134. Additional oHSV were deleted in the gene that encodes ICP47 

which is responsible for the ability of the virus to evade immunity and were modified 

through the introduction of a transgene cassette that encodes pro-inflammatory 

cytokines134. However, while well tolerated overall, the clinical efficacy of the oncolytic 

viruses, including oHSV, proved to be modest, apparently related to poor virus 
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replication and penetration within the tumors128, 227, the induction of antiviral immunity160, 

228  and potentially, the failure to eradicate CSC103.  

We have previously shown that the HSV-2 mutant ΔPK has oncolytic potential in 

melanoma cell lines and xenografts229. ∆PK is deleted in the protein kinase (PK) domain 

of the HSV-2 large subunit of ribonucleotide reductase (R1) (known as ICP10), which 

activates the Ras signaling pathway that is required for virus growth in normal cells, but 

it retains the ribonucleotide reductase domain of ICP10 that is required for virus DNA 

replication138, 139, 143, 145, 147. Because ICP10PK functions at the level of Ras activation, its 

deletion differentiates ΔPK from other oncolytic viruses in that it includes the activation 

of multiple programmed cell death (PCD) pathways140, 229. Long term follow-up of our 

previous studies indicated that ΔPK eliminates xenografts established from primary 

melanoma229 with several animals remaining tumor-free at 12-months (unpublished) after 

one round of injections (4 weekly injections), suggesting that it has oncolytic activity in 

CSC. The data indicate that ΔPK eradicates melanoma and breast cancer cells with CSC 

markers and growth characteristics through calpain activation and/or autophagy 

induction/potentiation, underscoring its strong therapeutic promise.  

 

3.2 Materials and Methods 

3.2.1 Cells 

 HS578T breast cancer cells were the gift of Dr. Angela Brodie (University of 

Maryland, Baltimore). All other  cells and monolayer culture methods were described in 

Chapter 2. 
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3.2.2 Virus 

 ΔPK composition, culture, and titration were described in Chapters 1 and 2. 

 

3.2.3 Antibodies, pharmacological inhibitors and chemical reagents 

The generation and specificity of the rabbit polyclonal antibodies to ICP10 was 

previously described in Chapter 2. Fluorescein isothiocyanate (FITC)-conjugated anti-

CD20 and allophycocyanin (APC)-conjugated anti-CD133 antibodies were purchased 

from Mylteni Biotech (Auburn, CA).  FITC-conjugated anti-CD24, APC-conjugated anti-

CD44, APC-conjugated anti-ABCG2, FITC-conjugated IgG1 isotype, APC-conjugated 

IgG2b isotype and APC-conjugated anti-mouse antibodies were obtained from BD 

Biosciences (San Jose, CA). Human Fc Binding inhibitor was from eBiosciences (San 

Diego, CA). Antibodies to AIF, LC3, calpain and GAPDH were purchased from Santa 

Cruz Biotechnologies. Anti-p62 and anti-Atg5 antibodies, and rapamycin were from Cell 

Signaling Technologies and VP5 antibody was from Virusys (Taneytown, MD). 

Alexafluor 594 conjugated anti-mouse, Alexafluor 488-conjugated anti-rabbit antibody 

and SlowFade Gold (with DAPI) mounting medium were from Invitrogen;  3-MA, PI, 

low melting point agarose, and Tween 20 from Sigma Aldrich; and Accutase was from 

Innovative Cell Technologies, Inc (San Diego, CA).   

 

3.2.4 Flow Cytometric Analysis  

Cells were harvested using Accutase, a mild enzymatic reagent especially suited 

for FCM. 106 cells/tube were washed, suspended in flow cytometric (FC) buffer (2% FBS 

in 1x PBS), and incubated with human Fc block from eBioscience (San Diego, CA, USA) 

for 10 minutes at room temperature, followed by the respective primary antibodies for 20 
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minutes at 4oC in the dark. All subsequent steps were conducted in the dark. Cells were 

washed twice with FC buffer, resuspended in 100µl and incubated with the corresponding 

secondary antibodies (anti-mouse-APC, or anti-rabbit-PE) for 20 minutes. They were 

washed twice in FC buffer, and then fixed with 1% paraformaldehyde in PBS. Isotype-

matched APC- and FITC-conjugated antibodies were used as controls. Data were 

acquired using a LSRII benchtop flow cytometer (BD Biosciences) and analyzed using 

the FlowJo software package from Tree Star (Ashland, OR, USA). 

3.2.5 Immunoblotting 

Immunoblotting was performed as described in Chapter 2. 

 

3.2.6 LC3-GFP transduction   

Adherent A2058 cells were transduced with the PremoTM Autophagy Sensor (LC3-

GFP) BacMam 2.0 expression system from Invitrogen/Molecular Probes according to the 

manufacturer’s directions. Briefly, cells were plated onto coverslips at ~70% confluency 

and transduced LC3-GFP vector (moi=30). The transduced cells were incubated 24h in 

complete cell growth medium to allow for LC3-GFP expression followed by mock- or 

ΔPK-infection. Rapamycin (200nM) was added to mock-infected LC3-GFP transduced 

cells as a positive control.  

3.2.7 Immunofluorescencence 

 Immunofluorescent staining and imaging was performed as described in Chapter 2. 
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3.2.8 Virus infection and replication 

Virus infection of adherent melanoma and breast cancer cultures was performed 

as described in Chapter 2. Virus infection of spheroid cultures was done on dissociated 

single cell suspensions generated by treatment with Accutase (37C, 5 min) or intact 

spheroids. Virus was adsorbed for 1 h at 4oC (synchronized infection) and the cells were 

pelleted by centrifugation (1500 rpm for 10 min) and re-cultured in spheroid growth 

medium on low attachment plates (0 h p.i.). For infection of intact spheroids, virus was 

adsorbed for 1 h at 4oC and the spheroids were pelleted by centrifugation at 800 rpm for 5 

minutes to remove unadsorbed virus. Cell numbers (for moi calculations) were 

determined from duplicate spheroid cultures that were dissociated into single cell 

suspensions, and counted using a hemocytometer.   

 

3.2.9 Cell death 

Cell death was determined by staining with propidium iodide (PI). Staining, 

imaging, and all calculations were done according to the manufacturer’s instruction and 

as described in Chapter 2.  

 

3.2.10 Soft Agar Growth Assay 

  Soft agar colonies were grown as previously described230. Briefly, top layers of 

500 cells (Mock) or 5000 cells (ΔPK, ΔPK+PD150606, ΔPK+zVAD, ΔPK+PD+zVAD, 

ΔPK+CQ) per well (24-well plate) suspended in 0.3% low melting temperature agarose 

in 1xDMEM and were overlaid onto 0.6% agarose in 1x DMEM. The solidified agarose-
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cell mixture was overlaid with 1x DMEM. Plates were incubated at 37oC for 14 days, and 

colonies (defined as a minimum of 50µm in diameter) were counted. The number of 

colonies per 104 cells was calculated according to the appropriate dilution used. 

 
3.2.11 Spheroid Formation Assay 
 

Triplicate dilutions of 1x104 cells per well were suspended in serum free DMEM 

supplemented with 20ng/ml basic fibroblast growth factor (bFGF, R&D Systems) and 

20ng/ml epidermal growth factor (EGF, R&D Systems) and plated onto ultra-low 

attachment plates obtained from Corning (Corning, NY). Spheroid cultures were grown 

at 37oC for 7 days. Spheres were defined as at least 500μm in diameter. The assay was 

performed in triplicate for both mock- and ΔPK-infected (moi=1.0, 48 h p.i.) cells.   

3.2.12 Statistical Analysis 

 Statistical analyses were performed as indicated in Chapter 2. 

 

3.3 Results  

3.3.1 ΔPK has oncolytic activity in CSC-like breast cancer cells. 

CD44+/CD24low/- cells are widely recognized as CSC for basal/ mesenchymal cell 

lines with invasive properties207. HS578T cells that express the CD44+/CD24low/-

phenotype were infected with ΔPK at a multiplicity of infection (moi) of 1 pfu (plaque 

forming unit)/cell or mock-infected with PBS. They were triple-stained with antibodies to 

CD24 and CD44 and the cell death dye propidium iodide (PI) at 48 hours post infection 

(p.i.) and the % intact cells (survived infection) was determined by flow cytometry 

(FCM). The majority of the cells in the mock-infected cultures were in the ‘intact’ gate 

(73.4%, forward and side scatter). They exhibited a nearly uniform CD44+/CD24low/- 
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phenotype (99.8%) and did not stain with PI (3.1% PI+ cells) (Fig. 18A). By contrast, 

most of the ∆PK-infected cells were reduced to cellular debris, as determined by forward 

and side scatter, and most of the remaining CD44+/CD24low/- cells (74.4%) stained with 

PI, indicating that ΔPK has potent lytic activity in marker-defined breast CSC (Fig. 18B). 

 

 

 

Figure 18. ΔPK lyses breast cancer stem cells.  
HS578T cells were mock- (A) or ΔPK-infected (moi = 1.0) (B), triple stained with CD24 
and CD44 antibodies and propidium iodide (PI) at 48 hours p.i. and subjected to flow 
cytometric analysis.  Gates were drawn based on forward (FSC) and side scatter (SSC), 
and isotype control staining patterns (IgG1). An additional gate was drawn for mock-
infected cells which exhibited nearly uniform CD44+/CD24low/- staining, as shown in the 
red square, and this gate was used to analyze CD44+/CD24low/- populations which co-
stained with PI. 
 
 
3.3.2 ΔPK lyses breast and melanoma cells with anchorage-independent growth.  

 To better define the ability of ΔPK to lyse CSC we asked whether it can eradicate 

cells with anchorage-independent growth potential, an established in vitro surrogate for 

tumorigenicity66, 224, 225, 231. HS578T and A2058 (melanoma) cells were mock- or ∆PK-
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infected (moi=1, 48h) and examined for the loss of cells with anchorage-independent 

growth potential by plating under soft agar or in multicellular tumor spheroid growth 

conditions. Soft agar colonies and spheroids (Fig. 19A) were counted as described in 

Materials and methods and the results are expressed as colonies or spheroids/104 

cells±SD. Soft agar colonies and spheroids were seen for the mock-, but not ΔPK-

infected cultures although the latter had been plated at a 10-fold higher concentration 

(Fig. 19B, C). Indeed, PI staining of dissociated duplicate cultures indicated that virtually 

all the cells in the ∆PK-infected spheroids were PI+, while staining was minimal in the 

mock-infected spheroids as shown for A2058 cells in Fig. 19D. The data indicate that 

∆PK eradicates breast cancer and melanoma cells CSC-like anchorage-independent 

growth potential. 

 

 

Figure 19. ΔPK lyses cells with anchorage independent growth.  
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(A) Mock- or ∆PK-infected (moi=1, 48h p.i.) HS578T (breast cancer) and A2058 
(melanoma) cells were plated under soft agar or spheroid growth conditions and 
representative colonies and spheroids are shown for HS578T cells. Images were taken at 
4x and 20x for soft agar colonies and spheroids, respectively. Similar results were 
obtained for A2058 cells. (B, C) Large HS578T and A2058 colonies and spheroids were 
counted and the results are expressed as No. of colonies or spheroids/1x104  plated cells ± 
SD. (D) PI staining of dissociated duplicate mock- or ΔPK-infected A2058 spheroid 
cultures analyzed by FCM. Similar results were obtained for HS578T spheroid cultures. 
 
3.3.3 ∆PK lyses melanoma cells with putative CSC phenotypes in multicellular 

tumor spheroids. 

Two series of experiments were done in order to examine whether the anchorage-

independent growing melanoma cells lysed by ∆PK express at least some of the CSC-

associated markers66, 68-70, 215-223. First, we asked whether the A2058 multicellular tumor 

spheroids that are believed to be enriched in CSC have a higher % of cells that express 

putative CSC markers than monolayer cultures. Single cell suspensions of A2058 

monolayers and spheroids were stained with antibodies to the markers more commonly 

implicated as melanoma CSC, i.e., CD20 and CD13366, 223; CD20 and ABCG2223, 

CD271218  or nestin215 and analyzed by FCM. Staining with normal IgG2a and IgG1 

served as control (Fig. 20A). ABCG2+/CD20+ co-staining was minimal and largely 

unchanged between monolayer (0.64%) and spheroid (0.54%) cultures (Fig. 20C). By 

contrast, CD20+/CD133+ co-staining was 15-fold higher in the spheroids relative to the 

monolayer cultures (0.18% and 0.012%, respectively; Fig. 20B) and increased staining in 

the spheroids relative to the monolayer cultures was also seen for CD271 (86.3% and 

36.7% respectively; Fig 20D) and nestin (86.7% and 6.27%, respectively; Fig. 20E), 

associating these markers with tumor spheroid growth potential.  

Second, to examine the ability of ∆PK to eradicate CSC-like melanoma cells, 

dissociated spheroids were mock- or ΔPK-infected (moi=10), co-stained with antibodies 
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to the CSC-associated markers and PI at 48h p.i. and subjected to FCM analysis. 

Virtually all the ΔPK-infected cells expressing any one of the putative CSC markers 

(97.7% to 99.5%) stained with PI (Fig. 3E) whereas PI staining was not seen in the mock-

infected cultures (Fig. 3E). Collectively, the data indicate that ΔPK eradicates all the 

studied cell subpopulations, as defined both by spheroid formation (anchorage-

independent growth) and phenotypic markers. 

 

Figure 20. ΔPK lyses melanoma cells that exhibit various CSC markers.  
(A-E). A2058 cultures were grown as adherent or spheroid cultures as described in Materials and 
methods and single cell suspensions were stained with IgG2a or IgG1 isotype controls (A) or 
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antibodies to CD20 and CD133 (B); or CD20 and ABCG2 (C), CD271 (D) or nestin (E). (F) 
Dissociated spheroid cultures were mock- or ΔPK-infected in suspension, re-cultured under 
spheroid conditions for 48h and single cell suspensions were double stained with PI and CD20, 
CD133, CD271, ABCG2 or nestin antibodies before FCM analysis. Gates were drawn based on 
forward and side scatter (not shown) and isotype control staining patterns. The % cells with PI 
and CSC marker co-staining are shown for CD20+ in the red box. For each CSC marker, the 
results were normalized to total staining cell numbers (as shown for CD20+ in the blue box) and 
the data are expressed as % PI cells ± SD. 

 
3.3.4 ΔPK infects and replicates in spheroid cultures. 

Having seen that ∆PK eradicates spheroid cultures, we wanted to confirm that this 

involves virus replication. Dissociated HS578T and A2058 spheroid cultures were 

infected with ∆PK (moi =10) or mock-infected with PBS, stained in double 

immunofluorescence with antibodies to the CSC markers CD44/CD24 (HS578T) or 

CD271 (A2058) and antibodies to the viral proteins ICP10 (recognizing the PK deleted 

p95 protein) or the viral capsid protein VP5 (Smith 1992, Smith 1998, Perkins 2002) and 

analyzed by FCM. p95 was seen in the ΔPK- (76.3±5.2%) but not mock-infected 

CD44+/CD24low/- HS578T cells (Fig. 21A), and this % correlated with cell death as 

evidenced by PI staining (74.4±7.6%, Fig. 18B). p95 staining was also seen in most 

(94.1±1.2%) of the ΔPK-infected CD271+ A2058 cells (Fig. 21B) and both HS578T and 

A2058 cells infected with ΔPK evidenced co-staining with the respective CSC markers 

and VP5, indicative of virus replication (62-76%) (Fig. 21A/B). Significantly, however, 

the % cells that support virus replication (evidenced by VP5 expression) was lower than 

the % infected cells (p95+), suggesting that ΔPK causes cell death through death 

programs that are distinct from virus replication. This is consistent with our previous 

findings for melanoma monolayer cultures229. 
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Figure 21. ΔPK infects and replicates in CD44+/CD24low/- HS578T and CD271+ 
A2058 cells.  
(A). ΔPK-infected HS578T cultures were stained with antibodies to CD24, CD44 and 
p95 or VP5. Gates were drawn based on forward and side scatter, isotype control staining 
patterns and mock-infected cells which exhibited CD44+/CD24low/- staining (Fig 1) (B). 
ΔPK-infected A2058 cultures were stained with antibodies to CD271 and p95 or VP5. 
Gates were drawn based on forward and side scatter, isotype control staining patterns and 
mock-infected cells which exhibited CD271 staining (Fig 3). The data are expressed as % 
of the bulk spheroid cultures (total) or CD44+/CD24low/- (HS578T cells; A) or CD271+ 
(A2058; B) gated cells respectively co-staining with p95 or VP5 ±SD. 
 
 

3.3.5 Calpain activation contributes to ΔPK-mediated eradication of cells with 

anchorage independent growth potential. 

Having seen that pathways other than virus replication are involved in the 

oncolysis of spheroid cultures, we wanted to know whether they include the activation of 

calpain and caspase-mediated death pathways implicated in ΔPK-mediated lysis of 

monolayer melanoma cultures229. HS578T cells and melanoma cells A2058 and A375, 

which are genetically diverse (Smith 2012 in press Cell Death & Disease.), were mock-

infected or infected with ∆PK (moi=1) in the absence or presence of the calpain specific 

inhibitor PD150606 (100μM), or the pan-caspase inhibitor zVAD-fmk (20μM) and 
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assayed for growth in soft agar at 48h p.i.. Colonies were counted and the numbers 

normalized to those in mock-infected cultures (100%). The results are expressed as % 

colonies±SD. All the ΔPK-infected cultures, independent of cell type and genetic make-

up, had minimal levels of colony formation (0-1.4%) relative to the mock-infected 

cultures. Colony formation was rescued by PD150606, albeit to different extents, being 

approximately 2-fold higher in melanoma than breast cancer cells (52.4±6.2% for A2058; 

67.8±4.7% for A375; and 30.5±3.8% for HS578T). zVAD-fmk did not rescue anchorage-

independent growth potential (Fig 22A-C). The rescue of soft agar growth by PD150606 

but not zVAD-fmk, is not due to differential inhibition of virus replication, because the 

virus titers were nearly identical in ΔPK-infected cultures (1.5-5x105/pfu/ml) that were 

untreated or treated with PD150606 or zVAD-fmk (Fig. 22D) and similar results were 

obtained for spheroid cultures (data not shown). The data indicate that the activation of 

calpain, but not caspase, contributes to ∆PK-induced eradication of cells with anchorage-

independent growth potential.  

 

3.3.6 Autophagy contributes to ΔPK-mediated eradication of cells with anchorage 

independent growth potential. 

 To examine whether autophagy, which is associated with the ΔPK-mediated 

oncolysis in melanoma monolayer cultures229, contributes to the eradication of cells with 

anchorage-independent growth potential, parallel cultures of HS578T, A2058 and A375 

cells that were mock-infected or infected with ∆PK (moi=1) were treated (48h p.i.) with 

the late autophagy inhibitor chloroquine (CQ; 10μM) and examined for growth in soft 

agar. The colonies were counted and the results are expressed as % colonies±SD relative 
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to those seen for mock-infected cultures. CQ rescued colony formation by the melanoma 

cells, with approximately 2-fold higher rescue levels in A375 than A2058 cells 

(70.8±7.8% and 41.1±4.1%, respectively) (Fig. 22A-C) and this was unrelated to virus 

replication (Fig. 22D). CQ did not rescue colony formation in HS578T cells, suggesting 

that that autophagy contributes to the oncolytic activity of ∆PK for melanoma, but not 

breast cancer CSC-like cells.  

 

 

Figure 22. Elimination of anchorage independent growth by ΔPK is calpain and 
autophagy dependent. 
(A-C) A2058, A375 and HS578T monolayer cultures were infected with ΔPK (moi = 1) 
or mock-infected with PBS and cultured (48hrs) in the presence or absence of PD150606 
(100μM), CQ (10μM) or zVAD-fmk (20μM). At this time, the cells were plated under 
soft agar as described in Materials and methods and colonies were counted and the results 
normalized to those in mock-infected cultures (100%). Results are expressed as % 
colonies ± SD. (D) A2058 monolayer cultures were infected with ΔPK (moi=1) in the 
presence or absence of PD150606, zVAD-fmk or CQ  as in (A-C) and assayed for virus 
titers at 24 hours p.i. Results are expressed as pfu/ml and similar findings were obtained 
for A375 and HS578T cells. 
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3.3.7 ∆PK induces autophagy in melanoma spheroid cultures. 

Having seen that CQ rescues soft agar colony formation, we wanted to better 

understand the role of autophagy in ΔPK-induced loss of anchorage-independent growth. 

Two series of experiments were done. First, we focused on the microtubule-associated 

protein 1 Light Chain 3 protein (pro-LC3). During autophagosome formation, pro-LC3 is 

cleaved to LC3-I which is linked to phosphatidylethanolamine to form LC3-II that is 

inserted into the growing autophagosome membrane, such that an increased LC3-II/LC3-

I ratio reflects autophagy induction and/or the blockade of autophagic flux232. However, 

the autophagosome contents, including LC3, are degraded in autolysosomes that arise 

from the fusion of the autophagosomes with lysosomes, and therefore a decrease in the 

total levels of LC3 is indicative of autophagic flux233. To investigate the effect of ΔPK on 

these autophagy phases, dissociated A2058 spheroid cultures were mock-infected or 

infected with ∆PK (moi=10) and protein extracts collected 24h p.i. were immunoblotted 

with antibodies to pro-LC3 (recognizes LC3-I and LC3-II), using GAPDH antibody as 

loading control. Data were quantified by densitometric scanning and the results are 

expressed as densitometric units±SD. The LC3-II/LC3-I ratio was 34-fold higher in ΔPK- 

than mock-infected cultures (0.02 and 0.7 for mock and ΔPK respectively) (Fig. 23A) 

and the total LC3 levels were significantly decreased (1.0 and 0.5 for mock- and ΔPK 

respectively), suggesting that ΔPK induces autophagy.  

In the second series of experiments, A2058 cells were transduced with LC3-GFP 

and infected with ΔPK (moi =1) as described in Materials and methods. They were co-

stained with antibody to the selective Alexafluor-594 labeled autophagy protein p62 that 

interacts with LC3 and targets ubiquitinated substrates to the autophagosomes233 and 
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examined for co-staining punctate structures (autophagosomes) at various times p.i. 

GFP+/p62+ puncta were seen in 68±3.4% of the ∆PK- and 10.5±2.1% of the mock-

infected cultures at 1 hr p.i. (Fig. 23B) The % ΔPK-infected cells exhibiting puncta 

decreased with time p.i. but it was still significantly higher (34.7±5.1) in the ΔPK- than 

mock-infected cultures at 24h p.i. These puncta reflect autophagosome formation because 

a similar % of cells with punctate staining (57.4±3.2%) was seen in mock-infected 

cultures treated with rapamycin (200nM for 4h), which is known to induce 

autophagosome formation233. Collectively, the data indicate that ΔPK induces 

autophagosome formation. 

3.3.8 ΔPK facilitates autophagic flux through calpain activation. 

Having seen that both autophagy and calpain activation contribute to the ability of 

∆PK to eradicate cells with anchorage-independent growth, we wanted to know whether 

these two pathways are related. Extracts from dissociated A2058 spheroid cultures 

infected with ΔPK (moi=1; 24h) in the absence or presence of PD150606 (100μM) or CQ 

(10μM) were immunoblotted with antibodies to LC3, p62, or the calpain regulatory 

subunit p28 using GAPDH antibody as a loading control. CQ caused a significant (5.6-

fold) increase in the LC3II/LC3I ratio (0.67 and 3.75 for ΔPK and ΔPK+CQ respectively, 

as well as the total LC3 levels (0.5 and 1.5 for ΔPK and ΔPK+CQ respectively (Fig. 

23A). The ∆PK-induced LC3-II/LC-I ratio was significantly increased (5.6-fold) by CQ 

(0.67 and 3.76 for ΔPK and ΔPK+CQ respectively; Fig. 6B) and indicating that ΔPK 

facilitated autophagic flux, as evidenced by 3-fold higher levels of total LC3 in cells 

given ΔPK+CQ than those given ΔPK alone (1.5 and 0.5, respectively). We conclude that 

∆PK facilitates autophagic flux through calpain activation, because: 1) PD150606 
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treatment of ΔPK-infected cultures caused a 2-fold increase in the LC3-II/LC3-I ratio and 

increased the total LC3 levels by 1.4-fold, relative to ΔPK alone (Fig. 23A); 2) combined 

treatment with CQ and PD150606 induced a 7-fold increase in the LC3-II/LC3-I ratio 

and a 2.4-fold increase in total LC3 levels over ΔPK alone (Fig. 23A); and 3) ΔPK-

induced p62 degradation was completely rescued by PD150606 (Fig. 23C). ΔPK induced 

calpain activation was confirmed by the loss of the p28 regulatory subunit229, which was 

rescued by PD150606 treatment. ATG5 and AIF levels were unchanged by ΔPK 

infection (Fig. 23C). 
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Figure 23. Autophagy and Calpain cross-talk during ΔPK infection.   
(A) A2058 spheroid cultures were dissociated and mock- or ΔPK-infected (moi=1, 24h) in the 
absence or presence of PD150606 (100 μM) or CQ (10μM) and protein extracts were 
immunoblotted with antibodies to LC3 followed by GAPDH (loading control). Data were 
quantified by densitometric scanning and the results are expressed as LC3-II/LC3-I ratio and total 
LC3 (LC3-I+LC3-II). Representatives of three replicate experiments are shown. (B) A2058 cells 
were transduced with LC3-GFP as described in Materials and methods and were mock- or ΔPK-
infected (moi=1) 24 hours later and were stained with Alexafluor-594-labeled p62 antibody at 
various times p.i. Cells with punctuate p62 and LC3-GFP co-staining were counted in three 
randomly selected fields (>250 cells) and the % cells with puncta were calculated relative to total 
cells identified by 4,6-diamidino-2-phenylindole (DAPI) staining. (C) Extracts of A2058 spheroid 
cultures that were mock- or ΔPK-infected (moi=1, 24h) in the absence or presence of CQ or PD 
as in (A) were immunoblotted with antibodies to p62, the calpain p28 regulatory subunit, Atg5, 
AIF or GAPDH. Data were quantified by densitometric scanning and the results are expressed as 
densitometric units±SD. Representatives of three replicate experiments are shown. 
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3.3.9 ∆PK infection eradicates intact spheroid cultures; resistance is futile. 

 Having seen that ∆PK eradicates cells with spheroid growth of dissociated single 

cell suspensions, we wanted to know whether ∆PK infection can eradicate intact (3-D 

cultures) spheroid cultures. This is particularly important because the relatively modest 

clinical efficacy of oncolytic viruses has been associated with poor tumor penetration by 

low virus titers128, 227 which can also lead to acquired resistance110. Spheroids were 

infected with ΔPK at moi = 0.1-100 and cell death was determined by PI staining. As 

shown in Fig. 24 for A2058 cells, ≥ 95% of the cells from the spheroid cultures infected 

at mois of 100 and 10, were stained with PI by 48hrs p.i and they were respectively 

eliminated on days 4 and 5 p.i. At the low mois (1.0 and 0.1), spheroids were gradually 

eliminated over the course of 10 days, with some cell clusters remaining in the cultures 

given ΔPK at moi=0.1. At this moi, PI staining at 48hrs p.i. was limited to the periphery 

of the spheroids but more complete disruption of the spheroids and PI staining of ≥ 95% 

of the cells was seen on day 10 p.i (Fig. 24A, C). To examine whether the few remaining 

cell clusters seen at 10 days p.i. (Fig 24A, C arrow) in the spheroid cultures infected 

with 0.1 pfu/cell are a potential reservoir of resistance, these spheroids were dissociated 

and replated as monolayer and spheroid cultures. The cultures were again infected with 

ΔPK at moi = 0.001-100 for the monolayer cultures and at moi = 0.1-100 for the spheroid 

cultures and examined for cell death by PI staining. Identical rates of cell death were seen 

for all subcultures, and all were eliminated through 5 iterations of this strategy. 

Collectively, the data indicate that ∆PK lyses cells in 3-D spheroid cultures even when 

given at very low mois and resistance does not develop under any one of the studied 

growth conditions. 
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Figure 24. Resistance to ΔPK is futile. 
(A) 3-D A2058 spheroid cultures were infected with ΔPK (moi=0.1-100), pelleted by 
centrifugation and replated in fresh, virus-free medium. Spheroid number and 
morphology were monitored over a period of 10 days p.i. (B) A2058 spheroid cultures  
infected with ΔPK at moi=0.1 were harvested on day 10 p.i. (Arrow in A) and re-cultured 
under monolayer and spheroid conditions. Once confluent the monolayer cultures were 
re-infected with ΔPK at various mois and monitored for cell death over 10 days p.i. All 
adherent cultures died over time in a dose dependent manner and representative, PI 
stained mock and ΔPK-infected (0.001 moi, 10 day p.i.) cultures are shown. (C) 
Duplicates of the cultures in (A) were stained with PI at 48h and 10 days p.i. and imaged 
under phase contrast (top panels) and red fluorescence (bottom panels) microscopy. 
Arrow indicates a remaining viable cell. 
 
 

3.4 Discussion 

 CSC are defined by ‘stem cell-like’ characteristics, which impart resistance to 

standard therapies and poor prognosis. Their elimination is a major, yet still unfulfilled 

goal of cancer therapeutics. We report that the oncolytic virus ∆PK eradicates melanoma 
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and breast cancer cells with phenotypic and functional CSC-like properties through the 

activation of calpain and autophagy death pathways, and demonstrate, for the first time, 

that calpain activation contributes to autophagic flux. The following comments seem 

pertinent with respect to these findings.  

Oncolytic virotherapy is a promising novel therapeutic strategy that relies upon 

tumor cell specific virus replication.  Virtually all the virus families have been used to 

develop oncolytic viruses, each with its own advantages and disadvantages74. oHSV are 

commonly based upon HSV-1 and are typically deleted in the UL39 and/or ICP34.5 

genes. UL39 encodes the large subunit of ribonucleotide reductase (R1, also known as 

ICP6 in HSV-1 and ICP10 in HSV-2) that is required for viral DNA replication in normal 

and quiescent cells74, 103.ICP10 differs from ICP6 in that it has kinase (ICP10PK) and 

ribonucleotide reductase activities both of which are independently required for virus 

growth in normal and quiescent cells137, 139.  γ34.5 encodes ICP34.5 a multifunctional 

virulence factor that inhibits cellular anti-viral responses by counteracting dsRNA 

dependent protein kinase (PKR) mediated translation inhibition. Its deletion confers 

tumor cell specificity because most tumor cells downregulate PKR activity103, 234-236 and 

it has been suggested that resistance to oncolytic virotherapy may be associated with 

restored PKR activity237-239. Indeed, the oHSV Δ68H-6, retains the ICP34.5 PKR 

inhibiting GADD34 domain, was shown to lyse glioblastoma CSC more efficiently than 

an oncolytic virus in which ICP34.5 was entirely deleted103. Additionally, viruses that 

lack R1 are able replicate in rapidly dividing bulk tumor cell populations that express 

high levels of cellular ribonucleotide reductase74, but these mutant viruses are severely 

inhibited in their ability to replicate in CSC, which are quiescent cells103. This is 
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evidenced by the finding that Δ68H-6 replicated at significantly reduced titers in 

glioblastoma CSC when compared to Δ68H that contained intact ICP6103.  

ΔPK differs from the HSV-1 based oncolytic viruses in that: 1) it is based upon a 

HSV-2 background, which generally does not induce viral encephalitis in adults240; and 

2) it is only deleted in ICP10PK which is required for Ras/PI3K activation in normal and 

quiescent cells but it retains the ribonucleotide reductase activity of R1 as well as 

ICP34.5 activity139. Its tumor specificity is based on the fact that tumor cells have 

activated Ras/Raf/MEK/ERK and PI3K/AKT pathways142, 171, 176, 229. We have previously 

shown that ΔPK is well tolerated in animals when delivered intranasally, 

intraperitoneally, subcutaneously or intratumorally148, 150, 152, 229 and its safety was 

confirmed in phase I/II clinical trials where it demonstrated efficacy as a therapeutic 

vaccine98, 173. Because ΔPK maintains both RR activity and it expresses intact ICP34.5, 

we reasoned that it is likely to block PKR recognition thereby facilitating its replication 

in otherwise resistant cells96, 236, 237, 239 and to replicate in slowly dividing and/or 

quiescent tumor cell subpopulations, such as CSC103.  

The identification of CSC subpopulations, which reside among the normal and 

other tumor cells that comprise a solid tumor mass, is a clinical challenge. While the very 

existence of a CSC subpopulation has been questioned in melanoma67, 241, anchorage-

independent growth is established to enrich for slow cycling pluripotent cells that exhibit 

enhanced tumorigenicity, resistance to therapy and are associated with the expression of 

various CSC-associated phenotypic markers66, 68-70, 103, 215-223, 225, 242-245. Therefore, we 

used growth in soft agar and spheroid cultures as well as enhanced expression of CD20, 

CD133, CD271 and nestin to examine the ability of ΔPK to eradicate melanoma CSC-
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like cells.  We found that ΔPK lysed HS578T breast cancer monolayers and spheroids 

that express the CSC-associated phenotype CD44+/ CD24-/low207 and genetically distinct 

A375 and A2058 melanoma spheroids that preferentially express some of the phenotypic 

markers associated with melanoma CSC (CD20, CD133, CD271 and nestin).  

ΔPK has the unique advantage that it kills tumor cells not through replication 

alone but also through the activation of multiple death programs and tumor derived pro-

inflammatory responses that likely enhance its oncolytic efficacy229. We found that the 

eradication of cells with anchorage-independent growth potential was through the 

regulation of calpain and/or autophagy. Caspase activation, which is involved in the 

oncolytic activity of ΔPK in monolayer cultures229, did not seem to be involved, as 

evidenced by the failure to rescue of  the pancaspase inhibitor zVAD-fmk to rescue 

anchorage-independent growth. While we cannot exclude the potential contribution of 

caspases that are not inhibited by zVAD-fmk246, 247, the levels of the anti-apoptotic Bcl-2 

and survivin proteins are increased in anchorage-independent as compared to adherent 

cultures, making them resistant to caspase-mediated PCD248. Notably, calpain-mediated 

loss of Δψm is known to cause cell death independent of the executioner caspases249, 250. 

Additionally, we found that the autophagy inhibitor CQ was able to rescue the ΔPK-

induced oncolysis of melanoma cells with anchorage-independent growth, albeit variably 

between the A2058 and A375 cultures, likely due to distinct genetic differences between 

these two cell lines (Smith, 2012 in press Cell Death & Disease). The effect of the PCD 

inhibitors was unrelated to virus replication, underscoring the role of these PCD 

pathways in ΔPK-mediated CSC lysis. 
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 Autophagy is primarily a protective process by which cells can remove and 

recycle protein aggregates and damaged organelles under starvation conditions233. 

However, prolonged exposure to stress conditions can induce autophagic cell death (PCD 

type 2)25and this dual role is most apparent in cancer cells where autophagy was shown to 

inhibit tumorigenesis169, but facilitate the survival of advanced tumors, particularly as 

they develop glucose depleted hypoxic cores251.  Interestingly, CQ did not rescue the 

anchorage-independent growth of HS578T cells, suggesting that the contribution of 

autophagy to ΔPK mediated oncolysis is cell type specific. This may reflect 

overexpression of epidermal growth factor receptor (EGFR) in the HS578T cells, which 

has been shown to inhibit the induction of autophagy under stress conditions. ΔPK-

infected cells that express LC3-GFP evidence formation of LC3/p62 puncta and 

enhancement of the LC3-II/LC-I ratio indicative of autophagy induction. It also 

facilitated autophagic flux as evidenced by reduced clearance of LC3 levels and p62 233. 

The LC3/p62 puncta were first seen at 1h p.i. and decreased with time, potentially 

reflecting the ability of the late viral protein ICP34.5 to antagonize Beclin 1 and PKR-

induced autophagy initiation101, 235, 236, but it is significant that an enhanced LC3-II/LC3-I 

ratio and clearance of p62 were still seen at 24h p.i. suggesting that autophagic machinery 

is still functional at this time and contributes to ΔPK-induced oncolysis.  

         Significantly the ΔPK-induced degradation of p62, was completely abolished by the 

calpain inhibitor PD150606, providing the first observation of intracellular calpain-

dependent p62 degradation252. CQ did not significantly interfere with the ability of ΔPK 

to cause p62 degradation, which is apparently related to sustained calpain activation, as 

evidenced by reduced expression of the p28 subunit. While cells which lack calpain 1 had 
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been shown to have reduced autophagy initiation, as evidenced by a reduced LC3-

II/LC3-I ratio253 and exhibit reduced long-lived protein degradation253, which is 

indicative of reduced autophagic flux233, our data indicated that, PD150606 increased the 

LC3-I/LC3-II ratio over that seen for ΔPK alone, suggesting that calpain is a key 

regulator of ΔPK-mediated autophagic flux. While other studies have shown that calpain 

cleaves AIF thereby causing DNA degradation198 and its ability to cleave ATG5 provides 

a switch between autophagy and apoptosis254, we found that the levels of AIF and ATG5 

were unchanged by ΔPK treatment in the presence of PD150606,  indicating that that  

these processes are  not involved in ΔPK-mediated CSC eradication. 

 The limited clinical efficacy of other oncolytic viruses, has been attributed to 

limited virus spread within the tumor mass and oncolytic efficacy was augmented by the 

induction of PCD through the co-administration of chemo- and/or radiotherapies128, 131, 

255, 256. Spheroid cultures exhibit a closer approximation of the 3-D tumor structure and 

they exhibit resistance to oncolytic virotherapy associated with reduced virus penetration 

and spread238, 257-261. We saw no evidence of resistance to ΔPK in melanoma cultures 

infected and re-infected at very low moi and all of the cultures were eradicated though 5 

rounds of re-infection. The determination that ΔPK does not induce acquired resistance is 

particularly relevant from the standpoint of clinical use, where multiple injections are 

typically required during a treatment regimen99. The induction of multiple PCD pathways 

is likely to play a significant role in precluding the development of resistance, because 1)  

therapeutics which can simultaneously attack numerous molecular choke points are 

highly desirable for treating multiresistant cancers262 and 2) the induction of PCD can 

improve virus penetration through the tumor mass128. Similar studies were not done in 
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HS578T cells, and the contribution of cell type to resistance remains to be determined.

 Collectively, the data underscore the strong oncolytic potential of ΔPK for 

eradicating CSC-like cells, making it an ideal candidate for refractory tumor treatment. 

The requirement of autophagy and/or calpain activation to the ΔPK-induced eradication 

of CSC-like cells, particularly that of calpain-mediated facilitation of autophagic flux, 

represents a novel node of cross-talk between these two death pathways. 
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Chapter 4. ΔPK induces proinflammatory cytokine secretion through 

TLR2 and/or ASC, JNK activation is required for virus replication 
 

Colunga, A., Bollino, D., Li, B., Aurelian, L. (Manuscript in preparation) 
 

4.1 Introduction 

Metastatic melanoma is a highly resistant263 malignancy associated with a 15% 

five year survival rate264. The constitutive activation of H-RAS/B-RAF signaling found in 

80% of all melanoma mediates chemo- and radio-therapy resistance263. Melanoma 

induces immunotolerance by downregulating antigen presentation by major 

histocompatibility complex type 1 (MHC-1) and by constitutively secreting Th2 

cytokines such as IL-10 which increase immunomodulatory T regulatory cells (Treg)164, 

265. Reversing this immunotolerance is regarded as a key to inducing lasting tumor 

remission. To this end, the humanized proinflammatory cytokines, IL-2 and IFNα are 

used as adjuvant therapies in the clinic, but they exhibit minimal efficacy and potent 

patient toxicity266. Other potent pro-inflammatory cytokines are under investigation, 

notable among them, GM-CSF. Lasting antitumoral immunity was demonstrated after the 

autologous transfer of GM-CSF secreting irradiated B16 mouse melanoma120. Extending 

these findings, a Phase I clinical trial of patients vaccinated with irradiated, autologous 

melanoma cells engineered to secrete GM-CSF found that 29% were alive ≥36 months267. 

Proinflammatory cytokine secretion by melanoma cells can lead to effector immune cell 

infiltration268 which is predictive of a better prognosis in treated patients, but the 

generation of individually engineered autologous vaccines is a cumbersome and time 

consuming procedure. 
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Oncolytic virotherapy offers the promise of using the constitutive activation of 

Ras/Raf/MEK/ERK signaling to drive cancer specific virus replication. However, 

oncolytic viruses which primarily induce tumor cell lysis suffer from inefficacy in the 

clinic123, 269 and a new generation of oncolytic viruses is being engineered to express 

different gene cassettes designed to augment virus replication, spread, and the induction 

of antitumoral immunity. The addition of GM-CSF to oncolytic HSV, adenovirus, and 

vaccinia virus has demonstrated promising results in clinical trials77, 121, 134, however the 

search for more efficacious oncolytic viruses is ongoing. Some proinflammatory 

cytokines, such as TNFα and TRAIL can induce programmed cell death (PCD) directly 

through activation of apoptosis, but melanoma exhibits resistance to the induction of 

PCD by these cytokines requiring alternative strategies to augment therapeutic 

efficacy270-275. Oncolytic viruses engineered to express cytotoxic genes, cytokines, and/or 

pro-drug converting enzymes are being combined with chemotherapies, or radiation to 

facilitate the induction of PCD275. The multiple levels of resistance evidenced by 

melanoma cells underscore the need for novel therapeutic strategies that can 

simultaneously override these pathways and upregulate multiple potent pro-inflammatory 

modulators in order to facilitate tumor elimination. 

PCD can occur through autophagy, a conserved pro-survival process276 that can 

cause cell death upon prolonged induction and is associated with JNK/c-Jun activation277-

280, and pyroptosis, which is an inflammatory cell death process. We have previously 

shown that the HSV-2 mutant, ΔPK induces both caspase-dependent apoptosis and 

calpain-dependent PCD that cause rapid melanoma cell death and lasting tumor 

elimination, is associated with autophagy and caspase-1 activation229. More recent studies 
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indicate that ΔPK eradicates cells with CSC-like anchorage-independent growth through 

the activation of autophagy and calpain, which facilitated autophagic flux, but was 

caspase-independent. However, the potential contribution of ΔPK-induced  PCD  to 

cytokine induction and/or secretion, caspase-1 activation and the role of JNK signaling, if 

any, to cell death are unknown.  

Here we report that ΔPK induces pro-inflammatory cytokine expression/release, 

inhibits IL-10 release, and triggers JNK activation in infected melanoma cells. The latter 

is required for virus replication induced cell lysis. Proinflammatory cytokine release is 

through the TLR2/Myd88/NF-κB signaling pathway which is inhibited by 3-MA and 

through ASC mediated IL-1β converting enzyme, caspase-1 activation. The ability of 

ΔPK to activate multiple cell death and proinflammatory programs strongly supports its 

promise as an effective virotherapeutic for highly resistant malignant melanoma.  

 

4.2 Materials and methods 

4.2.1 Cells and Viruses   

 All cells and monolayer culture methods were described in Chapter 2. ΔPK 

composition, culture and titration were described in Chapters 1 and 2. 

 

4.2.2 Antibodies, pharmacological inhibitors and chemical reagents 

The following additional antibodies were purchased and used according to 

manufacturer’s instructions. Antibodies to phosphorylated JNK, phosphorylated c-Jun-

ser73, total JNK and total c-Jun were purchased from Cell Signaling Technology 

(Danvers, MA).  
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4.2.3. Immunofluorescence 

Immunofluorescent staining and imaging was performed as described in Chapter 2.  

4.2.4 Immunoblotting 

Immunoblotting was performed as described in Chapter 2. 

4.2.5 Expression profiling 

Total RNA of mock and ΔPK-infected (1.0 moi, 24 h p.i.) cells (107) was isolated 

using the Strategene RNA Isolation kit (Cedar Creek, TX). Total RNA concentration and 

integrity were determined by spectrophotometric analysis followed by gel 

electrophoresis. Conversion of experimental RNA to target cDNA, amplification and 

biotin-UTP labeling were performed using TrueLabeling-AMP™ 2.0 cRNA followed by 

purification with SuperArray ArrayGrade cRNA Cleanup Kit, which were purchased 

from SABiosceinces/Qiagen (Frederick, MD). Purified cRNA was then hybridized to 

Human Toll-Like Receptor Signaling Pathway OHS-018.2-4 Oligo GEArray membranes 

in the HybTube Format as per the manufacturer’s instructions. Hybridization was 

detected by chemiluminescence using alkaline phosphatase-conjugated streptavidin 

substrate (SABiosceinces) and high performance chemiluminescence film (Amersham) 

and quantified by densitometric scanning with the GS-700 imaging densitometer (Bio-

Rad). Two independent experiments were performed to ensure reproducibility. 

4.2.6 Array analysis 

Local background signals were subtracted from individual clusters and 

densitometric analysis was performed using the GEArray Expression Analysis Suite 

software (SABiosciences). All data were standardized as a ratio of gene expression 

intensity to the mean expression intensity of selected housekeeping genes (ACTB, B2M, 
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GAPDH, RPS27A, and HSP90AB1). Cluster analyses were performed between cell lines 

(A2058 and LM) and treatment (mock and ΔPK infections) using the GEArray 

Expression Analysis Suite software. Relative gene expression levels are illustrated as a 

heat map. 

4.2.7 Statistical Analysis 

Statistical analyses were performed as described in Chapter 2. 

 

4.3 Results  

4.3.1 ΔPK potently upregulates inflammatory and pro-apoptotic signaling. 

We have previously shown that ΔPK treatment of melanoma xenografts increases 

infiltration by macrophages, suggesting that ΔPK is able to enhance host innate immune 

responses229 . To better examine the inflammatory response induced by ΔPK, we 

performed a targeted microarray analysis of mock- and ΔPK-infected A2058 cells using 

an inflammatory signaling array (SuperArray/Qiagen, Frederick, MD, USA). Twenty 

pro-inflammatory genes were upregulated by at least two-fold in ΔPK-infected versus 

mock-infected cultures. The upregulated proinflammatory cytokines include, TNFα 

which is consistent with our previous report229, GM-CSF, granulocyte stimulatory factor 

(G-CSF/CSF3), interleukins (IL) IL-1α, IL-1β, IL-6, IL-8, IL-12α, IL-12β , LTα, and the 

chemokine CXCL10. Also upregulated were the stress signaling genes encoding JNK and 

its target transcription factor c-Jun. Additionally, the stress signaling genes MAPK2K6, 

MAPK3K1, MAP3K14, MAP3K7IP1, MAP3K7IP2, and MAP4K4 were also 

upregulated by ΔPK infection (Fig. 25A). 
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Targeted array analysis of apoptotic signaling molecules (SABiosciences) 

indicated that a total of 20 genes encoding proapoptotic signaling proteins were also 

upregulated by ≥ 2-fold in ΔPK as compared to mock-infected cells. The upregulated 

genes included caspases-1, -3, and -7 (Fig. 25B) consistent with previous data229 as well 

as caspases- 4, -5, -6, -8, and -10, the TNF receptor associated scaffolding proteins, 

TNFRSF1A, TNFRSF10A, TNFRSF10B, Fas associated death domain (FADD), and 

CASP2 and RIPK1 domain containing adaptor with death domain (CRADD). FADD and 

CRADD are involved in the coordinated activation of caspases-8 and -2 respectively281, 

282.  Several pro-apoptotic BH3 domain containing proteins were also induced by ΔPK 

infection including, BCL2-associated agonist of cell death (BAD), BCL2-interacting 

killer (BIK), and BCL2-related ovarian killer (BOK). Upregulation of the inflammasome 

component, NLRC4, the TLR signaling E3 ligase TRAF2 and CIDEB, an indicator of 

DNA fragmentation was also observed (Fig. 25B). Together these data indicated that 

ΔPK infection of melanoma cells elicits potent proinflammatory as well as pro-apoptotic 

cascades. 

 
Figure 25.  ΔPK upregulates multiple inflammatory and apoptosis pathways.  
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Total RNA from A2058 cell cultures mock- or ∆PK-infected (0.5 moi, 24h p.i.) was 
hybridized onto SABiosciences, Oligo GeArrays and analyzed using GEArray 
Expression Analysis Suite 2.0. Genes depicted were upregulated 2 fold or greater ΔPK 
vs. Mock. A heat map of the relative gene expression levels is shown. 
4.3.2 ΔPK infection alters the balance of the melanoma cytokine secretion profile 

from immunomodulatory to pro-inflammatory. 

To confirm that ΔPK actually upregulates pro-inflammatory cytokine gene 

expression, A375 and A2058 cells were mock infected (PBS) or infected with ΔPK 

(moi=1), conditioned medium was collected 24 hours p.i. and the concentrations of IL-

1β, GM-CSF, and TNFα were determined by ELISA. Mock-infected cultures exhibited 

minimal cytokine secretion (0-3.7 pg/ml and 0-13.5pg/m for A2058 and A375, 

respectively). By contrast, ΔPK infection induced the secretion of IL-1β (82±15.9pg/ml 

and 734±142pg/ml for A2058 and A375, respectively), GM-CSF (180±14.2pg/ml and 

1745±165pg/ml for A2058 and A375, respectively) and TNFα (25.5± 0.5pg/ml and 

175±4.0 pg/ml for A2058 and A375 respectively) (Fig. 26A-C). The 7- to 10-fold higher 

levels of ΔPK-induced cytokine secretion from A375 cells than A2058 cells likely 

reflects the distinct genetic make-up of the two lines, but, in both, secretion was 

substantially increased (25 to 1700-fold) relative to mock-infected controls.  

Because, melanoma cells constitutively secrete the anti-inflammatory cytokine 

IL-10, which is known to increase T regulatory (Treg) cells that downregulate the immune 

response265, 283, we wanted to know whether ΔPK can reverse IL-10 secretion 

concomitantly with the upregulation of proinflammatory cytokine release. Conditioned 

media from the above mock- and ΔPK-infected cultures were analyzed for IL-10 

secretion by ELISA and the results are shown in Fig 25D for A375 cells. IL-10 secretion 

was observed in the mock-infected cultures, albeit at relatively modest levels (32.2±0.8 
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pg/ml) but these were decreased (2-fold) by ΔPK infection (14.9±1.7 pg/ml) (Fig. 26D) 

indicating that that the ability of ΔPK to induce proinflammatory cytokine secretion is 

accompanied by reduced secretion of  IL-10. 

 
 
Figure 26. ΔPK infection induces pro-inflammatory cytokine secretion while 
reducing IL-10 secretion.  
A2058 and A375 cultures were mock- or ΔPK-infected (moi=1) and the conditioned 
media from the infections was measured by ELISA for the following cytokines (A) IL-
1β, (B) GM-CSF, and (C), TNFα. (D) Conditioned medium from mock- and ΔPK-
infected A375 cells was measured by ELISA for IL-10. The data are expressed as 
pg/ml±SD. 
 
4.3.3 ΔPK infection activates the JNK signaling pathway. 

To confirm the microarray findings that ΔPK upregulates stress signaling, A2058 

cells were mock infected or infected with ΔPK in the absence or presence of the JNK 

specific inhibitor SP600125 (50µM) and cell extracts were immunoblotted with 

antibodies to JNK or phosphorylated (activated JNK) at various times p.i. The levels of 

JNK1 and phosphorylated JNK1 (pJNK1) were significantly increased in ΔPK- as 

compared to mock-infected cultures as early as 1 h p.i. This was followed by increased 

expression and phosphorylation of JNK 2/3 beginning at 4 h p.i. (Fig. 27A) and the levels 
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of all the JNK isoforms were still increased over mock-infected cultures as late as 24h p.i. 

ΔPK infection also induced the expression and activation (phosphorylation) of the JNK 

target transcription factor,  c-Jun starting at 1h p.i. and continuing through the examined 

24h p.i. SP600125 dramatically decreased the expression and activation of all the JNK 

isoforms as well as c-Jun, confirming the specificity of the ΔPK induced effects (Fig. 

27A). Duplicate A2058 cultures infected in the presence or absence of SP600125 were 

examined for cell death by EtHD-1 staining at 48h p.i. Staining was virtually absent from 

the mock-infected cultures whereas 51.1±4.8% of the ΔPK-infected cells were EtHD-1+. 

Staining was significantly (p<0.001) reduced by SP600125 (35.9±6.9%) (Fig. 27B), 

supporting the interpretation that ΔPK induced JNK/c-Jun activation contributes to the 

oncolytic potential of ΔPK in melanoma cells. 

 

 
 
Figure 27. ΔPK infection activates the JNK stress signaling pathway. 
A2058 cultures were infected with ∆PK (moi = 1.0) in the absence or presence of 
SP600125 (50μM). (A) Cell extracts obtained at various times p.i. were immunoblotted 
with antibody to phosphorylated JNK-1/2/3 (pJNK Thr183/Tyr185). The blots were 
sequentially stripped and re-probed with antibodies to phosphorylated c-Jun (p-c-Jun, 
Ser73), followed by antibodies to total JNK, total c-Jun, and actin. (B) Duplicate A2058 
cultures were stained with EtHD-1 and imaged at 48 hours p.i. The EtHD-1+ and total 
cell numbers were obtained and the data are expressed as % viable cells ± SD 
(***p<0.001). 
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4.3.4 ΔPK replication is dependent upon JNK activation. 

To examine whether JNK is required for ΔPK replication, A2058 cultures were 

infected with ΔPK (moi=1) in the presence or absence of SP600125 and virus titers were 

determined by plaque assay at 24h p.i. Because previous studies had shown that ΔPK 

induces calpain and caspase activation as well as autophagy, duplicate cultures were 

infected with ΔPK in the presence of the calpain inhibitor PD150606, the caspase 

inhibitor zVAD-fmk or the autophagy inhibitors CQ or 3-MA and assayed for virus 

replication at 24h p.i. Virus replication was virtually identical in A2058 cultures infected 

with ΔPK in the absence (5.8±.5x105 pfu/ml) or  presence of PD150606, zVAD-fmk, 3-

MA or CQ (4.7x105-6.1x105 pfu/ml), but was abrogated by  SP600125 (Fig 28A). 

Cultures infected with ΔPK in the presence of both SP600125 and CQ, 3-MA, or zVAD-

fmk were immunoblotted with antibody to ICP10ΔPK (p95) and the viral capsid protein 

VP5, which are indicative of early and late virus gene expression, respectively. 

Consistent with the finding that JNK activation is required for virus replication, VP5 was 

strongly expressed in ΔPK-infected cultures, was only blocked by SP600125, and was 

largely unaffected by the inhibition of autophagy with CQ or 3-MA, or the inhibition of 

caspase (Fig 28B) or calpain activation (data not shown). Similar results were obtained 

for p95 expression (data not shown) indicating that JNK activation is critically required 

for early and late viral gene expression. 

ΔPK is only deleted in the PK domain of ICP10 (p95), which retains 

ribonucleotide reductase activity that is required for efficient viral DNA replication100, 

178and is controlled by the endogenous ICP10 promoter that contains an AP-1 

transcription factor response element93, 284. The AP-1 transcription factor is a heterodimer 
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of c-Jun and cFos, both of which translocate to the nucleus upon their activation 

(phosphorylation). To examine whether AP-1 activation and/or translocation are involved 

in ΔPK replication, nuclear and cytoplasmic extracts from A2058 cultures that were 

mock- or ΔPK-infected in the presence or absence of SP600125 were immunoblotted 

with antibodies to p-c-Jun, and total cFos (p62). In the mock infected cultures, cFos was 

absent from the cytoplasm and nucleus and p-cJun was only detected at minimal levels in 

the nuclear fraction (Fig.28C). ΔPK-infection potently induced the phosphorylation of c-

Jun and the expression cFos in both the cytosolic and nuclear fractions compared to 

mock-infected controls. SP600125 treatment inhibited ΔPK-mediated phosphorylation of 

c-Jun and induction of cFos which returned to control levels.  Taken together, the data 

demonstrate that ΔPK- induced activation of JNK is critically required for activation of 

the AP-1 transcriptional complex, viral gene expression and replication. 
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Figure 28.  JNK activation is required for ΔPK replication. 
(A) Adherent A2058 cultures were infected with ΔPK (moi=1) in the presence or absence 
of PD150606, CQ, 3-MA,  zVAD-fmk or CQ and assayed for virus replication at 24 
hours p.i. (B) Protein extracts from A2058 cells that were mock- or ΔPK-infected 
(moi=1, 24h p.i.) in the absence or presence of zVAD-fmk, 3-MA, SP600125, CQ, 
SP+CQ or SP+3-MA were immunoblotted with antibodies to VP5 and actin. (C) 
Cytoplasmic and nuclear extracts from A2058 cells that were mock or ΔPK-infected 
(moi=1, 24h p.i.) in the absence or presence of SP600125 were immunoblotted with 
antibodies to p95 recognizing ICP10ΔPK, phospho-c-Jun, and total cFos. 
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4.3.5 ΔPK induced reduction of IL-10 secretion is JNK dependent. 

To investigate the possibility that the ΔPK-induced reduction of IL-10 secretion is 

dependent upon ΔPK-induced PCD and/or JNK activation, conditioned media from A375 

cultures that were mock or ΔPK-infected in the presence or absence of PD150606, 

zVAD-fmk, 3-MA, SP600125 or PD+zVAD-fmk were analyzed for IL-10 by ELISA. 

PD150606, zVAD-fmk, 3-MA as well as the combination of PD150606+zVAD-fmk did 

not interfere with the ability of ΔPK to reduce IL-10 secretion, but it was restored by 

SP600125 (40.7±0.8pg/ml), demonstrating that JNK activation is required for ΔPK’s 

ability to reduce IL-10 secretion (Fig 29). 

 

 
 
Figure 29. ΔPK induced reduction of IL-10 secretion is JNK dependent.  
Condition media from A375 cells that were mock- or ΔPK-infected in the absence or 
presence of PD150606, zVAD-fmk, PD+zVAD-fmk, 3-MA, or SP were analyzed for IL-
10 secretion by ELISA. Data are expressed as ng/ml±SD 
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4.3.6 3-MA inhibits ΔPK induced IL-1β, GM-CSF and TNFα secretion. 

Having seen that JNK activation is required both for virus replication and the 

inhibition of IL-10 secretion, we wanted to know whether it also contributes to the 

upregulation/secretion of the pro-inflammatory cytokines. In order to address this 

question, two series of experiments were done. First, A375 and A2058 cultures were 

mock- or ΔPK-infected (moi=1) in the presence or absence of SP600125 or 3-MA, which 

does not affect virus replication and was used as a control. The conditioned media were 

assayed for IL-1β and GM-CSF by ELISA. SP600125 had virtually no effect on ΔPK-

mediated secretion of IL-1β (112±12pg/ml and 543±59 pg/ml for A2058 and A375 

respectively) or GM-CSF (246±20 pg/ml and 1178±375pg/ml for A2058 and A375 

respectively). Unexpectedly, the levels of both cytokines were reduced by treatment with 

3-MA to levels similar to those observed in the mock-infected cultures (1.3-5.1 pg/ml, 

Fig. 30A, B), suggesting that autophagy but not JNK activation is required for ΔPK-

induced IL-1β and GM-CSF secretion. 

In a second series of experiments, A375 and A2058 cultures were mock- or ΔPK-

infected (moi=1) in the presence or absence 3-MA, CQ, SP600125, zVAD-fmk or 

PD150606 and the conditioned media were assayed for TNFα by ELISA. 3-MA 

treatment blocked TNFα secretion and SP600125 had a minimal effect on ΔPK-induced 

TNFα release (27.1±0.9 pg/ml and 179.8±4 pg/ml for A375 and A2058 respectively) 

(Fig. 30C). The late autophagy inhibitor, CQ had little effect on TNFα release indicating 

that either autophagosome/lysosome fusion is not required for cytokine release or that 3-

MA is exerting off-target effects related to cytokine secretion. ΔPK-induced secretion of 

TNFα was largely unaltered by either PD150606 or zVAD-fmk (data not shown), 
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indicating that the calpain- and caspase-mediated PCD do not impinge upon ΔPK 

induced cytokine secretion. The effects of 3-MA on ΔPK induced IL-1β and GM-CSF 

secretion were not compared to CQ, but these experiments are currently underway. 

 

 
Figure 30. ΔPK induced IL-1β, TNFα, and GM-CSF secretion are only strongly 
reduced by 3-MA. 
A2058 and A375 cells were mock- or ΔPK-infected (moi=1) in the presence or absence 
of 3-MA or SP600125 and conditioned medium was collected at 24 hours p.i., and 
analyzed by ELISA for IL-1β (A) and GM-CSF (B) secretion. (C) A2058 and A375 cells 
were mock- or ΔPK-infected (moi=1) in the presence or absence of 3-MA, CQ or 
SP600125 and conditioned medium was collected at 24 hours p.i., and analyzed by 
ELISA for TNFα secretion. 
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4.3.7 ΔPK induces TNFα through the TLR2/Myd88/NF-κB axis and 3-MA inhibits 

ΔPK induced TLR2 expression. 

Because the pattern-recognition receptor TLR2 was previously implicated in the 

ability of HSV to induce proinflammatory cytokine secretion285, two series of 

experiments were done to determine whether it is involved in the ΔPK-induced secretion 

of inflammatory cytokines in melanoma cultures. First, A2058 cells were mock- or ΔPK-

infected (moi=1, 24h p.i.) in the absence or presence of 3-MA and protein extracts were 

immunoblotted with antibodies to TLR2 (Fig 31A). TLR2 expression was not seen in the 

mock-infected cultures but it was potently upregulated by ΔPK infection and 

upregulation was inhibited by 3-MA suggesting that it was autophagy-dependent. The 

presence of a TLR2 doublet likely reflects its differential glycosylation286. To examine 

the effect of TLR2 on ΔPK-induced cytokine secretion, A2058 cultures were mock- or 

ΔPK-infected (moi-1) and extracts collected at various times p.i. were immunoblotted 

with antibody to MyD88, an adaptor protein critical TLR2 signal transduction.  ΔPK-

infection induced Myd88 expression at 4 hour p.i. and it was still seen at 24h p.i (Fig 

31B). Double immunofluorescent staining with antibodies to NF-κB and TNFα indicated 

that TNFα was absent from mock-infected cells in which NF-κB was strictly cytoplasmic 

(Fig. 31C). ΔPK infection induced the nuclear translocation of NF-κB (activation) and it 

coincided with increased TNFα expression. Collectively, the data indicate that ΔPK 

infection induces TNFα through the upregulation/activation of the TLR2/MyD88/NF-κB 

axis and it likely autophagy-dependent as evidenced by the ability of 3-MA to inhibit 

TLR2 induction. However, the data do not exclude the possible off-target effects of 3-

MA. These possibilities are addressed in section 4.4. 
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Figure 31. ΔPK induces TNFα secretion through the TLR2/MyD88/NF-κB axis and 
3-MA inhibits ΔPK induced TLR2 expression. 
(A) A2058 cultures were mock- or ΔPK-infected (moi=1) in the presence or absence of 
3-MA and protein extracts obtained at 24h p.i were immunoblotted with antibody raised 
against TLR-2 and actin. (B) Protein extracts from mock and ΔPK-infected (moi=1) 
cultures were extracted at various times p.i. and immunoblotted with antibody raised 
against Myd88 and actin. (C) Mock- and ΔPK infected (moi=1, 24h p.i.) A2058 cells 
were stained by indirect immunofluorescence with antibodies to NF-κB (Alexafluor 594-
conjugated antibody) and TNFα (Alexafluor 488-conjugated antibody) and 
counterstained with DAPI. 
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4.3.8 ΔPK induced IL-1β secretion is associated with ASC but not AIM2. 

The inflammasome is composed of numerous pattern-recognition receptor 

components, such as AIM2, and adaptor proteins, such as ASC. The binding of cytosolic 

double stranded DNA to AIM2 induces the recruitment of ASC and caspase-1 forming 

the inflammasome, activating caspase-1 that results in pro-IL-1β cleavage and release of 

mature IL-1β. The exact mechanisms involved in IL-1β release are unclear. Alternatively, 

multimerization of ASC can bind to and activate caspase-1 independent of AIM2 in a 

process known as pyroptosis. Pro-IL-1β is constitutively expressed in melanoma cells but 

IL-1β is not secreted (Smith 2012 in press). To examine the possibility that IL-1β release 

is mediated by ΔPK-induced inflammasome activation A2058, A375 and LM cells were 

mock- or ΔPK infected and stained in double immunofluorescence with antibodies to: 1) 

activated caspase-1(caspase-1 p20) and ASC, 2) caspase-1p20 and AIM2, and 3) AIM2 

and VP5. Mock- infected cells exhibited cytoplasmic staining with antibodies to ASC 

(Fig. 32A) and AIM2 (Fig. 32B) but no expression of caspase-1 p20. ΔPK-infected cells 

exhibited strong expression of caspase-1p20 which colocalized with ASC in the 

cytoplasm (Fig. 32A). Caspase-1p20 did not colocalize with AIM2 in ΔPK-infected 

cultures (data not shown), however AIM2 exhibited translocation to the nucleus and co-

localized with the viral capsid protein VP5. Cumulatively, the data indicate that ΔPK-

induced IL-1β secretion is likely mediated by ASC-induced caspase-1 (i.e. pyroptosis) 

activation independent of AIM2. ΔPK infection does induce AIM2 translocation to virus 

replication centers in the nucleus but the implications of this translocation are unclear. 
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Figure 32. ΔPK induced caspase-1 activation colocalizes with ASC mediated and 
VP5 colocalizes with AIM2 in the nucleus.  
(A) Mock- and ΔPK infected (moi=1, 24h p.i.) A2058 cells were stained by indirect 
immunofluorescence with antibodies to cleaved caspase-1 p20 (Alexafluor 594-
conjugated antibody) and ASC (Alexafluor 488-conjugated antibody) and counter stained 
with DAPI. (B) A375 and LM cells were mock- and ΔPK infected (moi=1, 24h p.i.) and 
stained by indirect immunofluorescence with antibodies to VP5 (Alexafluor 594-
conjugated antibody) and AIM2 (Alexafluor 488-conjugated antibody) and counter 
stained with DAPI. 
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4.3.9 ΔPK induced cell death is both autophagy and JNK dependent. 

Having seen that ΔPK replication is mediated through activation of the JNK/c-Jun 

pathway and that 3-MA inhibits ΔPK induced proinflammatory cytokine secretion we 

wanted to investigate whether 3-MA alone or in combination with the JNK inhibitor 

SP600124 would inhibit ΔPK induced cell death.  A2058 and A375 cells were mock- or 

ΔPK-infected (moi=1) in the presence or absence of the autophagy inhibitor 3-MA 

(5mM), the JNK inhibitor SP600125 (50µM), or 3-MA+SP together and examined for 

cell death by EtHD-1 staining at 48h p.i. Staining was seen in 51.1±4.8% and 59.1±6.8% 

of the ΔPK-infected A2058 and A375 cultures respectively and was significantly 

(p<0.001) decreased  by treatment with 3-MA (37.3±5.3% and 42.2±5.5% for A2058 and 

A375, respectively) or SP600125 (35.9%±6.9 and 35.8±5.4% for A2058 and A375 

respectively) (Fig 33A/B).The percentage of EtHD-1 staining ΔPK-infected A2058 and 

A375 cultures, treated with the combination of both inhibitors was further reduced 

(23.6±4.8%, 24.9±3.4% for A2058 and A375, respectively) indicating that 3-MA and 

SP600125 exhibit additive effects in ΔPK-induced melanoma oncolysis. However, the 

respective contributions of proinflammatory cytokine secretion and/or autophagy to ΔPK 

mediated cell death are unclear as 3-MA treatment inhibits both ΔPK-induced cytokine 

release (Fig. 29) and autophagy as indicated by a decrease in the appearance of LC3-II 

compared ΔPK-infected cultures alone (Fig. 32C).  
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Figure 33. Autophagy and JNK activation are required for ΔPK induced cell death.  
(A) A2058 cells were infected with ΔPK (moi = 0.5) or mock-infected with PBS and 
cultured without or with 3-MA (5mM), SP600125 (50μM) or both 3-MA and SP600125 
and stained at 48h p.i. with EtHD-1. Cells were counted in three randomly selected fields 
(>250 cells) and the mean percentage of staining cells was calculated (***=p<0.001). (B) 
A375 cells were infected with ΔPK (moi = 0.5) in the absence or presence of inhibitors 
and stained with EtHD+ as in (a, p<0.001). (C) Mock- and ΔPK-infected A2058 cells 
were cultured in the absence or presence of 3-MA (5mM), and protein extracts obtained 
at 24h p.i were immunoblotted with antibody raised against LC3 and actin. 
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4.4 Discussion 

We have previously shown that the HSV-2 mutant ΔPK has oncolytic activity in 

melanoma cultures and inhibits tumor growth in xenograft models through the induction 

of multiple PCD pathways that contribute to cell death independent of virus replication 

and include calpain and caspase activation. ΔPK treated tumors exhibit macrophage 

infiltration, caspase-1 activation, and TNFα production229. CSC were lysed through 

autophagy induction and calpain-mediated potentiation of autophagic flux. The studies 

described in this report were designed to better elucidate the factors that contribute to 

ΔPK replication and its ability to modulate cytokine secretion. The salient features of the 

presented data are that ΔPK replication and oncolytic activity in melanoma cells is 

through the activation of the stress JNK/c-Jun pathway and oncolytic activity is 

associated with secretion of multiple-proinflammatory cytokines and concomitant 

reduced secretion of anti-inflammatory IL-10. Proinflammatory cytokine secretion is 

caused by activation of the TLR2/Myd88/NF-κB axis and/or ASC-mediated activation of 

the IL-1β converting enzyme, caspase-1.  

 Microarray analysis comparing mock- and ΔPK-infected melanoma cells 

indicated that ΔPK induced proapoptotic and proinflammatory gene expression. The 

induction of proapoptotic genes is in accordance with our previous finding that caspase-

mediated apoptosis plays a major role in ΔPK induced melanoma cell death229.  

 The stress signaling kinase, JNK and its downstream target transcription factor c-

Jun were upregulated as by ΔPK as confirmed by immunoblotting with an antibody to the 

JNK1, 2, and 3 isoforms and they were activated as determined by immunoblotting with 

antibodies to p-JNK and p-c-Jun. The phosphorylation and expression of JNK was 
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inhibited by SP600125 implying that it blocks a potentiating feedforward activation loop, 

but the contribution of other viral genes or cellular responses cannot be excluded. To our 

knowledge, a blockade of feedforward activation by SP600125 has not been reported 

before. The likely explanation of this phenomenon is that because ΔPK infection potently 

induces JNK, c-Jun and cFos activation and because SP600125 completely blocked ΔPK 

p95 and VP5 gene expression and virus replication, virus gene expression and/or virus 

replication induces JNK activation and this activation potentiates virus replication. 

Addition of SP600125 to ΔPK infected cultures inhibited the induction of cell death, 

though only by 15% supporting our previous conclusions that mechanisms beyond virus 

replication are involved in ΔPK mediated cell death.  

 The ability of ΔPK to induce JNK expression and its activation was previously 

reported in neuronal cultures149 and the endogenous viral promoter of ICP10 contains 

AP-1 response elements that facilitate HSV-2 latency reactivation, early viral gene 

expression, and replication93 suggesting that JNK activation facilitates ΔPK replication. 

Indeed, we found that ΔPK infection enhanced the translocation of p-c-Jun and cFos to 

the nucleus and SP600125 inhibited the AP-1 transcriptional complex, virus gene 

expression as measured by p95 and VP5 expression and virus replication in the 

melanoma cultures. The data indicate that that ΔPK-mediated JNK induction is required 

for virus gene expression and replication in melanoma cultures. 

 Among the proinflammatory genes upregulated by ΔPK were IL-1β, TNFα, and 

GM-CSF, the secretion of which was confirmed by ELISA. To the best of our knowledge 

this is the first report of the induction of pro-inflammatory cytokine secretion through the 

use of an engineered oHSV which lacks an encoded cytokine expression cassette, though 
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similar patterns of secretion have been observed using an unaltered oncolytic reovirus287. 

Our laboratory has previously shown that ΔPK infection induces microglia to secrete the 

proinflammatory cytokines TNFα and RANTES148 and ΔPK induced a potent Th1 biased 

immune response in vaccinated patients that was associated with protection from 

recurrent HSV lesions150, 152. 

We observed large differences in the levels of ΔPK-induced cytokine secretion 

among the various cytokines examined, as well as between the genetically diverse A2058 

and A375 cultures. ΔPK infected A375 cultures secreted 6-9 fold higher concentrations 

of each cytokine compared to A2058 cultures, but the exact factors that account for these 

differences are still unclear. Irrespective of these differences, ΔPK clearly induced IL-1β, 

TNFα, and GM-CSF secretion while concomitantly inhibiting the constitutive secretion 

of the anti-inflammatory cytokine IL-10.from the infected cultures. Interestingly, in 

melanoma cells, the inhibition of JNK reversed ΔPK’s ability to reduce IL-10 secretion, 

suggesting that IL-10 release is antagonized by some viral protein or that JNK activation 

is required for secretion. We conclude that JNK activation is not required for the 

constitutive secretion of IL-10 in our system because phosphorylated JNK was 

undetectable in the mock-infected cultures. 

 GM-CSF is a potent cytokine capable of inducing lasting anti-tumor immunity 

when it is expressed via autologously transferred irradiated melanoma cells120, 267. The 

gene encoding GM-CSF has been added to several oncolytic viruses which are well 

tolerated in patients and have proven to be curative for a few patients123, 134, highlighting 

its utility in oncolytic virotherapy/immunotherapy. NV1034 is an oncolytic herpes virus 

containing ICP34.5, UL24, and UL56 deletions and encodes a GM-CSF gene driven by 
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an α4-thymidine kinase promoter. NV1034 exhibited minimal GM-CSF expression 24h 

p.i. but this increased over time concomitantly with virus replication and cell lysis288. 

Over the course of 6 days, NV1034 generated higher concentrations of GM-CSF than 

ΔPK; however we only examined GM-CSF secretion at 24h p.i., a time when minimal 

cell death is observed229. Using another oHSV, S1/ICP34.5-/ICP47-/GM-CSF, the 

concentration of GM-CSF secreted by the oHSV infected hamster kidney fibroblasts 

were reported to reach >120 ng from just 5x105 cells, though in this virus the GM-CSF 

gene was driven by the constitutively active cytomegalovirus (CMV) promoter97. A third 

oncolytic herpes virus expressing TNFα under the control of a CMV promoter achieved 

levels of 200-400ng/ml in infected in human and mouse carcinoma cell lines289. 

Irrespective of the levels of cytokine secretion induced by other engineered oHSV, ΔPK-

infection was clearly demonstrated to induce multiple pro-inflammatory cytokines 

simultaneously without carrying additional cassettes. In addition, certain combinations of 

cytokines have been found to synergistically amplify cytotoxic T lymphocyte 

responses290, suggesting that ΔPK may be primed to induce potent antitumor immunity. 

Ongoing studies are designed to examine this possibility in ΔPK-treated syngeneic tumor 

models. 

 ΔPK mediated secretion of the proinflammatory cytokines TNFα, IL-1β and GM-

CSF was entirely unaffected by SP600125 despite reports linking JNK activation to their 

secretion291-293, but the early autophagy inhibitor, 3-MA completely blocked ΔPK-

induced proinflammatory cytokine secretion suggesting that autophagy may be involved 

in this process. However the late autophagy inhibitor CQ did not similarly ablate the 

secretion of TNFα potentially indicating that autophagy initiation but not flux is crucial to 
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ΔPK induced cytokine secretion. The inhibition of autophagy by 3-MA and/or siRNA 

knockdown of LC3 in respiratory syncitial virus infected bone marrow derived dendritic 

cells reduced the production of IL-6, IL-12, and TNFα294.  Furthermore, although 3-MA 

is frequently used as a specific autophagy inhibitor, it also mediates numerous off-target 

effects295. 3-MA inhibits autophagy initiation by inhibiting class III PI3K however it can 

also differentially inhibit class I PI3K296, 297. In a study using kinase dead dominant 

negative Class I and/or III PI3K mutants, the CpG ODN mediated induction of TLR 

signaling was inhibited by either mutant, indicating that both classes are required for 

proinflammatory cytokine production, though class III PI3K acted upstream of MyD88 

whereas class I PI3K inhibited signaling downstream of MyD88. Our study did not 

directly address whether PI3K activation in ΔPK-infected cultures resulted in TLR2 

activation and/or autophagy or whether 3-MA’s inhibition of PI3K contributed to TLR2 

activation. However, 3-MA treatment of ΔPK-infected cultures did reduce TLR2 

expression, indicating this as a likely interpretation. A growing body of literature 

indicates that autophagy likely plays a large role the detection and/or clearance of 

invading pathogens. Thus the role of autophagy and/or PI3K activity in cytokine 

secretion warrants further investigation. 

 ΔPK potently induced TLR2 and MyD88 expression and caused the translocation 

of the transcription factor NFκB, to the nucleus and 3-MA reduced the expression of 

TLR2, despite completely inhibiting cytokine secretion, suggesting that 3-MA inhibits 

cytokine secretion through multiple mechanisms that include reduced TLR2 expression. 

3-MA treatment likely inhibited the activation of targets downstream of TLR2 such as 

MyDd88 but this possibility was not addressed by the current study. 



164 
 

 IL-1β secretion is controlled at two levels: 1) pro-IL-1β expression can be 

induced via activation and translocation of NF-κB to the nucleus and 2) pro-IL-1β is 

cleaved to mature IL-1β by caspase-1 which is activated through assembly of the 

inflammasome or through multimerization of ASC (pyroptosis).  Significantly, both of 

the above mechanisms were involved in ΔPK induced secretion of distinct cytokines.  We 

have previously shown that ΔPK induced caspase-1 activation in treated melanoma 

xenografts229. Here we show that caspase-1 activation induced by ΔPK-infection 

colocalized with cytoplasmic ASC which likely leads to IL-1β secretion298, though this 

interpretation was not addressed by the present study. Interestingly, ASC can facilitate 

the secretion of numerous other cytokines such as TNFα through both caspase-1 

dependent and independent mechanisms28 and inflammasome activation can induce the 

co-secretion of IL-1β and IL-1α, highlighting that alternative, as yet unexplored 

processes, may be involved in ΔPK mediated proinflammatory cytokine secretion. IL-1β 

production has been observed in ASC -/- caspase-1-/- knockout mice infected with 

mycobacterium tuberculosis indicating that alternative caspases/proteases and/or 

inflammasome components compensated for the loss of ASC and caspase-1299-301, or that 

a completely novel mechanism in involved302. Unfortunately, some ELISA kits are able 

to recognize both pro-IL-1β and mature IL-1β confounding the researcher’s efforts to 

identify the true players involved. AIM2 colocalized strongly with VP5 in the nucleus of 

infected cells, likely binding to viral DNA303 however it did not colocalize with ASC and 

activated caspase-1, suggesting that AIM2 is acting through as yet unclear mechanisms. 

Finally, we investigated the potential cross-talk between autophagy and JNK 

activation. Activation of JNK can induce autophagy through the induction of Beclin 1. 
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We found that when ΔPK-infected cultures were treated with 3-MA or JNK inhibitors 

alone, cell death was reduced by 15-23%. The combination of the two inhibitors further 

reduced ΔPK induced cell death in an additive rather than synergistic manner, suggesting 

that these two pathways act independently of one another. 

 Because both autophagy and cytokine secretion are inhibited by 3-MA, the data 

do not differentiate whether autophagic cell death and/or cytokine release are responsible 

for ΔPK induced cell death. However, the simultaneous treatment of  lung carcinoma 

cells with multiple cytokines induced higher levels of cell death than individual 

cytokines125, suggesting that the induction of numerous cytokines by ΔPK could 

contribute to ΔPK-induced cell death. We have previously shown that the inhibition of 

autophagy by CQ rescues ΔPK-mediated eradication of anchorage-independent growth of 

melanoma cultures. However, in the present study, 3-MA ablated ΔPK-mediated 

proinflammatory cytokine secretion but CQ did not, suggesting that cytokine secretion 

does not participate in ΔPK-induced cell death. Both 3-MA and CQ are considered 

inhibitors of autophagy, however because 3-MA can inhibit both class I and class III 

PI3K, and CQ blocks lysosomal activity, these off-target effects cannot be excluded by 

the present study. Collectively the data indicate that ΔPK induces two distinct phenomena 

in infected melanoma cultures: 1) ΔPK-mediated JNK activation is required for virus 

replication, which contributes to cell lysis and reduces anti-inflammatory IL-10 secretion 

and 2) ΔPK induces multiple proinflammatory cytokine secretion through both the 

TLR2/MyD88/NF-κB axis and concomitant ASC/caspase-1 inflammasome activation. 
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Chapter 5. General Discussion and Future Directions 

 

The overarching theme of the studies presented in this dissertation has been to 

present the rationale for using the HSV-2 mutant virus ΔPK as a unique oncolytic virus 

and to describe the mechanisms by which ΔPK induces cancer cell lysis. The salient 

features of the data are that ΔPK: 1)  replicates selectively but weakly in cancer cells; 2) 

infection induces the coordinated activation of numerous interacting death programs; 3) 

induces long term tumor xenograft elimination; 4) induced eradication of putative CSC is 

molecularly distinct from that induced in infected monolayers; 5) infected cultures 

exhibited no resistance to virus induced cell death; 6) infection potently induces 

proinflammatory cytokine secretion and inflammation; and 7)  replication is dependent 

upon JNK activation. 

ΔPK’s potency as an oncolytic virus stems from its engineered simplicity but 

mechanistic complexity. This thesis work is based upon decades of biochemical and 

molecular characterization of the HSV-2 gene ICP10PK that acts as a constitutively 

activated growth factor receptor and mediates numerous downstream prosurvival 

signaling cascades, which are linked to its ability to facilitate Ras activation as well as 

PKA and PKC/AC (See Chapter 1). The major functions provided by ICP10PK are the 

protection of infected neurons from premature virus induced PCD and the reemergence 

from latency, but ICP10PK has also been shown to inhibit neuronal cell death instigated 

by a range of toxic insults. 

This thesis work demonstrated that ΔPK has broad efficacy among a range of 

divergent cancer cell types including melanoma, breast, and prostate cell lines (data not 
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shown) examined under various conditions (i.e. monolayer cultures, 3-Dimensional 

anchorage-independent cultures, and tumor xenografts) and that this efficacy is the result 

of the induction of multiple non-redundant death programs. This ability is important 

because tumor cells, exhibit multiple mutations which act together and impart a capacity 

to adaptively resist therapeutics which target single pathways. Underscoring this point, 

the current ‘state of the art’ clinical strategy for advanced metastatic disease relies upon 

combinations of multiple chemotherapeutics, radiation, and/or novel small molecules to 

induce tumor regression, mostly to no avail. In many ways cancer cells are as adept at 

survival as ICP10PK is at protecting neurons from death. That ICP10PK was originally 

identified as a viral oncogene and HSV-2 is associated with cervical cancer brings the 

entire argument full circle136, 176, 304. 

Oncolytic viruses typically work by selectively replicating in and lysing cancer 

cells that have dysregulated survival, cell cycle, and PCD networks. Deletion of the PK 

domain from ICP10 imparts four key characteristics to ΔPK: 1) it is severely 

compromised in its replicative ability in normal cells and its ability to establish and 

reemerge from latency; 2) it lacks the ability to inhibit virus induced PCD; 3) it can 

replicate in transformed cells; and 4) it blocks the virus’s ability to induce tolerogenic 

immunity, making it an effective vaccine against HSV.  

We demonstrated that in all of the models studied, ΔPK was able to induce cancer 

cell death at levels which were significantly greater than would be expected based upon 

virus replication alone, indicating that ΔPK-induced PCD provides a bulk of its tumor 

destroying ability. Our studies indicate that ΔPK-infected cultures activate calpain and 

caspase death proteases, that inhibition of these proteases greatly reduced ΔPK-induced 
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cell death, and that activation of these death programs occurs in ΔPK-treated xenografts 

(Chapter 2). Interestingly, inhibition of calpain or caspase together additively rescued 

ΔPK-induced cell death in melanoma cells, suggesting that these proteases operate 

independently of one another; however, inhibition of calpain was actually observed to 

increase the activation of caspase-7 (Fig. 11), implying cross-talk between these PCD 

pathways. Because ΔPK induced multiple death programs simultaneously, inhibiting one 

PCD pathway may have simply forced the cell to die through an alternative pathway, 

illustrating the power of ΔPK as a PCD-inducing oncolytic virus in the eradication of 

multiresistant cancer cells. Among all the culture conditions studied, ΔPK consistently 

induced percentages of cell death that corresponded to virus dose, indicating that even at 

low levels and in 3-Dimensional cultures (which can inhibit virus penetration and 

replication), ΔPK precludes the acquisition of resistance to oncolysis. 

ΔPK was demonstrated to effectively kill cancer cells grown under anchorage-

independent conditions. Cells grown under these conditions exhibit stem cell-like 

characteristics making them a useful in vitro surrogate for tumor initiating capacity, a 

feature often ascribed to CSC, though this avenue of research is becomingly increasingly 

controversial. Anchorage-independent growing cells and/or CSC upregulate potent anti-

PCD molecules such as Bcl-2 and survivin, as well as drug export and DNA repair 

machinery making them highly resistant to standard chemotherapies and radiation. The 

resistance of CSC to these therapies is argued to be the basis for tumor recurrence, as 

these resistant subpopulations are selected for by the very treatments which eliminate the 

bulk of the tumor. CSC also exhibit reduced cell proliferation, akin to quiescence. A 

feature of many oHSV is that they lack functional ribonucleotide reductase activity which 
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forces these viruses to rely upon rapidly growing tumor cells to provide cellular 

ribonucleotide reductase to facilitate cancer specific virus replication. Thus, quiescent 

CSC may be intrinsically resistant to these viruses, and although this question of has not 

been directly explored by other groups, there is evidence that oHSV which lack the HSV-

1 R1 subunit ICP6 are impaired in their ability to replicate in CSC 103. Because ΔPK 

retains RR activity, it is likely to induce replication within these CSC cells, as has been 

observed in Chapter 3. We also found that ΔPK-infection induces the activation of JNK, 

and this activation facilitates the expression of ICP10ΔPK via AP-1 elements encoded in 

the endogenous viral promoter284, 305 93(Fig. 27). Thus, ΔPK likely helps to drive its own 

replication via JNK activation and is primed to replicate effectively in all the cells of the 

tumor mass, including CSC. 

The ability to replicate is a critical feature of oncolytic viruses; however ΔPK 

replication even in the CSC remained relatively weak, particularly given its potency in 

inducing cell death. There seems to be a contradiction between the induction of PCD and 

the need for ΔPK to replicate in order to lyse cells effectively.  One interpretation is that 

the premature induction of PCD likely inhibits virus replication, although our data 

suggests that inhibition of PCD does not result in higher levels of virus replication, 

eliminating this possibility. The combination of oncolytic virotherapy with chemotherapy 

and radiation therapy has been shown to enhance the efficacy of other oncolytic viruses 

by increasing virus spread through the tumor mass128. As tumor cells undergo PCD, are 

lysed, or are killed by immune effector cells, open channels are created where the cells 

once resided, and these channels likely facilitate virus spread. Because ΔPK has been 

shown to both induce multiple death programs, induce macrophage infiltration and 
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proinflammatory cytokine secretion, it may facilitate its own spread throughout a tumor 

mass. ΔPK was demonstrated to penetrate and kill spheroids even at low moi, lending 

support to this interpretation. The likely scenario both in vitro and in vivo is that ΔPK 

replicates just enough to continually spread and induces PCD along the way.  

Interestingly, ΔPK induced eradication of anchorage-independent growth 

occurred independently of caspase activation, and instead depended upon autophagy and 

calpain activation in melanoma cultures and calpain activation in breast cancer cultures. 

These differences highlight the utility of inducing multiple death programs 

simultaneously. We also found that not only did ΔPK induce autophagy and calpain in 

the anchorage-independent melanoma cultures, but that calpain activation actually 

facilitated the degradation of the selective autophagy targeting protein p62, indicating 

that calpain mediates ΔPK-induced autophagic flux. 

Beyond the ability of oncolytic viruses to directly lyse and/or induce bystander 

PCD, the activation of antitumoral immune responses is now considered to be a key 

component of oncolytic virotherapy. This ability may even be more crucial to the 

ultimate elimination of distant and perhaps inaccessible micrometastases, as the immune 

system can then recognize, seek out, and destroy these ‘foreign’ cells beyond those which 

are actively replicating virus. 

ΔPK was previously utilized as an effective therapeutic vaccine in patients with 

symptomatic HSV lesions. Its efficacy was mediated by altering the cytokine profile 

within these patients from a Th2 (IL-10) biased anti-inflammatory response to a 

proinflammatory Th1 biased response (See Chapter 1.8). Analogously, in melanoma 

cells, ΔPK infection also inhibited the secretion of IL-10 while inducing a potent wave of 
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pro-inflammatory responses—namely through enhanced secretion of GM-CSF, IL-1β and 

TNFα in vitro and TNFα production, caspase-1 activation, and macrophage infiltration in 

vivo—flipping the balance in the treated cells from a tolerizing phenotype to an 

immunostimulatory one (Fig. 25). In particular, the secretion of GFM-CSF is important 

as other viruses engineered to express GM-CSF have demonstrated enhanced efficacy in 

clinical trials when compared to oncolytic vectors which lack this gene. Furthermore, to 

our knowledge this is the first report of an oncolytic herpes virus which induces the 

secretion of these cytokines—GM-CSF, IL-1β and TNFα—without the need for an 

engineered expression cassette.  

It is currently unclear whether the secretion of proinflammatory cytokines plays a 

direct role in facilitating ΔPK-mediated cell death, or whether cytokine production is 

merely the by-product of the activation of PCD. For example, we observed that activated 

caspase-1 colocalized with ASC (Fig. 31), implying that the secretion of IL-1β is likely a 

result of the induction of pyroptosis. Alternatively, we observed that the inhibition of 

autophagy with 3-MA significantly inhibited both cytokine production and cell death, 

suggesting that autophagy and/or cytokine secretion was involved in cell lysis, potentially 

implicating cytokines as inducers of death.  In colorectal cancer, a mixture of cytokines 

was able to induce cell death in colorectal cancer cells whereas the administration of 

individual cytokines was unable to induce cytotoxicity, suggesting that the coordinated 

secretion of multiple cytokines may in fact induce cell death.  Interestingly, melanoma 

cells are notoriously resistant to TNFα and TRAIL induced apoptosis, and may similarly 

require a cocktail of cytokines to completely eliminate the tumor, especially in cells not 

yet infected by ΔPK. 
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To investigate whether cytokines participate in directly inducing cell death or are 

secondary to ΔPK-mediated PCD, two experiments can be implemented. First, various 

combinations of GM-CSF, IL-1β and TNFα could be applied to uninfected melanoma 

cultures with and without cyclohexamide, a known potentiator of TNFα induced cell 

death.  As a complementary method, CM from ΔPK-infected cultures could be UV 

inactivated to block virus replication, and/or treated with neutralizing antibody to inhibit 

virus binding to the cell receptors, and administered to naive cells.  If cell death is 

observed under these conditions, then it is likely that cytokines play a direct role in ΔPK 

induced cell death.  Furthermore, I would predict that this effect would be eliminated in 

the presence of neutralizing antibodies to Il-1β, GM-CSF, and TNFα. However, if cell 

death is not inhibited, the experiment does not exclude the possibility that cytokines other 

than GM-CSF, IL-1β and TNFα secreted from ΔPK infected melanoma cells might also 

participate. Multiplex cytokine analysis of ΔPK-infected CM would be able identify all of 

the cytokines being secreted in one experiment. Such a multiplex experiment would 

likely demonstrate the secretion of many cytokines, so an informed decision would still 

need to be made based upon known inducers of cytotoxicity such as those from the TNFα 

family (viz. TRAIL, LTα), and experimentally confirmed.  

The role of the immune system is a double-edged sword both activating 

antitumoral immune responses as well as inhibiting oncolytic virus particles through the 

production of neutralizing antibodies. Vaccination of ΔPK activates a potent anti-viral 

immunity which generates therapeutic protection from recurrent symptomatic HSV 

lesions. This activation of protective antiviral immunity may limit ΔPK efficacy and 

would be inimical to ΔPK replication in an immune competent host. However, ΔPK 
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induction of a Th1 biased response in this system would also likely facilitate the 

induction of antitumoral immunity, analogous to when oncolytic vectors which contain 

GM-CSF expression cassettes are used. In this thesis, we were not able to address the 

contribution of an intact immune system as we used immune-deficient xenografts models. 

The only way to examine the potential interaction of anti-viral and antitumoral 

immune responses is through the use of immunocompetent syngeneic mouse tumor 

models. This work is needed to assess ΔPK efficacy in a system closer to mimicking the 

clinical situation. ΔPK-induced melanoma tumor cell lysis and secretion of multiple 

proinflammatory cytokines is likely to recruit and expand antitumor effector cells such as 

macrophages and NK cells while inhibiting Tregs and inducing adaptive antitumoral 

responses. An adaptive antitumoral response would facilitate tumor elimination of tumor 

cells in distant locations which were not necessarily infected by the virus. To test this 

possibility, tumors can be generated in two separate locations, only one of which would 

be inoculated with ΔPK. In addition, it would be interesting to use a syngeneic model of 

liver metastasis, because when administered intravenously, most oncolytic viruses bind 

and infect cells within the liver, making metastatic liver disease a prime candidate for 

testing the efficacy of systemic oncolytic virotherapy by this route.  

Of course, all viruses are highly immunogenic and possess many of their own 

antigens. A potential issue for HSV based oncolytic viruses is that most individuals are 

infected (asymptomatically) with at least one strain of HSV and therefore possess 

circulating antibodies against the virus which may limit oncolytic delivery, particularly 

when administered intravenously. However, it is well documented that individuals can be 

infected with multiple strains of HSV virus, highlighting that pre-existing immunity, and 
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immunity due to repeated administration of an HSV based gene therapeutic is unlikely to 

preclude vector/virus efficacy. Furthermore, prior immunity to HSV enhanced rather than 

inhibited antitumoral efficacy in murine tumors treated with an oncolytic HSV. Finally, 

clinical trials with other oncolytic HSV have demonstrated oncolytic efficacy despite the 

observation that the majority of the treated patients exhibit HSV seropositivity. 

Therefore, I would predict that prior exposure to HSV will not affect ΔPK treatment 

efficacy. Repeated injection of ΔPK is not likely to inhibit its oncolytic efficacy when 

delivered intratumorally, however neutralizing antibodies may potently inhibit the virus 

when administered intravenously.  

HSV enters a latent state in infected neurons and although ΔPK is severely 

attenuated for the establishment of latency150, some viral DNA can be detected in the 

ganglia of vaccinated mice, raising the possibility that latently infected neurons may 

provide a reservoir of ΔPK which can be called upon for subsequent treatment. As such, 

ΔPK latency may be advantageous for cancers of the brain as the virus may reactivate, or 

may be subject to reactivation by the researcher to kill recurrent tumors not eradicated 

during the initial round of infection. Alternatively the immune system may attenuate 

reemergent virus. The use of immunocompromised xenograft models would provide a 

proof of concept this hypothesis by eliminating the immune system as a possible 

confounding factor, but the use of syngeneic glioma or brain metastatic melanoma 

models would provide a more realistic system in which to test the feasibility, efficacy and 

safety of both intranasal inoculation as well as intracranial injection of ΔPK for the 

treatment of cancers of the brain. An interesting possibility is that intranasal inoculation 

of ΔPK, and its subsequent infiltration of the olfactory bulb and hippocampus may be an 
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alternative and less invasive route for the treatment of cancer than intracranial injection. 

Importantly, intranasal administration of ΔPK has proven to be well tolerated in mice 

producing no observable lesions or other signs of morbidity or mortality148, highlighting 

the safety of this virus for use in the brain. In addition, because ΔPK retains ICP34.5, 

ΔPK can inhibit the xenophagic clearance of viral particles late in virus replication cycle 

and it can antagonize PKR, facilitating virus gene expression and replication in tumor 

cells which retain or regain activation of this pathway.  It is important to keep in mind 

though that ICP34.5 is a neurovirulence gene, and therefore extra precautions may be 

needed to illustrate ΔPK’s safety as a treatment for brain cancer.  

This thesis project has given me the opportunity to take an initial hypothesis from 

the in vitro examination of cell lysis, to the identification of several mechanisms 

surrounding ΔPK induced cell death and finally to demonstrate its efficacy in vivo. The 

work outlined above has demonstrated a nuanced picture of the intersection of several 

programmed cell death processes, virus replication, and the induction of proinflammatory 

cytokine secretion and innate immune infiltration.  Through this process I have gained 

insights into the complexity of several areas of expertise, namely virology, cancer 

biology, and immunology.  
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